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Clathrate hydrates (CHs) are ubiquitous in earth under high-

pressure conditions, but their existence in the interstellar medium

(ISM) remains unknown. Here, we report experimental observa-

tions of the formation of methane and carbon dioxide hydrates in

an environment analogous to ISM. Thermal treatment of solid

methane and carbon dioxide–water mixture in ultrahigh vacuum

of the order of 10−10 mbar for extended periods led to the forma-

tion of CHs at 30 and 10 K, respectively. High molecular mobility

and H bonding play important roles in the entrapment of gases in

the in situ formed 512 CH cages. This finding implies that CHs can

exist in extreme low-pressure environments present in the ISM.

These hydrates in ISM, subjected to various chemical processes,

may act as sources for relevant prebiotic molecules.

clathrate hydrate | interstellar medium | ISM | ultra-high vacuum |
amorphous solid water

Clathrate hydrates (CHs) are crystalline inclusion compounds
in which different guest molecules are encased in H-bonded

water cages (1). These trapped molecules are generally small
such as CH4, CO2, N2, H2, etc. Among several such known CHs,
those of CH4 and CO2 have drawn close attention of the scien-
tific community due to their use as potential future source of
energy (1, 2) and in CO2 sequestration (3), respectively. Natural
methane and carbon dioxide hydrates are found in permafrost
and marine sediments on the outer continental shelves (4) at
ambient temperatures (<300 K) and moderately high pressures
(6 atm) (1). They could also exist in many solar system bodies
such as in the Martian permafrost (5–7), on the surface of Titan
(8), and on other icy satellites due to the prevalent thermody-
namic (high P, low T) conditions (9). The stabilizing conditions
(generally high pressures) of methane hydrate suggest that it is
nonexistent in ultrahigh vacuum (UHV). Near zero diffusion
prevents molecular rearrangements at cryogenic conditions,
making the formation of cage structures impossible for water at
interstellar temperatures. Therefore, it is not surprising that
there is no report of its existence in conditions of relevance to
space. Using thermodynamic data of methane hydrate available
in the literature, its stability was extrapolated to low T, P region as
shown (SI Appendix, Fig. S1), which suggests stability up to 2 × 10−6

mbar at 30 K. This temperature and pressure range is very close to
nebular pressures, which could reach as high as 10−3 mbar, and the
temperature range can vary from 4 to 100 K (9). Equilibrium
condensation curve of methane hydrate in protostellar nebula
also suggests its stability ∼1 × 10−8 mbar at 45 K (10).
Experimentally, in situ formation of CHs in UHV, and cryo-

genic interstellar conditions has not been explored. However, it
was proposed that at low pressure, CH may be grown epitaxially
on other preformed CHs or by annealing the condensed gas–
water mixture (11). CH of CO2 was obtained in a vacuum of 10−6

torr, but at 120 K (12). We have adopted the annealing method
to obtain CHs. In experiments conducted in the temperature
window of 10–160 K and at 10−10 mbar pressure, we observed
CH4 and CO2 hydrates at temperatures near 30 and 10 K, re-
spectively. Molecular mobility and structural rearrangement
observed in these experiments at cryogenic conditions suggest
unusual processes in water. The anomalous eruption of CH4,

CO2, or other volatile gases in cold interstellar clouds or in comets
could possibly be explained by the existence of such hydrates in gas-
forming regions of the interstellar space (10, 12). Irradiation or
annealing leads to the chemical evolution of ice in ISM, forming
new species (13). CHs could be one such new chemical system in
the ISM, which may be subjected to additional processing.

Results and Discussion

Fig. 1A displays time-dependent reflection absorption infrared
(RAIR) spectra of 300 monolayers (MLs; 1 monolayer is
equivalent to ∼1.0 × 1015 molecules · cm−2) of a codeposited
mixture (1:1) of CH4 and water at the C–H antisymmetric
stretching region at three different temperatures (10, 20, and
30 K) and two different annealing times (0 and 25 h) under
UHV. The annealing time is crucial for the success of the experi-
ment. The figure clearly shows no change in peak position for the
C–H antisymmetric stretching band of solid CH4 (3,009 cm−1) with
time, at 10 and 20 K. This peak is due to the untrapped CH4; in
other words, CH4 hydrate was not observed at 10 and 20 K. A
completely new IR peak (3,017 cm−1) appears alongside the
peak at 3,009 cm−1 after 25 h of annealing at 30 K. This new
peak (3,017 cm−1) is attributed to the CH4 hydrate, where CH4 is
trapped in the CH cage. The rest of the untrapped CH4

remained in the pores of amorphous ice. The experimental blue
shift of 8 cm−1 is due to the entrapment of CH4 in the hydrate
cage. Here, the trapped CH4 inside the CH cage behaves more

Significance

Formation of clathrate hydrate (CH) requires high pressures

and moderate temperatures, which enable their existence in

marine sediments and the permafrost region of earth. The

presence of CHs in interstellar medium (ISM) is still in question

due to the extreme high vacuum and ultracold conditions

present there. Here, we conclusively identified methane and

carbon dioxide hydrates in conditions analogous to ISM. We

found that molecular mobility and interactions play crucial roles

in the formation of CHs, even though there is no external pres-

sure to force cage formation. Various chemical processes on these

hydrates in ISM may lead to relevant prebiotic molecules.
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like gaseous CH4 as expected. It is known that vibrational fre-
quency of free guest molecules in CH fall in between their vapor
and condensed phase frequencies (14). The IR peak was
deconvoluted to show the actual concentration of CH4 trapped
inside the hydrate cages and pores of amorphous solid water
(ASW). The peak widths were calculated upon deconvolution,
and the values were 14.1 and 4.2 cm−1 for the peaks at 3,009 and
3,017 cm−1, respectively. Note the reduced width (4.2) of
3,017 cm−1 for the hydrate peak, characteristic of a unique
structure. Taking the IR intensity, the extent of CH4 in the hy-
drate form was estimated to be 12.71% of the total CH4 at this
condition. As the annealing temperature is close to that of
desorption, about 6/7 of the adsorbed CH4 desorbs during
annealing. Furthermore, we confirmed the formation of CH4

hydrate by quantum chemical calculations. Density functional
theory (DFT) calculations of the CH4 hydrate revealed that the
small cage (512) as shown in Fig. 1C is favorable to form at this
particular condition. Our computationally determined shift in the
C–H antisymmetric mode during hydrate formation closely matches
with the experimental value (SI Appendix, Table S1). A microsec-
ond molecular dynamics simulation of CH4 hydrate nucleation

predicts preferential formation of smaller 512 cages in the initial
stages of CH4 hydrate nucleation, supporting our observation (2).
Keeping the CH4 and water ice mixture at 30 K for more than

25 h results in the formation of CH4 hydrate. The long experi-
mental time scale and the temperature (30 K), very near to the
desorption temperature of CH4, are two crucial factors for the
formation of CH4 hydrate under UHV conditions. We propose
that prolonged subjugation of CH4–water mixture at 30 K en-
hances the mobility of CH4 molecules and leads to its insertion
within the cages formed simultaneously. In a time-dependent study
of 150 MLs of pure solid CH4 at 25 K (SI Appendix, Fig. S2), the
additional peak (3,017 cm−1) was not observed. This is again a piece
of evidence that the above peak is due to CH4 hydrate.
To support our claim of the formation of CH in ISM, we have

chosen a more stable hydrate, namely that of CO2, which is already
known to form CH at 120 K and 10−6 torr (12). Fig. 2A represents
the temperature-dependent RAIR spectra of 300 MLs of the
codeposited mixture (1:5 ratio) of CO2 and water in the C = O
antisymmetric stretching region. The figure shows two IR peaks for
the C =O antisymmetric stretching band of solid CO2 at 10 K. The
peak at 2,353 cm−1 is attributed to the untrapped CO2 that exists
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 Fitted spectrum
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Fig. 1. CH4 hydrate formation as studied by RAIR spectroscopy and quantum chemical calculations. (A) Normalized time-dependent RAIR spectra of 300 MLs

CH4+H2O (1:1) mixed ice at 10, 20, and 30 K at the C–H antisymmetric stretching region. (B) Time-dependent RAIR spectra of the same system at 30 K. Here,

the blue trace was divided by a factor of 7 to match the intensity of orange trace. Difference in intensity is due to desorption of CH4 at 30 K, near its de-

sorption temerature. Deconvoluted IR peaks are shown by cyan (3,009 cm−1) and pink shade (3,017 cm−1). (C) DFT-optimized structure of CH4 trapped within

CH (512 cage). Here, water cage and guest molecule (CH4) are shown. Color code used: gray, C; red, O; cyan, H.
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outside of the CH cage, and in the amorphous pores of water ice.
The other peak, positioned at 2,346 cm−1, is due to the CO2

entrapped in the CH cage (15, 16). Now, as the system was
annealed further to 50 K (heating rate = 2 K · min−1), the intensity
of the CO2 hydrate peak (2,346 cm

−1) increased and that of the free
CO2 peak (2,353 cm−1) decreased. At 120 K, the untrapped CO2

peak vanished completely and only the CO2 hydrate peak
remained. It indicates that the annealing of CO2 mixed ice leads to
the gradual formation of CO2 hydrate and the transformation is
complete at 120 K. Furthermore, no change in CO2 hydrate peak
position (2,346 cm−1) was observed when the system was kept at
120 K for 6 h (Fig. 2A). This confirms that the CO2 hydrate is quite
stable in these analogous astrochemical conditions. It is also clear
that CO2 hydrate forms even at 10 K during deposition itself.
The stoichiometric ratio of water and guest molecules is an es-

sential aspect of controlling the formation of CH (12). The ideal
ratio of water and guest molecules is 20:1 for CH3OH hydrate
formed at 130 K and at 10−6 torr pressure (12). Fig. 2B shows the
comparative formation of CO2 hydrate at different ratios of CO2:
H2O at 10 K under UHV. The figure clearly indicates that the
intensity of 2,346 cm−1 peak is maximum for a 1:90 mixture com-
pared with the other ratios. This suggests the optimum ratio needed
for CO2 hydrate formation at 10 K, which is a very diluted mixed

ice. The shoulder at 2,353 cm−1 vanished upon keeping the ice at
10 K for over 48 h as shown in Fig. 2B, suggesting that all of the
remaining free CO2 forms hydrate structure over time.
We confirmed the formation of CO2 hydrate by quantum

chemical calculations. These calculations revealed that the small
cage (512), as shown in Fig. 2C, is favorable to form. Our com-
putationally determined shift in the C = O antisymmetric mode
closely matches with the experimental vibrational shift upon
hydrate formation. Here, CO2 is interacting with the water cage
through hydrogen bonding, and consequently, there is a red shift.
This result agrees well with the experimental shift (SI Appendix,
Table S1). Other possible cages computed (51262 and 51264) have
reduced or opposite shift, respectively (SI Appendix, Table S1).
In SI Appendix, Table S2, we have presented the coordinates of
optimized geometries of CH4 and CO2 in 512, 51262, and 51264

CH cages. In SI Appendix, Table S3, we have added the harmonic
frequencies calculated for different cages of CH4 CH and
CO2 CH.
The rapid formation of CO2 hydrate compared with the slow

kinetics seen for CH4 hydrate is because of the induced polarity
of CO2. Nucleation mechanism of CH formation varies for dif-
ferent guest molecules and can depend on their chemical nature
(17). During the nucleation of CO2 hydrate structure, it interacts
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Fig. 2. CO2 hydrate formation as studied by RAIR spectroscopy and quantum mechanical calculations. (A) Normalized temperature dependent RAIR spectra

of 300 MLs CO2+H2O (1:5) mixed ice at C = O antisymmetric stretching region. A new peak at 2,346 cm−1 arises due to the formation of CO2 hydrate. (B) Ratio-

dependent RAIR spectra of 300 MLs CO2+H2O at 10 K (normalized). (C) DFT-optimized structure of CO2 trapped inside CH (512 cage). Here, water cage and

guest molecule (CO2) are shown. Color code used: gray, C; red, O; cyan, H.
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with water through stronger interaction, whereas CH4 is unable
to interact similarly. We extended the analysis using Bader’s
theory of atoms in molecules (AIM) to confirm the nature of
interaction of guest molecules with hydrate cages. The electron
density ρ(rC) values obtained for the critical points between
a particular atom of the guest species and the hydrate cage
along with the corresponding Laplacian of the electron density
(∇2

ρ(rC)) are listed in SI Appendix, Table S4. The higher value of
electron density (ρ(rC)) for the critical point between the O atom
of CO2 and the hydrate cage (0.01563 a.u.) compared with that
between the H atom of CH4 (0.00598 a.u.) and the hydrate cage
suggests that the interaction for CO2 is stronger than that
for methane.
In the previous experiments, codeposition of CO2 and water

results in CH. Sequential deposition was also carried out.
Annealing of this sequentially deposited system, CO2@H2O (1:5
ratio), did not result in CO2 hydrate and the 2,346 cm−1 peak was
not observed (SI Appendix, Fig. S3). Here, the peak at 2,381 cm−1

is attributed to pure multilayer CO2. This phenomenon strongly
supports the fact that proper mixing of water and CO2 is a crucial
step for the formation of CO2 hydrate. The codeposition method
allows better mixing of CO2 molecules with water, whereas se-
quential deposition does not. Sequential deposition of water over

CO2 may result in diffusional mixing, but this does not lead to
the formation of CH.
About 1% of 13CO2 is present along with 12CO2 naturally as

shown (SI Appendix, Fig. S4). During the 12CO2 hydrate exper-
iment, 13CO2 also shows CH upon annealing to 120 K. Temperature-
dependent RAIR spectra in the 13C = O antisymmetric
stretching region (SI Appendix, Fig. S5), where the 2,282 cm−1

peak is due to untrapped 13CO2 and that at 2,278 cm−1 is due to
13CO2 hydrate (15).
The formation of CHs in ISM condition is further confirmed

by temperature programmed desorption-mass spectrometry
(TPD-MS). The trapped guest molecules within ASW are re-
leased when amorphous to crystalline ice transition occurs at
140 K. Fig. 3A represents the comparative TPD spectra before
and after the formation of CH4 hydrate. The spectra correspond
to CH4 desorption and were monitored using the intensity of
CH3

+ alone. Peaks at 38 and 46 K correspond to multilayer CH4

and CH4 trapped in ASW (CH4
. . .ASW), respectively. These TPD

peaks are assigned by a control study as shown (SI Appendix, Fig.
S6). The CH4 hydrate was formed by annealing a codeposited
mixture at 30 K for 25 h, and during this course, most of the free
CH4 got desorbed, as observed from TPD. Desorption of CH4 in
trapped ASW got shifted to 53 K after the formation of CH. The
abrupt release of trapped gases from ASW at 140 K is termed as
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Fig. 3. TPD mass spectra of 300 MLs of codeposited ice systems at different ratio (heating rate = 30 K · min−1). Here, the intensities of CH3
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+ (m/z = 44) are plotted. (A) Desorption of CH4 after hydrate formation (magenta line) and before hydrate formation (blue line). MV peaks are shown in
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molecular volcano (MV) (18, 19). The intensity of MV peak (at
140 K) increases, upon the formation of CH4 hydrate. Before the
formation of CH4 hydrate, the MV peak is due to the trapped
CH4 in ASW. The reason for the enhancement of MV peak
intensity is the simultaneous release of trapped CH4 from ASW
pores as well as from the CH4 hydrate cage (Fig. 3C). Note that
the amount of gases deposited is the same in both the cases.
Slight distortion in the MV peak is attributed to the modification
of ASW pores due to CH formation (Fig. 3A). The amount of
desorption due to CH is estimated to be 14.53% of the total CH4

at this condition, and it is correlated to the amount of CH cal-
culated from the IR data (Fig. 1B).
In Fig. 3B, we compared the TPD spectra of 300 MLs of

CO2+H2O at two ratios, 1:1 and 1:5, which were deposited at
10 K. Then, these two systems were annealed at 120 K for the
complete formation of CO2 hydrate. After that, they were cooled
back to 10 K, and TPD mass spectra were taken. The heating
rate for TPD was 30 K ·min−1. The peak at 140 K corresponds to
MV of CO2. Fig. 3B shows that the intensity of MV increased as
the ratio of CO2 and H2O was changed from 1:1 to 1:5. Taking
the area under the MV peaks, the amount of CH formed was
found 1.7 times higher for (1:5) than the former. As previously
explained, the extent of formation of CO2 hydrate is greater for
the latter ratio (Fig. 2). Here again, the enhancement agrees
with the IR data. No additional desorption of CH4 and CO2

above this temperature suggest that the hydrates have been
decomposed.

Conclusion

We have shown that CHs can form in UHV and they can exist in
the ISM conditions down to 10 K and 10−10 mbar. The anoma-
lous eruption of volatile gases in ISM could be explained by the
existence of hydrates. Enclathration of these gases and addi-
tional processing (e.g., irradiation, heating, etc.) may result in
complex organic or prebiotic molecules. We believe that the
present report may have an impact on both astronomy and
chemistry.

Materials and Methods

Experimental Setup. Experiments were conducted in an ultrahigh vacuum

instrument (base pressure ∼10−10 mbar), which was described elsewhere (20,

21). Briefly, the instrument consists of a UHV chamber made of stainless

steel, equipped with RAIR spectroscopy and TPD mass spectrometry. The

spectrometer can also perform low energy ion scattering and secondary ion

mass spectrometry, which have not been used in the present work (20).

Vacuum of the order of ∼10−10 mbar is an essential condition for simulating

the condition of ISM. Vacuum was maintained by three oil-free Turbo mo-

lecular pumps backed by diaphragm pumps (Pfeiffer Vacuum). The system

has a collective pumping speed of ∼400 L/s. The UHV system is fully covered

with a heating jacket, which allows an easy bake out over the weekend. The

pressure of the experimental chamber is monitored by a Bayard-Alpert

gauge (Pfeiffer Vacuum), controlled by a “MaxiGauge” vacuum gauge

controller (Pfeiffer, Model TPG 256 A).

A thin film of ice was grown on top of a Ru(0001) single crystal that was

mounted on a copper holder, which in turnwas attached at the tip of a closed

cycle helium cryostat (Coldedge Technologies). The substrate temperature

could be controlled from 8 to 1,000 K. Comprehensive heat shielding and

excellent thermal contact between the substrate holder and the cryofinger

allowed us to achieve 8 K in 2 h. For the present study, the temperature was

measured by a thermocouple sensor attached to the substrate. Repeated

heating to 300 K before vapor deposition ensured surface cleanliness, ade-

quate for the present experiments. Temperature ramping was controlled and

monitored by a temperature controller (Lakeshore 336) (20).

Sample Preparation. For the formation of methane hydrate, ∼99.99% pure

methane gas, purchased from Rana Industrial Gases & Products, was used.

The gas lines were connected to the experimental chamber through a high-

precision all-metal leak valve through which the flow rate or deposition

pressure of different gases was controlled. These two deposition tubes or

gas lines were directed to the center of the substrate. Out of the two sample

inlet lines, one was used exclusively for methane or carbon dioxide while the

other line was used exclusively for water vapor deposition. Here, Millipore

water (H2O of 18.2 MΩ resistivity), taken in a test tube, connected to the

sample line through a glass-to-metal seal was used for the experiment. The

Millipore water was further purified through several freeze–pump–thaw

cycles before introduction into the UHV chamber. During the exposure of

different samples into the UHV chamber, mass spectra were recorded with a

residual gas analyzer (RGA) attached near to the sample inlet line. Recorded

mass spectra were used as an indication of the purity of the samples as well

as to measure the ratio of the mixtures. The ratio of the mixed ice was

achieved by the proper adjustment of flow or inlet pressure of the sample

gas by regulating the leak valves. The substrate was kept at a perpendicular

position for the uniform growth of ice. Here, most of the experiments were

performed using 300 MLs coverage of the mixed ice. One point to be noted

is that all of the experiments were performed under multilayer deposition

conditions, and therefore, the substrate does not play any significant role in

the formation of CH. The deposition of molecular solids was controlled

through leak valves, and ML coverage was calculated (18, 22) assuming that

1.33 × 10−6 mbar · s = 1 ML, which was estimated to contain ∼1.1 × 1015

molecules · cm−2. Surface coverages mentioned were quantitative by fol-

lowing a similar deposition method adopted elsewhere (23). The inlet

pressure during the sample deposition was decided based on the coverage

desired at the time of the experiment.

Typical Experimental Protocol. For the deposition of 300 MLs of 1:1 mixed

methane and ice, the chamber was backfilled at a total pressure of ∼5 × 10−7

mbar (where methane pressure was 2.5 × 10−7 mbar and water pressure was

2.5 × 10−7 mbar) and the mixture was exposed to the surface for 10 min.

Evacuation of residual water from the experimental chamber is one of the

most common issues with UHV experiments, particularly when we deposit

large amounts of water. After deposition, we waited for a few minutes to

reach the background pressure before starting the spectroscopic measure-

ments. Periodic bake out of the chamber during weekends ensures the

cleanliness of the chamber.

This 1:1 mixed methane and ice was slowly (heating rate = 2 K · min−1)

heated to 30 K, near the desorption temperature of methane. At this tem-

perature, most of the methane sublimed, which was observed in the mass

spectra recorded by the residual gas analyzer. After that, the remaining

mixed ice was maintained at 30 K for over 25 h. The ice sample was con-

stantly monitored by IR spectroscopy. In other words, time-dependent RAIRS

were recorded over a period of 25 h. During such measurements, a few

monolayers of additional water could be deposited but this is rather negli-

gible to be reflected in the spectra. Variation of a few monolayers in cov-

erage does not change the observed phenomena. During the time-

dependent measurements, we maintained identical conditions from the

beginning to the end. The position of the substrate, the external IR detector

(mercury cadmium telluride; MCT), and the environment (dry N2) in the IR

spectrometer were kept constant throughout the experiment. A similar

time-dependent RAIR study was carried out at 10 and 20 K also, and the

spectra were collected for over 25 h as a separate set of experiments. IR

exposure over extended periods did not have an effect on CH formation as

revealed by studies at lower temperatures.

For the CO2 hydrate study, 300 MLs of mixed ice was made by the

codeposition of a mixture of CO2:H2O at 10 K. Different ratios (1:5, 1:10, and

1:90) of CO2:H2O were used. For each of the ratios, the total inlet pressure

was kept at ∼5 × 10−7 mbar, whereas the inlet pressures of CO2 and water

were varied according to the desired ratio. For the temperature-dependent

measurements, after deposition of 1:5 ratio of CO2:H2O at 10 K, the sample

was slowly heated (heating rate = 2 K · min−1) up to 160 K. In another set of

experiments, sequential deposition of CO2 and water was carried out, where

at first 150 MLs of CO2 were deposited, which was followed by the de-

position of 150 MLs of water at 10 K. By this way, we generated a sequentially

deposited (CO2@H2O) film of equal coverage. A similar temperature-dependent

IR study was carried out as described before, with this sequentially deposited

film to observe the formation of CO2 CH.

RAIRS Setup. RAIR spectra were recorded using a Bruker FT-IR spectrometer,

Vertex 70. The external IR beam was focused onto the substrate using gold-

plated mirrors through ZnSe windows (transparent to IR beam), attached to

the vacuum chamber. The reflected IR beam from the substratewas refocused

using another gold-plated mirror to a liquid N2 cooled external MCT IR de-

tector. The spectra were collected in the 4,000–550 cm−1 range with 2 cm−1

resolution. Each spectrum was an average of 512 scans to get a better signal-

to-noise ratio. The IR beam path outside the UHV chamber was purged with

dry N2.
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TPD-MS Setup. The clathrate hydrates were further characterized by TPD-MS

analysis. For this, after ice deposition or clathrate hydrate formation (by

following the method described earlier), the substrate was moved to a fixed

position by using the samplemanipulator to ensure that the surface is close to

the mass spectrometer inlet. During TPD-MS measurements, the substrate

was heated at a constant heating rate (30 K · min−1). Suitable mass of the

desorbed species was selected by the RGA and the intensity of the desorbed

species was plotted as a function of substrate temperature. Mass spec-

trometers were supplied by Extrel CMS (20). For TPD, the inlet of the mass

spectrometer was positioned 50 mm from the center of the Ru substrate.

Computational Details. We examined the stability of clathrate hydrate cages

and their CO2, CH4 inclusion complexes computationally. All of the consid-

ered cages of clathrate hydrates have been fully optimized at the B3LYP/6–

311++G (d, p) level of theory using the Gaussian 09 program package (24).

Frequency calculations characterize the obtained stationary points as min-

ima on the potential energy surface. We sequentially added CO2 and CH4

molecules in 512, 51262, and 51264 clathrate hydrate cages and probed their

cage occupancy. In general, the optimizations of clathrate hydrate cages

were found to be quite challenging with the Gaussian programs. Normally,

most optimizations of clathrate cages take a large number of steps and it

was difficult to reach convergence. The B3LYP/6–311++G (d, p) level of

theory was found to be reasonable for optimizations of clathrate hydrates

and various other water clusters (14). The quantum theory of atoms in

molecules methodology (25) was capable of revealing bonding interactions

between individual functional groups and atoms in a molecule by the

electron density distribution analysis.

All possible cages were considered in the present study. It was found that

the 512 clathrate hydrate cage was more stable; stability also depended on

the size of the guest molecule. These results were also compared with the

computational studies reported (14).
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Fig. S1. Equilibrium curve for CH4 clathrate hydrate. The curve depicts the stability of CH4 

clathrate hydrate as a function of temperature and pressure. Extrapolation of the curve to 

30 K, denotes that CH4 hydrate could be stable up to 2×10-6 mbar pressure. Two different 

pressure zones of the equilibrium curve are indicated with different colours. 
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Table S1  

Comparison of the computational and experimental vibrational shift of CH4 and CO2 

clathrate hydrate compared to free CH4 and CO2 using the B3LYP level of theory with 6-

311++G (d, p) basis set. Optimized structures are shown. 
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Table S2 

Cartesian coordinates of CH4 and CO2 hydrate of 512, 51262, and 51264 cages. The structure 

is optimized by using B3LYP level of theory and 6-311G (d, p) basis set. 

1. Cartesian coordinates of CH4 hydrate, 512 Cage: 

O       -3.113799000      1.008215000     -2.047060000 

H       -2.381895000      0.992378000     -2.714133000 

H       -3.218239000      0.092361000     -1.737059000 

O        0.761157000     -0.854957000      3.737123000 

H        1.560278000     -0.913295000      3.191474000 

H        0.148218000     -1.525272000      3.382112000 

O       -1.002868000      0.947991000     -3.756640000 

H       -0.309583000      1.569863000     -3.462264000 

H       -0.578668000      0.068649000     -3.767502000 

O        3.236217000     -0.955734000      2.135120000 

H        3.165067000     -1.629113000      1.426215000 

H        3.958821000     -1.235974000      2.706513000 

O       -2.887629000      1.244738000      2.323347000 

H       -2.864259000      1.802526000      1.528887000 

H       -2.060639000      1.440855000      2.816443000 

O        3.377885000      1.359687000     -1.664637000 

H        3.390890000      1.479109000     -0.669870000 

H        4.148373000      1.829781000     -2.000028000 

O       -3.128400000     -1.415490000      1.789380000 

H       -3.087569000     -0.450695000      2.003609000 

H       -3.283298000     -1.476211000      0.831714000 
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O        2.934977000     -1.253851000     -2.282868000 

H        3.114524000     -0.298037000     -2.098165000 

H        3.468989000     -1.484359000     -3.050455000 

O       -0.392260000      3.941626000     -0.321881000 

H       -1.300177000      3.541485000     -0.260272000 

H       -0.524169000      4.853345000     -0.602208000 

O       -1.315789000     -3.368020000     -1.793775000 

H       -0.766874000     -3.555981000     -0.981288000 

H       -1.479818000     -4.222051000     -2.206772000 

O        1.274060000      3.320629000      1.800109000 

H        0.676657000      3.585035000      1.064246000 

H        1.488010000      4.128382000      2.278270000 

O        0.169003000     -3.814487000      0.364703000 

H       -0.238946000     -3.488499000      1.197401000 

H        1.064810000     -3.442266000      0.323879000 

O       -2.826177000      2.787763000     -0.173036000 

H       -2.934327000      2.091445000     -0.898850000 

H       -3.618404000      3.333407000     -0.214224000 

O       -1.055651000     -2.776069000      2.622687000 

H       -1.388378000     -3.388609000      3.286796000 

H       -1.855960000     -2.248031000      2.311115000 

O        0.248875000     -1.605446000     -3.500857000 

H       -0.291977000     -2.196372000     -2.949011000 

H        1.080021000     -1.487073000     -3.016487000 

O        3.377580000      1.642717000      0.955655000 
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H        3.325899000      0.801116000      1.444402000 

H        2.669365000      2.221709000      1.300892000 

O        2.888590000     -2.759494000      0.015226000 

H        3.477233000     -3.513445000     -0.097366000 

H        2.928022000     -2.253620000     -0.830955000 

O        0.935500000      2.696090000     -2.620765000 

H        1.742558000      2.253160000     -2.312497000 

H        0.528794000      3.081979000     -1.827324000 

O       -0.442940000      1.678091000      3.581632000 

H       -0.011264000      0.807131000      3.705067000 

H        0.163645000      2.190341000      3.026261000 

O       -3.430939000     -1.707732000     -1.081963000 

H       -2.720572000     -2.319774000     -1.376262000 

H       -4.261351000     -2.100719000     -1.369631000 

C        0.021699000      0.014389000     -0.004436000 

H        0.102928000     -1.071075000     -0.064084000 

H       -0.278043000      0.408448000     -0.974906000 

H        0.984345000      0.437479000      0.283329000 

H       -0.722369000      0.274011000      0.747594000 

2. Cartesian coordinates of CO2 hydrate, 512 Cage: 

O       -0.868021000      3.588583000     -1.062084000 

H        0.066218000      3.438070000     -1.408937000 

H       -1.430117000      2.919226000     -1.508264000 

O       -1.706223000     -2.946539000      2.022264000 

H       -0.770471000     -3.035377000      1.755662000 
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H       -2.171975000     -2.696231000      1.191943000 

O        1.596326000      3.122198000     -1.934612000 

H        2.186276000      2.918271000     -1.169796000 

H        1.624434000      2.318089000     -2.504875000 

O        1.040272000     -3.445759000      1.251327000 

H        1.080443000     -3.488309000      0.263060000 

H        1.111111000     -4.360300000      1.563830000 

O       -3.071044000      1.240215000      2.040835000 

H       -2.352366000      1.862651000      1.806185000 

H       -2.630359000      0.554553000      2.609979000 

O        3.820642000     -0.340356000      0.262704000 

H        3.423565000     -0.820900000      1.074377000 

H        4.775571000     -0.307884000      0.426195000 

O       -3.889176000      0.127430000     -0.240429000 

H       -3.634618000      0.543466000      0.638883000 

H       -3.459546000      0.689488000     -0.919834000 

O        2.916361000     -1.388227000     -1.994854000 

H        3.314869000     -1.004684000     -1.156094000 

H        3.642988000     -1.470212000     -2.630746000 

O        1.299069000      2.625576000      2.498043000 

H        0.400986000      2.879855000      2.108578000 

H        1.586053000      3.384128000      3.028280000 

O       -1.096637000     -0.132027000     -3.637858000 

H       -1.187205000     -1.051178000     -3.209203000 

H       -1.310462000     -0.266456000     -4.573538000 
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O        1.098934000      0.151735000      3.562278000 

H        1.180338000      1.088266000      3.236013000 

H        1.116802000      0.201161000      4.529891000 

O       -1.340796000     -2.497246000     -2.570136000 

H       -1.970098000     -2.436408000     -1.803130000 

H       -0.489404000     -2.775385000     -2.172927000 

O       -1.038061000      3.174905000      1.441572000 

H       -0.949613000      3.321711000      0.415082000 

H       -1.488139000      3.970026000      1.766134000 

O       -2.952018000     -2.254904000     -0.391508000 

H       -3.755968000     -2.794278000     -0.446434000 

H       -3.300324000     -1.285945000     -0.316151000 

O        1.592742000      0.749874000     -3.423629000 

H        0.652483000      0.484801000     -3.511696000 

H        1.982256000      0.062811000     -2.849519000 

O        2.838088000     -1.586054000      2.308754000 

H        2.226577000     -2.283377000      1.979844000 

H        2.258337000     -0.965752000      2.813275000 

O        1.168056000     -3.356005000     -1.486938000 

H        1.409354000     -4.148468000     -1.990155000 

H        1.850759000     -2.664779000     -1.716536000 

O        3.117526000      2.443550000      0.301684000 

H        3.315088000      1.486219000      0.258949000 

H        2.488449000      2.526490000      1.047734000 

O       -1.694213000     -0.618757000      3.500779000 
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H       -1.766148000     -1.490403000      3.035732000 

H       -0.754396000     -0.372599000      3.401749000 

O       -2.559414000      1.650173000     -2.227732000 

H       -2.050242000      1.012432000     -2.796781000 

H       -3.187348000      2.092683000     -2.818208000 

C       -0.236975000     -0.022832000     -0.055102000 

O        0.569452115      0.641156553      0.470020419 

O       -1.043403816     -0.686813492     -0.580231437 

3. Cartesian coordinates of CH4 hydrate, 51262 Cage: 

O       -1.670912000     -4.226009000     -1.082352000 

H       -2.375524000     -3.766957000     -0.603643000 

H       -2.959334000     -2.320575000      1.911485000 

O        3.529092000      2.803767000      1.029338000 

H       -1.351771000     -3.578305000     -1.739442000 

H       -2.569391000     -2.645506000      3.386338000 

O       -3.825508000     -2.802754000      0.442226000 

H        2.929516000      3.374599000      0.509101000 

H       -5.468080000     -0.476336000     -1.297831000 

O        1.675003000      4.357287000     -0.462631000 

H        4.288235000      3.348667000      1.261625000 

H       -4.426153000      0.220910000     -0.353308000 

O        4.139684000     -1.822405000      0.869087000 

H       -4.547179000     -3.439336000      0.475345000 

H       -0.981477000      5.165787000      1.386092000 

O       -4.100843000      1.509095000      0.645082000 
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H       -4.152398000     -2.036879000     -0.088426000 

H       -1.472644000      4.135872000      0.310204000 

O        2.754696000     -3.524800000     -1.148957000 

H        0.821835000      4.395381000      0.033043000 

H        1.390268000      3.342589000     -2.065515000 

O       -2.709958000      3.585579000     -0.704716000 

H        1.911470000      5.272815000     -0.647189000 

H        1.490020000      3.250005000     -3.612671000 

O       -2.744559000      0.731707000      3.040679000 

H        3.633583000     -1.680969000      1.697571000 

H       -1.998216000      1.501647000     -2.910970000 

O        2.229125000      1.390499000      3.194198000 

H        4.929342000     -2.315907000      1.112625000 

H       -0.744828000      2.479495000     -2.858839000 

O        4.353905000      0.558668000     -0.693508000 

H       -3.609881000      2.239531000      0.222207000 

H        2.223599000     -1.362192000     -3.409527000 

O        2.624222000     -1.238043000      3.147085000 

H       -3.636143000      1.295966000      1.475066000 

H        2.218476000     -2.751014000     -2.703744000 

O       -2.471293000     -1.980180000      2.696660000 

H        3.194764000     -2.945362000     -0.509959000 

H        0.592452000     -4.140968000      1.200296000 

O       -4.579206000     -0.571005000     -0.940033000 

H        2.062654000     -3.995233000     -0.634114000 
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H       -0.123889000     -4.625560000     -0.086935000 

O       -0.709102000      4.380655000      0.899103000 

H       -2.306692000      3.123411000     -1.524305000 

H       -0.341601000     -1.612857000     -1.657252000 

O        1.122959000      2.810480000     -2.838108000 

H       -3.333393000      4.233540000     -1.050255000 

H        0.234227000     -2.116329000     -2.985975000 

O       -1.711676000      2.439102000     -2.755956000 

H       -2.632211000     -0.244876000      2.975008000 

H       -1.137195000      1.788790000      3.046958000 

O        1.802672000     -2.243961000     -3.435423000 

H       -3.253054000      0.885301000      3.844124000 

H       -0.512036000      3.000628000      2.303422000 

O        0.726252000     -4.665817000      0.391856000 

H        1.310371000      1.731422000      3.207575000 

H       -1.890831000     -0.791522000     -3.007814000 

O       -0.636408000     -1.982559000     -2.497875000 

H        2.685233000      1.881333000      2.489575000 

H       -3.256373000     -0.341073000     -2.411504000 

O       -0.373664000      2.391835000      3.046281000 

H        4.094280000      1.264692000     -0.082898000 

H        3.437823000      0.428194000     -2.285335000 

O       -2.577228000     -0.090461000     -3.057271000 

H        4.324432000     -0.265563000     -0.174937000 

H        2.208278000      1.072719000     -2.963687000 
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O        2.862669000      0.369477000     -3.074985000 

H        2.459143000     -0.254212000      3.165096000 

H        1.068282000     -2.297241000      2.811159000 

O        0.330133000     -2.914756000      2.665132000 

H        2.970538000     -1.460402000      4.017548000 

H       -0.467690000     -2.376841000      2.566654000 

C        0.273774000      0.028734000      0.124279000 

H        0.247314000     -1.019981000      0.427699000 

H        1.075606000      0.172601000     -0.600784000 

H        0.463833000      0.641570000      1.005234000 

H       -0.680662000      0.318927000     -0.319142000 

4. Cartesian coordinates of CO2 hydrate, 51262 Cage: 

O        0.924327000     -4.271216000     -1.002928000 

H        0.117919000     -4.127666000     -0.489932000 

H       -1.145871000     -3.412845000      2.055052000 

O        1.485002000      4.299181000      0.902052000 

H        0.860379000     -3.642443000     -1.746774000 

H       -0.618827000     -3.437657000      3.517730000 

O       -1.595810000     -4.312127000      0.612579000 

H        0.666072000      4.439132000      0.389312000 

H       -4.370677000     -3.460119000     -1.063668000 

O       -0.918089000      4.510434000     -0.560126000 

H        1.796279000      5.172287000      1.162723000 

H       -3.810366000     -2.244442000     -0.248867000 

O        4.556701000      0.834186000      0.836470000 
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H       -1.652190000     -5.271066000      0.548338000 

H       -3.569920000      3.810540000      1.330457000 

O       -4.208194000     -0.945854000      0.721561000 

H       -2.330449000     -3.940048000      0.074625000 

H       -3.476551000      2.664970000      0.268110000 

O        4.397838000     -1.439490000     -1.099305000 

H       -1.651706000      4.096084000     -0.048420000 

H       -0.651556000      3.378515000     -2.082013000 

O       -4.284931000      1.517126000     -0.702504000 

H       -1.248593000      5.372562000     -0.835036000 

H       -0.127150000      3.105896000     -3.524321000 

O       -2.675457000     -0.783823000      3.139978000 

H        4.061790000      0.682406000      1.669739000 

H       -2.626512000      0.141540000     -2.931559000 

O        1.151354000      2.440252000      3.109620000 

H        5.486847000      0.891199000      1.077303000 

H       -2.114796000      1.621420000     -2.927138000 

O        3.371151000      2.829900000     -0.797838000 

H       -4.228803000     -0.078109000      0.278439000 

H        2.780148000     -0.049862000     -3.413861000 

O        2.979907000      0.518745000      3.111220000 

H       -3.690206000     -0.835611000      1.540206000 

H        3.515440000     -1.175917000     -2.636865000 

O       -0.922532000     -2.842374000      2.823957000 

H        4.417246000     -0.686008000     -0.490709000 
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H        2.836439000     -3.029222000      1.236715000 

O       -3.548801000     -3.024117000     -0.815092000 

H        4.048153000     -2.189809000     -0.570516000 

H        2.478621000     -3.804023000     -0.053318000 

O       -2.939589000      3.282082000      0.828980000 

H       -3.738088000      1.336909000     -1.540270000 

H        0.214978000     -1.502215000     -2.331876000 

O       -0.661011000      2.737727000     -2.811563000 

H       -5.178640000      1.708922000     -1.006373000 

H        1.478903000     -1.811849000     -3.163727000 

O       -2.912810000      1.071654000     -2.832473000 

H       -2.032597000     -1.525377000      3.089947000 

H       -1.916372000      0.976551000      3.108154000 

O        2.921256000     -1.013355000     -3.403145000 

H       -3.242091000     -0.971337000      3.895796000 

H       -2.023365000      2.277905000      2.276867000 

O        3.230295000     -3.428795000      0.443017000 

H        0.196768000      2.212985000      3.129825000 

H       -1.449901000     -2.019742000     -3.321833000 

O        0.597318000     -2.195804000     -2.880566000 

H        1.263372000      3.081360000      2.389559000 

H       -2.630423000     -2.186872000     -2.298298000 

O       -1.584034000      1.889483000      3.046487000 

H        2.792935000      3.329876000     -0.200309000 

H        2.673902000      2.143459000     -2.325081000 
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O       -2.199404000     -1.565376000     -2.908164000 

H        3.823983000      2.170298000     -0.243938000 

H        1.275135000      1.685598000     -2.748633000 

O        2.179542000      1.750217000     -3.075471000 

H        2.283661000      1.230852000      3.111445000 

H        2.254027000     -1.213976000      2.813420000 

O        1.958656000     -2.131674000      2.702163000 

H        3.379574000      0.547887000      3.986700000 

H        0.998975000     -2.101258000      2.605737000 

C       -0.299000000     -0.053692000      0.072084000 

O       -0.825551000      1.023644000     -0.532867000 

O        0.225129000     -1.130569000      0.675788000 

5. Cartesian coordinates of CH4 hydrate, 51264 Cage: 

O       -1.605874000      4.327345000      1.091007000 

H       -0.654904000      4.407629000      0.894300000 

H        4.240880000      0.680906000     -1.253611000 

O        1.233495000      4.441217000      0.673175000 

H       -2.034107000      4.065372000      0.259580000 

H        4.480701000     -0.767814000     -0.759697000 

O       -2.056668000      2.784311000      3.368236000 

H        1.513626000      4.169658000     -0.214507000 

H       -4.444734000     -1.192308000      0.417931000 

O        2.705554000      2.928418000      2.718463000 

H        1.691220000      3.853647000      1.294587000 

H       -5.572570000     -0.294812000      0.990577000 
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O       -2.874993000      3.695924000     -1.473950000 

H       -1.163278000      2.570836000      3.676758000 

H       -0.987716000     -1.466298000      4.048379000 

O        1.895069000      3.860804000     -2.103425000 

H       -1.935305000      3.355548000      2.579668000 

H       -2.409912000     -0.948528000      3.549798000 

O        0.606333000      2.048822000      4.405162000 

H        3.264189000      2.163176000      2.446792000 

H        3.239813000     -0.849629000      2.774491000 

O       -0.745370000      3.468092000     -3.305074000 

H        3.315039000      3.605709000      3.030048000 

H        2.884539000     -2.358665000      2.721381000 

O       -3.398682000      0.421657000      3.080969000 

H       -3.397667000      2.847257000     -1.548749000 

H       -2.230601000      0.163339000     -3.940207000 

O        4.219506000      0.756811000      1.990518000 

H       -3.505033000      4.402630000     -1.648458000 

H       -2.636723000     -1.076249000     -3.096173000 

O        3.469582000      1.595749000     -2.799803000 

H        2.467083000      3.109831000     -2.354693000 

H        1.962820000     -1.149562000     -3.893241000 

O       -4.257056000      1.444682000     -1.756283000 

H        2.297519000      4.648681000     -2.483857000 

H        1.918542000     -0.261234000     -5.175820000 

O        0.544487000     -0.874416000      4.614731000 
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H        1.345024000      2.393503000      3.866115000 

H       -3.187659000     -3.228967000      0.896130000 

O       -0.772966000      1.018254000     -4.521579000 

H        0.679144000      2.472813000      5.266724000 

H       -4.566967000     -3.592812000      0.253793000 

O        4.717913000      0.160548000     -0.585984000 

H        0.076719000      3.653591000     -2.826103000 

H        3.357457000     -2.718420000     -1.839087000 

O       -4.722620000     -0.265511000      0.538887000 

H       -1.473930000      3.594558000     -2.664691000 

H        4.681411000     -3.205331000     -1.185147000 

O       -1.875353000     -1.757685000      3.727678000 

H       -2.966247000      1.303071000      3.182815000 

H       -1.978711000     -2.837672000      2.753840000 

O        2.935260000     -1.586080000      3.323035000 

H       -3.668930000      0.363306000      2.154304000 

H       -2.386425000     -4.376539000      2.643973000 

O       -3.001014000     -0.299826000     -3.539573000 

H        4.409631000      0.574759000      1.033410000 

H        3.100205000     -3.264608000      0.596776000 

O        1.933968000     -0.224859000     -4.213202000 

H        5.044014000      0.597337000      2.462156000 

H        1.901992000     -3.990620000      1.254997000 

O       -3.826361000     -2.983336000      0.160478000 

H        2.926743000      0.968464000     -3.326700000 
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H       -3.077576000     -3.004971000     -1.461877000 

O        3.961160000     -2.573327000     -1.085948000 

H        4.247552000      1.782165000     -3.337163000 

H       -3.358176000     -3.237996000     -2.980485000 

O       -2.118740000     -3.636620000      2.087794000 

H       -3.869394000      0.835977000     -2.420132000 

H        1.246287000     -3.243811000     -2.866705000 

O        2.798806000     -3.643142000      1.434631000 

H       -4.442885000      0.900718000     -0.973779000 

H        2.359088000     -3.495501000     -3.917251000 

O       -2.657193000     -3.031014000     -2.352912000 

H        1.374381000     -1.190133000      4.201493000 

H        0.053421000     -4.193386000     -0.205613000 

O        2.086042000     -2.871771000     -3.234887000 

H        0.583603000      0.093715000      4.565807000 

H       -0.517509000     -4.176128000      1.229564000 

O        0.223361000     -4.513301000      0.691120000 

H        0.042339000      0.616402000     -4.196206000 

H       -1.068476000     -3.680186000     -2.349020000 

O       -0.160157000     -4.048155000     -2.215880000 

H       -0.785060000      1.923773000     -4.127641000 

H       -0.237369000     -4.999070000     -2.351085000 

C        0.381333000     -0.246902000     -0.139731000 

H        0.268241000     -1.056677000     -0.863370000 

H       -0.540807000     -0.144842000      0.433693000 
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H        0.577766000      0.689340000     -0.663475000 

H        1.199761000     -0.472262000      0.543971000 

6. Cartesian coordinates of CO2 hydrate, 51264 Cage: 

C       -0.550460000      0.498600000     -0.096952000 

O       -1.145201000     -0.417503000     -0.484701000 

O        0.040166000      1.425588000      0.290450000 

O        1.082845000     -3.985558000      2.360476000 

H        1.843465000     -3.387649000      2.473499000 

H        3.328391000      2.699927000      1.002441000 

O        3.323752000     -2.196294000      2.509719000 

H        0.326129000     -3.543707000      2.778462000 

H        3.035841000      3.327263000     -0.387179000 

O        0.826312000     -4.812167000     -0.290227000 

H        3.109558000     -1.345108000      2.921842000 

H       -3.962353000     -2.146585000     -0.743573000 

O        4.567539000     -1.785603000     -0.135342000 

H        3.669184000     -1.996440000      1.626401000 

H       -4.277706000     -3.636801000     -0.431233000 

O       -1.139664000     -2.767234000      3.839162000 

H        1.568986000     -4.376439000     -0.733826000 

H       -0.025539000     -2.219308000     -3.812846000 

O        2.639252000      0.163912000      4.067027000 

H        0.906897000     -4.576584000      0.658940000 

H       -1.112681000     -3.004221000     -2.955189000 

O        3.030826000     -3.512784000     -1.778790000 
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H        4.581901000     -0.881471000     -0.529158000 

H        3.302119000      0.572848000     -2.889269000 

O       -0.146643000     -0.328137000      4.844819000 

H        5.482998000     -2.006409000      0.065273000 

H        2.308208000      1.247033000     -3.870466000 

O       -1.461706000     -4.075461000     -1.600126000 

H       -1.985262000     -2.543001000      3.351054000 

H       -3.071568000      1.093057000      3.110235000 

O        4.544150000      0.707807000     -1.262840000 

H       -1.389496000     -3.417766000      4.503116000 

H       -3.688675000      1.060709000      1.677818000 

O        2.637483000      2.707051000      2.824773000 

H        2.678808000      1.059139000      3.677278000 

H       -0.201764000      4.067327000      1.813120000 

O       -3.350096000     -2.089127000      2.558355000 

H        3.205333000      0.178822000      4.845885000 

H       -0.268389000      4.356737000      3.343362000 

O        1.705636000     -2.044115000     -3.957043000 

H        3.608034000     -2.962489000     -1.214814000 

H       -3.707321000     -0.564164000     -2.515879000 

O       -1.693658000      1.760848000      3.996086000 

H        3.581157000     -4.231004000     -2.108399000 

H       -5.226665000     -0.758674000     -2.228463000 

O        3.712572000      2.844221000      0.121121000 

H        0.785251000     -0.262441000      4.587191000 
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H        0.901983000      4.425392000     -0.849178000 

O       -3.723820000     -2.895306000     -0.165832000 

H       -0.461812000     -1.196620000      4.522802000 

H        1.981672000      5.090096000     -1.747902000 

O       -0.994509000     -2.361557000     -3.693403000 

H       -0.662814000     -4.378186000     -1.106269000 

H       -1.910035000     -1.226475000     -3.723785000 

O        2.910870000      0.481866000     -3.769422000 

H       -2.019727000     -3.622067000     -0.952441000 

H       -3.003083000     -0.555552000     -4.667349000 

O       -3.769993000      0.670732000      2.557774000 

H        4.245265000      1.484324000     -0.716283000 

H        1.308032000      3.153156000     -2.977356000 

O        0.070176000      3.732213000      2.692267000 

H        5.318336000      1.007483000     -1.751056000 

H        0.222056000      2.493160000     -3.852374000 

O       -4.386415000     -0.610882000     -1.779895000 

H        1.723211000      3.070395000      2.803983000 

H       -4.398840000      0.823809000     -0.708806000 

O        1.716022000      4.249505000     -1.359645000 

H        3.177952000      3.378565000      3.255465000 

H       -5.243798000      1.756435000      0.223020000 

O       -2.621116000     -0.454904000     -3.788458000 

H       -3.546116000     -1.128619000      2.563078000 

H       -1.400594000      4.200142000     -0.314769000 



 

 

22 
 

O        1.178534000      2.690636000     -3.816980000 

H       -3.486148000     -2.399928000      1.647228000 

H       -0.961360000      5.610188000      0.154543000 

O       -4.366288000      1.640111000     -0.157325000 

H        2.104179000     -1.149701000     -3.958760000 

H       -1.915402000      2.469763000     -2.752932000 

O       -0.669999000      4.691564000      0.134280000 

H        2.166162000     -2.532104000     -3.257276000 

H       -1.880095000      1.264675000     -3.722875000 

O       -1.601040000      2.196055000     -3.625305000 

H       -1.086697000      2.239357000      3.415911000 

H       -3.372609000      2.878141000     -0.796480000 

O       -2.727424000      3.493659000     -1.224271000 

H       -1.163910000      1.013200000      4.364138000 

H       -3.246424000      4.083672000     -1.781829000 
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Table S3 

Comparison of the computational and experimental vibrational frequency of CH4 and CO2 

Clathrate hydrate using the B3LYP level of theory and 6-311++G(d, p) basis.  

 

  

B3LYP/6-311++G(d, p) 

Level 

Free  

CH4/CO2 

512 cage 

 

512 62 cage 

 

512 64 cage 

 

 

CH4 hydrate 

 
3129.6 (26) 
 

 
3138.9 (24) 
3144.1 (12) 
3151.6 (10) 
 

 
3120.4 (6) 
3128.9 (10) 
3141.3 (3) 

 
3120.5 (22) 
3132.2 (11) 
3138.9 (16) 

 

CO2 hydrate 

 
2420.0 (712) 
 

 
2333.5 (295) 

 
2403.4 (580) 

 
2435.8 (546) 
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Fig. S2. Time dependent RAIR spectra of 150 MLs of solid CH4 in the C-H antisymmetric 

stretching region at 25 K. The decrease in the intensity of the IR peak is due to desorption 

of CH4 in UHV. This experiment was performed at 25 K instead of 30 K, as at this 

temperature (30 K), most of the CH4 desorbed from the surface after 30 hours. 
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Table S4 

Properties of (3,-1) bond critical points in CH4 and CO2 clathrate hydrate computed at 

B3LYP level of theory with 6-311++G (d, p) basis set. 

 

  

Clathrate 

Hydrate 

(512) 

Type of bonding Bonds (rC) 2(rC) 

CH4 

 

van der Waals interaction -C-H of free CH4 0.27217 -0.89913 

-C-H of CH4 hydrate 0.27199 -0.89544 

-C-H…H2O interaction 0.00598 0.01601 

CO2 Hydrogen bonding -C=O of free CO2 0.45773 -0.08650 

-C=O of CO2 hydrate 0.44922 -0.07620 

-C=O…H2O interaction 0.01563 0.07161 
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Fig. S3. Temperature dependent RAIR spectra of 300 MLs of CO2@H2O (1:5 ratio) in the 

C=O antisymmetric stretching region. Spectrum for pure solid CO2 was added for 

comparison. The CO2@H2O symbolism implies that H2O was deposited over CO2. The 

spectra were translated vertically for the clarity. 
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Fig. S4. Full scale RAIR spectrum of 300 MLs of CO2+H2O (1:5 ratio) at 10 K. 
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Fig. S5. Temperature dependent RAIR spectra of 300 MLs of CO2+H2O (1:5 ratio) in the 

13C=O antisymmetric region. Reduction in intensity with time is due to partial desorption. 
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Fig. S6. TPD mass spectra of 150 MLs of solid CH4 and CH4+H2O co-deposited ice 

systems at different ratios (heating rate of 30 K.min-1). Here, the intensities of CH3
+ 

(m/z=15) under these conditions are plotted. After the deposition at 10 K, these ice systems 

were annealed and simultaneously the mass spectra were recorded. The marked desorption 

(*, $) peaks are due to the structural transitions of amorphous ice during annealing (1). 
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A B S T R A C T

Rauvolfia tetraphylla L. (family Apocynaceae), often referred to as the wild snakeroot plant, is an important
medicinal plant and produces a number of indole alkaloids in its seeds and roots. The plant is often used as a
substitute for Ravuolfia serpentine (L.) Benth. ex Kurz known commonly as the Indian snakeroot plant or sar-
phagandha in the preparation of Ayurvedic formulations for a range of diseases including hypertension. In this
study, we examine the spatial localization of the various indole alkaloids in developing fruits and plants of R.
tetraphylla using desorption electrospray ionization mass spectrometry imaging (DESI-MSI). A semi-quantitative
analysis of the various indole alkaloids was performed using UPLC-ESI/MS. DESI-MS images showed that the
distribution of ajmalcine, yohimbine, demethyl serpentine and mitoridine are largely localized in the fruit coat
while that for ajmaline is restricted to mesocarp of the fruit. At a whole plant level, the ESI-MS intensities of
many of the ions were highest in the roots and lesser in the shoot region. Within the root tissue, except sarpagine
and ajmalcine, all other indole alkaloids occurred in the epidermal and cortex tissues. In leaves, only serpentine,
ajmalcine, reserpiline and yohimbine were present. Serpentine was restricted to the petiolar region of leaves.
Principal component analysis based on the presence of the indole alkaloids, clearly separated the four tissues
(stem, leaves, root and fruits) into distinct clusters. In summary, the DESI-MSI results indicated a clear tissue
localization of the various indole alkaloids, in fruits, leaves and roots of R. tetraphylla. While it is not clear of how
such localization is attained, we discuss the possible pathways of indole alkaloid biosynthesis and translocation
during fruit and seedling development in R. tetraphylla. We also briefly discuss the functional significance of the
spatial patterns in distribution of metabolites.

1. Introduction

Rauvolfia tetraphylla L. (Family Apocynaceae) (Fig. 1a) is an eco-
nomically important medicinal plant, often used as a substitute for its
conspecific plant, Rauvolfia serpentina (L.) Benth. ex Kurz commonly
referred to as the Indian snakeroot plant or sarphaganda (Gupta et al.,
2012). The latex of both species of plants are used in a variety of cures
in folk medicine and several indigenous or traditional medicine systems
(Gupta et al., 2012). The white latex is used as emetic, cathartic and
expectorant for treating dropsy (Gupta et al., 2012; Kaushik et al.,
2013). Both the species of Rauvolfia produce a variety of mono-
terpenoid indole alkaloids (MIAs) such as reserpine, serpentine,

deserpidine, ajmaline, ajmalcine, yohimbine that have been reported to
have important pharmaceutical and biological activities. All these
compounds originate from strictosidine (Fig. 2), formed by the con-
densation of tryptamine with secologanin (Hagel et al., 2008; Pan et al.,
2015). Little is known about the downstream biosynthetic pathway of
these compounds from strictosidine (Fig. 2) (Faisal et al., 2005).

Considering the importance of many of the monoterpenoid indole
alkaloids (MIAs) in pharmaceutical applications, a number of studies
have explored to unravel the pathway genes involved in the biosynth-
esis of these compounds. Using an integrated transcriptomics and pro-
teomics approach for gene discovery, Miettinen et al. (2014) discovered
the last four missing steps of the (seco)iridoid biosynthesis pathway in
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Catharanthus roseus. More recently, the entire MIA pathway up to
strictosidine was engineered in Nicotiana benthamiana by heterologous
expression of newly identified genes in combination with the previously
known biosynthesis genes (Miettinen et al., 2014). Interestingly the
biosynthetic pathways of many plant specialised metabolites often in-
volve multiple cell types that are biochemically and morphologically
distinct (Hagel et al., 2008; Pan et al., 2015). In situ RNA hybridization
and immuno-cytochemical studies have shown the localization of MIA
pathway enzymes to a number of cell types (St-Pierre et al., 1999). For
example, studies in C. roseus have shown that secoiridoid metabolism
begins in phloem-associated parenchyma cells (IPAP) cells and that
loganic acid produced in IPAP cells is transferred to epidermal cells
(ECs). Further synthesis involving secologanin and tryptamine occurs in
the ECs. Finally, a MIA intermediate, deacetoxyvindoline, moves to the
idioblast cells (ICs) and laticifer cells (LCs) and MIAs begin to accu-
mulate in the vacuole of these cells (St-Pierre et al., 1999; Mahroug
et al., 2006; DugÃe de Bernonville et al., 2015; Burlat et al., 2004).

In a more recent study on a Mediterranean plant, Thapsia garganica

(dicot, Apiaceae), using MALDI MSI, it was shown that the metabolite,
thapsigargin was stored in the secretory ducts in the roots. Transcripts
of TgTPS2 (epikunzeaol synthase) and TgCYP76AE2 in roots were
found only in the epithelial cells lining these secretory ducts (Andersen
et al., 2017). Similarly, in Vitex agnuscastus L, MALDI-MSI analysis
showed that the diterpenoids were localized in trichomes on the surface
of fruit and leaves. Analysis of a trichome-specific transcriptome data-
base, coupled with expression studies, identified seven candidate genes
involved in diterpenoid biosynthesis (Heskes et al., 2018; Boughton
et al., 2016).

Unraveling the localization of pathway gene expression and their
products or metabolites can profoundly help in understanding, both the
regulatory and functional basis of metabolite synthesis in plants
(Miettinen et al., 2014). While traditionally, studies have relied on
techniques such as in situ RNA hybridization and immune-cytochemical
studies, in recent years there has been increasing attempts to use mass
spectrometry imaging techniques for localizing plant metabolites.
These techniques, such as MALDI-MSI or DESI-MSI are rapid, easy to
use and have been used in a number of studies to understand the spatial

context of metabolite accumulation and localization (Bjarnholt et al.,
2014; Lee et al., 2012; Ifa et al., 2011; Korte et al., 2012; Hemalatha
and Pradeep, 2013; Kueger et al., 2012; Boughton et al., 2016;
Andersen et al., 2017; Zifkin et al., 2012). Coupled with tissue-based
transcriptomic analysis, the technique can potentially be used in un-
raveling biosynthetic pathway genes responsible for the synthesis and
accumulation of specialised metabolites (Bjarnholt et al., 2014; Zifkin
et al., 2012; Andersen et al., 2017).

In this study, using a DESI-MSI approach, we have developed a
spatially explicit map of the indole alkaloids in developing fruits and
plants of R. tetraphylla. We rationalize the results based on both the
functional significance of such patterns as well as the possible metabolic
regulatory processes that might have resulted in these patterns.

2. Results and discussion

ESI MS analysis of the different parts (root, stem, leaf and fruits:
Fig. 1) of R. tetraphylla showed the presence of prominent metabolites
in the range of m/z 300–611 (Table 1). Among the different tissues, by
far the roots contained relatively large number of indole alkaloids
compared to the stem, leaves and fruits (Fig. S1). Structural char-
acterization of these indole alkaloids were done by both accurate mass
measurement and mass fragmentation analysis (Fig. S2) (Smith et al.,
2005). Mass fragmentation analysis was done mainly by comparing the
observed fragment ions with those retrieved from earlier publications
(Fig. S2). Where not available, the patterns were annotated using the
fragments core structural features (Supplementary information; Fig.
S2). A list of m/z values of the parent and fragment ions and their
chemical formulae are given in Table 1. Based on these masses, the
identity and the spatial location of the compounds were established in
different parts of the fruit and plant using DESI-MS imaging facility.
Principal component analysis (PCA) based on the presence of MIAs
clearly separated the four tissues (stem, leaves, root and fruits) in to
distinct clusters (Fig. S2). The first and second PC axis respectively
explained 66.5% and 30.5% of the variance. The eigenvector con-
tributions for the two axes are: PC1 Leaf-L1 (2.0994) L2 (4.827) L3
(4.827) and PC2 (L1 3.990, Root-R2 0.29, R3- 0.217) (Fig. S3).

Fig. 1. a) Fruit bearing Rauvolfia tetraphylla plant. Insert in shows the different stages of fruit b) leaf and its TLC imprint, c) Fruit cross section (i) and its TLC imprint
(ii) TLC imprint photo taken with UV light (iii) d) Root and e) Root cross section (i) and its TLC imprint (ii).
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2.1. MIAs during fruit development

The spatial locations of different MIAs in cross section of developing
fruits were established using DESI-MS. Among the various indole al-
kaloids, prominent were mitoridine, ajmaline, demethyl serpentine,
ajmalicine and yohimbine (Fig. 3). The molecular ion intensities were
higher in early stage fruits compared to mature fruit. The alkaloids,
mitoridine, 12-methyoxyvellosimine, demethyl serpentine, ajmalicine
and yohimbine were restricted to the fruit coat (exocarp), while aj-
maline was largely restricted to mesocarp of the fruit (Fig. 3). Demethyl
serpentine was detected only in fruits and not in other parts of the
plant.

2.2. MIAs in root and shoot

Cross-sections of root and shoot of the plant showed distinct spatial
distribution patterns of the various ions. In roots, most of the indole
alkaloids were present and showed tissue specific localization.

Tetraphyllicine, raunescine and deserpidine were present only in epi-
dermis; mitoridine and ajmalicine were present in cortex while re-
serpine was restricted to the pith region only. Sarpagine, 10-O-me-
thylsarpagine, ajmaline, serpentine, yohimbine and 18-hydroxy-
yohimbine were present in higher abundance in epidermis and pith
region. Stem contained, sarpagine, ajmaline, serpentine, ajmalcine,
yohimbine and 18-hydroxy-yohimbine with a localization pattern si-
milar to that in the root (Fig. 4).

2.3. MIAs in leaves

In leaves, only serpentine, ajmalicine, reserpiline and yohimbine
were found. Specifically, serpentine was found only in the leaf petiole
while the other metabolites were abundant in the leaf blade (Fig. 5).

Intensities of many of these metabolites were highest in the roots
upwards to the collar region, representing the transition from the root
to the shoot (Figs. 3–5, Fig. S5). For example, reserpine content on dry
weight basis, was highest in the main roots (0.50% ± 0.10) and lateral

Fig. 2. Pathway of monoterpenoid indole alkaloid biosynthesis. Strictosidine synthase (STR) is a key gene responsible for the biosynthesis of strictosidine.
Strictosidine is a major precursor for the biosynthesis of a diversity of MIAs in Rauvolfia tetraphylla.
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Table 1

Details of m/z values of the ions, fragment ions and chemical formulae of monoterpenoid alkaloids identified in Rauvolfia tetraphylla.

Serial
number

Metabolite Ion type Exact mass
(calculated)

m/z obtained from ESI MS
(Orbitrap)

Error
(ppm)

Chemical
Formula

Mass fragmentsa Metabolite tissue localization

Root/stem Leaves Fruit

1 Strictosidine [M+H]+ 531.2337 531.2337 0 C27H35N2O9 514, 352, 334, 320, 302, 282, 251, 222, 223,
144

Reserpine type of alkaloids

2 Yohimbine [M+H]+ 355.2016 355.2007 −2.5 C21H27N2O3 337, 323, 224,212,194 144 Epidermis and
pith

Leaf blade –

3 Deserpidine [M+H]+ 579.2701 579.2698 −0.5 C32H39N2O8 547,448,367, 335, 195, 144 Epidermis – –

4 Reserpine [M+H]+ 609.2807 609.2802 −0.8 C33H41N2O9 577,448, 436, 397, 365, 336, 236, 224, 195 Pith – –

5 18-Hydroxyepialloyohimbine [M+H]+ 371.1965 371.1961 −1.0 C21H27N2O4 353,339,240,2281,58,223, 144 Epidermis and
pith

– –

6 Yohimbinic acid [M+H]+ 341.1865 341.1862 −0.8 C20H25N2O3 32,32,11,19,61,58,144 Epidermis and
pith

– –

7 Raunescine [M+H]+ 565.2544 565.2542 −0.3 C31H35N2O8 547, 448, 353, 321, 195, 144 Epidermis – –

Ajmalicine type of alkaloids

8 Ajmalicine [M+H]+ 353.186 353.1851 −2.5 C21H25N2O3 321, 293, 210, 222, 144 Cortex Leaf blade Outer part
9 Reserpiline [M+H]+ 413.2071 413.2068 −0.7 C23H29N2O5 381, 222, 204,144 – Leaf blade –

Ajmaline type of alkaloids

10 Ajmaline [M+H]+ 327.2067 327.2063 −1.2 C20H27N2O2 309, 238, 210, 194,182, 158, 144 Epidermis and
pith

– Endosperm

11 Tetraphyllicine [M+H]+ 309.1961 309.1957 −1.3 C20H25N2O 291, 238, 182, 158, 144 Epidermis – –

12 Sarpagine [M+H]+ 311.176 311.175 −3.2 C19H23N2O2 293, 276, 165, 145, 138 Epidermis and
pith

– –

13 Mitoridine [M+H]+ 323.176 323.1749 −3.4 C20H23N2O2 305, 291, 279, 263,144 Cortex – Outer part
14 10-O-Methylsarpagine [M+H]+ 325.1911 325.1907 C20H25N2O2 307, 293, 160, 144 Epidermis and

pith
– –

Others

15 Serpentine [M+H]+ 349.1547 349.1537 −2.8 C21H21N2O3 317, 293, 277, 263, 235 Epidermis and
pith

Leaf
petiole

–

16 Demethyl serpentine [M+H]+ 335.1396 335.1382 −4.1 C20H19N2O3 317, 293, 277, 263, 235 – – Outer part

– Below detection threshold.
a The mass fragments used to infer the chemical identities of the various compounds are based on published literature provided for each of the alkaloids in the supplementary information.
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roots (0.44% ± 0.09), followed by stem (0.31% ± 0.09), and least in
fruits (0.02% ± 0.02) and absent in leaves (Fig. 6).

In summary, our results show that the MIAs in R. tetraphylla exhibit
a distinct localization patterns, both, across and within different tissues
(Figs. 3 and 4). For example, while roots contained most of the MIAs,
the stems contained only sarpagine, ajmaline, serpentine, ajmalcine,
yohimbine and 18-hydroxy-yohimbine. Similarly, the leaves had only
serpentine, ajmalicine, reserpiline and yohimbine. Within each tissue as
well, there were distinct patterns of occurrence. In fruits, several of the
MIAs were restricted to the fruit coat, while others were restricted to
the mesocarp. Similarly, within roots, there was a clear spatial se-
paration of several of the MIA between the epidermal and cortex tis-
sues. These results add to the now growing literature that suggests there
could be spatial patterning of occurrence of specialised metabolites,
across and within tissues (Dueñas et al., 2017; Bhandari et al., 2015;
Mohana Kumara et al., 2016; Sturtevant et al., 2017). These are now
increasingly becoming evident, especially through studies, involving
non-invasive, imaging analysis including MALDI MSI and DESI MSI
(Bjarnholt et al., 2014; Lee et al., 2012; Ifa et al., 2011; Korte et al.,
2012; Hemalatha and Pradeep, 2013; Kueger et al., 2012; Dopstadt
et al., 2017; Woodfield et al., 2017). The spatial patterning of MIAs also
raises interesting questions, both proximate and ultimate, of such oc-
currence. Proximately, the patterns are best explained by studying the
underlying gene expression patterns, and examining, if there is indeed
any spatial correlation between the expression and the occurrence. A
few studies have attempted to examine such correlation by analyzing
cell and tissue specific transcriptome data. For example, in flaxseed
(Linum usitatissimum), expression of the key genes involved in the
synthesis of pinoresinol and the subsequent downstream pathway in-
termediate were correlated with the spatial distribution of metabolite
(Dalisay et al., 2015). Similarly, in highbush blueberry (Vaccinium
corymbosum), occurrence of major classes of flavonoids was correlated
to the transcript abundance. Proanthocyanidins (PAs) and corre-
sponding transcripts encoding anthocyanidin reductase and leu-
coanthocyanidin reductase were mostly concentrated in young fruits

and localized predominantly to the inner fruit tissue containing the
seeds and placentae (Zifkin et al., 2012). In Calotropis procera, tissue
specific expression analysis of 30 putative transcripts involved in ter-
penoid, steroid and cardenolide pathways were correlated with meta-
bolite and transcript accumulation (Pandey et al., 2016). In tea leaves,
the expression patterns of genes in C2-2-1 and C2-2-2-1 groups were
found to be probably responsible for the development-dependent ac-
cumulation of phenolic compounds in the leaves (Jiang et al., 2013). In
Sorghum biocolar, during accumulation was reported to be correlated
with transcript abundance of genes involved in biosynthesis of cyano-
genic glycosides (Nielsen et al., 2016). It would be interesting to ex-
amine such association between the spatial distribution of the meta-
bolites in tissues with the corresponding gene expression in R.

tetraphylla as well. Where such correlation between spatial localization
and gene expression is not evident, it is likely that the spatial patterns
could be due to a disconnect between the sites of synthesis and sites of
accumulation of the metabolites. For example, in pea and carrot, cy-
tokinins biosynthesized in cambium of the root is finally exported to the
shoot (Chen et al., 1985).

While the above studies may help explain the proximate basis of
spatial patterning of metabolites, it is also interesting to examine, the
ultimate functional significance of such patterning. One of the earliest
studies is due to Berenbaum (1995) who proposed the concept of ap-
parency in the synthesis and accumulation of specialised metabolites by
plant tissue. According to this theory, plants bet-hedge on deploying
defense responses and investing carbon to synthesizing specialised
metabolites. Thus, instead of uniformly investing in synthesis and ac-
cumulation of specialised metabolites in all leaves, plants may accu-
mulate the compound in only a proportion of the leaves and within a
leaf, only in some parts of the leaf (Hansen et al., 2016). In R. tetra-

phylla, it is interesting to note that ajamaline is specifically distributed
in the mesocarp of the fruit and increases through the fruit develop-
mental phase. Ajmaline is a potent inhibitor of Na+/K+ channel
(Kiesecker et al., 2004) and it is likely that the accumulation pattern in
the mesocarp could help defend the fruit from insect herbivores. On the

Fig. 3. DESI MS images showing the distribution of indole alkaloids in fruit sections of R. tetraphylla. Scale bars correspond to 5mm and apply to all the images of a
row.
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Fig. 4. DESI MS images showing the indole alkaloid distribution in root and stem sections of R. tetraphylla. Scale bars correspond to 5mm and apply to all the images
of a row.
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other hand, ion intensities of many other compounds such as mitrodine,
yohimbine that was located in the fruit epidermis decreased with fruit
ripening. The functional significance of many of these compounds is
unknown, though some of them might serve as intermediates of bio-
synthesis of indole alkaloids. Yohimbine is an alpha adrenoreceptor
inhibitor and could possibly also function in defense. Sarpagine, an
ajmaline type monoterpene indole alkaloid, is a Na+ channel blocker
and is concentrated in the cortex and pith of the root. Reserpine, also
abundant in the main root cortex, is a monoamine transport blocker
(Mahata et al., 1996). Ajmalcine, an andregnic receptor antagonist, is
concentrated in the epidermis and cortex. The functional significance of
most of these compounds are yet unknown and clearly more research is
required to unravel their significance to plant growth and defense.

Like other terpene alkaloids, the synthesis of MIA begins with the
condensation of tryptamine and secologanin to yield strictosidine.
Strictosidine is converted into 4,21 –dehydrogeissoschizine and there-
after through cyclization and reduction, ajmalcine is formed (KEGG
pathway). However, in our study, we failed to recover the primary
precursors of the different MIAs. An earlier study (Yamamoto et al.,
2016) employing nano-DESI was successful in locating some of the
precursors, such as strictosidine, indicating perhaps the need for high-
resolution imaging to capture such molecules. It is also likely that our
failure to spatially detect them could be due to them not being readily
ionized as well as because of their inherently poor stability.

It is now well acknowledged that the primary site of synthesis of the
MIAs is the root (Schluttenhofer et al., 2014; O'Connor and Maresh,
2006) and from there perhaps, a few are transported elsewhere in the
plant (El-Sayed and Verpoorte, 2007; Liu et al., 2017; Pathania and
Acharya, 2016). We have made a preliminary attempt to explore if
there exist a tacit relationship between the spatial patterning of the
specialised metabolites and their biosynthetic pathway (Figs. 7 and 8).
Understandably, the root sections have the largest diversity of MIAs,
perhaps representing the pathway intermediaries as well. However
there is a clear narrowing of such diversity in the root:stem collar re-
gion and thereafter in the stem region, only to be partially restored in

the leaf and fruits. That there is an active transport is supported by the
fact that transporters of ajmalicine and other MIAs have been reported
(Liu et al., 2017; Zhu et al., 2015; Pathania and Acharya, 2016; Yu and
De Luca, 2013).

In conclusion, the study provides a spatial framework of MIAs in
different parts of R. tetraphylla plants. These results could serve as va-
luable inputs for further studies to address, both the proximate causes
and the ultimate selective advantage of such patterning. Combined with
other omics approaches, including transcriptomics/metabolomics, DESI
MS imaging of specialised metabolites can offer exciting opportunities
to explore tissue specific, and in some cases, cell specific gene expres-
sion to validate the spatial occurrences of metabolites.

3. Materials and methods

3.1. Plant material

R. tetraphylla plants were raised and maintained at IIT Madras
Nursery, Chennai (13.0052° N, 80.2420°E). R. tetraphylla produces
brightly colored fruits, green during early stage, yellowish to red during
maturity and shiny black during fully matured stage. The seeds take
approximately 30–50 days to mature. Different plant parts were col-
lected from the two-year-old plant during winter season (19-01-2015).
Plant was up rooted, segmented into different parts, namely, root, stem
and leaves (Fig. 1). Root and stem were further segmented in four
different sections, namely, epidermis, cortex endodermis and pith re-
gion respectively (Fig. 1e). Different developmental stages of the fruit
were collected from the two-year-old plants.

3.2. ESI-MS/MS, orbitrap analysis and assigning the metabolites

Different sections of the root, shoot, and leaves (corresponding to
regions that were used for the imaging) were cut into small pieces and
soaked in methanol for 12 h. The solution was filtered and centrifuged
at 10,000 rpm for 10min. The supernatant was analyzed by ESI MS/MS

Fig. 5. DESI MS images showing the indole alkaloid distribution in leaf of R. tetraphylla. Scale bars correspond to 5mm and apply to all the images of a row.

Fig. 6. Reserpine content (on dry weight basis) in different parts of Rauvolfia tetraphylla plant. Error bars indicates standard deviation.
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using Thermo Scientific LTQ XL (Thermo Scientific, San Jose, CA, USA)
mass spectrometer, and exact mass was analyzed using Thermo
Scientific Orbitrap Elite (Thermo Scientific, San Jose, CA, USA) mass
spectrometer. The data was acquired in positive ion mode with a spray
voltage of 3 kV. Collision induced dissociation (CID) was used for
fragmentation of the ions during MS/MS measurements. The identities

of the ions were established based on both, the fragmentation patterns
and exact masses of the ions obtained using METLIN and MassBank
metabolite database. The mass window tolerance of± 3 ppm was used
for database search. The MS/MS data was used to infer the compound
identity by comparing the fragment ion m/z with published literature
and database. All the spectra were represented in the profile mode.

Fig. 7. Superimposed images of root, leaf and fruit sections of R. tetraphylla showing the tissue localization of indole alkaloids.

Fig. 8. Schematic illustration of the biosynthesis of monoterpenoid indole alkaloids (modified from KEGG pathways and Yamamoto et al., 2016).
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3.3. Extraction and quantification of reserpine using UPLC analysis

Different sections of the root, shoot, and leaves of R. tetraphylla were
collected from the nursery and oven dried for 3 days at 70 °C (Fig. 1).
Tissues were powdered and extracted using 5mL of methanol (Merck),
centrifuged at 10,000 rpm for 5min and filtered with 0.2 μm filters.
Filtered sample (2 μL) was analyzed using UPLC Waters ACQUITY
UPLC™ system SYNAPT G2-Si equipped with a binary solvent delivery
system, an autosampler, column manager, and a tunable MS detector.
Chromatographic separation was performed on a Waters ACQUITY
UPLC™ BEH, C18 (130Å, 1.7 μm, 2.1mm×50mm, 1/pkg) column at
40 ± 5 °C. The mobile phase employed for UPLC analysis consisted of
water; methanol (50:50 v/v) in a gradient mode, which was degassed,
previously. The flow rate of the mobile phase was kept at 0.50mL/min
and 2 μL of sample solution was injected in each run. The total chro-
matographic run time was 5min in resolution mode. The column and
autosampler were maintained at 40 ± 5 and 4 ± 5 °C, respectively
and pressure of the system was set to 15,000 psi. Care was exercised to
ensure that the initial and final volumes of the extract were maintained
constant for the sample. Standard curve was developed for the con-
centration range of 0.125mg/mL to 1mg/mL of standard reserpine
(Sigma). The best fit (R2=0.99) was used in calculating the amount of
reserpine in the sample (Fig. S4). All estimates were done on 3 re-
plicates. Semi-quantitative analyses of other indole alkaloids were de-
termined based on the extracted ion chromatogram for the specific ions
(Fig. S5).

3.4. DESI MS analysis

Plant was uprooted and washed with running tap water and later
with distilled water to remove all the debris from the root and other
parts (Fig. 1a). Plants were segregated in different parts such as root,
stem, leaves and fruits. Stem and roots was cross-sectioned (about 2mm
thick) using surgical blade (Fig. 1e). Fruits were collected at three de-
velopmental stages, namely immature (green), mature (green) and ri-
pened (orange to red). Cross sections were made at mid-axis of the fruit
and imprinted on flat surface of TLC plate for 10 s to obtain the imprint
(TLC Silica gel 60 F254, Merck KGaA, Germany). Prior to imprinting, the
TLC plates were pre-wetted with methanol and kept on a heating
mantle (∼70 °C) to obtain molecules present on the cut-end of the
sections (Cabral et al., 2013; Mohana Kumara et al., 2015). Young
leaves were imprinted on a TLC plate with 2 ton pressure for 15–30 s
using a hydraulic pelletizer.

Imaging experiments were conducted using Thermo Scientific LTQ
XL (Thermo Scientific, San Jose, CA, USA) mass spectrometer with 2D
DESI ion source (Omni Spray Ion Source) from Prosolia, Inc.,
Indianapolis, IN, USA. The DESI source conditions were as follows;
nebulizing gas (dry nitrogen) pressure: 150 psi, spray angle: 60°, tip of
spray to surface: 1 mm, tip to inlet distance: 3 mm, spray solvent:
methanol, solvent flow rate: 5 μL, spray voltage: 5 kV, and ionization
mode: positive (+ve). The image area was chosen according to the
sample dimensions and the spatial resolution used was
250 μm × 250 μm. Imaging 1 cm × 1 cm area of tissue sample took
approximately 30 min. Imaging time varied with area of the tissue
samples. Image files (IMG File) were created using FireFly software
from the acquired data and Biomap 3 software was used to process the
image files to create images.

3.5. Principal component analysis (PCA)

Principal component analysis (PCA) was done based on the exact
masses of the compounds (m/z 150–1000 range) recovered from fruits,
leaves, and roots to examine if there is a differentiation of the tissues
based on their metabolite content. Three representatives mid-point
DESI MS spectra corresponding to the different tissues were collected
and the masses were extracted for PCA analysis. The analysis was

performed using the statistical software PAST 3.08 (Hammer et al.,
2001). The PCA analysis was based on a variance-covariance matrix.
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Identification of indole alkaloids using exact mass and ESI MS/MS analysis 

 

ESI MS analysis of the different parts (root, stem, leaf and fruits) of R. tetraphylla 

showed the presence of prominent metabolite signatures in the range of m/z 150-1000 

(Table1). Among the different tissues, roots contained relatively large number of 

indole alkaloids (Fig S2). Structural characterization of these indole alkaloids were 

done by both  mass fragmentation analysis and accurate mass measurement (Fig S2) 

(Smith et al., 2005). A list of m/z values of the parent and fragment ions and their 

chemical formulae are given in Table 1. 

 

Based on the masses obtained, we present below the salient results pertaining to exact 

masses and to the fragmentation ions. 

 

Strictosidine (C27H34N2O9: exact mass m/z 531.2337), a key metabolic precursor in 

the synthesis of indole alkaloids was identified by ESI MS analysis in root and leaf. 

The identity was also confirmed by the characteristic fragmentions: at m/z514 due to 

loss of H2O, m/z 499 due to loss of CH3OH, m/z 351 is due loss of glucose, m/z 222, 

223 and m/z 144 is due to breakage of C ring. These fragmentations corresponded 

with the published literatures and metabolite databases (Yamamoto et al., 2016) (Fig 

S2a).Here we present briefly the major alkaloids represented under three broad 

categories, namely, reserpine type, ajmalcine type and serpentine type of alkaloids. 

 

Reserpine type of alkaloids  

 

Yohimbine (C21H26N2O3), m/z 355.2 and exact mass of m/z 355.2007, has a 

pentacyclic ring system with substitution at C16 and C17. The MS/MS spectrum 

showed five characteristic fragment ions at m/z 337, 323, 224, 212 and 144. The 

product ions at m/z 323 and 337 were produced due to the loss of CH3OH and H2O in 

terpene moiety, whereas the product ions at m/z 224, 212 and 144 produced due to 

cleavage of C ring (Fig S2b). Correspondingly, the ion at m/z 609.2 and exact mass 

m/z 609.2802 was identified as reserpine (C33H41O9N2). ESI MS fragmentation pattern 

of m/z 609.2 showed the characteristic fragment ions at m/z 397.2 due to loss of 

trimethoxybenzoic acid moiety and m/z 195.0 due to cleavage of ester bond between 

trimethoxybenzoic acid from the rest of moiety. Further, fragment ion at m/z 397.2 

fragmented to m/z 365.2 due to loss of methanol, and m/z 236.01 due to loss of 

methanol followed by cleavage of C-ring. Fragment ion at m/z 448.2 was also 

produced due to cleavage of C ring from the precursor ion (Fig S2c). The ion at 

m/z 144 showed the presence of indole moiety fragmentation, this is one of the 

characteristic fragment confirming the molecule is the indole group of compounds 

(Bindu et al., 2014; Kumar et al., 2016a).  

 

Similarly, few other reserpine like molecules m/z 341.2, 371.2, 565.2, 579.2 were 

identified as yohimbinic acid, 18-hydroxyepialloyohimbine, raunescine, deserpidine 



Supplementary information 

respectively based on the exact mas and their mass fragmentation (Fig S2d-i). 

Yohimbinic acid (m/z 341.1862; C20H25N2O3: Fig S2d) mass fragmented to m/z 323 

due to the loss of H2O in terpene moiety, whereas the product ions at m/z 196, 212 

and 144 produced due to cleavage of C ring (Fig S2b). 18-hydroxyepialloyohimbine 

(m/z371.1961; C21H26N2O4: Fig S2e) fragmented to m/z 353 and 339, were due to the 

loss of CH3OH and H2O in terpene moiety, whereas the product ions at m/z 240, 228 

and 144 produced due to cleavage of C ring (Fig S2c). Deserpidine (m/z 579.2698; 

C32H38N2O8: Fig S2 f-g) and raunescine (m/z 565.2542: C31H36N2O8: Fig S2h-i) and 

showed the characteristic mass fragmentations similar to reserpine, m/z 321.2 and m/z 

367.2 due to loss of trimethoxybenzoic acid moiety and m/z 195.0 due to cleavage of 

ester bond between trimethoxybenzoic acid from the rest of moiety. Fragment ion at 

m/z 448.2 was also produced due to cleavage of C ring from the precursor ion, 

respectively (Fig S2 d-i). Further, fragment ion of deserpidine at m/z 397.2 

fragmented to m/z 365.2 due to loss of methanol, and m/z 236.01 due to loss of 

methanol followed by cleavage of C-ring (Fig S2d-i) (Kumar et al., 2016a; Kumar et 

al., 2016b; Pandey et al., 2016). 

 

Ajmalcine type of alkaloids  

 

The ion at m/z 353.2 was identified as ajmalcine (m/z 353.1851; C21H25N2O3: Fig 

S2j). The product ions at m/z 321 was produced due to the loss of CH3OH in terpene 

moiety, where as the product ions at m/z 210, 222 and 144 were produced due to 

cleavage of C ring (Fig S2j-k). Similarly, m/z 413.2 identified as reserpiline (m/z 

413.2068; C23H29N2O5: Fig S2k. The mass fragmentation of m/z 413.2 showed five 

characteristic fragment ions at m/z 337, 224, 204 and 144. The product ions at m/z 339 

produced due to the loss of CH3OH in terpene moiety, whereas the product ions 

at m/z 224, 204 and 144 produced due to cleavage of C ring (Fig S2i-k) (Bindu et al., 

2014; Kumar et al., 2015; Kumar et al., 2016b; Kumar et al., 2016c; Pandey et al., 

2016; Sagi et al., 2016). 

 

Ajmaline type of alkaloids  

The ion m/z 327.2 at ajmaline (m/z 327.2063; C20H27N2O2: Fig S2l) showed the 

fragment ions at m/z 309, 238, 210, 194,182, 158, 144. The product ions at m/z 309 

and m/z 291 were produced due to the successive losses of H2Oin terpene moiety, 

whereas the product ions at m/z 238, 212, 194 and 144 were produced due to cleavage 

of C ring. Methyl indole derivative (m/z 158) is formed by ring cleavage at C-ring and 

further loss of methyl group from nitrogen atom yields the base peak at m/z 144 

[C10H10N]
+
. Loss of C8H7NO from protonated ion gives m/z 194 [C12H21NO]

 +
(Fig 

S2l-q). Similarly, ions at m/z 309.2, 311.1, 313.2, 323.2, 325.2 identified as sarpagine 

(m/z 311.175; C19H23N2O2: Fig S2m), 10-O-methylsarpagine (m/z 325.1907; 

C20H25N2O2: Fig S2n-o, tetraphyllicine (m/z 309.1957: C20H25N2O: Fig S2p), 

mitoridine (m/z 323.1749; C20H23N2O2: Fig S2q) respectively. Identity of these 
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molecules was assigned based on the fragmentation patterns at C-ring cleavage (Fig 

S2m-q) (Bindu et al., 2014; Kumar et al., 2015; Kumar et al., 2016b; Kumar et al., 

2016c; Pandey et al., 2016). 

 

The ions at m/z 349.1 were identified as serpentine (m/z 349.1537; C21H20N2O3). 

Serpentine showed the characteristic fragment ions at m/z 317, 289, 277 and 263. The 

product ions at m/z 317, 289 produced were due to the loss of CH3OH and CO 

respectively, in terpene moiety, whereas the product ions at m/z 277 and 263 produced 

were due to cleavage of E ring. One of the derivative of serpentine, demethyl 

serpentine was identified based on similar fragmentations (Fig S2s-u) (Kumar et al., 

2016b). 
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Fig S2.  ESI MS/MS analysis of monoterpenoid indole alkaloids and their respective 

chemical structure and mass fragmentation patterns. 
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ABSTRACT: Arsenicosis was recognized over 104 years ago.
Elevated arsenic (As) concentrations in water is faced by about
200 million people worldwide and has become one of the biggest
challenges in the context of water purification. Providing
sustainable and affordable solutions to tackle this menace is a
need of the hour. Adsorption on advanced materials is increasingly
being recognized as a potential solution. Here, we report various
functionalized microcellulose-reinforced 2-line ferrihydrite com-
posites which show outstanding As(III) and As(V) adsorption
capacities. Green synthesis of the composite yields granular media
with high mechanical strength which show faster adsorption
kinetics in a wide pH range, irrespective of the presence of other
interfering ions in water. The composites and their interaction
with As(III) and As(V) were studied by XRD, HRTEM, SEM,
XPS, Raman, TG, and IR spectroscopy. Performance of the media in the form of cartridge reaffirms its utility for point-of-use
water purification. We show that cellulose microstructures are more efficient than corresponding nanostructures for the purpose
of arsenic remediation. We have also performed an evaluation of several sustainability metrics to understand the “greenness” of
the composite and its manufacturing process.

KEYWORDS: Arsenic, Cellulose, Nanocomposite, Ferrihydrite, Adsorption, Sustainability metrics

■ INTRODUCTION

Arsenic (As), a ubiquitous metalloid occurring across the
biosphere (air, soils and rocks, natural waters, and organisms),
ranks 20th in the Earth’s crust, 14th in seawater, and 12th in
the human body in abundance.1,2 Despite its wide range of
utilities in the field of medicine, agriculture, semiconductors,
electronics, and metallurgy, As got its reputation as the “king of
poisons” as a result of its very high toxicity and easy
availability.3−5 In the natural environment, As is rarely found
as the free element but rather in the form of metal arsenites/
arsenates or as a part of sulfidic ores (e.g., realgar, orpiment).6

Mobilization of natural As to groundwater can occur through a
combination of natural processes (like volcanic eruption,
weathering) and/or anthropogenic activities (like mining,
various industrial and agricultural activities).7,8 The wide
impact of As contamination in drinking water and the threat it
poses to global health is much more widespread than
previously estimated.9 Arsenic gets ingested mostly through
water and also through food.10 It principally exists in the +3
and +5 oxidation states in water, common species being
arsenite (AsO3

3−) and arsenate (AsO4
3−) and their protonated

forms, commonly referred to as As(III) and As(V), while the
free element As(0) is rarely found naturally.2 The species
existing at pH 7 are H3AsO3, H2AsO4

1−, and HAsO4
2−. It is

now well recognized that accumulation of As, even at low
levels, leads to carcinogenesis and severe dermal hazards like
keratosis and neurological disorders.4,9,11,12 Greater than 200
million people belonging to more than 40 countries worldwide
are exposed to concentrations in drinking water exceeding the
World Health Organization (WHO) recommended limit of 10
μg/L.13 Solubility of As in groundwater is influenced by pH,
speciation, redox conditions, temperature, and composition of
the solution which in turn are governed by geology, climate,
drainage, and topography. Desorption and dissolution are two
important chemical processes that lead to As mobilization
under two different physicochemical conditions. Poorly flushed
aquifers having high sulfate and organic content creating highly
reducing anaerobic environment are expected to present As in
its reduced state, As(III), predominantly, while in alkaline
aquifers in arid-to-semiarid climates, As is relatively soluble in
its oxidized state, As(V).2,7 In general, inorganic arsenicals are
more toxic than organic ones, and As(III) is 25−60 times more
toxic than As(V).14
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Several remediation technologies have come up which follow
various kinds of approaches like concentration and subsequent
removal, dilution and dispersion, conversion to less toxic
species, or encapsulation.15 The most common technologies
used previously for As removal have been coagulation with
metal salts, lime softening, oxidation techniques, and iron/
manganese-based removal processes.16 These techniques
gradually lost their popularity due to their enhanced activity
only at higher concentrations of the contaminant and inability
to achieve the revised reduced drinking water standards.17

Adsorption is one of the emerging techniques which has shown
high efficiency toward As removal.18 Adsorption is a
phenomenon mainly driven by van der Waals and electrostatic
forces causing the contaminants (adsorbate molecules and
ions) to attach to the surface of a solid material (adsorbent).
Adsorbents like activated carbon, activated alumina, graphene,
zerovalent iron filings, zeolites, agricultural/industrial wastes,
and iron oxides/hydroxides have been extensively studied and
tested.18−22 Nanomaterials are excellent candidates for water
treatment applications due to the preferred characteristics such
as large surface area, high specificity, high reactivity, and
catalytic potential.23,24 Nanoscale iron oxides, titania-or
zirconia-based nanomaterials, and other metal oxides (like
CuO, MgO, etc.) show high removal efficiency and have been
researched widely.25−30 It is recognized that low-cost and
simple but effective technologies that can be deployed readily
at a household or community level are important.27,31

In this context, biopolymers which have the characteristics
like nontoxicity, biocompatibility, biodegradability, multi-
functionality, and availability of adsorption sites are important
to be used as reinforcing agents for nanoparticles which would
act as stabilizers and prevent their agglomeration or

disintegration.32 Chitosan has been studied extensively in the
context of biosorbents due to its large numbers of hydroxyl and
amino groups, making it chemically reactive and hydro-
philic.32,33 But, from a sustainability viewpoint, we cannot
ignore the fact that chitosan is extracted by deacetylation of
chitin which is found in the exoskeleton of crustacean shells,
making it not so cheap and environmentally less enduring.
In contrast, cellulose is a plant-derived biopolymer available

in nature with the highest abundance. It is a polysaccharide
consisting of a linear chain of several hundred to many
thousands of β(1 → 4)-linked D-glucose units arranged in
parallel and antiparallel fashion, with a huge number of
hydroxyl groups making it reactive and modifiable, apart from
being renewable and inexpensive.34,35 Microcrystalline cellu-
lose (MCC) is porous, ∼10−50 μm in diameter, having high
cellulose content, with higher crystallinity, and is composed of
aggregate bundles of multi-sized cellulose microfibrils that are
strongly hydrogen bonded to each other in intra-chain and
inter-chain bonding configurations.36 These intrachain hydro-
gen bonds, mostly seen as O3−H···O5 bonds and interchain
hydrogen bonding network between the (110)triclinic and
(200)monoclinic planes, make cellulose a relatively stable polymer
and give the cellulose fibrils high axial stiffness.37 A periodic
arrangement of highly ordered (crystalline) structures and
disordered (amorphous-like) regions of cellulose chains coexist
within the cellulose fibrils. These smaller crystalline regions
contained within the cellulose microfibrils are extracted in the
process of producing cellulose nanocrystals (CNCs). The
extraction process of the cellulose particles from the cellulose
microfibrils may include any pretreatments or disintegration
processes either mechanically or chemically. CNC production
by mechanical extraction causes increased mechanical damage

Scheme 1. Illustration of Cellulose-Templated 2-Line Ferrihydrite Composite Used for Affordable Arsenic Removal from
Watera

aEach of the celluloses were used in making of composites separately.
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leading to lesser percent crystallinity (54−88%) than the
parent microfibrils (80−85%) with irregular shape and size
(shown in Figure S1).36 Moreover, imparting additional
particle functionalities on CNCs by creating surface charges
gives rise to interfibrillar repulsion. Because of all these, MCC
is a mechanically and thermally more stable cellulose system
for making composites for adsorption-related applications.
In this research, we have introduced micron-sized function-

alized cellulose fibers-templated 2-line ferrihydrite nano-
composite for As removal from drinking water (Scheme 1).
Four kinds of cellulose precursors with various functionalities,
namely, carboxymethyl cellulose (CMC), microcrystalline
cellulose (MCC), hydroxyethyl cellulose (HEC), and indus-
trial grade cellulose powder (CP), have been used for making
the composites to check the consistency in their adsorption
performance for As removal. The individual uptake capacities
of each of these composites were compared to that of the
nanocellulosic (NC) composite, developed earlier by the
group.38 The composites have been made by a green synthetic
process, and all of them show large adsorption capacity for
both As(III) as well as As(V) removal. Their stability, in terms
of mechanical strength and leaching-resistant properties, over a
long period of time suggests the effectiveness of their use as
sustainable materials for affordable point-of-use water purifiers.
We compared the performance of these microstructures with
the corresponding nanostructures and conducted a cost−
benefit analysis of their utilization.

■ EXPERIMENTAL SECTION

Materials. Three types of celluloses, CMC, MCC, and HEC, were
purchased from Avantor Performance Materials India Ltd., SRL Pvt.
Ltd. (India), and SD Fine Chemicals India Ltd., respectively, while
the fourth, CP, was purchased from the local market. Ferric chloride
hexahydrate (FeCl3·6H2O), sodium hydroxide (NaOH), and sodium
sulfate (Na2SO4) were purchased from RANKEM Glasswares and
Chemicals Pvt. Ltd., India. Sodium arsenite (NaAsO2) and disodium
hydrogen arsenate (Na2HAsO4·7H2O) were purchased from SD Fine
Chemicals Ltd. All chemicals were of laboratory grade and were used
without further purification. The porous filters were procured from
local suppliers. The porous clay-based particulate and iron filter was
developed by CSIR-Institute of Minerals and Materials Technology
(IMMT), Bhubaneswar, India, and was purchased from Watsan
Envirotech Private Limited, Chennai, India. Deionized (DI) water
was used throughout the experiments unless otherwise mentioned.
Methods: Synthesis of Cellulosic Composites. Cellulose-

templated 2-line ferrihydrite composites were synthesized by a green
synthetic route. About 0.05 g of CMC was dissolved in 10 mL of
water and sonicated for about 10 min to make it a homogeneous
dispersion. The pH was adjusted to 9 by using 0.2 M NaOH. After 5
min of stirring, 0.5 g of Na2SO4 was added, followed by another 5 min
of incubation after which 10 mL of 1 M FeCl3·6H2O was added. The
mixture was precipitated and brought to pH 8 using 2 M NaOH by
dropwise addition. The final reaction mixture was further kept for
incubation for about 12 h at ambient temperature. The resulting gel
was washed with water to remove soluble salts and was dried at room
temperature (around 30 °C). The composite was insoluble in water
and appeared like dark brown shiny crystals. The dried solid chunks
were crushed mechanically and sieved to get the granular adsorbent
media. The product obtained was about 1.2 g.
Similar composites were prepared by changing the cellulose type

and keeping the proportions of other reagents and conditions the
same. The resulting composites were referred to as CMCFH,
MCCFH, HECFH, and CPFH for the precursors CMC, MCC,
HEC, and CP, respectively, where the last two letters in the former set
(FH) refer to ferrihydrite. The nanocellulose−ferrihydrite composite
was referred as NCFH.

Batch Adsorption Studies. In a typical batch adsorption
experiment, 25 mg of the granular media was shaken with 100 mL
of As(III)/As(V) spiked distilled water of 1 mg/L concentration. The
water sample was collected to measure the leftover As concentration
in treated water as a function of time, using inductively coupled
plasma mass spectrometry (ICPMS) after acidification with 5%
HNO3.

pH Effect. To know the pH effect on As adsorption, 25 mg of
granular media was added to 25 mL of As(III)/As(V) spiked water,
adjusted to the required pH by 1 M HCl/1 M NaOH, and shaken for
3 h. The treated water sample was analyzed by ICPMS.

Interfering Ions. To understand the effect of interfering ions on
As adsorption, the ions of interest which generally exist in
groundwater, like calcium (Ca2+), magnesium (Mg2+), potassium
(K+), sodium (Na+), chloride (Cl−), carbonate (CO3

2−), bicarbonate
(HCO3

−), nitrate (NO3
−), silicate (SiO3

2−), sulfate (SO4
2−), fluoride

(F−), and phosphate (PO4
3−), were spiked in 25 mL of distilled water

in separate conical flasks, with concentrations relevant to ground-
water. This water was treated with 25 mg of CMCFH for 3 h, and
ICPMS measurements were conducted. The relevant water quality
parameters are listed in Table S1, Supporting Information.

The maximum uptake of As (qe) by cellulosic composites was
calculated using eq 1 in the Supporting Information.

Details of instrumentation are presented in the Supporting
Information.

■ RESULTS AND DISCUSSION

Characterization of CMCFH, before and after As
Uptake. Figure 1A illustrates the TEM image of the granular
CMCFH composite at 0.2 μm scale where homogeneously
sized iron oxyhydroxide nanoparticles are embedded in the
CMC matrix, confirming composite formation. The structure is
largely amorphous. Iron oxyhydroxide nanoparticles are not
prominently visible in the large area image due to their small

Figure 1. (A) TEM of a CMCFH aggregate. (B) HRTEM of
CMCFH along with a fast Fourier-transform of the image (inset b1).
The material is largely amorphous. (C) Beam-induced crystallization
of CMCFH showing crystalline regions along with a fast Fourier-
transform of the image (inset c1) and lattice-resolved images (insetc2,
c3, and c4) showing various crystallographic planes of CMCFH. (D)
TEM image, elemental mapping images of Fe and O, respectively, of
the initial CMCFH composite before As adsorption (d1 and d2) and
their corresponding atomic compositions (C, O, and Fe). (E) Powder
XRD patterns of blank cellulose, CMCFH before As adsorption and
after As(III), and As(V) adsorption (bottom to top).
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size but are present only within the cellulose nanoarchitecture.
This analysis is further supported by the determination of
surface area (BET isotherm by N2 adsorption). The specific
surface area of parent CMC was 2.44 m2/g while that of the
composite was 173.31 m2/g with average pore diameter of
15.51 Å. The large increase in surface area is attributed to the
confinement of nanoscale iron oxyhydroxide particles in the
cellulose matrix which is also responsible for superior As
removal performance.38 To specify the type of iron oxy-
hydroxide, X-ray diffraction was carried out which gives peaks
at 35° (110) and 63° (115), confirming the 2-line ferrihydrite
structure.39 The small grain size of ferrihydrite and its relatively
poor crystallinity witnessed in the composites even after
As(III) and As(V) adsorption overshadow the slight crystalline
nature of blank cellulose before the composite formation. The
slight shift in the broad hump at 63° after As(III) adsorption
indicated very strong affinity of ferrihydrite toward As(III),
which is also evident from adsorption capacities and EDS
values. Figure 1B clearly shows the amorphous nature of the
composite in ambient conditions at 5 nm scale, with the
corresponding fast Fourier-transform (FFT) pattern shown in
inset b1. Beam irradiation for a few minutes gives rise to small
crystalline domains (Figure 1C) upon gradual conversion of
ferrihydrite to hematite (more stable form).40−43 These
nanoscale crystalline features of the irradiated material are
shown by HRTEM in the lattice-resolved images of c2, c3, and
c4, where the lattice planes of hematite are observed. The
elemental composition of CMCFH has been obtained by
TEM-EDS, and mapping is shown in Figure 1D, d1 and d2,
which show that O and Fe are the major constituents of the
composite apart from carbon present in cellulose. Excess
percentage of carbon may be due to the contribution from the
grid.
To investigate the morphology of the CMCFH nano-

composite, SEM images of the parent CMC fibers, CMCFH
before, and after As(III) and As(V) adsorption were studied
(Figure 2A−D). While the parent CMC powder showed

smooth fiberlike branched structures with cracks and visible
openings, the composite showed entirely different granular
structures, which resulted in a particle size in the range of 50−
100 μm. No change in particle morphology was observed upon
exposure to various As concentrated solutions which implies
that the process of interaction is adsorption. This also implies
that the composite possesses very good mechanical strength,
which was confirmed by shear stress measurements in dry and
wet conditions, shown in Figure S2. For the composite to be
suitable in a water purification cartridge, it is important to
ensure that it possesses satisfactory wet strength to retain its
granular composition so that excessive pressure drop is
avoided. Direct shear tests were conducted at various normal
stresses to find the shear strength of the granular media.
Straight-line approximation of the Mohr−Coulomb failure
pattern shown in Figure S3 gave the angle of internal friction
(Φ) to be 38.32° and 39.35° for dry and wet media,
respectively, showing that the shear strength of prepared
granular material is comparable to that of the Indian standard
Ennore sand (in the range of 35−40° for Φ).44 The elemental
mapping shown in Figure 2E1−E4 illustrates the uniform
distribution of As(III) and As(V) over the surface of CMCFH
composite upon adsorption.
The components of CMCFH and their interaction with As

were also studied by X-ray photoelectron spectroscopy (XPS)
as shown by the survey spectra in Figure 2F. The peaks
obtained for adsorbed As(III) and As(V) correspond to the
uptake during batch studies where it was observed that As(III)
had higher tendency to get adsorbed on CMCFH than As(V).
This was also confirmed by the TEM-EDS values shown in
Figure S4.
Figure 3A shows the deconvoluted XPS spectra of C 1s, As

3d, Fe 2p, and O 1s of the parent CMCFH and after its
interaction with As. The XPS spectrum of C 1s shows a
characteristic peak at 284.8 eV for CMCFH which did not
show any change after its interaction with As(III) and As(V).
Peaks at 286.7 and 288.5 eV denote the presence of hydroxyl
C−OH and carboxyl (CO) bonds in the composite which
come from cellulose. The XPS peaks corresponding to As(III)
and As(V) standards appeared at 43.9 and 44.5 eV, which
showed significant shift toward higher binding energies of 44.5
and 45.7 eV, respectively, after adsorption on CMCFH,
suggesting that the adsorption process involves the oxidation of
the As(III) species to higher oxidation states or leading to
increased stabilization.45 The shift in As(V) XPS spectra to
higher binding energy can be due to the interaction of the
electron-rich free arsenate ion with the ferrihydrite group
leading to complexation, which may result in reduced
availability of electrons in the As center and shortening of
As−O bonds. Absence of shift in binding energy for Fe 2p
confirms that there is no change in the oxidation state of Fe3+

of ferrihydrite which shows its characteristic Fe3+−O2− peak at
709.3 eV. This suggests that the As uptake by CMCFH can
occur by way of physisorption or by ligand exchange
mechanism.46 There is a slight shift toward lower binding
energy in the case of O 1s for the adsorbed samples, when
compared to unadsorbed CMCFH. Appearance of additional
peaks at 531.9 and 531.8 eV in As(III) and As(V) adsorbed
samples may be due to As−O bond formation with hydroxyl
groups of cellulose.
The adsorption of As species over CMCFH was further

studied by Raman spectroscopy as illustrated in Figure 3B. The
Raman spectrum of an aqueous solution As(III) standard at

Figure 2. (A) SEM of the parent CMC fibers. (B), (C), and (D) SEM
of CMCFH before, after As(III), and after As(V) adsorption,
respectively. E1, E2, E3, and E4 show the EDS elemental mapping of
As and Fe of CMCFH after As(III) (E1, E2) and As(V) (E3, E4)
adsorption, respectively. (F) XPS survey spectra of (a) CMCFH
before, (b) after As(V), and (c) after As(III) adsorption (bottom to
top). Features in the As 3d region for these cases are expanded in the
inset.
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pH 7 gave a characteristic peak due to the A1 mode of H3AsO3

(C3v symmetry) at 703 cm−1, while after its adsorption on
CMCFH, the peak of interest corresponding to As(III)−O
vibrations was shifted to 789 cm−1. In the case of As(V)
adsorption, the characteristic peak corresponding to As(V)
O symmetric stretching vibrations of H2AsO4

1− and HAsO4
2−

species at 838 cm−1 was shifted to 842 cm−1 in the adsorbed
sample. A weak peak at 588 cm−1 and a hump at 1050 cm−1 are
due to ferrihydrite (FeOOH), while the sharp peaks at 202,
272, 391, and 637 cm−1 are due to the characteristic Raman
features of hematite (α-Fe2O3), which were also observed in
the Raman spectra of CMCFH in each case. This suggests

Figure 3. (A) Deconvoluted XPS spectra of C 1s, Fe 2p, O 1s, and As 3d regions of CMCFH before and after As(III) and As(V) adsorption
(bottom to top). As 3d data are compared with the standards. (B) Raman spectra of (i) CMCFH solid, (iii) and (v) CMCFH before and after
As(III) and As(V) adsorption, respectively; (ii) and (iv) the standard aqueous solutions of As(III) and As(V) at pH 7, respectively. Specific
features are labeled. Data have been fitted with their components.

Figure 4. Batch study of the comparison of As removal performance of composites made of MCC, CMC, CP, and HEC; residual arsenite (A) and
arsenate (B) concentrations as a function of dosage of composites; residual (C) arsenite and (D) arsenate concentrations as a function of contact
time with the composites. Insets in each figure show the magnified images in low concentration region, for clarity.
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thermal transformation of ferrihydrite to more stable hematite
(through the maghemite phase, with a peak at 1293 cm−1) with
increasing laser power.47,48 This transformation has been
confirmed by the XRD pattern of CMCFH, after annealing at
900 °C, shown in Figure S5.49 The broad peak around 1300
cm−1 also contains stretching and bending frequencies of C−
O−H bonds of the cellulose skeleton.
Infrared spectroscopic investigation also provides qualitative

insight regarding the As uptake by the composite as shown in
Figure S6. Ferrihydrite mainly interacts with the hydroxyl
groups of cellulose, which gives the 1420 cm−1 peak attributed
to free −OH bending vibrations of parent cellulose. This gets
shifted to 1385 cm−1 in the composite. The appearance of a
distinct peak at 613 cm−1 in the composite due to ferrihydrite,
over the broad feature around 600 cm−1 in the parent cellulose,
assigned to H-bonding of free hydroxyl groups, indicates the
interaction between the two. Apart from the characteristic
cellulosic peaks shown by CMCFH alone at 3430 (−OH
stretching), 2920 (C−H asymmetric stretching and tensile
vibration in the pyranoid ring), 1387 (−OH bending), and
1058 cm−1 (asymmetric C−O−C vibration), As−O stretching
peaks were also shown at 785 and 1122 cm−1 by pristine
NaAsO2. These latter features were red-shifted to 790 and
1211 cm−1 after As(III) adsorption on CMCFH. Similarly,
Na2HAsO4·7H2O shows peaks at 814 and 1109 cm−1 due to
As−O stretching vibrations, which were also red-shifted to 825
and 1163 cm−1 after interaction with the composite.50

Batch Studies of As Adsorption on Cellulosic
Composites. Figure 4 represents the comparative perform-
ance of various composites prepared with MCC, CMC, HEC,
and CP from batch studies, as reported for As(III) and As(V)
adsorption, separately. It is observed that MCCFH nano-
composite exhibited superior performance where 100 mL of 1
mg/L As spiked water was treated with different dosages of
adsorbent composites ranging from 5 to 150 mg, as shown in
Figure 4A and B for As(III) and As(V), respectively. Less than
50 mg of any composite is sufficient for bringing down the As
concentration below 10 μg/L in 100 mL of water within 3 h of
exposure time.
Figure 4C and D show the fast uptake kinetics of the

composites where initial 1 mg/L concentration of As(III) and
As(V), respectively, was rapidly reduced to 100 μg/L within 60
min of incubation, by virtue of availability of maximum
number of free surface sites. At the end of 3 h, the residual
concentration of As(III) and As(V) decreased further to 10
μg/L, following a relatively slower kinetics, due to high surface
coverage. In order to understand the system better, the kinetic
data were initially analyzed using two reaction models:
Lagergren’s pseudo-first-order and Ho’s pseudo-second-
order.51 Mathematical representations of these models and
the kinetic plots generated by them are given in the Supporting
Information (Figures S7 and S8). The kinetic parameters
obtained from these model fits are summarized in Table 1. The
plots of t/qt against time for adsorption of arsenite and
arsenate followed the pseudo-second-order model with the
values of the correlation coefficients close to 1 (>0.997),
indicating that the availability of number of surface sites for
adsorption also plays an important role in overall rate
determination. This also suggests that the adsorption of
As(III) and As(V) may be occurring in a ligand exchange
fashion on the ferrihydrite. At pH ≥ 7, the following equations
may be contributing to the overall rate of adsorption.52

| ] + → | ] +
− −Fe (OH) H AsO Fe O (H)AsOH OH2
1

3 3
0

2
0
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| ] + → | ] +
− − −Fe (OH) H AsO Fe O As(OH) 2OH2
1

2 4
1

2 2
0

(ii)

| ] +

→ | ] +

− −

− −

Fe (OH) HAsO

Fe O As(O)(OH) 2OH

2
1

4
2

2
1

(iii)

(The symbol “|” as in Fe|(OH)2]
−1 used in the chemical

equations denote a surface bidentate complex of ferrihydrite.)
The reactions suggest that complexation with iron oxy-

hydroxides was driven by the ligand exchange mechanism,
which led to the formation of Fe−O−As bonds at neutral pH.
As the ferrihydrite composite is exposed to water, it acquires
more hydroxyl groups accessible to As species. Two kinds of
adsorption geometries are possible in this case.53,54 1. Physical
adsorption which occurs due to physical interaction of the As
species with the surface groups by means of hydrogen bonding,
leading to outer sphere complexes. 2. Chemical adsorption of
As species to ferrihydrite groups leading to more stable inner
sphere complexes. Different kinds of inner sphere complexes
are monodentate mononuclear, bidentate binuclear corner
sharing, and bidentate mononuclear/binuclear edge sharing.
Transformation of outer sphere complex to inner sphere
complex is often observed depending upon the pH of the
solution.46 The stabilities of the complexes are in the following
order: bidentate binuclear (>(FeO)2AsOH) > monodentate
mononuclear (>(FeO)−As(OH)2) > physical adsorption.
Moreover, to have further insight into the mechanism, various
isotherm models like Langmuir, Freundlich, and Dubinin−
Radushkevich (D−R) were evaluated (Figure S9).55,56 While
Freundlich showed correlation coefficient (R2) of 0.90, which
is lower than the obtained R2 value of Langmuir fit, D−R
isotherm yielded adsorption energy (E) value of 3162 kJ/mol.
The large E value and higher correlation with Langmuir
isotherm suggest a dominant chemisorption pathway for the As
species.
The uptake performance shown by MCCFH in the batch

studies was the best among the four composites, attributed to
the finer crystalline structure of MCC, as compared to other
forms. The uptake efficiencies of the composites prepared by
different kinds of celluloses were also tested under different pH
conditions. All the composites were found to be working with
excellent efficiency in a broad pH region of pH 4−10, as shown
in Figure 5A and B. Analysis of the histograms give us insight
regarding the possible reasons behind CMCFH showing
relatively lesser As(V) uptake than other cellulosic composites
in higher pH conditions, like pH 10. To understand this
further, zeta potentials of aqueous As(V) solutions at pH 5 and
9 using buffers were studied. As the pH condition was shifted
from lower to higher, zeta potential varied from +14 mV (pH

Table 1. Estimated Pseudo-First-Order and Second-Order
Kinetic Parameters for the Adsorption of As(III) and As(V)
by CMCFH

Species Model k (1/h) or (g/mg h)
qe

(mg/g) R2

As(III) pseudo 1st order 0.0214 3.838 0.9381

As(V) pseudo 1st order 0.0205 3.946 0.9667

As(III) pseudo 2nd order 0.4535 3.838 0.9998

As(V) pseudo 2nd order 0.3965 3.946 0.9979
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5) to −22 mV (pH 9). Due to the presence of the anionic
carboxylate (COO−) group on CMC skeleton at higher pH
and the overall negative surface charge on the solid composite,
CMCFH particles experience greater electrostatic repulsion
from HAsO4

2−, which is the species existing for As(V) at pH
10. This is responsible for lower As(V) adsorption in alkaline
medium.57

To investigate the maximum adsorption capacity, a series of
arsenite and arsenate solutions with initial As concentration
from 1 to 200 mg/L were shaken with the composite CMCFH
for 24 h at neutral pH. To account for the effect of equilibrium
concentration on the adsorption capacity, evaluation was done
with the Langmuir isotherm model.58 The model assumes that
localized adsorption occurs at specific homogeneous adsorp-
tion sites on the surface of the adsorbent with no lateral
interaction between the adsorbed species giving rise to a
saturated monolayer at equilibrium. The plots of Ce/qe versus
Ce give straight lines using the linearized form of the Langmuir

equation (Supporting Information, eq 2) for various
composites, as shown in Figure 6A and B. The values of qmax

and b can be calculated from the slope and intercept of the
plots, respectively. The maximum adsorption capacities for all
the composites made of microstructural celluloses were
calculated and compared to that of nanocrystalline cellulose
templated FeOOH composite (NCFH),38 as shown in the
table. A linear plot of Ce/qe versus Ce along with a high value of
correlation coefficient, i.e., R2 > 0.99 in each case, indicates
that the Langmuir isotherm provides a better fit of the
equilibrium data. CMCFH was observed to have the highest
average As uptake capacity of 113 mg/g, higher in comparison
to other composites, while NCFH showed the lowest
adsorption capacity. The higher capacity of microstructured
materials over nanostructured materials is unconventional and
nonobvious as nanostructured materials are considered
superior in the field of adsorption, catalysis, etc., and the
origin of this needs architectural investigation. Figure 6C

Figure 5. Batch study of the comparison of As removal performance of composites made of MCC, CMC, CP, and HEC for (A) arsenite and (B)
arsenate removal over a pH window of 4−10.

Figure 6. Langmuir adsorption isotherms of various composites prepared by MCC, CMC, CP, and HEC for the comparison of maximum uptake
capacities of (A) As(III) and (B) As(V). (C) Batch adsorption studies for number of cycles of As(III) and As(V) adsorption by CMCFH. (D)
Uptake of As(III) and As(V) in the presence of other competing ions (cations and anions) which are generally present in groundwater by
CMCFH; table shows the As uptake capacities of various composites. *Data from ref 38.
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illustrates the reuse performance of the CMCFH composite by
batch adsorption, as a function of number of cycles. The
material was not desorbed, but each time the material was
recovered by centrifugation to prevent any weight loss.
CMCFH can be reused for greater number of cycles for
As(III) removal than As(V) which is in agreement with its
higher As(III) uptake than As(V), also shown by SEM-EDS
and elemental mapping (Figure S11).
To understand this preference in adsorption, we need to

consider the speciation of arsenite and arsenate in water
according to varying pH conditions. Depending on the pH,
predominant species of arsenate existing in water medium are
as follows: H3AsO4 (pH < 2), H2AsO4

1− (pH 2−7), HAsO4
2−

(pH 7−11), and AsO4
3− (pH > 12), while those of arsenite are

H3AsO3 (pH < 9), H2AsO3
1− (pH 9−12), HAsO3

2− (pH 12−
13), and AsO3

3− (pH > 13), respectively. Also, the change in
the surface charge of CMCFH particles according to pH
variation was studied by zeta potential measurements, shown
in Figure 7A. It suggests that the particles possess an overall
negative surface charge at pH ≥ 7. Thus, pH is a key factor
which influences the speciation of As in solution and the
surface charge of the solid particles significantly. Since most of
the adsorption procedures were carried out at pH 7 or greater,
As(III) species are neutral as compared to negatively charged
As(V) species and they do not exhibit as much repulsion, and
as a result, As(III) was adsorbed in greater amount by
CMCFH at pH 7 and also in a wide pH range. This
justification can also be supported by the fact that points of
zero charge (PZCs) of iron oxides occur in the pH range 6−8.
Hence, the surface of CMCFH particles are expected to be
positively charged when the equilibrium pH values are below
pHPZC, but the positively charged sites are expected to decrease
with increasing pH, making electrostatic interaction with
various As species, an important factor explaining higher
As(III) removal than As(V).58

One of the unique advantages associated with the use of
CMCFH as an active adsorbent is that it does not show any
significant drop in the performance of As(III) and As(V)
removal even when used with water spiked with other
interfering ions like calcium (Ca2+), magnesium (Mg2+),
potassium (K+), sodium (Na+), chloride (Cl−), carbonate
(CO3

2−), bicarbonate (HCO3
−), nitrate (NO3

−), silicate
(SiO3

2−), sulfate (SO4
2−), phosphate (PO4

3−), and fluoride

(F−) with concentrations relevant to tap water. The removal %
of As was calculated using the equation mentioned (eq 3,
Supporting Information). While a slight decrease in As(III)
uptake (maximum decrease up to 95%) was witnessed in the
presence of anions like NO3

−, HCO3
−, SiO3

2−, and SO4
2−,

As(V) uptake was fairly consistent (maximum decrease up to
98%) in the presence of most potential interfering ions, as
shown in Figure 6D. Interference by phosphate is seen as it
competes with arsenate to get adsorbed. Cations hardly
showed any effect on the adsorption behavior of CMCFH.59

Other cellulosic composites (MCCFH, HECFH, and CPFH)
also show high As removal efficiency (≥95%) in the presence
of interfering ions in water as shown in Figure S10.
The toxicity characteristic leaching protocol (TCLP) studies

as per the USEPA standard SW-846 Test Method 1311 were
conducted using the saturated composite CMCFH to know
the possible leaching of adsorbed As. The test showed a
leaching of 2.2 mg/L. TCLP regulatory limit set by United
States Environmental Protection Agency (USEPA) for As is
5.0 mg/L. For cellulose, the total organic carbon (TOC)
detected in the leachate was 1.6 mg/L, while the acceptable
USEPA limit for TOC in drinking water is 4.0 mg/L.
Deionized water showing a TOC of 0.3 mg/L was used for
the experiments.
Thermal stability of CMCFH was checked by thermogravi-

metric analysis (TGA) in air and in nitrogen atmosphere
(Figure S12). The composite loses 23.7% and 27.6% of its
initial weight as it was heated from room temperature to 900
°C in air and nitrogen atmosphere, respectively. The
composite begins to lose water loosely adhering to the interior
and the exterior of its surface up to 100 °C, which explains the
initial weight loss. By the time the temperature reaches 250−
300 °C, major thermal degradation of the cellulosic skeleton
takes place. Beyond 300 °C, FeOOH starts getting converted
to more stable forms of iron oxides after getting dehydrated
yielding α-Fe2O3 at a temperature between 600 and 750 °C,
from XRD analysis (Figure S5).60−62

After the performance of the composites in batch experi-
ments was evaluated, a prototype filter consisting of a water
purification cartridge (diameter, 35 mm; height, 11 cm) along
with an iron remover was developed as shown in Figure 7D.
The experiment was done for iron and arsenic together as they
coexist in natural environment in the affected regions. About

Figure 7. (A) Zeta potential vs pH (pH window 3−11) for CMCFH particles in water (2 mg in 10 mL). (B) As concentration in the water using a
40 g cartridge with the input of 200 μg/L As(III)/As(V) and 4 mg/L 1:1 Fe2+/Fe3+ mixture. (C) Iron output for the same input. (D) Photograph
of the setup used for filtration containing arsenic and iron contaminated water using a cartridge comprised of CMCFH, along with a porous clay
prefilter.
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40 g of CMCFH (72 mesh) was packed, and a porous clay
based particulate and iron filter was attached with it, assembled
in an antigravity fashion. In Figure 7D, we show the prototype
through which over 900 L of water was passed with a flow rate
of 8−15 mL min−1 under gravity.The input water contains 200
μg/L of a mixture of As(III) and As(V) in 1:1 ratio along with
4 mg/L of Fe, keeping the pH at 7.5. The output water
samples were tested by ICPMS and were found to have total
As and Fe levels well below the WHO permissible limits for
drinking water as shown in Figure 7B and C, respectively.
Microstructures Perform Better than Nanostructures. As

far as the performance and uptake capacity of a material are
concerned, they depend not only upon the porosity and the
surface area (responsible for physisorption) but also on the
chemical functionalization of the material (facilitating chem-
isorption). In microcellulose fibers with diameter in the
micrometer range, maximum available hydroxyl groups may be
used for anchoring of ferrihydrite nanoparticles which act as
the active adsorption sites, responsible for better interaction
with the As species. Microcellulose is subjected to lesser
pretreatment and extraction processes which keep the
microfibrils more stable mechanically and chemically, as
compared to cellulose nanocrystals (CNC). Thus, it gives
rise to a more efficient, stable, and stronger composite showing
better performance than CNC-based composites. These
structural aspects are speculative at present as precise data
on the composite structure are not available.
Economic Analysis. Arsenic affected population in India is

around 70 million.63 We are aware that the number will differ
substantially depending on the tolerance limit chosen. We
assumed that 10 L of clean water is needed for cooking and
drinking per person per day. Assuming an average As
concentration of 200 μg/L in the accessible water in the
affected communities,45 and assuming that all of them are
served with this technology for As remediation, it is necessary
to have 1.02 million kg of the composite having a removal
capacity of 50 mg/g to remove 51100 kg of arsenic from 255.5
billion liters of drinking water needed for a year. The amount
of cellulose required to produce this composite media is about
42.5 tons per year. We have considered a reduced adsorption
capacity of 50 mg/g in field conditions although the measured
capacity is 100 mg/g in the lab. Assuming industrial prices, this
quantity of cellulose amounts to $ 0.09 million. Current
industrial production of cellulose in India is about 15 million
tons, by paper and pulp industry alone. Since cellulose
production and processing are integral parts of the paper and
pulp, textile, food processing, and pharmaceutical industries,
we can estimate the annual cellulose production by observing
output capacities of the aforementioned industries. Hence our
cellulose requirement as a raw material can be met easily.
Other raw materials are also available in bulk. This evaluation
suggests that arsenic menace in India can be handled affordably
with such materials.
Preliminary Sustainability Assessment. This technol-

ogy was assessed based on the economic and environmental
aspects by qualitatively and quantitatively evaluating some of
the relevant sustainability parameters to determine the extent
of its “greenness”.64−66 The formulas referred to for calculating
the sustainability metrics are listed as eqs 4−8, Supporting
Information.
Raw Materials. Major raw materials include cellulose which

is renewable and biodegradable. Processing of cellulose usually
involves mechanical extrusion and chemical treatment by

strong acid/alkali. Those manufacturers who use mild
processing techniques for lignocellulosic fibers should be
preferred for supply of the raw material. Iron salts and alkali
were used in less quantities which are nontoxic. Water was
used as the solvent. The mass intensity (excluding water) was
calculated to be 1.9, while the water intensity (WP) came as
29.2. Reaction mass efficiency was 52%. The mass intensity can
be brought down to 1 by avoiding loss of the composite during
filtration and washing. The method of preparation of the
composite is water positive by 2−3 orders of magnitude; i.e., it
produces 700 L of clean water for every 1 L of water consumed
for its production.

Energy Consumption. Electricity was used for stirring,
vacuum filtration, and drying. No energy consumption was
involved in the operation of the technology. Energy intensity
was calculated to be 2.3 kW·h/kg of the composite, according
to the lab-scale synthesis setup. The energy intensity can be
reduced effectively by increasing the scale of production.
Large-scale iron and steel and aluminum industries consume
10 and 15 kW·h/kg of product, respectively.67,68 However, our
energy consumption value is comparable with microfibrillated
cellulose manufacturing industries which have an average
energy intensity about 2.8 kW·h/kg.69

Resulting Emissions. No harmful solvents/fumes or side
products were discharged during the synthesis of the
composite. The E factor (environmental factor) was observed
to be 0.3, indicating negligible amount of emission of harmful
byproducts. The discharged water after washing containing
salts can be largely recycled and reused by using a reverse
osmosis setup (which will increase energy consumption by 0.8
kW·h/kg).

Toxicity Potential. As per European Chemicals Agency
(ECHA), FeCl3 and NaOH have been classified as skin
sensitizer and corrosive, respectively. But they are nonflam-
mable and stable at room temperature. FeCl3 and NaOH show
acute oral toxicity (LD50) at 900 and 280−680 mg/kg in mice,
respectively. Manufacturing process therefore has to be
undertaken with some simple precautionary measures.70

Disposal of Waste. Arsenic-loaded composites were
subjected to multiple regenerations for subsequent adsorption
cycles by acid/base treatment. They could be finally disposed
in leach-free landfills. TCLP suggests safe disposal of the
adsorbent after saturation loading.

Affordability. This technology can provide arsenic and iron
free water under $ 0.3/1000 L of clear water.

■ CONCLUSIONS

We report a green method for preparing highly efficient and
sustainable cellulose-based composites for the removal of
As(III) and As(V) from drinking water. The 2-line ferrihydrite
nanoparticles incorporated in the biopolymeric confinement of
microcellulose act as active sites for As(III) and As(V)
adsorption. TEM, SEM, and XPS studies ensure that the
physical and chemical properties of CMCFH remain intact
even after As exposure until saturation, while TCLP and TOC
suggest it to be free from leaching. Moreover, the composite
works equally well in a wide range of pH with fast kinetics of
adsorption. The maximum adsorption capacity of CMCFH by
batch studies was 143 and 83 mg/g for As(III) and As(V),
respectively. The CMCFH packed cartridge showed arsenic
removal (according to WHO standards) for about 1000 L of
water with an average flow rate of 12 mL/min without any
regeneration of material, confirming it to be an excellent
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candidate for an industrially feasible and green material for
delivering affordable water in As-affected communities world-
wide. Lastly, evaluation of sustainability metrics provided
further insights into the socio-economic benefits as well as
environmental impact of the manufacturing process of the
nanocomposite.
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INSTRUMENTATION 

Transmission electron microscopy (TEM) and high-resolution transmission electron microscopy 

(HRTEM) were performed at an accelerating voltage of 200 kV on a JEOL 3010, 300 kV 

instrument equipped with a UHR polepiece. The accelerating voltage was kept low to ensure that 

beam induced damage on the material was low. The samples for HRTEM were prepared as the 

dispersions which were dropcasted on carbon-coated copper grids and allowed to dry under 

ambient conditions. Surface morphology, elemental analysis and elemental mapping studies were 

carried out using a Scanning Electron Microscope (SEM) equipped with energy dispersive 

spectroscopy (EDS) (FEI Quanta 200). For the SEM and EDS measurements, the samples were 

spotted on an aluminum sample stub. X-ray Photoelectron Spectroscopy (XPS) measurements 

were done using an ESCA Probe TPD spectrometer of Omicron Nanotechnology. Polychromatic 

Mg Kα was used as the X-ray source (hν = 1253.6 eV). Samples were spotted as drop cast films 

on a sample stub. Constant analyzer energy of 20 eV was used for the measurements. Binding 

energy was calibrated with respect to C 1s at 284.8 eV. Raman spectroscopy was performed using 

a CRM 200 micro Raman spectrometer of WiTec GmbH (Germany). The substrate was mounted 

on a sample stage of a confocal Raman spectrometer. The spectra were collected at 633 nm laser 

excitation. For Raman measurements, the corresponding nanomaterial/standard material (as in 

dried powder form)-coated glass substrates were analyzed keeping the laser and other parameters 

the same. Total As and iron concentrations in water were detected using PerkinElmer NexION 

300X ICPMS (Inductively coupled plasma mass spectrometry) with appropriate standards. It is a 

type of mass spectrometry that is highly sensitive for analyzing a range of metal ions and capable 

of distinguishing their isotopic speciation. ICPMS detection systems use electron multipliers, 

which convert ion currents into electrical signals. The magnitude of the electrical signal is 

proportional to the number of analyte ions present in the sample. Brunauer–Emmett–Teller (BET) 

surface area was measured using Micromeritics ASAP 2020. Samples were degassed at 200 ºC for 

4 h under vacuum and analyzed at 77 K with ultrahigh pure nitrogen gas. Thermogravimetric 

measurement was done with TA Instruments Q500 Thermogravimetric Analyzer (TGA) under air 

and N2 atmosphere from room temperature to 900 °C, with 10 min scan rate. All the uptake 

capacity studies in batch mode were done in 250 mL polypropylene conical flasks.
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Equation (1): The maximum uptake of As (qe) by cellulosic composites was calculated using the 

equation given below:

                                                ������ (��) =
(�� ― ��)��

where qe is the amount of As(III)/As(V) ions adsorbed per gram of the adsorbent (mg/g) at 

equilibrium, Ce is the equilibrium concentration of As(III)/As(V) in the bulk solution (mg/L), Co 

is the initial As(III)/As(V) concentration (mg/L), V is the volume of solution (L) and m is the mass 

of the adsorbent (g).

Equation (2): The linearized form of Langmuir equation used in this work is defined as,

                                    
���� =

������ +
1�����

where qe is the amount of adsorption at the surface of the adsorbent (mg/g), Ce is the equilibrium 

concentration of the solution (mg/L), qmax is the maximum surface density at monolayer coverage 

and b is the Langmuir adsorption constant (L/mg) related to the free energy of adsorption and 

1/qmax and 1/bqmax are the Langmuir constants.

Equation (3): The removal % of As was calculated using the equation mentioned below:

                                 ������� % =
�� ― ���� × 100 

where Co and Ce are the initial and equilibrium concentrations of the metal ions, respectively.

Sustainability metrics equations

Equation (4):            ���� ��������� =
���� �� ��� �������� ���� ��������� ��������� �� ������� ��/�� ������� 

Equation (5):             ����� ��������� (��) =
���� �� ��� ����� �������� �� ������� ��/�� �������
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Equation (6):             Reaction mass efficiency (RME) =
mass of product

mass of all reactants
× 100%

Equation (7):  ������ ��������� =
������ �� ��� ��������� ������ �������� �� �������  ��.ℎ/��

Equation (8):  � ������ =
[��(��� ���������) ― ��(������� �������)]��(����� ������� ��������� �����)
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200 µm 40 µm

A B

Figure S1. SEM images of cellulose nanocrystals at different length scales.
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Supporting Information 2

Figure S2. Direct shear test (Horizontal shear stress vs. Horizontal displacement). Plot of 

horizontal shear stress vs. horizontal displacement of loosely packed media obtained from direct 

shear tests: (A) measured at dry condition and (B) measured at wet condition.
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Supporting Information 3

Figure S3. Mohr‐Coulomb failure pattern (Shear stress vs. Normal stress). Plot of shear stress vs. 

normal stress of loosely packed media showing the straight‐line approximation of the Mohr‐ 
Coulomb failure pattern: ( A) measured at dry condition and ( B) measured at wet condition.
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Element Weight% Atomic%

O K 28.38 58.42

S K 0.16 0.16

Fe K 66.66 39.31

As K 4.80 2.11

Element Weight% Atomic%

O K 22.78 51.53

S K 0.34 0.38

Fe K 66.27 42.23

As K 10.61 5.86

A B

C

D

Figure S4. HRTEM and EDS of CMCFH after As(III) and As(V) adsorption.  (A) and (B) show 

HRTEM micrograph of As(III) and As(V) adsorbed CMCFH, respectively, after beam induced 

crystallization. (C) and (D) show EDS of As(III) and As(V) adsorbed CMCFH, respectively.
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Figure S5. XRD of CMCFH annealed up to 900 °C showing hematite (α-Fe2O3) formation from 

ferrihydrite content of the composite.

15 30 45 60 75 90

(012)

(104)

(110)

(113)

(024)

(116)

(214) (300)

2ϴ (degree)



S11

Supporting Information 6

Figure S6. Infrared (IR) spectra of (i) cellulose; (ii) CMCFH solid; (iii) and (v) standard aqueous 

solutions of As(III) and As(V) at pH 7; (iv) and (vi) CMCFH before and after As(III) and As(V) 

adsorption, respectively. 

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm-1)

%
 T

ra
n

s
m

it
ta

n
c
e
 

-OH stretch

-CH assymetric

stretching

Adsorbed 

H2O 

bending
C-O antisymetric

bridge stretching

As(V)-O 

stretching

As(III)-O 

stretching

(i)

(ii)

(iii)

(iv)

(v)

(vi)



S12

Supporting Information 7

Lagergren pseudo-first-order model:  ln(qe-qt) = lnqe – k1t

Figure S7.  Pseudo first-order reaction kinetic plots for the adsorption of As(III) and As(V) on 

ferrihydrite.
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Ho’s pseudo-second-order model:  
��� =

������ +
����

0 50 100 150 200

0

10

20

30

40

50

t/q

t (mins)

For As(III) adsorption

Figure S8.  Pseudo second-order reaction kinetic plots for the adsorption of As(III) and As(V) on 

ferrihydrite. 
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a. Freundlich adsorption isotherm model: ����� = log �� +
1������

b. Dubinin–Radushkevich isotherm model: ���� =  ����― ���Ɛ2

Figure S9. Adsorption isotherms showing the correlation coefficients for As (III) adsorption on 

MCCFH (a) Freundlich and (b) Dubinin–Radushkevich isotherm models, respectively.
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Figure S11. SEM-EDS and elemental mapping of CMCFH (a) before (b) after As(III) and (c) after 

As(V) adsorption.
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Figure S12. Thermogravimetric analysis (TGA) of CMCFH at air and nitrogen atmospheres from 

room temperature to 900 °C with 10 min scan rate.
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Table S1. 

Physicochemical characteristics of influent natural water.

Sl no. Parameters Value

1 Total coliforms (CFU/ml) 1-2 * 103

2 pH at 25°C 7.8

3 Conductivity (µS/cm) 640.0

4 Fluoride (mg/L) 0.57

5 Chloride (mg/L) 86.34

6 Nitrate (mg/L) 1.84

7 Sulfate (mg/L) 32.41

8 Silicate (mg/L) 15.87

9 Phosphate (mg/L) 55.83

10 Sodium (mg/L) 53.74

11 Potassium (mg/L) 2.33

12 Magnesium (mg/L) 14.34

13 Calcium (mg/L) 28.72



Metal−Ligand Interface in the Chemical Reactions of Ligand-
Protected Noble Metal Clusters
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Esma Khatun, and Thalappil Pradeep*

Department of Chemistry, DST Unit of Nanoscience (DST UNS) and Thematic Unit of Excellence (TUE), Indian Institute of
Technology Madras, Chennai 600 036, India

ABSTRACT: We discuss the role of the metal−ligand (M−L) interfaces in the chemistry of ligand-protected, atomically
precise noble metal clusters, a new and expanding family of nanosystems, in solution as well as in the gas phase. A few possible
mechanisms by which the structure and dynamics of M−L interfaces could trigger intercluster exchange reactions are presented
first. How interparticle chemistry can be a potential mechanism of Ostwald ripening, a well-known particle coarsening process,
is also discussed. The reaction of Ag59(2,5-DCBT)32 (DCBT = dichlorobenzenethiol) with 2,4-DCBT leading to the formation
of Ag44(2,4-DCBT)30 is presented, demonstrating the influence of the ligand structure in ligand-induced chemical
transformations of clusters. We also discuss the structural isomerism of clusters such as Ag44(SR)30 (−SR = alkyl/aryl thiolate)
in the gas phase wherein the occurrence of isomerism is attributed to the structural rearrangements in the M−L bonding
network. Interfacial bonding between Au25(SR)18 clusters leading to the formation of cluster dimers and trimers is also
discussed. Finally, we show that the desorption of phosphine and hydride ligands on a silver cluster, [Ag18(TPP)10H16]

2+ (TPP
= triphenylphosphine) in the gas phase, leads to the formation of a naked silver cluster of precise nuclearity, such as Ag17

+. We
demonstrate that the nature of the M−L interfaces, i.e., the oxidation state of metal atoms, structure of the ligand, M−L
bonding network, and so forth, plays a key role in the chemical reactivity of clusters. The structure, dynamics, and chemical
reactivity of nanosystems in general are to be explored together to obtain new insights into their emerging science.

■ INTRODUCTION

Metal−ligand (M−L) interfaces play key roles in dictating the
physical properties, chemical reactivity, and interparticle
interactions of ligand-protected metal nanosystems. Atomically
precise noble metal clusters,1,2 such as Au102(SR)44,

3

M25(SR)18 (M = Ag/Au),4,5 and Ag44(SR)30,
6,7 (−SR =

alkyl/aryl thiolate), serve as convenient models for investigat-
ing the properties of M−L interfaces owing to their well-
defined compositions, structures, and molecule-like proper-
ties.8−10 Such clusters have a well-defined metal core protected
by a ligand shell. The feasibility of incorporating a variety of
ligands such as phosphines,11−13 thiols,7,14−19 selenols,20−22

and alkynes,23 also makes them suitable systems for studying
the M−L interfaces. Early in the literature, these clusters were
referred to as “monolayer protected clusters”,24 assuming that
the ligands form an extended ordered layer on particle
surfaces,25 which in turn resemble crystallographic planes of
the corresponding metals. Single-crystal X-ray crystallography

revealed that the M−L interfaces in many of these clusters
assume well-defined, short MxLy oligomeric units. For example,
Au25(SR)18 is composed of a Au13 core and six Au2(SR)3 units,
often referred to as staple motifs. Similarly, Ag44(SR)30 consists
of an Ag32 core protected by six Ag2(SR)5 mounts. This
structural model has been referred to as the “divide and
protect” model26 wherein these clusters are viewed as a core
containing a precise number of metal atoms protected by a
specific number of MxLy oligomeric units. Structural
correlations between these clusters and that of M−L
complexes and self-assembled monolayers have also been
identified.27 Recently, a few other structural models28−30 in
which these clusters have been considered as interlocked rings,
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instead of distinct staples or mounts, have been proposed to
understand the properties of these clusters. Irrespective of the
structural model, the actual structure of the ligands, their
spatial distribution on the cluster surface, binding modes of the
ligands with the metal atoms, and oxidation states of metal
atoms need to be considered in order to understand the M−L
interfaces in these clusters.
The nature of ligands such as the types of tail groups (alkyl

and aryl) and the positions31 (ortho, meta, and para) of
functional groups (−CH3, −COOH, etc.) in them drastically
influence the nuclearity, geometry, solubility, and other
properties of clusters.32,33 Weak van der Waals and/or π−π

interactions between the ligands is shown to be responsible for
their chiroptical properties,34,35 supramolecular interactions,36

and cluster assemblies.37−39 The electronic interaction
between the ligands and the metal core influences the optical
absorption40 and luminescence41,42 features. Metal atoms in
the staples serve as the true catalytic sites in such clusters. A
variety of chemical transformations of these clusters such as
ligand exchange,43−47 metal atom substitution,48−53 ligand-
induced core etching54,55 and core transformation,56−58 were
reported in the past few years. Recently, reactions between
clusters in the solution phase were also reported.59−64 These
reactions invariably involve the metal atoms and ligands in the
staple or mount motifs of these clusters.65−68 The dynamic
nature of the staple motifs or mounts69−74 and the reactions of
these clusters have been studied, mostly in the solution phase.

The stability and the dynamics of these M−L interfaces in
gaseous phase, and the resulting chemical reactivity of ligand-
protected clusters remain poorly understood. In order to
understand the chemical reactivity of these clusters, a better
understanding of their M−L interfaces is essential.
In this invited feature article, we discuss the role of M−L

interfaces in dictating the solution as well as gas-phase
reactions of ligand-protected, atomically precise noble metal
clusters. We discuss the role of the staples or mount motifs in
such clusters in triggering the intercluster exchange reactions.
We propose that interparticle chemistry, as demonstrated
between atomically precise clusters, can be helpful in
understanding the chemical events behind Ostwald ripening,
a well-known particle-coarsening process. Next, we show that
the ligand-induced transformation of Ag59(2,5-DCBT)32 to
Ag44(2,4-DCBT)30 (DCBT = dichlorobenzenethiol) occurs in
the solution phase through the dissociation of metal ligand
fragments.75 Then we discuss three examples wherein the gas-
phase dynamics and reactivity of M−L interfaces are
demonstrated. We present ion mobility mass spectrometric
studies showing that ligand-protected clusters such as
Ag44(SR)30 exhibit structural isomerism in the gas phase
wherein the isomerism is attributed to the structural
rearrangements in the metal−ligand bonding network.76

Interfacial bonding between Au25(SR)18 clusters leading to
the formation of cluster dimers and trimers is also presented.77

Finally, we show that the desorption of phosphine and hydride

Figure 1. Crystal structure of Au25(C6H5CH2CH2S)18 (A), schematic showing the icosahedral core and the six Au2(SR)3 staples (B), negative ion
ESI MS spectrum (C), and UV/vis absorption spectrum of Au25(C6H5CH2CH2S)18 (D). The C6H5CH2CH2 groups of the ligands are omitted in
panel B for clarity. The structures are intended to highlight the ligand−core interface. Color codes of atoms: Au atoms at the surface of the Au13
icosahedral core (black), in the center of the Au13 icosahedron (green), in the staples (orange), sulfur (yellow), carbon (gray), and hydrogen
(white). Distinct features in the mass and the UV/vis spectra are also marked in panels C and D. The isotopic resolution of the molecular ion
features of Au25(C6H5CH2CH2S)18 at m/z 7391 is shown in the inset of panel C along with a comparison of the theoretical (black) and
experimental (red) spectra. The abbreviation PET (phenylethanethiolate) in Figure 1C correspond to the ligand tail group C6H5CH2CH2S.
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ligands on a silver cluster, [Ag18(TPP)10H16]
2+ in the gas

phase, leads to the formation of naked silver clusters of specific
nuclearity, such as Ag17

+.78 We conclude the article with a
summary and brief discussion of future perspectives.
Intercluster Reactions: What Is the Role of the

Metal−Ligand Interface? As mentioned above, thiolate-
protected noble metal clusters have traditionally been viewed
as composed of a core consisting of a definite number of metal
atoms, protected with a well-defined shell of metal−ligand
oligomeric complexes. The single crystal X-ray crystallographic
structure of Au25(C6H5CH2CH2S)18, for example, is shown in
Figure 1A,B. This cluster consists of an inner Au12 icosahedral
core (black spheres in Figure 1A,B) encapsulating a central Au
atom (green spheres in Figure 1A,B), and the ligands are
distributed in six distinct Au2(SR)3 staple motifs (orange and
yellow spheres in Figure 1B). The composition and charge
state of these clusters are further confirmed through electro-
spray ionization mass spectrometry (ESI MS) as well, as shown
in Figure 1C. The high-resolution mass spectrum (inset of
Figure 1C) shows the isotopic features. Although Au has only
one isotope, the isotopes of S (32S, 33S, 34S, and 36S), C (12C
and 13C), and H (1H and 2H) produce a rich spectrum. Such
richness can be used to confirm the composition of the cluster
by comparing with the theoretical spectrum. Electronic
structure calculations show that the distinct electronic
absorption features of these clusters (Figure 1D) originate
from various transitions in their discrete electronic energy
levels. Thus, crystallography and electronic structure calcu-
lations support this structural model of these ligand-protected
noble metal clusters. However, in order to understand the
chemical reactivity of these clusters, it is necessary to consider
other structural models. We discuss some of these aspects in
the following sections.
Recently, intercluster reactions, resulting in the exchange of

metal atoms, ligands, and metal−ligand fragments between
them, have been demonstrated.59,60,62,63 However, the
mechanisms of such reactions, especially how such reactions
are triggered, remain unknown. In this section, we discuss a

few possible ways by which the structure and the dynamics of
M−L interfaces trigger intercluster reactivity. For this, we
consider the reaction between two structurally and composi-
tionally analogous noble metal clusters, Ag25(SR)18 and
Au25(SR)18.

59 As mentioned above, these clusters have
traditionally been viewed as composed of a distinct M13 core
protected by M2(SR)3 (M = Ag/Au) staples. According to the
superatom theory,27 valence electrons of metal atoms in their
staples are localized by polar covalent bonds with the sulfur
atoms of the ligands. Furthermore, each of the M2(SR)3 staples
localizes the valence electron of one of the metal atoms in the
M13 core. Therefore, all of the metal atoms in the six M2(SR)3
staples and six of the metal atoms in the M13 core are
considered to be in the +1 oxidation state. The remaining
seven valence electrons of the Au13 core and an acquired
negative charge make the eight-electron superatom,
[Au25(SR)18]

−. In the crystal structure, charge neutrality is
provided by the metal ions or ammonium ions. The studies
presented in this article are performed with this Au25(SR)18
anion in solution, although this may not be mentioned
explicitly.
We think that the difference in the oxidation states of metal

atoms in the core and the staples, as explained above, plays a
crucial role in triggering the intercluster reactions. Because of
this difference in oxidation states, redox-like reactions could
occur between two clusters. Let us consider two such
possibilities, taking the reaction between Ag25(SR)18 and
Au25(SR)18 as an example. In the first case, an Ag25(SR)18
molecule reacts with the Au2(SR)3 staples of Au25(SR)18,
wherein Au of Au2(SR)3 staples is in the +1 oxidation state.
Note that redox reactions between silver clusters and Au(I)
thiolates are known.49 Alternatively, an Au25(SR)18 molecule
reacts with the Ag2(SR)3 staples of Ag25(SR)18, wherein Ag of
the Ag2(SR)3 staple is in the +1 oxidation state. Such reactions
between Au25(SR)18 and Ag(I) thiolates are also known.48 It
remains unclear as to how the difference in oxidation states of
metal atoms in the core and the staples contributes to the
chemical reactivity of these clusters. Apart from these

Figure 2. (A) Visualization of Au25S18 as the ring structure consisting of three interlocked Au8S6 rings. (B) Topological configuration of the
Borromean rings, with the three Au8S6 rings being colored red, blue, and green. (C) Two-dimensional schematic diagram of the Borromean rings
formed by a planar projection of the Au25S18 ring structure shown in panel A, wherein the Au8S6 rings formed by pairs of coplanar staples are shown
as ellipses. In panel C, the gold atoms in the Au13 icosahedral core are shown by gray circles, and yellow stars represent the positions of S atoms of
the thiolate ligand. The orange circles in panel C represent the position of Au atoms in the Au8S6 rings. The core Au atoms are numbered from 1
to 12, and the staple atoms are numbered clockwise from the end of the staple, from 1 to 5. The lines that join core Au atoms on opposite ends of
the same staple are shown by the dotted lines. The three perpendicular C2 axes are marked with the associated Cartesian axes directions in
parentheses. The staple directions are labeled by the six staple locants D1−D6, marked in blue. The Au8S6 rings in panel C are formed by joining
three sets of coplanar staples, i.e., D1−D2, D3−D4, and D5−D6. Color codes of atoms in panel A: Au atoms in the icosahedral core (gray), center
of the Au13 icosahedron (green), staples (orange), and sulfur (yellow). (Adapted with permission from ref 28.)
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possibilities, it has also been intuitively suggested in the
reaction between Au25(SR)18 and Ag44(SR)30 that the
interaction between these two intact clusters could result in
the formation of small reactive fragments such as Ag(SR)2

−,
which react with the Au2(SR)3 staples of Au25(SR)18, resulting
in an exchange of metal atoms, ligands, and M−L fragments.62

In this context, it is important to understand how much the
chemistry of these clusters differ from that of the M−L
complexes. In other words, do these clusters behave as unique
entities in their reactions wherein the overall electronic
structures of both of the reacting clusters need to be
considered in order to explain their reactivity (rather than
attributing their chemistry to the reaction between one of the
clusters and the staples or the mounts of the other, as
explained earlier)?
A new structural model, namely, the Borromean rings

model,28 has been proposed for the Au25(SR)18 noble metal
cluster by Natarajan et al., wherein Au25(SR)18 has been
considered to be part of three interlocked Au8(SR)6 rings
surrounding the central Au atom (Figure 2). In this, all of the
metal and sulfur atoms, except the central metal atom, belong
to a unique structural component, the Au8(SR)6 ring. This
model suggests that disconnecting any ring leads to two
unlinked rings, which is a defining characteristic of the
Borromean rings bonding topology (Figure 2B). The
Borromean rings model also applies to a silver cluster,
Ag25(SR)18, which is a structural analogue of Au25(SR)18.
Natarajan et al. also noted that interlocked metal−thiolate ring
structures have been found in the core and staple structures of
a few gold−thiolate clusters which have crystal structures
available, both smaller and larger than Au25(SR)18, namely,
Au10(SR)10,

79 Au20(SR)16,
80 and Au144(SR)60.

30,81 They
suggested that the interlocked ring structures form a strong
framework for the clusters and may possibly represent a unified
viewpoint for the structure of monolayer-protected clusters.
According to this interlocked-ring structural model, these
clusters being formed out of and stabilized by ring structures
are more dynamic in nature than one would expect from the
core/staple model because in the latter the M13 core has been
viewed as a distinct, compact structural unit which undergoes
structural distortion with difficulty. Furthermore, if the cluster
existed in solution as a distinct, structurally rigid Au13 core and
Au2(SR)3 staples, then the exchange of metal atoms into the
core would not have been feasible. However, the exchange of
metal atoms in the core also occurs during the reaction
between Ag25(SR)18 and Au25(SR)18, suggesting that the
icosahedral Au13 core is flexible and dynamic in nature, as
experimentally proven by Tsukuda et al.29 Ghosh et al. have
shown that the dynamics of M−L interfaces can be controlled
by using dithiolates which bind to the metal core in a bidentate
fashion and thereby reduce the flexibility of the metal−ligand
bonding network.82 Hence, we think that an interlocked-ring
model of the structure can better explain the enhanced
dynamics of M−L interfaces and the reactivity of clusters.
Even though the mechanistic details are not known, it has

been suggested that interactions between the M−L interfaces
might occur in the initial stages of these reactions. In the
reaction between Au25(SR)18 and Ag25(SR)18, we detected a
dimeric species, [Ag25Au25(DMBT)18(PET)18]

2− (DMBT and
PET are 2,4-dimethylbenzenethiolate and 2-phenylethanethio-
late, respectively), which could be one of the intermediates of
the reaction.59 Density functional theory (DFT) calculations
revealed that this adduct could be formed through weak

covalent bonding between them via interstaple metal−sulfur
bonds.59 Recently, Zhang et al. attempted to detect such
intermediates during the reaction between Au38−xAgx(SR)24
and Au38(SR)24 using in situ X-ray absorption fine structure
(XAFS) measurements.66 However, the detection of ex-
changed Ag atoms in the staples was not successful, possibly
due to a shorter residence time of the exchanged Ag atoms in
the staples.

Ostwald Ripening and Interparticle Reactions. Ost-
wald ripening is one of the important mechanisms of
nanocrystal growth83 wherein larger particles grow larger at
the expense of smaller ones in solution. The thermodynamic
driving force behind this process is the difference in surface
energies of (smaller and larger) particles in a polydisperse
solution/dispersion. Smaller particles possess a higher surface
energy, and hence they disappear more easily compared to the
larger particles in the same solution/dispersion. Ostwald
ripening occurs by the diffusion of the smaller particles toward
the larger particles and subsequent reactions between them
resulting in the growth of the particle.83 This makes the larger
particles grow larger, consuming or reducing the size of the
smaller ones. However, it remains unclear as to how the
constituents (atoms, ions, or molecules) of smaller particles are
transported to the larger ones, i.e., by a direct interparticle
exchange or an exchange of their fragments, in such processes.
Details of chemical events in such processes are not known
clearly. It was shown that in the case of noble metal clusters,
exchanges of metal atoms, ligands, and metal ligand fragments
occur through direct interaction or collision between the
reacting clusters. How do these two processes i.e., intercluster
exchange and Ostwald ripening, differ from each other? Can
Ostwald ripening be interpreted or understood as interparticle
exchange reactions between larger particles and smaller ones?
Let us discuss this briefly in the context of ligand-protected

metal nanosystems. For example, consider a dispersion of
thiolate-protected metal nanoparticles, which are typically
polydisperse in size. In such a mixture, smaller particles could
be more reactive compared to the larger ones for reasons other
than the surface energy differences, such as changes in the
oxidation states, differences in the redox potentials of (smaller
and larger) particles, and differences in metal−ligand binding
modes, as mentioned previously in the context of atomically
precise clusters. Do such factors contribute to the interparticle
reactions (between larger and smaller particles) resulting in
Ostwald ripening?
In the intercluster exchange reactions reported so far, the

size, structure, composition (i.e., number of metal atoms and
ligands), and charge state remain unaltered. This could be due
to the tendency of these clusters to retain their compact, highly
symmetric, geometrically and electronically stable structures.
Furthermore, these clusters are molecule-like and are of
comparable sizes, wherein electronic factors, such as shell
closing effects rather than geometrical factors, determine the
stability. However, in Ostwald ripening, the particle size
changes, as mentioned above. In this context, it is interesting to
determine whether there is a clear particle size limit at which
an intercluster/interparticle exchange reaction and Ostwald
ripening can be discriminated by the change or constancy of
the particle size? Maran et al. have recently reported the
formation of Au38(SR)24 from a smaller cluster, Au25(SR)18,
which they referred to as “gold fusion”. However, it remains
unclear whether this reaction can be understood as an example
of Ostwald ripening of atomically precise clusters.84 The above
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discussion implies that it is important to investigate the
(surface/interfacial) chemical events between particles in an
Ostwald ripening process, at least in the context of ligand-
protected nanosystems.
Influence of Ligand on Cluster Transformations.

Atomically precise clusters with a wide variety of nuclearity,
geometry, and protecting ligands have been reported in the
past decade. However, it remains unknown as to how the
actual structure of the ligands influences the nuclearity and
geometry of the clusters. One of the ways to investigate this
aspect is to study the reactions of ligand-protected clusters
with free ligands. Often, ligand exchange occurs in these
reactions without altering the overall structure and charge
states of the clusters.45−47,85 However, in some cases, reactions
of a cluster with a new type of ligand transform the cluster to
completely new entities.86

Khatun et al. demonstrated that such a reaction wherein a
monothiolate-protected cluster, Ag59(2,5-DCBT)32, upon
reaction with the 2,4-DCBT ligand slowly converts it to
Ag44(2,4-DCBT)30.

75 Note that ligands 2,4-DCBT and 2,5-
DCBT differ only in the positions of the substituent Cl groups
(isomeric thiols). This reaction demonstrates that such minute
changes in the structure of the ligands drastically change the
nuclearity of the cluster. This could be due to the position-
dependent (ortho, para, or meta) changes in the electron-

donating or electron-withdrawing inductive (+I or − I) effects
of the methyl groups of the ligands. The π−π interactions and
steric hindrance between the substituent groups might also
play roles in these transformations. Mass spectrometric
measurements reveal that the reaction involves the formation
of small metal−ligand fragments of clusters (Figure 3). Ligand
exchange was proposed to be one of the initial stages of such
transformations;87 however, in this case, no ligand exchanges
were observed because the molecular masses of both thiols
were the same. The use of different thiols such as FTP (4-
fluorothiophenol) and CTP (4-chlorothiophenol) shows
ligand-exchanged peaks. Another reason could be the
sensitivity of certain structural motifs such as staples and
mounts to the structure of the incoming ligands; i.e., a given
M−L motif may not be able to accommodate a new type of
incoming ligand retaining their geometry and bonding
network. Simulations and experimental techniques with better
temporal resolution are essential to probing such dynamics of
the M−L interfaces.

Gas-Phase Dynamics and Reactivity of M−L Inter-
faces. The dynamics of M−L interfaces have been studied
mostly in the solution phase; however, such studies on the
structure, dynamics, and reactivity of isolated, ligand-protected
metal clusters in the gas phase remain largely unexplored. One
of the techniques for probing the gas-phase dynamics of

Figure 3. Schematic of the ligand-induced conversion pathway of Ag59(2,5-DCBT)32 to Ag44(2,4-DCBT)30. L and L* denote 2,5-DCBT and 2,4-
DCBT, respectively. (Reproduced with permission from ref 75.)
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molecular systems is ion mobility mass spectrometry (IM
MS).88 This technique has been traditionally used for the gas-
phase analysis of small molecules88 and conformational studies
of proteins;76 however, it has recently been utilized to probe
the thiolate-protected metal clusters as well.89 In this
technique, molecules are ionized and taken into the gaseous
phase using standard mass spectrometric techniques, and then
they are separated according to their mobility in the presence

of a buffer gas. The mobility of the molecules depends on their
mass to charge ratio, size, and shape. Here we present the
results of IM MS measurements of Ag44(SR)30. The crystal
structure of Ag44(SR)30 shows that it consists of a Ag32 core
protected by six Ag2(SR)5 mounts. Ag44(SR)30 is an interesting
system in this regard because of its multishell structures and
unusual geometry of Ag2(SR)5 mounts (Figure 4B).
Furthermore, this cluster occurs in different charge states in

Figure 4. Schematic structures of the isomers of [Ag44(SH)30]
4−. Geometries of [Ag44(SH)30]

4− with (A) and without (B) the core atoms and its
three structural isomers (C−E) with one staple opened structure (C), two cis staple opened structures (D), and two trans staple opened structures
(E). Closed Ag2(SH)5 mounts in A−E are shown with blue (silver), yellow (sulfur), and white (hydrogen) colors. Open Ag2(SH)5 mounts in C−E
are shown in cyan (silver), green (sulfur), and red (hydrogen). Because the structures of the Ag12 icosahedron (gray in A) and the Ag20
dodecahedron (pink in A) are retained in their isomers, these core atoms are not shown in C−E to clearly distinguish the changes in the staple
arrangements in its isomers. Because the actual ligands are not shown here, additional structural isomers due to the difference in the ligand
conformations are not presented here. (Adapted with permission from ref 76.)

Figure 5. Interfacial bonding between two [Au25(SR)18]
− clusters resulting in the formation of dimers. (A and B) DFT-optimized structures of

possible structural isomers of [Au50(SR)36]
2− considering intercluster bonding via common Au2S3 staples. In panel A, there is bonding between the

two clusters by two parallel Au2S3 chains. The view shown is along the negative z direction (top view). In panel B, a twisted linkage between the
Au2S3 staples of two clusters is shown with the cluster on the right being rotated by 90° anticlockwise about the x axis and coming out of the paper.
Cartesian axes are shown. The ligand R groups have been removed for clarity. Color codes of atoms: gold (yellow) and sulfur (orange). (Adapted
with permission from ref 77.)
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the gas phase. For these experiments, Ag44(SR)30 clusters were
brought into the gas phase using a conventional electrospray
ionization (ESI) technique. Ion mobility measurements on
these clusters reveal the presence of structural isomers, as
depicted in Figure 4.76 Here we have used a model system,
Ag44(SH)30, to represent the structure.
DFT calculations suggest that the isomerism arises from the

difference in the bonding network of the metal−ligand
interface in these clusters. Note that the Ag2(SR)5 mounts
have complicated bonding compared to those in the Au2(SR)3
staples; therefore, it is likely that some of the bonds in the
Ag2(SR)5 mounts could break, leading to more stable, open
structures. However, these isomers possess the same Ag32 core
structure as in the crystal structure. Note that these structures
possess exactly the same molecular formulas, Ag44(SR)30, and
differ from each other only in terms of the structures of a few
of their mount motifs and hence are structurally isomeric.
Hence, this study reveals that rearrangements in the metal−
ligand interface can generate structural isomerism in these
clusters. However, if the real ligands are involved, then their
conformations also have to be taken into account when their
structural isomerism is discussed. However, such an analysis is
beyond the scope of this article.
In another example of IM MS experiments, we show that

Au25(SR)18 clusters form dimers, [Au50(SR)36]
2−, for example,

and trimers in gas-phase experiments. DFT calculations show
that these dimers were formed by the bonding between
Au2(SR)3 staple motifs, as shown in Figure 5.77 Spectroscopic
evidence of such bonding in the gas phase is not available;
however, interstaple bonding has been detected in crystals.38

Note that this type of interstaple bonding has not altered the
total number of metal atoms, ligands, and the charge states of

individual clusters in these dimers. Furthermore, the existence
of such isomers further supports the dynamic nature of the
metal−ligand interface in such clusters. Also, we think that the
Borromean rings model is better suited to explaining the
formation of such dimers because the longer Au8(SR)6 rings
are expected to be more dynamic in nature, compared to the
shorter Au2(SR)3 staples, which could facilitate their breaking
and reforming, leading to intercluster bonding.

Desorption of Ligands: A New Route for Naked Metal
Clusters. The strength of the chemical bond between the
metal atoms and the anchoring atom of the ligands (Au−S
bond in Au25(SR)18, for example) largely determines the
stability of the clusters. The fragmentation behavior of these
clusters was also studied using mass spectrometry89,90 and
computations.91 For example, phosphines are known to bind to
metal atoms less strongly, compared to thiolates, through weak
covalent bonds. In this context, it is interesting to test whether
it is possible to detach the ligands from phosphine-protected
noble metal clusters, in the gaseous or liquid phase, so that
naked clusters, with precise nuclearity, are generated. Conven-
tionally, naked metal clusters are generated by techniques such
as laser ablation or electrospray ionization which require
sophisticated instrumentation for mass selection.
Ghosh et al. demonstrated that it is indeed possible to

generate atomically precise naked metal clusters from a silver
cluster, [Ag18(TPP)10H16]

2+, protected by phosphine and
hydride ligands. The ligands on the [Ag18(TPP)10H16]

2+ can
be sequentially desorbed to generate naked silver clusters of
spec ific nuc lear i ty , such as Ag 1 7

+ . 7 8 For th i s ,
[Ag18(TPP)10H16]

2+ was introduced into the gas phase using
an ESI source. Sequential fragmentation of the ligands was
carried out by successively increasing the ionization voltages in

Figure 6. Schematic of the desorption of triphenylphosphine (TPP) ligands from [Ag18(TPP)10H16]
2+, leading to the formation of naked, Ag17

+

(A). ESI mass spectra of [Ag18(TPP)10H16]
2+ (B) and Ag17

+ (C). The insets of panels B and C show the matching of the theoretical (red) and
experimental (blue in C, green in B) isotopic patterns of the corresponding ions. Color codes of atoms in panel A: silver (yellow) and hydrogen
(red). (Adapted with permission from ref 78.)
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the ESI setup. Figure 6 shows that [Ag18(TPP)10H16]
2+ initially

transforms to Ag17H14
+, which finally loses all of the hydride

ions, generating Ag17
+. Note that the desorption of ligands in

this case occurred through the breaking of the bond between
the metal and the anchoring atom of the ligand, i.e., the Ag−P
bond. This is in contrast to the case of thiolate-protected
clusters wherein the S−C bond breaks and the metal−sulfur
bond is retained. The formation of naked clusters from
thiolate-protected clusters has never been observed. This could
be attributed to the fact that the Ag/Au−S bond is much
stronger than the Ag−P bond. Similarly, ligands such as
pyridine and its analogues might also act as weaker ligands for
these types of clusters, and such systems also could lead to the
formation of naked clusters. However, the example presented
above indicates that the desorption of ligands depends on the
nature of the ligands as well as the strength of the bond
between the metal atom and the anchoring atom of the ligands.
Such ligand desorption can occur also in ambient air, leading
to naked clusters.92

■ SUMMARY AND FUTURE PERSPECTIVES

We presented a few examples demonstrating the role of the
structure and dynamics of the metal−ligand interface in
dictating the chemical reactivity of monolayer-protected noble
metal clusters in solution as well as in the gas phase. We
suggested that the difference in the oxidation states of metal
atoms at the M−L interface could be a key factor triggering
intercluster reactions. The structure of the M−L ligand
bonding network (staples vs mounts and monodentate vs
bidentate) and the dynamics (interlocked (Borromean) rings
model vs core-staple model) dictate the type as well as the
extent of the exchange processes. Furthermore, these studies
imply that a single structural model is inadequate for explaining
spontaneous reactions between these clusters; a consideration
of multiple structural models is essential to a better
understanding of their properties.
We proposed that interparticle chemistry may not be limited

to metal clusters, but such reactions might also occur in other
nanosystems, which could be a potential mechanism in particle
coarsening processes such as Ostwald ripening. We also
showed that the nature of the ligands, i.e., their structure and
electron-donating and electron-withdrawing properties, is
crucial to controlling the geometry and nuclearity of these
clusters. The dynamics of the M−L interfaces is not limited to
the solution phase; structural rearrangements and interfacial
bonding occur in the gas phase as well, leading to the
formation of geometrical isomers and cluster assemblies.
Finally, we showed that the ligands can be desorbed
completely in the gas phase, leading to the formation of
atomically precise naked metal clusters. This study indicates
that phosphines can be promising ligands for generating naked
clusters of other metals as well.
Even though we demonstrated that a number of factors

concerning the M−L interfaces, such as oxidation states of
metal atoms and the actual structure of the ligands, are
important when considering the chemistry of these clusters,
the contribution of each of these factors has not been
understood in isolation. Among the reasons is the limitation in
making many of the clusters by varying only one aspect alone
at one time, such as specific ligands.
Probing the interfacial properties of these clusters is essential

to creating cluster assembled materials and new types of hybrid
materials comprising distinctly different types of nanosystems.

Probing the kinetics and thermodynamics and the real-time

monitoring of interfacial phenomena in these clusters have

rarely been addressed. The gas-phase dynamics of these

clusters remain largely unexplored. Probing the chiroptical

properties of these clusters in the gaseous phase could be a

potential new direction in this regard. Further efforts are

needed to clearly understand the contribution of metal−ligand

interfaces in dictating the geometrical structures, dynamics,

and chemical reactivity of ligand-protected metal clusters. We

think that the dynamic interfacial chemistry is not limited to

metal clusters, and hence the structure, dynamics, and chemical

reactivity of nanosystems in general are to be explored in

greater detail, which might unveil new directions in materials

chemistry.
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Rapid isotopic exchange in nanoparticles
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Rapid solution-state exchange dynamics in nanoscale pieces of matter is revealed, taking isotopically pure
atomically precise clusters as examples. As two isotopically pure silver clusters made of 107Ag and 109Ag
are mixed, an isotopically mixed cluster of the same entity results, similar to the formation of HDO, from
H2O and D2O. This spontaneous process is driven by the entropy of mixing and involves events at multiple
time scales.

INTRODUCTION

Since the discovery of deuterium (D) (1) and the isolation of D2O
(2), isotopic exchange in molecules has served as a characteristic
signature of their dynamic chemical bonds (3). The rate of isotopic
exchange in water (H2O + D2O = 2HDO) is fast with an equilibrium
constant of 3.75 ± 0.07 at room temperature (4), and it occurs at
measurable speeds down to cryogenic temperatures (5). H/D ex-
change in proteins has been an important tool to understand their
surface structure (6). Moreover, isotopic exchange in systems like
H2/D2 has high activation barrier and occurs at very high tempera-
tures (~1000 K) or over heated catalytic metal surfaces (7). The ex-
istence of nanomaterials of noble metals with precise composition
(8, 9) allows the feasibility of their isotopic exchange to be tested.
Using high-resolution electrospray ionization mass spectrometry
(ESI MS), we show that atomically precise monolayer-protected
nanoclusters, made of isotopically pure silver (107Ag and 109Ag),
despite their well-defined structures and ligand protection, undergo
rapid exchange of the isotopes of the metal atoms. The exchange
approaches a dynamic equilibrium within a minute in solution at
room temperature. Using two archetypal examples of Ag nanoparti-
cles of precise composition, [Ag25(SR)18]

− (10) and [Ag29(S2R)12
(TPP)4]

3− (11), where SR, S2R, and TPP are protecting ligands, we
demonstrate that the rapid isotopic exchange reflects their solution-
state dynamics. In addition, we show the ability to control the exchange
dynamics by controlling the temperature. Time-resolvedmeasurements
further reveal that the mechanism of exchange involves several pro-
cesses that occur at different time scales. The spontaneity in such reac-
tions is mainly driven by the mixing entropy contribution to the free
energy. Such an exchangemechanism, reminiscent of isotopic exchange
between H2O and D2O, presents intriguing insights into the nature of
nanoscale matter.

RESULTS

To study isotopic exchange, we chose [Ag25(SR)18]
− clusters (10)

initially. Two identical but isotopically different clusters, [107Ag25
(DMBT)18]

− and [109Ag25(DMBT)18]
− (DMBT= 2,4-dimethyl benzene

thiol), were prepared starting from isotopically pure metals and exten-
sively characterized to ensure their chemical purity and isotopic identi-

ty. The isotopic clusters showed identical optical absorption spectra
(fig. S1A). ESI MS of [107Ag25(DMBT)18]

− and [109Ag25(DMBT)18]
−

are presented in Fig. 1A, a and b, respectively. The peak maxima of
the spectra are separated by m/z (mass/charge ratio) 50 because of
the interchange of 25 atoms of 107Ag with 109Ag. The mass spectral
distributions of the isotopic clusters are narrower than those of a
sample with natural Ag (fig. S1B). The isotope patterns (fig. S1, C
and D) are purely due to the isotopes of S, C, and H in the ligands,
and therefore, they are similar to those of the [Au25(PET)18]

− cluster
(12, 13) [PET (phenyl ethane thiol) has the same atomic composition
(C8H10S) as DMBT], as Au has only one isotope. The minor differ-
ences with calculated patterns (fig. S1, C and D) are due to the slight
isotopic impurity, as the isotope enrichment was ~98%. Upon mixing
an equimolar mixture of [107Ag25(DMBT)18]

− and [109Ag25(DMBT)18]
−

in solution at room temperature, the spectrum changed instantane-
ously, and the resulting distribution is shown in Fig. 1B. No peaks
due to the parent clusters were observed, indicating that they were
totally exchanged in this process. The mass spectral distribution
calculated (fig. S2A) considering a system where each isotope of
Ag (107/109) has a probability of occupying 50% of the total sites
of the cluster is similar to the distribution observed in Fig. 1B. It is
nearly identical to that of the ion [Ag25(DMBT)18]

−, having the
natural isotope distribution (107Ag: 51.839%, 109Ag: 48.161%), and
the minor differences arise as the 107Ag/109Ag ratio is not exactly
1:1 in nature (fig. S2B). The two isotopically pure clusters were further
mixed at varying molar ratios, and in each case, rapid exchange be-
tween the two clusters resulted in a binomial mass spectral distribution
(fig. S3), in agreement with the calculated isotope pattern considering
the relative abundance of each isotope from their initial molar ratio of
mixing (fig. S4). Such an equilibrium statistical distribution is expected
for a system where there are nearly equivalent sites that have equal
probability of exchange.

Control over the exchange dynamics was achieved by lowering the
temperature. The parent solutions were cooled to −20°C and mixed in
a 1:1 molar ratio, and ESI MS was measured instantly. The source and
desolvation temperatures were lowered to 30°C, and the sample was
infused from an external syringe, which was also cooled to −20°C to
reduce the effect of temperature during injection. In Fig. 2 (A to D),
we presented the intermediate stages involving stepwise exchange of
the isotopes of the atoms between the two clusters. Although the re-
action kinetics was slower at lower temperatures, the equilibrium
distribution was attained in about 30 s. Rapid exchange occurred even
in alloys of the cluster (14), such as [Ag24Au(SR)18]

− (fig. S5).
To probe how the dynamics of the exchange process is controlled

by the inherent structures of the cluster, we performed a similar study
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with [Ag29(BDT)12(TPP)4]
3−, where the dithiolate protection provides

a very different structure (11) as compared to that of [Ag25(DMBT)18]
−.

Isotopically pure [107Ag29(BDT)12(TPP)4]
3− (BDT = benzene dithiol)

and [109Ag29(BDT)12(TPP)4]
3− clusters were synthesized and charac-

terized using optical absorption (fig. S6C) and ESI MS (fig. S6, A and
B). We observed a reduced exchange rate compared to that of [Ag25
(DMBT)18]

−. At room temperature, an equimolar mixture of the two
isotopic [Ag29(BDT)12(TPP)4]

3− clusters, at a concentration of 1.5 ×
10−3 mM, showed stepwise exchanges reaching a dynamic equilibri-
um over a period of 3 hours (fig. S7A). Although the labile TPP lig-
ands were lost during ionization, the use of soft ionization conditions
enabled us to observe that exchange occurred at a similar rate to that
in the intact TPP-protected clusters that exist in solution (fig. S7B).
The clusters mixed at any arbitrary molar ratios also attained equilib-
rium in a similar manner, and in all cases, the relative abundance of
the isotopes in the final product was in accordance with their initial
molar ratio of mixing (fig. S8).

The slower exchange rates seen here encouraged us to analyze the
dynamics in greater detail. A kinetic plot of the percentage of unex-
changed parent isotopic cluster (Ct) versus time (t) is shown in Fig. 3.
At a given time, the percentage of exchange on either of the two iso-
topic clusters was similar when mixed in equimolar quantities. There-
fore, monitoring the kinetics with respect to either of them gave
identical results. In this plot, we included a hypothetical data point
at t = 0 min and Ct = 100%, assuming that at 0 min, that is, in an

ideal situation before mixing, the abundance of a particular isotope
(107Ag/109Ag) in the clusters is 100%. Figure 3 shows that at room
temperature (25°C), the 107Ag/109Ag exchange rate was initially
fast, and within 8 to 10 min, about 30% exchange occurred. Later,
the exchange progressed slowly, and after about 250 min, the rate
slowed down further, approaching an equilibrium corresponding to
a state of 50% exchange. A triexponential effectively fitted the data
points, suggesting at least three different rates for the exchange pro-
cess with rate constants of 5.9 × 10−1 min−1, 1.4 × 10−2 min−1, and
7.1 × 10−18 min−1, respectively. Similar exchange was studied at higher
temperatures of 40° and 60°C (fig. S9, A and B), and the kinetic plots
are shown in the inset of Fig. 3. The rate increased substantially at
higher temperatures, and the reaction was complete within 60 min,
whereas upon cooling the reaction mixture to 0°C the rate was dras-
tically reduced and the process took around 3 days to attain equilib-
rium (fig. S9, C and D). Similar features were also observed for H/D
exchange in supramolecular polymers in water (15). The three stages
of exchange suggest that possibly the isotopic exchange in nanoparti-
cles proceeds through (i) rapid exchange of their surface atoms, (ii)
slower diffusion of the exchanged atoms within the core, and (iii) sub-
sequent equilibration in the whole cluster. The reaction rates were
dependent on the concentration of the clusters, which was evident
from the kinetic studies at lower (1.5 × 10−5 mM) and higher (1.5 ×
10−1mM) concentrations compared to the above case (1.5 × 10−3mM)
(fig. S10). At a given concentration of the parent clusters, we also

Fig. 1. Mass spectra of the parent isotope clusters and the product of mixing. (A) ESI MS of the as-synthesized isotopically pure clusters, (a) [107Ag25(DMBT)18]
− and

(b) [109Ag25(DMBT)18]
−. (B) Mass spectral distribution of the product obtained by mixing the two isotopic clusters at 1:1 molar ratio. The spectrum was collected within

1 min after mixing the solutions of the clusters at room temperature. A representation of the clusters is shown. Comparison with the calculated mass spectrum is

presented in figs. S1 and S2. Yellow, S; transparent gray, ligands.
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investigated the reaction rates at different molar ratios of mixing.
Keeping the total number of moles of the mixture as constant, and
starting from an excess concentration of [107Ag29(BDT)12(TPP)4]

3−,
the rate increases with an increase in the concentration of [109Ag29
(BDT)12(TPP)4]

3−, reaching a maximum at 1:1 condition. As the rela-
tive concentration of [109Ag29(BDT)12(TPP)4]

3− in the reaction mixture
increases, the number of effective collisions between the isotopically
different entities increases, and hence, the rate of exchange increases.
Similar results were obtained starting from an excess concentration of
[109Ag29(BDT)12(TPP)4]

3− and slowly increasing the concentration of
[107Ag29(BDT)12(TPP)4]

3− in the mixture. Kinetic studies at different
molar ratios showing the rate constants (fig. S11) and corresponding
time-dependent ESI MS (fig. S12) are included in the Supplementary
Materials. Reaction rates were independent of solvents such as di-
methyl formamide (DMF), acetonitrile (ACN), and dichloromethane
(DCM).

To investigate the mechanism and the driving forces of the iso-
topic exchange reaction, we carried out molecular docking studies
and free-energy calculations. The mechanism of atom exchange is
expected to be initiated through intercluster collisions (16), and this
expectation is consistent with the temperature dependence of the rate
constants. We have carried out molecular docking simulations for
studying the interaction between two [Ag25(DMBT)18]

− and two
[Ag29(BDT)12(TPP)4]

3− clusters. In each case, docking generated 10
different possible orientations, and the lowest-energy geometries for
the approach of two [Ag25(DMBT)18]

− and two [Ag29(BDT)12(TPP)4]
3−

clusters are represented in Fig. 4 (A and B). However, the other pos-
sible geometries were also similar in both cases, where the two clusters
approach along the same orientation or along other symmetry
equivalent orientations such that they interact at similar sites and gen-
erate the same configuration. The other possibilities were also energet-

ically similar within 0.01 to 0.07 kcal/mol. As all the possible
structures obtained from docking were geometrically and energetically
equivalent, it is likely that exchange reaction will be more favorable
when the clusters approach along this specific geometry. The FFGMG
obtained by docking two [Ag25(DMBT)18]

− clusters indicates that after
collision, the clusters may bind together supramolecularly in the initial
steps of the reaction with an interaction energy of −23.7 kcal/mol be-
tween the two clusters (Fig. 4A). The rapid exchange and the struc-
tural changes in [Ag25(DMBT)18]

− can also be viewed from their
topologically simplified structure (referred to as the aspicule model)
(17), which considers the structure of an M25L18 cluster (where
M = Au, Ag; L = ligand) as a system of three interlocked Borromean
rings of M8(SR)6 around a central M atom. Rapid exchange of isolobal
Ag2(SR)3 and Ag(SR)2 entities may occur. The opening of the rings
can also make the core more exposed and facilitate spontaneous ex-
change of Ag or Ag-SR units between the core and staples of the two
clusters. In comparison, [Ag29(BDT)12(TPP)4]

3− does not contain any
interlocked rings or chain structures. It has a rigid surface network with
cross-linking dithiolates in the outer shell. In the lowest-energy geom-
etry of two [Ag29(BDT)12(TPP)4]

3− clusters (Fig. 4B), the proximity
of Ag3S6 or AgS3Pmotifs of the two clusters may result in opening up
of these staples. Molecular docking reveals an interaction energy of
−7.8 kcal/mol between two [Ag29(BDT)12(TPP)4]

3− clusters (Fig. 4B).
The supramolecular interactions between the clusters mainly include
van der Waals and C-H…

p interactions. In the case of [Ag25(DMBT)18]
−

clusters, the H of the benzene ring and −CH3 group of one ligand on a
cluster can interact with the p-system of the benzene ring of another
cluster to facilitate the binding. These C-H…

p interaction distances
are in the range of 2.99 to 4.16 Å, which are comparable with the C-H…

p

distances observed in the crystal structures of Au246 (18) and Ag29 (19) na-
noclusters. Interactions are also similar in the caseof [Ag29(BDT)12(TPP)4]

3−

clusters. TheC-H…
p interactions exist between−Hof BDTof one cluster

with benzene ring of BDT of another cluster at a distance of about 3.46 to
4.39 Å. The interactions are greater in the [Ag25(DMBT)18]

− cluster,
leading to higher binding energy. The interactions between the ligands
are indicated in fig. S13. The reduced intercluster interaction energy
and higher rigidity in the structure of [Ag29(BDT)12(TPP)4]

3− might re-
sult in a slower exchange rate as compared to that of [Ag25(DMBT)18]

−.
However, more detailed computations are required to understand the
complete mechanism of the atom exchange process.

We considered the thermodynamics of the reaction to identify the
main driving force of the isotopic exchange reaction. The energy bar-
rier for an intercluster isotopic exchange represents the energy cost of
breaking and reforming bonds and any intermediate barriers, which
must be crossed while the atoms travel along the path from their ini-
tial to final positions. We computed the enthalpic [electronic energy,
zero-point energy (ZPE), and specific heat] and the entropic (elec-
tronic, translational, rotational, and vibrational) contributions to the
free energy. Computational details are mentioned in Materials and
Methods, and detailed results are presented in table S2. The total
electronic energies of the clusters do not vary when different isotopes
of the atoms are exchanged and rearranged because their bonding in-
teractions are identical. Hence, any differences in enthalpy will be due
to ZPE. Furthermore, the vibrational contribution to enthalpy and en-
tropy will also contribute to the free energy. However, we found that
there were only very small differences in the free energy of the clusters
(~0.01 eV) due to isotopic exchange, and moreover, these differences
cancel out when the reaction free energy [DGreact = G(products) −
G(reactants)] is computed for the 1:1 ratio. In this calculation, we

Fig. 2. Low-temperature reaction showing the intermediate steps of ex-

change. Exchange between the two isotopic [Ag25(DMBT)18]
− clusters at −20°C

showing the intermediate stages of exchange (A) to (D) with mixing time (s). Dis-

tributions (i) and (ii) denote exchange at the [107Ag25(DMBT)18]
− and [109Ag25

(DMBT)18]
− sides, respectively. Noise in the spectrum is due to the short acquisi-

tion time.
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have assumed that the parent clusters are the isotopically pure reac-
tants and that the products are the two mixed isotope clusters with
the following compositions: (m,n) = (12,13) and (13,12) in the case of
[107Agm

109Agn(DMBT)18]
− and (m,n) = (14,15) and (15,14) in the

case of [107Agm
109Agn(BDT)12(TPP)4]

3−. Thus, in the absence of other
contributions to the reaction free energy, the contribution from the
mixing of isotopic clusters is expected to be of central importance in
understanding the driving force of the reaction.

We now describe how we estimated the mixing contribution to
the free energy. Application of the concept of entropy to a single
cluster is not proper due to the small number of atoms (102 to 103)
in an individual cluster; however, wemay apply it to themacroscopically
large ensemble of N clusters, and the ensemble configuration is
defined by the positions of 107Ag and 109Ag atoms inN clusters, where
N is taken to be in the thermodynamic limit. The final equilibrium
state of the cluster ensemble will be that in which the number of iso-
topic substituents is maximum for a given molar ratio so that the
whole ensemble of clusters has the highest entropy (S), which is
defined as S = klogW, whereW is the total number of ways of arran-
ging the two isotopes of Ag atoms (microstates) in the total available
sites of the clusters, and k is the Boltzmann constant. For the equi-
molar composition, this will occur for the half-mixed compositions
of each clusters, that is, n = (12, 13) and (13, 12) for Ag25, and (14, 15)
and (15, 14) for Ag29, where these compositions have the identical max-
imum degeneracy in positional arrangements.

We approximate the ensemble of clusters with two crystalline lat-
tices, one consisting of 107Ag and the other of 109Ag, which are fused
together, and then assume random thermal exchanges of atoms in the
joint lattice. In this simplification, we considered only the Ag atoms,

neglecting the cluster structure and symmetry and all interatomic in-
teractions, and this situation is identical to the mixing of two ideal
gases. Hence, the expression for mixing or configurational entropy
is simply that of mixing two different ideal gases, which is known
from statistical mechanics, and is given by

DSmix ¼ �nmolR½plnpþ ð1� pÞlnð1� pÞ�

where p is the mole fraction of 107Ag, (1 − p) is the mole fraction of
109Ag, and nmol is the total number of moles of the mixture. DSmix

attains its maximum negative value for the half-and-half mixture, that
is, p = 0.5, for a given total number of moles of the mixture (20). For a
1:1 ratio of mixing, DSmix is Rln2 = 5.76 J K−1 mol−1, which is 1.37 cal
K−1 mol−1, and DGmix = −T*DSmix= −408.26 cal mol−1 (T = 298 K and
nmol = 1). Because the calculated reaction free energies are negligible,
the mixing entropic contribution to the free energy must be the main
driving force of the observed spontaneous reaction. We remark that
the mixing entropy term would also be important in spontaneous bi-
metallic intercluster reactions, where there are larger enthalpic changes
due to the bonding interactions such as those between Ag25(DMBT)18
and Au25(PET)18 (16).

DISCUSSION

The results presented establish that spontaneous isotopic exchange
can occur between atomically precise silver nanoclusters. While it is
rapid in [Ag25(SR)18]

−, it is relatively slower in [Ag29(S2R)12(TPP)4]
3−,

reflecting the differences in their chemical structures. Spontaneity in
such reactions, driven by their entropy of mixing, reflects the dynamic

Fig. 3. Kinetic study of isotopic exchange in [Ag29(BDT)12(TPP)4]
3− clusters. Plot of percentage of unexchanged parent isotopic cluster (Ct) versus time (min) of

reaction at room temperature (25°C). Kinetics at 40° and 60°C are presented in the inset. Average of three kinetic measurements is plotted, and the error bar is indicated

at each point. A schematic showing the different stages of isotopic exchange is also shown in the figure. Yellow, S; orange, P; transparent gray, ligands.
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nature of nanoparticles in solution. However, our study is restricted
only to subnanometer-sized clusters, where exchange is shown to be
dependent on their inherent structures. In a similar manner, the study
may also be extended to classic nanomaterials of various sizes. Future
possibilities include investigating the correlation between the extent of
exchange with the size of the nanoparticles and the nature of their
ligands or the constituent metal atoms.

The fundamental significance of this study is to understand the
dynamics in nanoscale systems, which is comparable to solution-state
dynamics of many simpler molecules like H2O. This study has the
potential to answer questions regarding the rigidity of the structures
and rapid interconversions between the subunits that constitute nano-
systems. Nanoparticle dynamics contributing to catalysis is of relevance
to applications. In homogeneous catalysis involving nanoparticles, the
site at which chemistry occurs could be changing continuously. This
characteristic implies associated dynamics for the anchored ligands
and therefore may contribute to their solution-state availability. This
phenomenon may also be important in biology, where nanoparticles
are used as carriers of molecular cargo.

Moreover, isotopic exchanges like H/D exchanges in H2O/D2O
(21) can alter physical and chemical properties of the materials.
Isotopic exchange affects the vibrational modes. In the case of
clusters also, there will be changes in the vibrations, although these
were found to be very small from our calculations. The change in
properties is small in this particular case probably because the mass
ratio of the two isotopes of Ag (109/107) is 1.019 (in contrast, the mass
ratio for other isotopes like D/H is ~2), and hence, the effect will be

less compared to the total mass of the cluster. However, the effect of
isotopic exchange may become significant to alter the properties with
the appropriately chosen cluster system and appropriately chosen
metal or ligand isotopes. Isotopic modification can introduce a change
in both the spatial distribution of nuclear mass and the nuclear spins
in the clusters. Because the x-ray diffraction pattern of mixed isotope
clusters and single isotope clusters would be identical, the use of neu-
tron scattering could be useful to probe the structure and dynamics of
these clusters. The change in the nuclear spins would affect the nuclear
magnetic resonance (NMR) spectrum, and in the case of clusters with
an unpaired electronic spin, isotopic modification would change the
electron spin resonance properties through the electron-nuclear hy-
perfine interactions, which depend on the values of the nuclear spins.
For example, in the case of isotopes of metals such as Pd (102Pd, 104Pd,
105Pd, 106Pd, 108Pd, and 110Pd), 105Pd has a nuclear spin of (5/2)+,
while other isotopes have 0 nuclear spin. This is similar in the case
for the isotopes of Pt (192Pt, 194Pt, 195Pt, 196Pt, 198Pt), where 195Pt
has a nuclear spin of (1/2)−, while other isotopes have 0 nuclear spin.
Such isotopic modification in clusters and their crystals might have
applications in magnetic devices.

MATERIALS AND METHODS

Reagents and materials
Isotopically pure Ag foils, 107Ag (98%) and 109Ag (98%), were pur-
chased from Cambridge Isotope Laboratories Inc. 2,4-DMBT, 1,3-
BDT, sodium borohydride (NaBH4), and tetraphenyl phosphonium
bromide (PPh4Br) were purchased from Sigma-Aldrich. Triphenyl
phosphine (TPP) was purchased from Spectrochem, India. All the sol-
vents [DCM, methanol (MeOH), DMF, and ACN] were of the high-
performance liquid chromatography grade and were used without
further purification.
Synthesis of isotopically pure silver nitrate (107AgNO3 and
109AgNO3) from isotopically pure metal foils (107Ag and 109Ag)
About 50 mg of the metal foils of the isotopes of Ag (107Ag and 109Ag)
was separately reactedwith about 2ml of concentrated nitric acid (70%)
in a 5-ml reaction vessel and heated at 70°C inside a fume hood. The
heating was continued until the evolution of nitrogen oxide gases was
complete and the solution turned colorless. The solutionwas then diluted
with water, and heating was continued. The process of addition of water
was continued for a few times, and lastly, 0.5 ml of a concentrated solu-
tion of AgNO3 was kept for crystallization. For crystallization, the solu-
tionwas kept inside an airtight dark box in the presence of solid P2O5 and
NaOH pellets (kept separately in the same box) to enhance the evapora-
tion of water and remove excess acid. Colorless crystals of AgNO3 were
obtained within 5 to 7 days. The yield of the reaction was around 95%.
Synthesis of isotopically pure [107Ag25(DMBT)18]

−[PPh4]
+ and

[109Ag25(DMBT)18]
−[PPh4]

+ clusters
Isotopically pure clusters were synthesized using the isotopically pure
AgNO3 salt, which was synthesized according to the above mentioned
method. The clusters were synthesized following a reported protocol
(9). About 38 mg of 107AgNO3/

109AgNO3 was dissolved in a mixture
of 2 ml of methanol and 17 ml of DCM. To this reaction mixture,
about 90 ml of 2,4-DMBT was added. The mixture was kept under
stirring condition at 0°C. About 6 mg of PPh4Br in 0.5 ml of methanol
was added after about 15 to 20 min. Next, about 15 mg of NaBH4 in
0.5 ml of ice-cold water was added to the solution in a dropwise fash-
ion. The stirring was continued for about 7 to 8 hours; the solution
was then stored at 4°C for about 2 days. For purification, the sample

Fig. 4. Molecular docking studies. Force-field global minimum geometry

(FFGMG) of two (A) [Ag25(DMBT)18]
− and (B) [Ag29(BDT)12(TPP)4]

3− clusters, lying

in close proximity. Gray, Ag; yellow, S; orange, P. The overlapping Borromean

rings are shown in blue, green, and red in (A); staple units are shown in green

and blue in (B); and ligand shell is shown in transparent gray. Atomic diameters

were reduced to show the bonding.
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was centrifuged and DCM was removed by rotary evaporation. The
precipitate was washed twice with methanol. Then, the cluster was re-
dissolved in DCM and centrifuged to remove any further insoluble
impurities. Further removal of DCM by rotary evaporation led to the
formation of the purified clusters ([107Ag25(DMBT)18]

−[PPh4]
+/

[109Ag25(DMBT)18]
−[PPh4]

+) in their powder form.
Synthesis of isotopically pure [107Ag29(BDT)12(TPP)4]

3− and
[109Ag29(BDT)12(TPP)4]

3− clusters
Isotopically pure clusters were synthesized using the isotopically
pure AgNO3 salt following a reported method (10). About 20 mg of
107AgNO3/

109AgNO3 was dissolved in a mixture of 5 ml of MeOH
and 10 ml of DCM. To this solution, about 13.5 ml of 1,3-BDT ligand
was added, and the reaction mixture was kept under stirring condi-
tion. Addition of the thiol immediately resulted in a turbid yellow so-
lution, which turned clear upon addition of about 200 mg of PPh3.
After about 15 min, a freshly prepared solution of 10.5 mg of NaBH4

in 500 ml of water was added. The stirring was continued under dark
conditions for 3 to 5 hours. During the course of the reaction, the dark
brown color of the solution changed to orange. After completion of
the reaction, the mixture was centrifuged and the supernatant was dis-
carded. The precipitate consisting of the Ag29 cluster was washed re-
peatedly with methanol. The sample was dissolved in DMF and again
centrifuged to remove any further insoluble contaminants. The super-
natant was vacuum dried, and the purified clusters ([107Ag29(BDT)12
(TPP)4]

3−/[109Ag29(BDT)12(TPP)4]
3−) were obtained in powder form.

Synthesis of isotopically pure [107Ag24Au(DMBT)18]
− and

[109Ag24Au(DMBT)18 ]
− clusters

Isotopically pure [107Ag25(DMBT)18]
− and [109Ag25(DMBT)18]

−

clusters were used as the precursor to which Au+ was added in a
controlled manner such that galvanic replacement of a Ag atom
with Au resulted in the formation of [107Ag24Au(DMBT)18]

− and
[109Ag24Au(DMBT)18]

− clusters (13), respectively.
Reaction of the isotopically pure clusters
In each case, stock solutions of parent isotopically pure clusters were
prepared at a concentration of 1.5 × 10−3 mM. Then, they were mixed
in different molar ratios, and their reaction was monitored by ESI MS.
Instrumentation
The optical absorption spectra were measured in PerkinElmer
Lambda 25 ultraviolet-visible spectrophotometer. All the mass spec-
trometric measurements were done in a Waters SYNAPT G2-Si
instrument. The instrument is well equipped with ESI, and all spectra
were measured in the negative ion and resolution mode. The instru-
ment is capable of measuring ESI MS with high-resolution touching
orders of 50,000 (m/Dm). The instrument was calibrated using NaI.
An optimized condition involving a capillary voltage of 3 kV, a cone
voltage of 20 V, a desolvation gas flow of 400 liters/hour, a source
temperature of 100°C, a desolvation temperature of 150°C, and a sam-
ple infusion rate of 30 ml/hour was used for all measurements. For
low-temperature measurements, the source and desolvation tempera-
tures were lowered to 30°C, and the sample was infused by an external
syringe, which was also cooled at −20°C.

Computational methods
Free-energy calculations
The exchange effect of silver isotopes (107Ag and 109Ag) was compu-
tationally studied in [Ag25(DMBT)18]

− and [Ag29(BDT)12(PPh3)4]
3−

clusters by calculating free energy and thermochemistry parameters
such as ZPE, enthalpy (H), and entropy (S) using density functional
theory (DFT), as implemented in real-space grid-based projector

augmented wave (PAW) package (22). The PAW setup Ag(4d105s1),
S(3s23p4), P(3s23p3), C(2s22p2), and H(1s1) was considered to include
only the valence electronic structure for the constituent atoms includ-
ing the scalar-relativistic effects for Ag. Further, a reduced model was
used considering −CH3 instead of the benzene rings in DMBT, BDT,
and TPP ligands to reduce the high computational time of frequency
calculations. The real-space calculation in finite difference mode, along
with Perdew-Burke-Ernzerhof (PBE) functional, was applied for the
geometry optimizations with a grid spacing of 0.2 Å, and the minimiza-
tion criterion was the residual forces of 0.05 eV/Å, without considering
any symmetry constraints. The atomic masses of Ag isotopes were taken
as 106.905 and 108.905 for 107Ag and 109Ag, respectively. The vibrational
modes were calculated only for Ag, S, and P atoms using the finite
difference approximation of the Hessian matrix by considering the
two displacements (+D and −D) per atom in each Cartesian coordinate.
Further, the calculated vibrational energies were used to calculate the
thermodynamic quantities like H, S, and Gibbs free energy (G).

The calculation of G is made in the ideal gas approximation. It
includes the electronic energy (Epot), ZPE (EZPE), translational, ro-
tational, and vibrational components of H and S, which are based
on DFT calculations. An additional entropy of mixing component
was calculated separately from statistical mechanics.

Enthalpy (H) is calculated within the atomistic simulation
environment as

H = Epot + EZPE + Cv_trans + Cv_rot + Cv_vib, and entropy is S =
Strans + Srot + Selec + Svib

Hence, the Gibb’s free energy at temperature T and pressure P is
calculated as

G ¼ H � T*S

The structural isomers of each isotopically substituted cluster
arising from the different possible ways of arranging n Ag isotopic
substituent atoms among the total number of Ag atoms are all
degenerate as far as their total electronic energy is concerned, with
a small difference of only 0.01 eV for both Ag29 and Ag25 in the value
of G of the parent and isotopic substituent clusters, in terms of their
enthalpic and the vibrational entropic components (see table S2).

We may write the reaction equations for the 1:1 ratio of mixing
as follows, and in doing so, we assume that both products, (m,n) =
(12,13) and (13,12) for Ag25 and (m,n) = (14,15) and (15,14) for
Ag29, are equally likely to form.

107Ag25ðDMBTÞ18
� ��

þ 109Ag25ðDMBTÞ18
� ��

→
107Ag13

109Ag12ðDMBTÞ18
� ��

þ 107Ag12
109Ag13ðDMBTÞ18

� ��

For the case of [Ag29(BDT)12(TPP)4]
3 −

107Ag29ðBDTÞ12ðTPPÞ4
� �3�

þ 109Ag29ðBDTÞ12ðTPPÞ4
� �3�

→

107Ag15
109Ag14ðBDTÞ12ðTPPÞ4

� �3�
þ

107Ag14
109Ag15ðBDTÞ12ðTPPÞ4

� �3�

For (m,n) = (12,13), (13,12) in [Ag25(DMBT)18]
− and (m,n) =

(14,15), (15,14) in [Ag29(BDT)12(TPP)4]
3− substituent cases (1:1 molar

ratio), we have computed the reactionmolar Gibbs free energy (DGreact)
at standard temperature (298K) and pressure (1 atm). The reaction free
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energies (DGreact) are zero for both Ag29 andAg25 clusters (see table S2),
and the overall free energy of reaction is given by

DG ¼ DGreact þ DGmix ¼ GðproductsÞ � GðreactantsÞ þ DGmix

For [Ag25(DMBT)18]
−,

GðproductsÞ ¼ G of 107Ag109Agð12; 13Þ þ G of 107Ag109Agð13; 12Þ
GðreactantsÞ ¼ G of parent107Ag25 þ G of parent109Ag25

and similarly for Ag29.
The expression for mixing or configurational entropy is simply that

of mixing two different ideal gases, which is known from statistical
mechanics, and is given by

DSmix ¼ �nmolR ðplnpþ ð1� pÞlnð1� pÞ½ �

where p is the mole fraction of 107Ag, (1 − p) is the mole fraction of
109Ag, and nmol is the total number of moles of the mixture (17). We
note that the mixing entropy is independent of the cluster size and
only depends on the mixing ratio; hence, we expect the half-and-
half-mixture to have the largest mixing free energy. For the 1:1 mix-
ture, we have p = 0.5, and hence, DSmix is Rln2 (nmol = 1) and DGmix =
−T*DSmix = −RTln2, where R is the gas constant in joules per mole
and nmol = 1. This analysis reveals that the entropy of isotopic mixing
is the largest and most significant contribution to the Gibbs free
energy. Because of the fractional mixing ratio, the mixing entropy is
always positive, and therefore, DGmix is always negative and is larger
than the other terms in the free energy. Hence, DGmix, being the
largest contribution to the overall reaction, causes DG to be always
negative, which makes the reaction spontaneous.

Themixing ratio x = 0.5 corresponds to the nearest integer numbers
of exchanged Ag atoms to half of the total number of Ag atoms in the
cluster, because both clusters have an odd number of Ag atoms, for ex-
ample, (25/2) = 12.5, hence, (13,12) or (12,13), where these composi-
tions both have the identical maximum degeneracy in arrangements
as a function of the number of substituents n in the Ag25 cluster. Simi-
larly, for theAg29 cluster, (29/2) = 14.5 and, hence, (14,15) or (15,14) are
the most entropically favorable compositions in Ag29.
Molecular docking
To understand the intermolecular interactions in [Ag25(SR)18]

−

clusters, molecular docking studies were performed using AutoDock4.2
and its associated tools (23). DFT-optimized geometry and partial
charges of [Ag25(SR)18]

−were used for this study.We used [Ag25(SR)18]
−

as both “ligand” and “receptor.” Receptor grids were generated using
126 × 126 × 126 grid points in xyz, with a grid spacing of 0.375 Å,
and map types were created using AutoGrid-4.2. The grid parameter
file (.gpf) was saved using MGL Tools-1.4.6.50. The docking param-
eter files (.dpf) were generated usingMGLTools-1.4.6.50. The results
of AutoDock generated an output file (.dlg), and the generated con-
formers were scored and ranked as per the interaction energy. Ten
lowest-energy conformers were obtained. We used the Lamarckian
genetic algorithm for the output file using MGLTools-1.4.6. The
binding free energy of the FFGMG of the dimeric cluster adduct was
−23.7 kcal/mol. Similar study was done with [Ag29(S2R)12(TPP)4]

3−

clusters, where [Ag29(S2R)12(TPP)4]
3− was used as both ligand and re-

ceptor. In this case, the binding free energy of FFGMG of the dimeric
adduct was −7.8 kcal/mol.

Calculation of theoretical isotope patterns with varying
composition of 107Ag/109Ag
We calculated the theoretical isotope patterns of [Ag25(DMBT)18]

−

and [Ag29(BDT)12(TPP)4]
3− by varying the abundance of each iso-

tope (107Ag/109Ag) in them by 1% change so that the composition
is (x,y), that is, {(100,0), (99,1), (98,2).......(0,100)}, where x and y are
the abundance of 107Ag and 109Ag, respectively. The experimental
spectra were compared with the calculated spectra to find the best
match and hence confirm the composition.
Details of fitting the kinetic data
The triexponential fitting in Fig. 3 was performed using the Origin
8.5 software package. The equation y = k1exp(−t*a) + k2exp(−t*b) +
k3exp(−t*c) was used for the triexponential fits. The parameters k1,
k2, k3, a, b, and c were varied during the fitting, and t was used as
the independent variable. Both monoexponential and biexponential
fits were inadequate, and only a triexponential fit could successfully
fit the data points.
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Fig. S1. Characterization of isotopically pure [
107

Ag25(DMBT)18]
-
 and [

109
Ag25(DMBT)18]

-
 

clusters. (A) UV-vis spectra of [
107

Ag25(DMBT)18]
- 
and [

109
Ag25(DMBT)18]

- 
clusters showing 

identical features. ESI MS of (B) [Ag25(DMBT)18]
-
 made from natural Ag, (C) 

[
107

Ag25(DMBT)18]
- 
 and (D) [

109
Ag25(DMBT)18]

-
. Insets show the comparison of the 

experimental and calculated isotope patterns of the peaks. The minor differences in the 

experimental spectra (in C and D) in comparison to the calculated spectra are due to the slight 

contribution of the other isotope in each sample as the isotope enrichment was 98%. 
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Fig. S2. Isotope patterns of the product obtained by reaction of [
107

Ag25(DMBT)18]
-
 and 

[
109

Ag25(DMBT)18]
-
 at 1:1 molar ratio. Experimental isotope distribution of the product 

obtained by mixing [
107

Ag25(DMBT)18]
-
 and [

109
Ag25(DMBT)18]

-
 at 1:1 molar ratio.  The isotope 

pattern is compared with (A) the distribution computed considering 50% abundance of each 

isotope in [Ag25(DMBT)18]
-
 and (B) experimental isotope patterns of [Ag25(DMBT)18]

-
 

synthesized from natural Ag. 

 

 

N.B. In this case, the overall isotope distribution has contribution from the isotopes of the metal 

Ag and also C, H and S in the ligands. For the two parent clusters (Fig. 1 and S1) which are 

isotopically pure there is only one isotope of Ag. However, the product, which is a 1:1 mixture of 

the two isotopic clusters, has an isotope abundance of 
107

Ag: ½ and 
109

Ag: ½ and the isotope 

pattern for Ag will follow the binomial distribution and as a result will be broader compared to 

the monoisotopic case. This contribution from the isotopic abundance of Ag will be reflected in 

the overall isotope distribution and thus the product distribution is obviously broader than the 

two parent clusters.  

Moreover natural abundance of Ag is 
107

Ag (51.84%) and 
109

Ag (48.16%). Hence the ratio of 

their abundances is 1.08, i.e. ˜1, hence product distribution is similar to the cluster made of 

naturally abundant Ag.   
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Fig. S3. ESI MS of reaction product obtained by mixing the two isotopic 

[
107

Ag25(DMBT)18]
-
 and [

109
Ag25(DMBT)18]

-
 clusters at various molar ratios. Product 

obtained by mixing [
107

Ag25(DMBT)18]
- 
and [

109
Ag25(DMBT)18]

-
 at varying molar ratios where in 

(A) [
107

Ag25(DMBT)18]
- 
cluster is kept in higher concentration and in (B) [

109
Ag25(DMBT)18]

-
 

cluster is kept in higher concentration. The initial molar ratio of mixing the two clusters 

([
107

Ag25(DMBT)18]
- 
: [

109
Ag25(DMBT)18]

-
) is indicated for each product observed.  
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Fig. S4. Comparison of the experimental and calculated isotope patterns of the products 

obtained by mixing [
107

Ag25(DMBT)18]
-
 and [

109
Ag25(DMBT)18]

-
 at various molar ratios. 

Comparison of the experimental isotope patterns of the products obtained at different molar 

ratios of mixing the two isotopic clusters ([
107

Ag25(DMBT)18]
-
:[

109
Ag25(DMBT)18]

-
) with the 

calculated patterns. The experimental patterns showed best match with the calculated patterns 

considering the abundances of each isotope in the cluster from their initial molar ratio of mixing.  

Note. Molar ratio of mixing ([
107

Ag25(DMBT)18]
- 
: [

109
Ag25(DMBT)18 ]

-
) = x:y 

Table S1. Abundance of 
107

Ag in product = {x/(x + y)}  100 and 
109

Ag in product = {y/(x + 

y)}  100. 

Sl. 

No. 

 

x:y 

 

Abundance 

(
107

Ag:
109

Ag) 

 

Sl. No. 

 

x:y 

 

Abundance 

(
107

Ag:
109

Ag) 

 

1 10:1 90.909:9.091 5 1:10 9.091:90.909 

2 5:1 83.333:16.667 6 1:5 16.667:83.333 

3 2.5:1 71.428:28.571 7 1:2.5 28.571:71.428 

4 1:1 50:50 8 1:1 50:50 
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Fig. S5. Isotope exchange in [Ag24Au(DMBT)18]
-
 clusters. ESI MS of (A) 

[
107

Ag24Au(DMBT)18]
-
 and (B) [

109
Ag24Au(DMBT)18]

-
. Insets show the comparison of the 

experimental and calculated isotope patterns. (C) Reaction of [
107

Ag24Au(DMBT)18]
- 
and [

109
 

Ag24Au (DMBT)18]
- 
in 1:1 molar ratio at room temperature, where (i), (ii) and (iii) denotes ESI 

MS of [
107

Ag24Au(DMBT)18]
-
, [

109
Ag24Au(DMBT)18]

-
 and the product (50% abundance of each 

isotope), respectively. All the spectra are shown in the same scale. (D) Intermediates stages of 

reaction in 1:1 molar ratio at -20 
o
C. (E) and (F) Reaction at various molar ratios, 

[
107

Ag24Au(DMBT)18]
- 
: [

109
 Ag24Au (DMBT)18]

- 
ratio is indicated in the figure.  
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Fig. S6. Characterization of isotopically pure [
107

Ag29(BDT)12(TPP)4]
3-

 and 

[
109

Ag29(BDT)12(TPP)4]
3-

 clusters.  ESI MS of (A) [
107

Ag29(BDT)12]
3- 

and (B) 

[
109

Ag29(BDT)12]
3-

 clusters. The labile TPP ligands were lost during ionization. Insets show the 

comparison of the experimental and calculated isotope patterns of the peaks. The minor 

differences in the experimental spectra in comparison to the calculated spectra are due to the 

slight contribution of the other isotope in each sample as the isotope enrichment was 98%. (C), 

UV-vis spectra of [
107

Ag29(BDT)12(TPP)4]
3- 

and [
109

Ag29(BDT)12(TPP)4]
3- 

clusters showing 

identical features.  
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Fig. S7. Reaction between [
107

Ag29(BDT)12(TPP)4]
3-

 and [
109

Ag29(BDT)12(TPP)4]
3-

 clusters in 

1:1 molar ratio at room temperature. (A) Intermediates stages of reaction between 

[
107

Ag29(BDT)12]
3- 

and [
109

Ag29(BDT)12]
3-

 in 1:1 molar ratio at room temperature. The mixture 

reaches equilibrium over a period of 2 h. (B) Intermediates stages of reaction between 

[
107

Ag29(BDT)12(TPP)n]
3- 

(n=0-4) and [
109

Ag29(BDT)12(TPP)n]
3-

 (n=0-4) in 1:1 molar ratio at 

room temperature, showing the intact TPP attached clusters in ESI MS. The mixture reaches 

equilibrium at similar time scales. 
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Fig. S8. ESI MS of reaction product obtained by mixing the two isotopic 

[
107

Ag29(BDT)12(TPP)4]
3-

 and [
109

Ag29(BDT)12(TPP)4]
3-

 clusters at various molar ratios. (A) 

Product obtained by mixing the two isotopic clusters [
107

Ag29(BDT)12]
3- 

and [
109

Ag29(BDT)12]
3- 

at 

varying molar ratios where in (a) [
107

Ag29(BDT)12]
3- 

is kept in higher concentration and in (b) 

[
109

Ag29(BDT)12]
3- 

is kept in higher concentration. The initial molar ratio of mixing the two 

clusters ([
107

Ag29(BDT)12]
3- 

: [
109

Ag29(BDT)12]
3-

) is indicated for each product observed. (B) 

Comparison of the experimental isotope patterns of the products with the calculated isotope 

patterns considering the abundances of each isotope from their initial molar ratio of mixing.  
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Fig. S9. Time-dependent study of reaction between [
107

Ag29(BDT)12(TPP)4]
3-

 and 

[
109

Ag29(BDT)12(TPP)4]
3-

 in 1:1 molar ratio at various temperatures. Time-dependent study 

showing the intermediates stages of reaction between [
107

Ag29(BDT)12]
3- 

and [
109

Ag29(BDT)12]
3-

 

in 1:1 molar ratio at (A) 40 
o
C, (B) 60 

o
C and (C) 0 

o
C. (D) Kinetic plot of the percentage of un-

exchanged parent cluster (Ct) versus time at 0
o
C. The rate constants obtained from tri-

exponential fitting are indicated in the figure.  
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Fig. S10. Kinetic study of isotopic exchange at different concentrations of 

[Ag29(BDT)12(TPP)4]
3-

 clusters. Time-dependent ESI MS and corresponding kinetic study 

showing the rate constants of the reaction at A) 1.5*10
-5

 mM and B) 1.5*10
-1

 mM concentration.  
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Fig. S11. Kinetic study of isotopic exchange in [Ag29(BDT)12(TPP)4]
3-

 clusters at different 

molar ratios of mixing. Kinetic study of isotopic exchange at molar ratios of mixing of 
107

Ag29:
109

Ag29 clusters, (A) 2.5:1 and (B) 5:1. The rate constants of the three stages of exchange 

in each case are denoted in the figure.  
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Fig. S12. Time-dependent study of reaction between [
107

Ag29(BDT)12(TPP)4]
3-

 and 

[
109

Ag29(BDT)12(TPP)4]
3-

 at various molar ratios. Time-dependent study showing the 

intermediate stages of reaction at 
107

Ag29:
109

Ag29 molar ratios of (A) 2.5:1 and (B) 5:1. 
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Fig. S13. Molecular docking studies. Lowest energy geometry obtained from docking two A) 

[Ag25(DMBT)18]
-
 and B) [Ag29(BDT)12(TPP)4]

3-
 clusters. C-H

…π interactions are indicated in the 
figure. Color codes: grey: Ag, yellow: S, orange: P, green: ligands. The H atoms involved in 

these interactions are shown in red and the benzene rings involved are shown in blue. Expanded 

view of the ligands involved in these C-H
…π interactions are shown in the insets b.  
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Table S2. Table showing ZPE and Gibbs free energy (G) values of the isotopic clusters. 

 

(a) For [Ag29(BDT)12(TPP)4]
3- 

clusters 

(i) Isotopically pure reactants 

Cluster 
ZPE 

(eV) 

G 

(eV) 

[
107

Ag29(BDT)12(TPP)4]
3-

 2.400 -1262.250 

[
109

Ag29(BDT)12(TPP)4]
3-

 2.394 -1262.271 

 

(ii) Mixed isotope product clusters with composition (m,n) = (15,14) and (14,15) in 

[
107

Agm
109

Agn(BDT)12(TPP)4]
3-

.  

 

(m.n) = (15,14) (m.n) = (14,15) 

Position 

of 
107

Ag 

atoms 

Position 

of 
109

Ag 

atoms 

ZPE (eV) G (eV) 

Position 

of 
107

Ag 

atoms 

Position 

of 
109

Ag 

atoms 

ZPE 

(eV) 
G (eV) 

C-1 

I-12 

S-2 

S-14 2.397 -1262.260 S-14 

C-1 

I-12 

S-2 

2.397 -1262.261 

S-15 

C-1 

I-12 

S-1 

2.397 -1262.260 

C-1 

I-12 

S-1 

S-15 2.397 -1262.261 

C-1 

I-6 

S-8 

I-6 

S-8 
2.397 -1262.260 

I-6 

S-8 

C-1 

I-6 

S-8 

2.397 -1262.261 

 

 

 

(b) For [Ag25(DMBT)18]
-
 clusters 

(i) Isotopically pure reactants 

Cluster 

Zero-point 

energy (ZPE) 

(eV) 

Free Energy 

(G) (eV) 

[
107

Ag25(DMBT)18]
-
 1.655 -502.919 

[
109

Ag25(DMBT)18]
-
 1.650 -502.938 

 

 

 

 

 

 

 



(ii) Mixed isotope product clusters with composition (m,n) = (13,12) and (12,13) in 

[
107

Agm
109

Agn(DMBT)18]
-
 

 

(m.n) = (13,12) (m.n) = (12,13) 

Position 

of 
107

Ag 

atoms 

Position 

of 
109

Ag 

atoms 

ZPE (eV) G (eV) 

Position 

of 
107

Ag 

atoms 

Position 

of 
109

Ag 

atoms 

ZPE (eV) G (eV) 

C-1 

I-12 
S-12 1.652 -502.928 S-12 

C-1 

I-12 
1.652 -502.929 

S-12 

C/I-1 
C/I-12 1.652 -502.928 C/I-12 

S-12 

C/I-1 
1.652 -502.929 

C-1 

I-6 

S-6 

I-6 

S-6 
1.652 -502.928 

I-6 

S-6 

C-1 

I-6 

S-6 

1.652 -502.929 

 

N.B. C, I and S refers to centre, icosahedron and staple positions, respectively.   
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Appearance of SERS activity in single silver
nanoparticles by laser-induced reshaping†

Kamalesh Chaudhari,‡a Tripti Ahuja,‡a Vasanthanarayan Murugesan,a

Vidhya Subramanian,a Mohd Azhardin Ganayee,a Thomas Thundat *b and

Thalappil Pradeep *a

We report simultaneous plasmonic scattering and Raman spectroscopic observations of single citrate

capped silver nanoparticles (AgNPs) which exhibit surface enhanced Raman scattering (SERS) upon

meeting specific conditions induced by laser (532 nm) exposure. We show that nanoparticles which are

not initially SERS active become SERS active by laser-induced reshaping/reorientation. A set-up devel-

oped for these observations enabled in situ high speed time-lapse characterization using plasmonic and

Raman spectroscopies in conjunction with dark-field microscopy (DFM). Changes in the AgNPs were

confirmed by monitoring plasmonic scattering spectra and DFM images. Time-lapse observations have

shown that laser-induced changes in the plasmonic properties of AgNPs resulted in the appearance of

SERS. Spectral matching between plasmon resonance and downward molecular vibronic transitions for

molecules adsorbed on the surface of plasmonic nanomaterials is attributed to the nanoparticle SERS. We

have further shown that the release of silver ions by silver nanoparticles can be the probable reason for

their plasmonic changes. Gold nanoparticles inert to such mild (850 µW, 532 nm) laser-induced changes

do not exhibit the appearance of SERS.

Introduction

The development of new nanosensors with multiplexed pro-

perties requires spatial and temporal correlation.1–4 Such cor-

relation is necessary for dual confirmation of sensing

signals.5,6 Each signal provides specific information about the

analyte and its interaction with the sensing element. Multiple

signals from the same system can be used to assure the detec-

tion of the analyte with high specificity. For example, due to

the recent advances in photothermal cantilever deflection

spectroscopy, multiple properties of analytes (mass, electrical

and optical properties) can be measured simultaneously.7,8

Other examples include electroluminescence or chemi-

resistance based sensors.9,10 Such sensors can provide electri-

cal readout along with other physico-chemical parameters.

At various stages in material characterization, it is necessary to

find correlation between multiple properties of the material.

For example, imaging of nanoparticles by diffraction-limited

optical techniques cannot provide information about their

actual size but on correlating the optical data with high resolu-

tion imaging techniques such as scanning electron

microscopy,11 transmission electron microscopy12 or atomic

force microscopy,13 structural information of the nanoparticles

has been obtained. Such complementary techniques are

helpful in correlating optical properties of nanomaterials with

their size, shape and structural arrangements. Various inte-

grated techniques and instruments have been developed for

such applications in the past.1,2,14 In such applications, when

it comes to visualizing plasmonic nanoparticles in native

environments, spectroscopic observations are usually com-

bined with DFM.1,2,6 It allows the observation of single nano-

particles with a high signal to noise ratio, in real-time, in a

native environment where interactions between the particles

and analyte molecules take place. Observations with scanning

electron microscopy11 or transmission electron microscopy12

can provide high resolution images for correlation studies but

these observations are possible only under high vacuum which

is not suitable for many studies and particles do not remain in

their native state. Considering the difficulties in the use of

microcantilevers in liquid media, such experiments are

†Electronic supplementary information (ESI) available: FESEM and HSI images

of AgNPs for spacing correlation, DFM montage of time-lapse images, intensity

profiles for noise correction, citrate SERS band assignment, temporal and plas-
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tedious in terms of obtaining good resolution for every sample

and it is difficult to couple the same with molecular identifi-

cation techniques such as confocal Raman microspectroscopy

(CRM). Hence a combination of DFM with CRM can be con-

sidered as an efficient combination for the observation of

samples in real-time, and in native-environments with

enhanced spatial and temporal resolution.1,2,4,6,15 Examples

from the past include demonstrations by the El-Sayed group

where they have shown applications of such combined

Rayleigh and Raman scattering spectroscopy to monitor live

cell division and concomitant molecular changes due to drug

delivery to the cells.16–18 In the recent past, our group has

demonstrated a combination of DFM and CRM for the localiz-

ation of molecules in bacterial and mammalian cells with

silver4 and gold6 nanoparticles. The set-ups reported in the

aforementioned studies were able to do measurements only on

fixed samples without single particle tracking and reposition-

ing. For the kind of study reported in the present manuscript,

we have modified the set-up such that it can be used for in situ

time dependent plasmonic and Raman scattering spectro-

scopic measurements with particle tracking capabilities, on

single nanoparticles.

The effect of temperature and laser excitation on SERS has

been studied in the past.19,20 In these studies, either laser

heating or changes in the substrate temperature were used as

control parameters which can affect SERS blinking in single

nanoparticles. However, the real-time fate of nanoparticles and

the corresponding nanoplasmonic property effect on SERS

blinking were not studied. In our study, we have periodically

exposed nanoparticles to a Raman excitation laser where plas-

monic changes after each Raman spectrum collection were

monitored in situ. In the present work, we focus on the appear-

ance of laser-induced SERS activity in citrate capped AgNPs

without the aid of aggregating agents. Briefly, we call this tech-

nique Particle Dynamics Induced-Plasmon Enhanced Raman

Scattering (PDI-PERS).

Various routes have been explored to control the SERS

activity of nanoparticles in the past.21–27 These routes are

mainly based on controlling the plasmonic nanocavity14 by

changing the gap between nanoparticles such as aggregation,

using linker molecules of different lengths23 etc. We report our

observations on the possibility of appearance of SERS activity

in single AgNPs by laser-induced changes that can help par-

ticles to reshape/reorient resulting in SERS favorable on-reso-

nance situations. This supports previously reported steady

state observations by Zhang et al. which have shown that

whenever there is spectral matching between plasmon reso-

nance and downward molecular vibronic transitions, such

situations are favorable for SERS and are called on-resonance

situations.14 To observe this effect, we have performed

PDI-PERS measurements on immobilized single AgNPs. With

the help of immobilization, the translational motion of par-

ticles was ceased but it allowed monitoring in situ shape and

orientation related changes in the particles with the help of

DF imaging and spectroscopic measurements. We have also

demonstrated the release of silver ions28 as a probable reason

for the appearance of SERS. Details of the data obtained are

discussed in the next section.

Results and discussion
Set-up for PDI-PERS

A preliminary form of the set-up for combined plasmonic and

Raman scattering microspectroscopy was reported previously

by our group.6 In the previous set-up, plasmonic and Raman

spectroscopic measurements were possible with a conventional

optical microscopy camera and fixed samples, in the absence

of particle tracking, which required manual positioning of the

samples during measurements. Also, the absence of auto-

mated shutters made it difficult to reposition samples for

repetitive measurements. In the set-up developed for the

present study (schematic shown in Fig. 1A), we have incorpor-

ated a high resolution camera coupler with two automated

shutters (SH1 & SH2). These shutters control the signal

passing towards the camera and the CCD spectrometer. The

intensity of light used to expose the sample is controlled using

automated ND filter wheels (FW1 & FW2). Fig. 1B shows the

UV-Vis spectrum, TEM image and DFM image of AgNPs used

in this study. The AgNPs are polydisperse in size and shape

which is also reflected in the DFM image. The existence of

single nanoparticles immobilized on an ITO coated glass slide

was verified by field emission scanning electron microscopy

(FESEM) (Fig. S1†). Single particles as well as small aggregates

composed of 2–3 nanoparticles were observed in such images.

DFM images on a similar length scale show mostly well separ-

ated single nanoparticles, supporting their immobilization

(Fig. S1†). Some of the high magnification FESEM images at

different locations of the sample are also shown in Fig. S2†

which clearly depicts different morphologies of immobilized

nanoparticles such as spheres, rods and faceted spheres. The

table in Fig. 1C shows the sequence of shutters and ND filter

wheels along with their outcomes that were followed during

the time-lapse measurements of the immobilized AgNPs.

Briefly, the sample was first exposed to white light and a DF

image was collected (Sr no. 1, Fig. 1C). This step was followed

by position correction using a particle tracking software (if

necessary) and then the scattering spectrum was collected

(Sr no. 2, Fig. 1C). Then the camera shutter was closed to

prevent exposure of CCD to high intensity laser light and the

sample was exposed to the Raman excitation laser to collect

the spectrum (Sr no. 3, Fig. 1C). After that, all the shutters and

ND filter wheels were brought to a close position before

opening the camera shutter for the next cycle of measurements

(Sr no. 4, Fig. 1C). Repeating this sequence periodically exposes

AgNPs under observation to the laser of ∼850 µW intensity.

The particle of interest was brought to the confocal volume by

manual positioning before starting the measurement sequence

and particle tracking was turned on. We observed from initial

measurements that, upon exposure to periodic laser pulses,

the plasmonic scattering spectrum and the color of the par-

ticle in the DFM image exhibited changes. These changes were
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attributed to the laser-induced reshaping/reorientation of

AgNPs. In the confocal set-up, the particle under observation

alone was exposed to the laser. Hence, photoreduction and

heating induced Ostwald ripening was seen only in the particle

under observation. As the nanoparticles were linked to the sub-

strate through mercaptopropyltrimethoxy silane, the linker

allowed limited movement. Due to the lower power of the

white light source in contrast to the laser, even if particles

were exposed for long, they did not exhibit any change in

color. These data along with the corresponding changes in the

SERS activity of AgNPs are discussed in the next section.

Observing changes in plasmonic scattering and SERS activity

of AgNPs using PDI-PERS

In this section, we demonstrate the PDI-PERS set-up to

account for the observed dynamic changes in the shape and

size of single nanoparticles and correlate the same with SERS

activity. We also discuss the importance and necessity of DFM

and plasmonic scattering spectroscopic measurements over

the other. We have used water as the medium in these experi-

ments as the refractive index of water (1.33) is close to that of

glass (1.5) and this helps the use of a high magnification oil

immersion 100× objective for the same. But the use of water as

a surrounding medium and an oil immersion objective for

real-time observations limits the verification of changes in size

and shape of AgNPs by other techniques such as AFM or SEM.

Hence, we have discussed our observations of shape and size

changes in AgNPs with DFM and plasmonic scattering spectra

alone which have been performed in situ.

Fig. 2 shows the temporal changes in the plasmonic scatter-

ing intensity (gray curve, integrated over DFM images) of a

silver nanoparticle monitored with the aforementioned

sequence of measurements (Fig. 1C). The scattering intensity

of the particle decreases initially and then it increases gradu-

ally in two exponential steps. Previously reported simulations29

of plasmonic nanoparticles have shown that the red shift in

the plasmon is mainly a function of the aspect ratio or

plasmon length of a nanoparticle, whereas particles with a

small aspect ratio exhibit plasmonic scattering in the green

region. Along these lines, it has been also shown that particles

with a larger volume exhibit a larger scattering intensity as

compared to smaller particles. This suggests that in our obser-

vations, while there was red shift in the plasmon (time unit

100–200), the particle volume did not change as corroborated

by a decrease in the plasmonic scattering but later when its

volume started increasing, growth was mostly lateral which

resulted in the blue shift and broadening of the plasmonic

scattering spectrum along with an increase in the scattering

intensity. Fig. S3† shows a montage of all the particle images

captured during the observation. Changes in the scattering

intensity and plasmon resonance can be seen clearly in this

montage. It has been reported previously that changes in the

plasmon resonance wavelength are due to changes in the plas-

monic length (the length over which oscillations take place),30

Fig. 1 (A) Schematic of the set-up for PDI-PERS. Set-up also facilitates high resolution dark field imaging and real-time tracking of single nano-

particles for continuous monitoring of the same nanoparticle. Filter wheels (FW1 and FW2) and shutters (SH1 and SH2) control the intensity of light

sources and exposure of spectrometer/camera, respectively. (B) UV-Vis spectrum of the AgNPs used in this study. Insets show TEM (scale bar –

20 nm, top) and hyperspectral dark field image (scale bar – 2 µm, bottom) of AgNPs. (C) Time-lapse sequence of neutral density (ND) filter wheels,

shutters and the outcomes of such combinations.

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2019 Nanoscale, 2019, 11, 321–330 | 323



and the aspect ratio of the nanostructure, whereas changes in

the scattering intensity are mainly related to the volume of the

nanoparticle.29 Such changes are highly dependent and

directed by the nature of the ligand but in the context of this

paper, we have not studied such details. The possible reason

behind the exponential nature of changes is that the increase

in the length and volume (lateral growth) of the particle can be

complementary and once the changes in length saturate, then

only changes in volume begin as indicated in the reported

simulations.29,30 This suggests step by step changes in the

shape of the particle upon laser exposure. Similar kinds of

changes were observed when the plasmonic scattering inten-

sity was integrated over a complete spectrum of particles (cyan

curve, Fig. 2). A better correlation between DFM images and

scattering spectral intensities can also be visualized in ESI

Video S1.† This video shows that the blue shift observed in

DFM images (in the time window of 120–200) is actually due to

the NIR shift in the plasmonic scattering spectrum which was

not observable in DFM due to lower quantum efficiency of the

CCD camera in the NIR region as it responded well only to the

blue part of the scattering spectrum. However, in prolonged

PDI-PERS measurements, there can be minor changes in the

position due to heating of the substrate and the particle may

move away from the confocal volume. Hence, DFM of the par-

ticle is necessary to monitor and track the position of the par-

ticle to facilitate undisturbed and prolonged measurements.

Other benefit of DFM based intensity monitoring is that the

CCD device can capture images over large areas of the sample

and other nanoparticles can be monitored as a control. The

minor intensity variations due to occasional auto positioning

create similar intensity variations in other particles which can

be used for noise correction. Details on noise correction are

explained in Fig. S4.† To conclude, DFM in conjunction with

the information provided by scattering spectroscopy can be

used to interpret smooth RGB channel-based changes result-

ing from the reshaping of the particle. Inset (i) of Fig. 2 shows

a resolved SERS spectrum of the citrate ligand anchored on a

AgNP. Assignments for the observed Raman bands are pro-

vided in Fig. S5† and corresponding Table S1.†

Correlation between plasmonic scattering and SERS activity of

AgNPs in time-lapse measurements

When the temporal intensity map of Raman spectra was corre-

lated with the color map of plasmonic spectra (Fig. 3A), it was

clear that the particle exhibited surface enhanced Raman

activity whenever there was a red shift in the plasmon of

AgNPs. The region of interest was expanded from the temporal

plasmonic colormap shown in Fig. 3A.

Dotted white and blue squares in the spectral maps show

the temporal region when SERS was observed. Complete tem-

poral maps of Raman and plasmonic spectra are shown in

Fig. S6.† Correlated plasmonic and Raman scattering spectra

corresponding to the time points of interest are provided in

Fig. S8.† SERS activity is highly specific to the structure of the

plasmonic particle and the position of the vibrating molecule

with respect to the particle, hence all the red shifts in the

plasmon do not give rise to the SERS spectrum but SERS occurs

only when all the favorable conditions are met. Although in this

case, only a weak correlation was observed, we conclude that

laser-induced changes in plasmons resulted in spectral match-

ing between plasmon resonance and molecular vibronic tran-

sitions14 responsible for maximum SERS activity observed at

Fig. 2 Variations in the plasmonic scattering intensity of a single isolated AgNP are plotted as a function of time (time-lapse interval – ×7 s). The

gray curve shows intensity determined from DF images and the cyan curve shows the intensity integrated over temporal plasmonic spectra. The

corresponding DF images and plasmonic scattering spectra of the particles are shown at the time points of interest. The green circle highlights the

region where SERS activity of the particle was observed. Inset (i) shows the SERS spectrum of the citrate ligand on AgNPs, measured at the 108th

time step. Beyond 900 seconds in the time axis, growth was saturated, thereafter no SERS was observed.
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specific times. This phenomenon has been reported previously

for plasmon enhanced Raman spectroscopy measurements

performed on single molecules adsorbed on a silver substrate

with spectrally matching and unmatching plasmons.14,31

Changes in the scattering spectra can be seen clearly from the

temporal 3D waterfall plot (Fig. 3B) for the nanoparticle under

observation, and a more prominent correlation between the

red shift of the plasmon and SERS can be seen. This is shown

by the wine colored circles in Fig. 3B. The RGB profile for the

particle is shown in Fig. S7† which was calculated from the

time dependent DFM images of the nanoparticle. However,

this was not the case when the plasmon was shifted to the NIR

region and it finally became broad with a span over both green

and red regions, supporting the high specificity of SERS to the

particle structure and the position of the analyte with respect

to the hot spots in addition to the plasmonic scattering in a

specific region. Single nanoparticles exhibited SERS only when

an on-resonance condition is fulfilled in which (a) laser exci-

tation and a high energy shoulder of sharp plasmon resonance

match with the upward molecular vibronic transitions and (b)

the plasmon resonance matches with the downward molecular

vibronic transitions.14 The aforementioned condition was not

fulfilled when there was broad plasmonic scattering and hence

it led to an off-resonance situation. A major conclusion from

these overall data is that although the nanoparticle did not

exhibit SERS activity initially, upon laser-induced changes,

reshaping/reorientation made it into a SERS-active state.

Conclusions made from these data were verified by repeating

similar measurements on multiple single silver nanoparticles.

Results of the same are discussed in the next section.

Laser-induced appearance of the SERS activity in single AgNPs

Fig. 4 shows further measurements performed on single

AgNPs. Fig. 4A, B, and C show a Raman intensity map, corre-

lation between the integrated intensity profiles of the Raman

intensity and plasmon colormap and a temporal plasmonic

colormap (Raman – 1000–2000 cm−1, plasmon – 562–595 nm)

for single AgNPs. Time-lapse Raman and plasmonic spectra

corresponding to the Raman and plasmonic colormaps in

Fig. 4A and C are shown in Fig. 4D and E respectively. The

region of 1000–2000 cm−1 was selected because the most pro-

minent vibrational features of citrate are in this region (refer to

the inset of Fig. 2 and Table S1†). The corresponding region of

plasmonic scattering is 562–595 nm. Data in Fig. 4B support

the fact that SERS activity appeared whenever spectral match-

ing between plasmon resonance and molecular vibronic tran-

sitions took place.14,31

Reproducibility was checked on various single AgNPs and

similar correlation between colormaps and spectra is shown

for other particles in Fig. S9.†

The SERS favorable situations of spectral matching can be

called on-resonance situations and others correspond to off-

resonance.14 Plasmonic colormaps (Fig. 4C) justify that par-

ticles in the off-resonance situation can undergo laser-induced

changes in structure and shape leading to on-resonance.

Temporal intensity profiles suggest that the on-resonance

situation implies the possibility of SERS activity. As mentioned

previously, fluctuations in the Raman intensity can be the

outcome of high specificity of SERS to the position and orien-

tations of molecules with respect to the hot spots on AgNPs.

Despite the aforementioned fact, the appearance of SERS by

laser-induced changes in single AgNPs is evident. It can be

observed that due to intense periodic exposure to the laser, the

particles keep reorienting and reshaping and because of this,

the on-resonance situation cannot last for a long time. Hence,

we have tried to control the intensity of the Raman excitation

laser such that the SERS favorable on-resonance situation can

be maintained for a longer period. These results are discussed

in the next section.

Maintaining SERS activity for a longer time by controlling the

laser intensity

Temporal maps of Raman intensity (Fig. 5A and C) and plas-

monic scattering (Fig. 5B and D) for two single AgNPs are

Fig. 3 (A) A selected portion of intensity and color map showing corre-

lated changes in the Raman and plasmonic scattering of AgNPs, respect-

ively made with the help of Matlab algorithm. Dotted squares show that

SERS activity was observed upon red shift in the plasmonic scattering of

the particle. (B) A temporal plasmonic scattering waterfall plot of AgNPs

shows the region (navy blue colored dotted box in (A) and wine colored

circles in (B)) when SERS activity of the nanoparticle was observed.
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shown in Fig. 5. During these measurements, the particle was

excited with a laser at 850 µW intensity initially. As soon as

SERS activity was observed, the excitation laser intensity was

reduced to 85 µW. White arrows (marked as SERS appeared) in

Fig. 5A and C show the point in time when the laser intensity

was reduced, and this can be seen by reduction in the intensity

and width of the Rayleigh peak in the Raman spectrum. The

corresponding changes in the plasmonic spectrum (black

arrows, marked as Plasmon change) can be seen in the plas-

monic color maps (Fig. 5B and D). In this way, we were able to

slow down the changes in the plasmon position of AgNPs as

well as orientation, so as to maintain the SERS activity for a

longer time. However, this only slows down changes but does

not stop them completely. Hence after sometime, upon

Fig. 4 (A) Raman intensity map, (B) correlating integrated intensity profiles for Raman and plasmonic spectral match and (C) plasmonic scattering

colormap and their corresponding time-lapse Raman and plasmonic scattering spectra (D&E) for single AgNPs. All the figures show that abrupt

changes occurred during time 70 to 100 (×7 s), the whole spectra are presented in D & E.

Fig. 5 Raman intensity map (left) and plasmonic scattering colormap (right) for AgNP-3 (top, A, B) and AgNP-4 (bottom, C, D). White arrows show

the point in time when laser intensity was decreased from 850 µW to 85 µW after the appearance of SERS. Yellow arrows show the point in time

when SERS disappeared. The corresponding Raman intensity counts for the 1590 cm−1 peak are also shown within brackets. Black and green arrows

show the corresponding points in time of plasmonic colormaps when SERS appeared and disappeared respectively.
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changes in the plasmon (green arrows, marked as the plasmon

change) back to the off-resonance situation, SERS activity of

the AgNPs diminishes (yellow arrows, marked as SERS

disappeared).

This proves the possibility of controlling SERS activity by

slowing down the laser-induced changes in the SERS favorable

on-resonance plasmon of AgNPs.

We have also performed such observations on single gold

nanoparticles (Fig. S10†). For them, even after performing

measurements for a long time, no laser-induced changes were

observed due to better stability of AuNPs over AgNPs

(Fig. S10†). Only constant luminescence instead of SERS was

detected. In order to understand laser-induced changes, we

have performed various control experiments by performing

prolonged observations in the absence of laser exposure. In

those cases, no such appearance of SERS was seen in AgNPs.

Role of silver ions released from AgNPs in the appearance of

laser-induced SERS

In control observations, it was found that the growth and

reshaping of AgNPs is assisted by the release of silver ions

from nanoparticles in the surrounding region. To study this,

time-lapse experiments were performed on the AgNPs washed

extensively with DI water (four times at an interval of six hours

(4 × 6 hours – 24 hours) after sample immobilization). These

particles were referred to as washed particles. To prove the

decrease in the release of silver ions with time and repeated

washing steps, ICP-MS (inductively coupled plasma mass

Fig. 6 Stacks of single particle images for (A) washed AgNPs before and after laser exposure which did not exhibit SERS, (B) unwashed AgNPs

before and after laser exposure which did not exhibit SERS and (C) unwashed AgNPs before and after laser exposure which exhibited SERS. Changes

in the red (R) and blue (B) channel scattering intensities relative to the green channel (R/G and B/G) were calculated. Distributions of the percentage

change in the aforementioned relative scattering intensities before and after laser exposure are plotted for AgNPs, (D) washed AgNPs, (E) unwashed

AgNPs showing SERS, and (F) unwashed AgNPs not showing SERS.
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spectrometry) of the collected water was performed. These

data are provided in Table S2.† The content of silver ions

decreased after successive washing steps. Based on the ICP-MS

data of release of silver ions, detailed calculations were per-

formed corresponding to the number of atoms and nano-

particles formed and their effect on the increment of the

volume of the nanoparticles. From calculations, it was found

that the effective concentration of silver ions released (3.47

ppb) after 6 h is enough to form 2.5 × 1011 new nanoparticles

of 50 nm diameter by photoreduction. The same quantity of

ions is also enough to increase the diameter of 1.4 × 1011

nanoparticles to 70 nm from 50 nm. Therefore, an increase in

the number and growth of nanoparticles is possible from the

ions released. As photoreduction is limited to the confocal

volume, we haven’t observed an increase in the plasmonic par-

ticles elsewhere on the substrate.

Washed AgNPs were almost inert to the laser-induced

changes and no SERS was observed (Fig. 6A). A total of seven-

teen (twelve are shown here) particles were monitored and

only one exhibited laser-induced SERS. The probability of

appearance of SERS in washed AgNPs was as low as ∼6%.

AgNPs which were washed once with DI water after immobiliz-

ation exhibited good probability of the laser-induced SERS

(∼44%). To differentiate from the washed AgNPs, these were

referred to as unwashed AgNPs. The images of unwashed par-

ticles before and after laser exposure are shown in Fig. 6B

which did not exhibit SERS. Fig. 6C shows images of

unwashed particles before and after laser exposure which

exhibited SERS. A total of thirty-six particles (twenty-four

shown here) were monitored and fourteen exhibited laser-

induced SERS. It can be seen from the images of washed and

unwashed AgNPs before and after laser exposure that

unwashed particles are more prone to changes in scattering as

compared to washed particles. For unwashed particles, in

some cases, drastic changes in the scattering images can be

seen. Time dependent changes in the size and shape of nano-

particles can occur due to the Ostwald ripening process.

Ostwald ripening of silver nanoparticles in a synthetic mixture

has been reported in the past where excess silver ions assist a

controlled growth of specific morphologies.32 In our obser-

vations, we have immobilized silver nanoparticles and no

excess silver ions were added. Hence, Ostwald ripening is

limited to the presence of silver ions released from the sur-

rounding silver nanoparticles. To simplify these observations,

changes in the red (R) and blue (B) channel scattering intensi-

ties relative to the green channel (R/G and B/G) were calculated

and distributions of the percentage change in these quantities

before and after laser exposure were plotted.

Details of the calculations are provided in the end of the

ESI.† Direct changes in the RGB intensity were not a good

parameter to group particles because RGB intensities vary for

individual particles. These percentage changes are shown in

Fig. 6D, E and F. For the AgNPs which do not exhibit SERS,

%R/G change is mostly negative, whereas for the AgNPs which

exhibit SERS, %R/G change is mostly positive. Negative and

positive % changes are shaded in green color for proper identi-

fication. This suggests that laser-induced appearance of SERS

is assisted by silver release. We conclude our study with

certain observations as below.

Conclusions

We have developed a set-up which enables multispectral, high

speed (8–10 s) time-lapse characterization of single nano-

particles by plasmonic and Raman scattering spectroscopy.

Observations using this set-up have shown that AgNPs which

are initially in the off-resonance situation can change into the

on-resonance situation upon exposure to a Raman excitation

laser. We note that effects of temperature and laser excitation

on SERS blinking have been studied in the past.19,20 The real-

time fate of nanoparticles and consequence of nanoplasmonic

properties on SERS blinking are our contributions to this litera-

ture. We have also shown that once favorable conditions (like

reshaping/reorientation) are obtained, the on-resonance situ-

ation can be maintained for longer times by lowering the inten-

sity of the excitation laser from 850 µW to 85 µW. Supporting

experiments28 have shown that such changes in AgNPs are

assisted by the release of silver ions from the surrounding nano-

particles whereas gold nanoparticles are completely inert to

such changes due to their relatively less reactivity. We have also

performed experiments to correlate the release of silver ions

from AgNPs with the probability of the appearance of SERS. It

was found that washed AgNPs exhibited ∼6% SERS probability

while unwashed AgNPs exhibited ∼44%. We have simplified

these observations with the help of a schematic shown in Fig. 7.

Fig. 7 Schematic to explain the effect of laser irradiation and silver ion

release from AgNPs on the appearance of SERS.
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This study opens up the possibility of multispectral obser-

vations of intermolecular, interparticle reactions in real-time

at the single-particle/single-molecule level. In the presented

study, although measurements with water as a surrounding

medium open up various possibilities for investigating biologi-

cal samples, the limitation was that one needs to rely on dark-

field spectroscopy for inference on the morphology of nano-

particles and direct correlation with FESEM was not possible.

Such observations will be able to provide new insights into the

behavior of molecules on the surface of SERS active nano-

particles. We speculate that many temporal changes with SERS

active nanoparticles may involve intermittent states of mole-

cules/particles which may be revealed by studies using the pre-

sented strategy.

Experimental
Materials

Tetrachloroauric acid trihydrate (HAuCl4·3H2O) (99.9%) was

made and purified in lab using pure gold purchased from the

local market. Trisodium citrate (>99%) was purchased from

Qualigens. 3-(Mercaptopropyl)trimethoxysilane was purchased

from Sigma Aldrich. Silver nitrate (99.9%) was purchased from

RANKEM, India. Deionized water (DI) (∼18.2 MΩ) obtained

from Millipore was used throughout the experiments.

Synthesis of citrate capped silver nanoparticles

The synthesis of AgNPs was done by the Turkevich method.33

Briefly, AgNO3 (17 mg in 100 mL DI water) solution was heated

to boil and then trisodium citrate (40 mg) was added. Once

the color of the solution changed to pale yellow, it was

quenched under tap water. The synthesis of AgNPs was con-

firmed by UV-Vis spectroscopy and transmission electron

microscopy (TEM) imaging. A strong localized surface

plasmon resonance (LSPR) peak was observed at ∼422 nm in

the UV-Vis spectrum (Fig. 1B). Synthesized AgNPs were poly-

disperse in size and their shape was studied by TEM.

Synthesis of citrate capped gold nanoparticles

The synthesis of AuNPs was done by the Turkevich method.33

Briefly, 100 mL of HAuCl4 (1.25 mM in DI water) solution was

heated to boil in a round bottom flask and stirred at 400 rpm.

Upon boiling, 2 mL trisodium citrate (1%) solution was added.

Gradually, the color of the solution changed to wine red. Then

the solution was cooled at room temperature. The synthesis of

AuNPs was confirmed by UV-Vis spectroscopy and TEM

imaging (Fig. S11†). A strong LSPR peak was observed at

∼535 nm in the UV-Vis spectrum. Synthesized AuNPs were

almost uniform with a diameter of ∼25–35 nm as observed

under TEM.

UV-Visible extinction spectroscopy

UV-Visible spectroscopic measurements were performed using

a PerkinElmer Lambda 25 spectrophotometer in the range of

200–1100 nm.

Transmission electron microscopy

Transmission electron microscopic (TEM) measurements were

performed using a JEOL 3010, 300 kV instrument. Samples

were spotted on carbon coated copper grids by drop casting

followed by drying in ambient air.

Field emission scanning electron microscopy (FESEM)

FESEM measurements were performed using an Inspect F50

from FEI, with 1.2 nm resolution at 30 kV in SE (Fig S1A†).

Later, FESEM experiments were done using a Tescan-Mira 3

LMH instrument (Fig S2†). Samples were prepared by immobi-

lizing AgNPs on ITO coated glass slides.

Particle dynamics induced-plasmon enhanced Raman

scattering (PDI-PERS)

The PDI-PERS set-up was built by integrating three separate

instruments namely a Cytoviva™ high resolution dark field

condenser, WiTec GmbH confocal Raman microscope and

Dage Excel M cooled CCD camera. The core part of the inte-

gration was a coupler comprised of two automatic shutters

and two automated ND filter wheels (Thorlabs) as shown in

the schematic (Fig. 1A). These automated shutters and ND

filter wheels were controlled using a home built controller and

LABVIEW software. Particle tracking abilities were included in

the LABVIEW software to take care of changes in the position

of the sample, if any during measurements. Samples were

mounted on a piezo stage for real-time positioning using a

tracking software. The piezo stage can correct the position of

the particle with ∼27 nm resolution. A frequency doubled Nd:

YAG diode laser (532 nm) was used for Raman excitation of

the sample. An L1090 halogen lamp from International Light

Technologies Inc., USA was used for white light illumination

(400–1000 nm) required for DFM. Samples were focused using

a 100× oil immersion objective (UPLFLN, Olympus). The

scattering signal after passing through a 535 nm edge pass

filter was dispersed using a grating (150 grooves per mm) onto

a 1024 pixel charge coupled device (CCD) spectrometer.

Immobilization of nanoparticles

Immobilization of AgNPs and AuNPs on a glass slide was done

by the pinpoint immobilization method.3 Briefly, an ultrasoni-

cally cleaned 1 mm thick glass slide (SCHOTT) was flushed

with a 0.2 μM, 5 mL solution of (3-mercaptopropyl)trimethoxy-

silane (in ethanol). Then it was washed extensively with DI

water followed by dropping of 10 μL (10 fold diluted) solution

of nanoparticles over it and covering it with a clean glass cover-

slip. After incubation for 30 minutes, the coverslip was

removed and the glass slide was washed extensively with DI

water to remove unbound nanoparticles. Then 10 μL DI water

was dropped on the immobilized region and covered with a

0.145 mm thick Nexterion® clean room cleaned coverslip. It

was sealed with nail polish on its sides to avoid drying of the

samples. In the overall procedure, care was taken to expose

only one side of the slide to chemicals.
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Fig. S1 Verification of AgNPs immobilization was done using FESEM imaging. It can be seen 

that interparticle distances are similar in FESEM and DFM images. (A) FESEM image, (B) DFM 

image of AgNPs immobilized in a given area of 36 x 36 µm2. 
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Fig. S2 High magnification FESEM images depicting different morphologies of the immobilized 

single AgNPs at various locations. Some aggregates were also seen. 
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Fig. S3 Montage of the DFM images for single AgNPs for which intensity profiles are shown in 

Fig. 2 of the main text. Number of data point shown in Fig. 2 can be correlated to the image 

by position calculated using the formula given in below image. Here Ni is data point in time 

and nx and ny increase in steps of 1. 
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Fig. S4 Large area dark field images of the region surrounding single AgNP (particle 3) for 

which intensity profiles are shown in Fig. 2 of the main text. (A) At the beginning of the 

observation. Monitored particle inside the confocal volume is encircled. (B) At the end of the 

observation. (C) Graph shows percentage variations in the scattering intensity of particles 

(1,2,4,5,6) in the surrounding region of particle 3 which were averaged to obtain better 

correction spectrum (spectrum with purple color). Particle 3 spectrum was corrected by 

dividing the same with correction spectrum is shown on the top. It can be seen that similar 

kind of variations were removed after correction. 
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Fig. S5 SERS spectrum of citrate ligand on the AgNP for which intensity profiles are shown in 

Fig. 2 of main text. Corresponding Raman band assignments are provided in Table S1 given 

below. 

 

Table S1 Citrate SERS band assignments 
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1 246.6 v(Ag-O)

2 582 δ( COO)
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4 1285.2 δ(CH2)+ω(CH2)

5 1388 νsy (COO-)

6 1508.1 νas(COO-)

7 1592.3 νas(COO-)

8 1675.7 νas(COO-) + δ(OH)

9 2795.9 νsy (CH)

10 3000.1 νas(CH)
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Fig. S6 Temporal plasmonic colormap and Raman intensity map of changes in the plasmonic 

and Raman scattering of AgNP for which intensity profiles are shown in the Fig. 3A of the main 

text. 
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Fig S7. RGB profile for the particle calculated from the time-dependent DFM images. Blue 

color box indicating the time position when SERS activity was observed in the nanoparticle.  
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Fig. S8 Plasmonic and Raman scattering spectra corresponding to the time points of interest 

of AgNP for which intensity profiles are shown in Fig. 2 of the main text. 
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Fig. S9 (A) Raman intensity map, (B) Correlating integrated intensity profiles for Raman and 

plasmonic spectral match and (C) Plasmonic scattering colormap and their corresponding 

time-lapse Raman and plasmonic scattering spectra (D&E) for isolated AgNP. All the figures 

show that abrupt changes occurred during time 145-160 and 190-220 (x 7 sec) shown with 

wine colored dotted circles, the whole spectra are presented in D & E. 
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Fig. S10 A plasmonic scattering colormap (left) and Raman intensity map (right) of two AuNPs. 

 

 

Fig. S11 (A) UV-Vis spectrum of the AuNPs used in this study. (B) TEM (scale bar – 50 nm) 

image of AuNPs. HRTEM (scale bar – 3 nm) of one particle is shown in the inset. 
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Table S2 Changes in the Silver content in water collected after washing out immobilized 

AgNPs in the area of 22 x 22 mm 

 

S. 

No. 

Washing time 

(hours) 
Ag in ppb 

1 0 7.14 

2 6   3.47 

3 12   0.79 

4 18   0.32 

5 24   0.28 

 

Calculations of the number of atoms and nanoparticles formed by Ag ions release and their 

effect on the increment of the volume of nanoparticles 

Silver ion release by ICP-MS (6 h) = 3.47 ppb (3.47 ug/L or 3.47 ng/mL) 

For ICP-MS measurements, volume of DI water used for washing immobilized sample = 500 

uL, hence, silver ion release = 1.74 ng/500 uL. 

Molarity of the silver ions solution with 1.74 ng in 500 uL = 32.3 nM 

Applying dilution correction, number of atoms in the 32.3 nM = 32.3 x 10-9 x 50 x 6.02 x 1023 

= 0.97 x 1018 atoms (Note: 10 uL AgNP volume used for immobilization was washed with 500 

uL milliQ water) 

No. of atoms present in 50 nm diameter AgNP = 3.9 x 106 

 Total no. of NPs which could be formed = 0.97 x 1018/3.9 x 106 = 2.5 x 1011 AgNPs of 50 nm ؞

diameter 

For 50 nm nanoparticles which could be changed to 70 nm particles = 1.4 x 1011 NPs. 

 

Calculations of the percentage change in RGB intensity: 

For particle images before and after (Ib and Ia, respectively) with RGB intensities IbR, IbG, IbB and 

IaR, IaG, IaB following formulae were used to calculate R/G% and B/G% change as given below, �� �ࢍ�ࢇࢎࢉ % =  ሺ�ࢇ�/�ࢇ�ሻ −  ሺ�࢈�/�࢈�ሻሺ�࢈�/�࢈�ሻ  

 �� �ࢍ�ࢇࢎࢉ % =  ሺ�ࢇ�/�ࢇ�ሻ −  ሺ�࢈�/�࢈�ሻሺ�࢈�/�࢈�ሻ  
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Approaching Materials with Atomic Precision Using Supramolecular
Cluster Assemblies
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CONSPECTUS: Supramolecular chemistry is a major area of chemistry that utilizes weaker non-covalent interactions between
molecules, including hydrogen bonding, van der Waals, electrostatic, π···π, and C−H···π interactions. Such forces have been the
basis of several molecular self-assemblies and host−guest complexes in organic, inorganic, and biological systems. Atomically
precise nanoclusters (NCs) are materials of growing interest that display interesting structure−property correlations. The
evolving science of such systems reaffirms their molecular behavior. This gives a possibility of exploring their supramolecular
chemistry, leading to assemblies with similar or dissimilar cluster molecules. Such assemblies with compositional, structural, and
conformational precision may ultimately result in cluster-assembled hybrid materials. In this Account, we present recent
advancements on different possibilities of supramolecular interactions in atomically precise cluster systems that can occur at
different length scales. We first present a brief discussion of the aspicule model of clusters, considering Au25(SR)18 as an
example, that can explain various aspects of its atomic precision and distinguish the similar or dissimilar interacting sites in their
structures. The supramolecular interaction of 4-tert-butylbenzyl mercaptan (BBSH)-protected [Au25(SBB)18]

− NCs with
cyclodextrins (CD) to form Au25SBB18∩CDn (n = 1−4) and that of [Ag29(BDT)12]

3− with fullerenes to form
[Ag29(BDT)12(C60)n]

3− (n = 1−9) (BDT = 1,3-benzenedithiolate) are discussed subsequently. The formation of these
adducts was studied by electrospray ionization mass spectrometry (ESI MS), optical absorption and NMR spectroscopy. In the
subsequent sections, we discuss how variation in intercluster interactions can lead to polymorphic crystals, which are observable
in single-crystal X-ray diffraction. Taking [Ag29(BDT)12(TPP)4]

3− (TPP = triphenylphosphine) clusters as an example, we
discuss how the different patterns of C−H···π and π···π interactions between the secondary ligands can alter the packing of the
NCs into cubic and trigonal lattices. Finally, we discuss how the supramolecular interactions of atomically precise clusters can
result in their hybrid assemblies with plasmonic nanostructures. The interaction of p-mercaptobenzoic acid (p-MBA)-protected
Ag44(p-MBA)30 NCs with tellurium nanowires (Te NWs) can form crossed-bilayer precision assemblies with a woven-fabric-like
structure with an angle of 81° between the layers. Similar crossed-bilayer assemblies show an angle of 77° when Au102(p-
MBA)44 clusters are used to form the structure. Such assemblies were studied by transmission electron microscopy (TEM).
Precision in these hybrid assemblies of Te NWs was highly controlled by the geometry of the ligands on the NC surface.
Moreover, we also present how Ag44(p-MBA)30 clusters can encapsulate gold nanorods to form cage-like nanostructures. Such
studies involved TEM, scanning transmission electron microscopy (STEM), and three-dimensional tomographic
reconstructions of the nanostructures. The hydrogen bonding interactions of the −COOH groups of the p-MBA ligands
were the major driving force in both of these cases. An important aspect that is central to the advancement of the area is the
close interplay of molecular tools such as MS with structural tools such as TEM along with detailed computational modeling.
We finally conclude this Account with a future perspective on the supramolecular chemistry of clusters. Advancements in this
field will help in developing new materials with potential optical, electrical, and mechanical properties.

■ INTRODUCTION

Atomically precise nanoclusters (NCs) present rich diversity in
their structures and properties.1,2A large variety of clusters made
of noble metals like Au, Ag, etc. and protected by ligands3,4 such
as thiols and phosphines are known in the literature, andmany of

their structures have been determined from single-crystal

studies. Precise composition, precision in molecular structure,

Received: July 28, 2018
Published: December 3, 2018

Article

pubs.acs.org/accountsCite This: Acc. Chem. Res. 2019, 52, 2−11

© 2018 American Chemical Society 2 DOI: 10.1021/acs.accounts.8b00369
Acc. Chem. Res. 2019, 52, 2−11

D
ow

nl
oa

de
d 

vi
a 

IN
D

IA
N

 I
N

ST
 O

F 
T

E
C

H
N

O
L

O
G

Y
 M

A
D

R
A

S 
on

 J
an

ua
ry

 2
0,

 2
01

9 
at

 1
7:

13
:3

2 
(U

T
C

).
 

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.
 

https://pubs.acs.org/page/achre4/atomicprecisionnanoscience.html
pubs.acs.org/accounts
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.accounts.8b00369
http://dx.doi.org/10.1021/acs.accounts.8b00369


electronic energy levels, optical absorption and emission,
chemical reactivity,5,6 catalysis,3 and an expanding body of
emerging properties increasingly reaffirm the molecular nature
of such systems. This expanding science makes one wonder
about the distinct possibilities of supramolecular chemistry of
such molecules. While supramolecular interactions play
important roles in cluster crystallization, phase transfer, reaction
chemistry, etc., these interactions can also be important for the
synthesis of new cluster compounds, e.g., in the formation of
cluster assemblies. Recently, Jin and co-workers reported that
protecting ligands on clusters can organize in specific patterns
that may direct their assembly, which can match the level of
atomic precision in biomolecules.7 The forces guiding the
organization of the NCs may vary from weak intermolecular
forces like C−H···π, π···π, van derWaals, hydrogen bonding, and
electrostatic interactions to strong covalent bonding. While
molecular interactions between clusters result in their
crystallization, interactions with heteromolecules as well as
those between clusters forming homomolecular adducts such as
dimers,8 trimers,8 and polymers9 can create specific building
blocks. Clusters, which have nanometric dimensions, can
interact with other systems to form supramolecular architectures
of larger dimensions. Such assemblies could also occur in
organized biological systems such as viruses and bacteria,
leading to bio−nano conjugates or synthetic superstructures of
unprecedented diversity.10,11This Account briefly illustrates this
emerging body of science and projects its growth to suggest
future possibilities.
The precision in structures is captured elegantly in the

aspicule nomenclature,12 wherein the cluster is composed of a
core and distinct staples having precise labels. The overall
structure of Au25(SMe)18 can be drawn precisely, leading to the
name 18(methylthiolato)-auro-25 aspicule(1−) to represent the
molecule, as shown in Figure 1. This molecular structure
presents symmetry-equivalent sites where interactions are
similar or dissimilar. It also indicates the limits or limitations
of molecular access and presents the possibilities of interactions

at distinct sites leading to structural transformation, particularly
ligand exchange,13 exchange of core atoms, creation of alloys,5,14

and supramolecular functionalization.15 Intercluster interactions
between similar or different clusters as well as those with
nanoparticles may also be visualized. In this Account, we discuss
the different possibilities of supramolecular interactions in the
atomically precise clusters and classify them into the following
specific categories:

(A) single cluster interactions (with small molecules)

(B) intercluster interactions

(C) cluster−nanoparticle assembly and supersystems

In each of these, the essential interaction is intermolecular in
nature, but they occur at different length scales. Consequently,
they are explored with different tools. In the first case, single
cluster interactions, supramolecular interactions of the clusters
with molecules like cyclodextrins (CDs) and fullerenes are
studied principally using mass spectrometry (MS). Such results
are supplemented by complementary studies using optical and
NMR spectroscopy. In the second case, supramolecular
interactions lead to intercluster organizations, which are
observed by single-crystal diffraction. In the third case,
interactions occur on substrates or at surfaces of much larger
(bulk-like) phases, so the integrated systems are currently above
the limit of regularMS. Here the formation of assemblies around
nanostructures such as nanowires and nanorods mediated by
supramolecular interactions with NCs is discussed.16 Such
systems are examined with microscopy. All of these systems are
examined with computational methods with varying degrees of
sophistication. Each of these subclasses is separately presented
below, and Scheme 1 presents a schematic of the possible types
of supramolecular interactions in the atomically precise clusters,
as discussed above.While the interactions and structures derived
are atomically precise in detail, a thorough understanding of
structural and conformational precision has been possible only
for A and B. We hope that more definitive understanding of all
three types will be available in the years ahead.

Figure 1.Representation of the Au25(SMe)18 cluster in the Borromean ringmodel. Three ellipses encompassing six Au2(SR)3 staples are represented as
nearly coplanar rings. These staples are labeled as D1 to D6. The rings include core Au atoms (numbered 1 to 12). The atoms in the staples are
numbered 1 to 5 in the clockwise direction. Inset (i) shows these aspicule rings in the standard structure of Au25(SMe)18. The three rings are shown in
red, green, and blue, while the Au atoms in the icosahedron are shown in gold. Inset (ii) shows an expanded view of the icosahedral core, where the
icosahedral central atom alone is shown in gold. A cluster composed of Au (green, orange, and gray) and S (yellow) atoms is shown in inset (iii), and a
photograph of a Borromean ring structure is shown in inset (iv). The ring structure enables the cluster to be disassembled completely just by detaching
one bond; a break in one ring separates the other two. Reproduced from ref 12. Copyright 2015 American Chemical Society.
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Scheme 1. Schematic Capturing Some of the Supramolecular Interactions Possible in Atomically Precise Clustersa

aNew directions shown at the periphery are not captured in this Account. The size of each component is not to scale.

Figure 2. (A) Negative ion ESI MS spectra for the Au25SBB18 cluster and its CD adducts. Spectra a, b, and c are at SBB/CD molar ratios of 1:1.2, 1:1,
and 1:0, respectively. Part of a spectrum is expanded in (b). (B) Schematic representations of Au25SBB18∩CDn (n = 1−4). (C) Computed structure of
Au25SBB18∩CD4 with nearly tetrahedral binding of the four CDs (shown in cyan). H atoms of the SBB ligands have been omitted for clarity. (D)
Aspicule representation of Au25SBB18∩CD4. (E, F) BBSH∩CD inclusion complexes where the tert-butyl group of BBSH undergoes complexation
through the (E) narrower and (F) wider rims of β-CD. In (E) and (F), all of the atoms of BBSH are colored cyan for clarity, whereas atoms of CD are
colored differently. Reproduced from ref 15. Copyright 2014 American Chemical Society.
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A. SINGLE CLUSTER INTERACTIONS

Supramolecular Interactions of NCs with CDs

The interactions of a cluster with other molecules may be tuned
to precisely functionalize the surface of the NCs. We used the 4-
tert-butylbenzyl mercaptan (BBSH)-protected [Au25(SBB)18]

−

cluster15 and studied its supramolecular functionalization with
β-CD. CDs are water-soluble cyclic oligosaccharides having
hydrophobic cavities that form inclusion complexes with specific
molecules.17 Several host−guest complexes of β-CDs with
inorganic complexes containing thiol groups like BBSH have
been reported in the literature.18 We utilized such a molecular
recognition process to synthesize Au25SBB18∩CDn (n = 1−4),
where X∩Y denotes an inclusion complex between the substrate
X and receptor Y.15 The CD-encapsulated clusters were
synthesized from a mixture of the cluster and β-CD in THF/
water medium by constant stirring followed by intermittent
sonication, and they were characterized using different
techniques such as UV−vis, fluorescence, and NMR spectros-
copy. The formation of Au25SBB18∩CDn (n = 1−4) was
observed in electrospray ionization mass spectrometry (ESI
MS) (Figure 2A). Schematic structures of Au25SBB18∩CDn (n =
1−4) are presented in Figure 2B. Although a mixture of adducts
(n = 1−4) existed in solution, the amount of Au25SBB18∩CD4

was increased by careful control of the SBB/CD molar ratio at
1:1.2. The nature of the interaction was explained using
computational studies. In the structure of Au25SBB18, surround-
ing the icosahedral core there are six Au2(SR)3 staples,
corresponding to the six staples D1 to D6 in the aspicule
model (Figure 1). In each staple, there are two nonbridging S
(positions 1 and 5) joining a core Au to a staple Au and one
bridging S (position 3) joining only two exterior Au atoms. The
ligands anchored at positions 1 and 5, being less crowded,
remain more accessible for encapsulation with CDs. This
appears to be counterintuitive, as position 3 appears to be less
crowded in the aspicule picture. However, Figure 1(iv) suggests
that positions 1 and 5 are indeed accessible. NMR data also
revealed the interactions between aromatic protons of SBB and
H3 and H5 (inner protons) of CD. The theoretical structure of
Au25SBB18∩CD4 (Figure 2C) shows four CDs bound at
tetrahedral locations, minimizing the inter-CD interactions. A
representation in the aspicule model is shown in Figure 2D.
Complexation through the narrower rim of CD facing the cluster
core was more favorable than complexation through the wider
rim (Figure 2E,F).
The formation of these inclusion complexes was specific to

the precise orientation of the SBB ligands, which pointed
outward from the core. In the case of Au25(PET)18 (PET = 2-
phenylethyl thiolate),19,20 which presents a different orientation
of the PET ligands, no CD inclusion was observed. CD
encapsulation resulted in an enhancement in the luminescence
of the cluster and shielded the metal core from incoming ions or
ligands and consequently increased its stability. Inclusion
complexes of other thiols such as adamantanethiol (SAdm)
with CD are also well-known.21−23 Yan et al.24 showed the
surface functionalization of Au38S2(SAdm)20 NCs with α-, β-,
and γ-CD. This unfolds the possibility of functionalizing other
Adm-protected clusters like Au30(SAdm)18,

25 Pt1Ag28-
(SAdm)18(PPh3)4,

26 Au24(SAdm)16,
27 etc. with CDs in a similar

fashion. In a recent report, Au NC-grafted CD superstructures
were used to develop fluorescence on−off composites.28 Xie and
co-workers used a CD−AuNC−TiO2 hybrid system to enhance
photocatalytic decomposition of organic pollutants.29

Supramolecular Interactions of NCs with Fullerenes

Fullerenes are another important class of molecules for
exploration of the supramolecular chemistry of clusters.
Fullerenes show electron-accepting properties and form a wide
range of supramolecular self-assembled structures.30 We
observed the formation of [Ag29(BDT)12(C60)n]

3− (n = 1−
9)31 (BDT = 1,3-benzenedithiolate) adducts in solution
through the interaction of [Ag29(BDT)12]

3− NCs32 with C60.
Twelve Ag atoms cover the icosahedral core, forming four
trigonal prisms. The Ag13 core is further covered by four Ag
atoms at tetrahedral positions.32 Addition of C60 to the cluster at
a cluster:C60 molar ratio of 1:4 resulted in the formation of
[Ag29(BDT)12(C60)n]

3− (n = 1−4) adducts, which were
observed by ESI MS (Figure 3). The BDT ligands are arranged

in such a way that they form a cavity, encapsulating the curved
surface of fullerenes (Figure 4A,B). This structural compatibility
facilitated the supramolecular host−guest complexation. De-
tailed insights into the structures of [Ag29(BDT)12(C60)n]

3− (n =
1−4) were obtained from computational studies. In the
structure of [Ag29(BDT)12(C60)]

3− (Figure 4A), C60 has weak
binding interactions with the vertex Ag atom at a distance of
about 3.40−3.53 Å and stabilizes the unpassivated Ag atom by η2

interactions. The adduct [Ag29(BDT)12(C60)4]
3− (Figure 4C)

retains a tetrahedral symmetry in its structure with four C60

molecules bound at four vertex sites. The primary interactions
are π···π and van derWaals interactions between the π surface of
the fullerene and the aromatic rings of BDT. In the crystal
structure of the NC, triphenylphosphine (TPP) ligands are
bound at the vertex Ag sites.32 When TPP was added to
[Ag29(BDT)12(C60)n]

3− (n = 1−4), TPP replaced C60, forming
[Ag29(BDT)12(TPP)4]

3− (n = 1−4), which reaffirmed the
binding sites of the fullerenes to the cluster. Addition of excess
C60 resulted in an even higher number of C60 additions to the
cluster (n > 4). Additional C60 may bind over the four trigonal
faces formed by the Ag3S3 motifs. The likely structure of
[Ag29(BDT)12(C60)8]

3− (Figure 4D) shows fullerenes bound at
all of the face and vertex positions of the cluster with a slightly
distorted cube-like overall geometry. Additional fullerene−

Figure 3. ESI MS spectra of (A) [Ag29(BDT)12]
3− and (B)

[Ag29(BDT)12(C60)n]
3− (n = 1−4). Experimental and theoretical

isotopic distributions of the peaks are compared in the insets.
Reproduced from ref 31. Copyright 2018 American Chemical Society.
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fullerene interactions may also favor further attachment of C60

(Figure 4E) such that the latter may form a sphere covering the
entire cluster surface. Similar results were observed with C70,
which exhibited stronger π···π interactions and closer contacts
with the aromatic ligands of the cluster. The importance of
intermolecular interactions in the formation of intercluster
compounds of fullerides with gold NCs, [Au7(PPh3)7]C60·THF
and [Au8(PPh3)8](C60)2, was also demonstrated by Schulz-
Dobrick et al.33 The interactions of a cluster may also be utilized
to form atomically precise supramolecular assemblies with other
molecules such as catenanes, calixarenes, rotaxanes, porphyrins,
etc.

B. INTERCLUSTER INTERACTIONS

Supramolecular interactions also play a crucial role in arranging
the NCs in their crystal lattice. In the crystal lattice of p-
mercaptobenzoic acid (p-MBA)-protected Ag44(p-MBA)30
NCs, the −COOH groups of the p-MBA ligands show strong
hydrogen bonding between the neighboring NCs.34 Similar
non-covalent interactions have also been observed in the crystal
lattices of Au102,

35 Au246,
7 Au103,

36 etc. Interesting packing

patterns such as the 4H phase array of Au92(TBBT)44NCs
37 and

the 6H left-handed helical arrangement of Au60S6(SCH2Ph)36
NCs38 in their crystal lattices were also observed. Considering
[Ag29(BDT)12(TPP)4]

3− NCs32 as an example, we demon-
strated how the intercluster interactions may be tuned to create
polymorphic crystals. In the structure reported by Bakr and co-
workers,32 evaporation of DMF formed orange crystals in a
cubic (C) lattice with space group Pa3̅ (Figure 5A). In our vapor
diffusion method (MeOH diffusing into DMF solution of the
NCs), dark-red crystals in a trigonal (T) lattice with space group
R3̅ were formed (Figure 5D).39 The difference in packing of the
two polymorphic forms is largely due to the difference in the
supramolecular interactions of the BDT and TPP ligands. These
interactions for the T and C systems may be classified into two
categories:

(i) In a single NC, the C−H groups of the TPP subunits
interact with the π system of the aromatic rings of BDT in
an intracluster fashion. Moreover, the C−H groups of
BDT and the aromatic rings of TPP also interact strongly
through intercluster C−H···π interactions in both the C

Figure 4. (A) Results of DFT calculations on the minimum-energy geometry of [Ag29(BDT)12(C60)]
3−. Interaction distances (in Å) are marked in the

figure. (B) Interactions between the fullerene and the ligands are shown in an expanded view. (C−E) Lowest-energy structures of (C)
[Ag29(BDT)12(C60)4]

3−, (D) [Ag29(BDT)12(C60)8]
3−, and (E) [Ag29(BDT)12(C60)9]

3−. Color code: yellow, S; gray, Ag of the icosahedral core; red,
tetrahedral sites of four Ag atoms; blue, Ag3S3 staple motifs composed of 12 Ag atoms making four trigonal planes; green, BDT ligands; black, C60 at
vertex positions; cyan, C60 at face positions; purple, an additional fullerene located between the face and vertex positions. Reproduced from ref 31.
Copyright 2018 American Chemical Society.
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and the T systems at distances of∼3.07−3.39 and 2.92 Å,
respectively.

(ii) In the C lattice, the C−H···π interactions within the TPP
subunits are stronger, forming polymeric chains (Figure
5B) to directly or indirectly connect every NC with
others. These distances are comparable to the C−H···π
distances of 2.88± 0.42 Å seen in Au246NCs protected by
−SPh-p-CH3 ligands7 but slightly longer than the
interaction distances of 2.76 ± 0.05 Å in Au103 NCs
protected by −S-Nap.36 The interaction distances for the
TPP subunits are larger in the T system (Figure 5E)
compared with the C system, and hence, these
interactions are discontinuous and do not form polymeric
chains.

It is evident from the crystal packing of the two polymorphs of
the clusters that the intercluster interactions of TPP ligands are
more favored in C than in T. The C lattice, being more rigid,
exhibits a higher luminescence efficiency than the TNCs with a
slight red shift (30 nm) (Figure 5F). This also reveals how the
luminescence efficiencies of the NCs in the solid state are
controlled by interactions of their secondary ligands.

C. CLUSTER−NANOPARTICLE ASSEMBLY AND
SUPERSYSTEMS

Cluster-Mediated Precision Assemblies of Nanowires

The interactions of NCs are very different from those of
nanoparticles or ionic salts of metals.40 Small thiol-protected
clusters like Ag32(SG)19

41 tend to coalesce on the surface of one-
dimensional (1D) nanomaterials like tellurium nanowires (Te
NWs). This finally leads to the decoration of the NWs with Ag
nodules, whereas the interactions of Ag(I) ions and Ag NPs lead

to the formation of Ag2Te NWs.40 Inspired by this result, in a
particular study wemodified the surface of TeNWswith Ag44(p-
MBA)30

42 (abbreviated as Ag44). Next, the Ag44@Te NWs were
dispersed in 1-butanol, which was then spread over water,
followed by solvent evaporation.16 The pristine Te NWs formed
the usual monolayer assembly when subjected to this process,
whereas Ag44@Te NWs led to a crossed-bilayer structure. Upon
detailed TEM investigation, the pattern was found to be a
woven-fabric-like structure in which NWs in the same layer were
parallel but adjacent layers were arranged at an unusual angle of
81° (Figure 6C). To explain the origin of the unusual assembly,
we modeled the hydrogen bonding between neighboring Ag44
units in the cluster superlattice. The p-MBA ligands on
individual Ag44 clusters are present in the form of bundles of
two (L2) or three (L3) units (Figure 6D). Either two L2 pairs or
two L3 pairs are known to form hydrogen bonds in the Ag44
crystal. In Ag44@Te NWs, the clusters attach themselves on the
surfaces of the Te NWs via the −COO− groups of some of their
p-MBA ligands (Figure 6A). Upon solvent evaporation, the
Ag44@Te NWs come closer, and hydrogen bonding may occur
between free p-MBA ligands, which are not bound on the NWs,
of two neighboring Ag44 clusters attached to adjacent NWs.
Computational modeling further explained that the greatest
number of hydrogen bonds was possible when the two layers
were arranged at an angle of 81°, thereby giving the most stable
and most symmetrical structure (Figure 6E). When Au102(p-
MBA)44

35was used instead of Ag44(p-MBA)30, a similar crossed-
bilayer structure was observed with an angle of 77° between the
two layers, which is due to the difference in the geometrical
arrangement of the ligands of the two clusters. Thus, precise
angular control between highly ordered Te NW assemblies
could be achieved by using atomically precise NCs.

Figure 5. (A) Cubic unit cell of Ag29(BDT)12(TPP)4
3−NCs. (B) Packing of the TPP subunits viewed from the Z axis in theC system. (C) Strong C−

H···π interactions (T-shaped) between the eight TPP subunits forming a hexagonal shape in the C system. (D) Trigonal unit cell of the NCs. (E) C−
H···π interactions between the TPP subunits in the T system. (F) Emission spectra obtained from single crystals of the C and T lattices. The C
structure exhibits stronger and slightly red-shifted (∼30 nm) luminescence compared with the T structure. Reproduced with permission from ref 39.
Copyright 2018 Royal Society of Chemistry.
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Nanoparticle-Templated Cluster Supersystems

Once the clusters were known to interact with anisotropic
nanoparticles leading to structures of interesting morphology,
we expanded the study using similar nanomaterials. Gold
nanorods (GNRs) have been at the center of interest for decades
because of their unique surface plasmonic properties. Recent
studies have revealed that because of their nanometric
dimensions, GNRs can accommodate quantum dots on their
surfaces and significantly alter the optoelectronic properties of
the quantum dots by plasmon−exciton coupling in these
systems.43 Using p-MBA-protected gold NCs, Nonappa and co-
workers demonstrated the formation of monolayer-thick 2D
nanosheets and spherical capsids by tuning the supramolecular
interactions such as intercluster hydrogen bonding.44,45 We
placed atomically precise clusters on GNRs to explore the
possibility of supramolecular-chemistry-driven hybrid nano-
structures.46 Specifically, GNRs were functionalized with p-
MBA at neutral pH. These GNRs were then incubated with
Ag44(p-MBA)30 in DMF for 20 h, during which the p-MBA
groups of the clusters formed hydrogen bonds within themselves
as well as with the p-MBA groups on the GNR surface (scheme
in Figure 7A). This created a multilayer shell encapsulating the
individual GNRs within a cage-like nanostructure. Transmission
electron microscopy (TEM), scanning transmission electron
microscopy (STEM), and 3D tomographic reconstructions of
these nanostructures revealed that the final morphology of the
hybrid material is octahedral (Figure 7C−E), possibly because
of the preferable anchoring of the clusters on the four alternative
⟨110⟩ facets over the ⟨100⟩ facets on the octagonal GNR

surfaces. Interestingly, the intrinsic properties of the constituent
materials, namely, the GNR and Ag44, were retained in the final
nanostructure which shows remarkable ambient stability. Next,
we reacted the p-MBA-functionalized GNRs with water-
dispersible Au102(p-MBA)44

35 and Au250(p-MBA)n
47 in a similar

fashion to check the generic nature of the scheme in terms of the
NCs and the solvents used. Here also we observed encapsulation
of the GNRs by the NCs, although in these cases the cluster
moieties were less closely packed (Figure 7F). This was
attributed to the fact that in the water-soluble state, some of
the p-MBA ligands of the gold clusters had to be deprotonated,
making fewer ligands available for hydrogen bonding and thus
making the final structures less compact. We expect that with the
rightly chosen NC, this hybrid system can significantly improve
the stability and detection limit of cluster-based sensing devices
by plasmon-assisted enhancement of cluster properties.

■ FUTURE PERSPECTIVES

In this Account, we have presented a glimpse into the various
supramolecular interactions possible in atomically precise
clusters. While supramolecular functionalization of the NCs
with molecules like CD and C60 highlights the precision in their
structures to selectively favor the formation of the host−guest
complexes, exploring such composite structures in the solid state
would lead to new materials. Although we have observed a
mixture of adducts in solution, better control of the
polydispersity of the supramolecular adducts to accomplish
atomic precision and consequent crystallization are challenging
areas. Furthermore, the site of attachment and binding modes of

Figure 6. (A) Schematic of the bonding of Ag44(p-MBA)30 clusters to Te NWs. (B) Structure of Ag44(p-MBA)30 modeled from its crystal structure.
(C) TEM image of the crossed bilayer assembly of Ag44@Te NWs. A schematic showing the crossed-bilayer structure of the assembly is presented in
the inset. (D) Hydrogen bonding between the −COOH groups of the p-MBA ligands of neighboring NCs in the Ag44(p-MBA)30 superlattice. The
neighboring clusters interact via hydrogen bonding with L2 (inset a) and L3 (inset b) types of ligands. (E) (a) Schematic of the crossed bilayer
assembly. (b) Expanded view of the region modeled in (a). Further details are shown in (c). Clusters assembled on the surfaces of the Te NWs, which
were kept at a distance of 3.4 nm, in three different planes, labeled as C1, C2, and C3. Reproduced with permission from refs 16 and 45. Copyright 2016
and 2018 Wiley.
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CD and C60 to the clusters may vary, which may lead to
isomerism in the resulting structures. Such isomerism could
extend to novel optical properties as well. With an appropriate
choice of the host and guest molecules, chirality may also be
introduced in supramolecular assemblies of certain clusters.
Functionalized fullerenes or CDs may also be used to modify
cluster binding. The development of functional cluster-based
materials may also include modifying the ligand shell of the
cluster with suitable bidentate or multidentate linkers, allowing
the creation of cluster-assembled metal−organic frameworks.48

The observation of polymorphic crystal lattices of NCs also
enfolds a new area in nanoparticle engineering. Supramolecular
interactions may also favor crystallization of dimers or oligomers
of clusters. Furthermore, the self-organization of nanostructures
with macrostructures leading to architectures of larger
dimensions constitutes new types of precision hybrids with
diverse possibilities. These derived materials, especially low-
dimensional building blocks, may lead to anisotropic solids with
unprecedented properties. The self-assembly of NCs leading to
spherical capsids44,45 is a direction toward larger assemblies
similar to biological systems. Cluster-assembled hybridmaterials
may result in a new paradigm of conductive or magnetic
luminescent materials.
The choice of supramolecular building blocks presented here

has been dominated by the consideration of interactions.
However, such building blocks can also be chosen on the basis of

new properties such as magnetism, chirality, energy transfer, etc.
that they provide. A unique aspect of clusters is that their size is
comparable to the dimensions of biomolecules, which are also
building blocks with atomic precision. Thus, structures
incorporating biomolecules or synthetic polymers along with
clusters is another strategy to create functional materials. In
comparison with supramolecular assemblies solely composed of
biomolecules, cluster-based assemblies can introduce new
optical, magnetic, or electrical properties.
A closer analysis of this area shows that the molecule−

materials interface is enriched by MS in its diverse forms.
Compositional precision revealed by MS, in conjunction with
structural and conformational precision revealed by diffraction
and spectroscopy, coupled with computational studies enabling
better insights into the properties, are essential components of
this area. Several of the finer details of these materials such as the
atomistic steps involved in the formation of these assemblies and
their time scales are not accessible presently by experimental
methods, and therefore, computations become the only credible
methodology for exploration. This MS−diffraction−theory
combination in the context of novel properties of atomically
precise matter is expected to expand into even more larger
systems in the years ahead, which should result in a fuller
appreciation of materials with atomic precision.

Figure 7. (A) Assembly of Ag44 NCs on the GNR@p-MBA surface. The ESI MS spectrum of Ag44 is shown as the inset. (b) TEM image of GNR@p-
MBA. HRTEM image of the tip of a GNR is shown in the inset. (C) TEM image of GNR@Ag44. A dark-field STEM image is shown in the inset. (D, E)
TEM tomographic and dark-field STEM images of GNR@Ag44. The image shows that the clusters make a nanocage and encapsulate the GNR. A
theoretical model of the assembly of Ag44 clusters forming an octahedral shape is presented in the inset. (F) TEM image of GNR@Au250. (G, H) 3D
reconstructed structures and 3D graphical representation of GNR@Au250, respectively. Reproduced with permission from ref 46. Copyright 2018
Wiley-VCH.
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Abstract: Two ligand-protected nanoscale silver moieties,

[Ag46(SPhMe2)24(PPh3)8](NO3)2 and [Ag40(SPhMe2)24-

(PPh3)8](NO3)2 (abbreviated as Ag46 and Ag40, respectively)

with almost the same shell but different cores were synthesized

simultaneously. As their external structures are identical, the

clusters were not distinguishable and become co-crystallized.

The occupancy of each cluster was 50%. The outer shell of

both is composed of Ag32S24P8, which is reminiscent of

fullerenes, and it encapsulates a well-studied core, Ag14 and

a completely new core, Ag8, which correspond to a face-

centered cube and a simple cube, respectively, resulting in the

Ag46 and Ag40 clusters. The presence of two entities (Ag40 and

Ag46 clusters) in a single crystal and their molecular formulae

were confirmed by detailed electrospray ionization mass

spectrometry. The optical spectrum of the mixture showed

unique features which were in good agreement with the results

from time-dependent density functional theory (TD-DFT).

Many molecular clusters of noble metals have been

crystallized in the recent past.[1–17] All of them can be

understood by the divide-and-protect formalism in which

metal cores are protected by a composite shell, often formed

of staple motifs.[18] The molecular architecture providing

structural rigidity is also associated with a closed-shell

electronic structure, making such cluster systems stable.[19,20]

A unique possibility in such structures is the existence of

a common outer shell with varied inner cores. Nucleation of

different cores in the reaction vessel can consequently create

such varied structures composed of different cores and same

shell simultaneously. Their co-crystallization can lead to new

materials.

In this work, we present the complete characterization of

such a co-crystal. Upon resolving the structure of such

a disordered co-crystal, we obtained the formulae of compo-

nent clusters as [Ag46(SPhMe2)24(PPh3)8](NO3)2 and [Ag40-

(SPhMe2)24(PPh3)8](NO3)2, also represented as Ag46 and Ag40,

respectively, with 1:1 occupancy in the crystal. Single-crystal

X-ray diffraction (SCXRD) shows that the clusters have an

almost identical outer shell (Ag32S24P8) with variation only in

the inner core (Ag14 and Ag8). Unlike Ag14, the Ag8 inner core

was not observed before. Existence of the two new clusters in

a single crystal and their molecular formulae were confirmed

by electrospray ionization mass spectrometry (ESI MS). This

identification can open up new avenues of tailoring and

elucidating the properties of such well-defined composite

materials. The Ag46 and Ag40 units with their ligands are

referred to as I and II in the subsequent discussion.

A mixture of I and II clusters was synthesized by a ligand-

exchange-induced structure transformation (LEIST) process.

In this process, [Ag18H16(PPh3)10]
2+ was used as the precursor

material and the ligand exchange reaction was performed

with 2,4-dimethylbenzenethiol (SPhMe2) (see the Experi-

mental Section in the Supporting Information). The precursor

material was synthesized following a method reported by the

Bakr group (Figure S1).[21] Single crystals were grown by

layering hexane onto a dichloromethane solution of pure

nanoclusters at 4 88C. Dark black crystals were obtained over

a period of 5–7 days. A mixture of as-synthesized clusters

crystallizes in a C-centered monoclinic system with space

group C2/m.[22] From the SCXRD analysis (see the Support-

ing Information for detailed analysis), it could be unambig-

uously inferred that there are two types of molecules in the

lattice which are nearly isostructural but differing by six silver

atoms. In other words, the two molecules are isodimensional

and one can replace the position of the other. The total

structures of I (Figure 1A,C) and II (Figure 1B,D) are shown

in ball-and-stick and space-filling models, which reveal their

isodimensionality. Six sites of [I](NO3)2 are vacant in

[II](NO3)2. Owing to their nearly identical outer shell, they

are not able to distinguish themselves and crystallize together.

Therefore, the six-atom difference does not come into the

picture during the growth of the crystals and both the clusters

are nucleated in equal proportion in a single crystal. We

believe that this arises because of their equal concentration in

the solution. A dissection of I and II was conducted based on

the connectivity of silver atoms to ligands to get the inner

cores (the metal structures that are not connected to ligands).

The structures of inner cores, Ag8 (in II) and Ag14 (in I) are

presented in Figure 2A,D, respectively. Both the cores are

encapsulated by the Ag32S24P8 shell (Figure 2B,E), which is

reminiscent of fullerenes. Total structures of [Ag40S24P8] and
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[Ag46S24P8] are shown in Figure 2C,F, respectively (carbon

and hydrogen atoms are omitted here). The core and shell

structures presented for these two clusters (Figure 2) can be

viewed in different ways in the context of known structures. A

compendium of such known structures is presented in the

Supporting Information, Table S1, which brings out unique

aspects of the new structures. The first unique aspect is the

completely new kind of core Ag8 (in II) and the well-studied

core Ag14 (in I);[23–25] they correspond to perfect simple cubic

and face-centered cubic structures, respectively. The face-

centered cubic structure (Ag14) can also be visualized as

octacapped octahedron, Ag6@Ag8 (Figure S2A–C). Here, the

Agoctahedron@Agcube distance is 2.70c, which indicates the

strong interaction between the core atoms. The surface of

the octahedral Ag6 (Figure S2B) inner core is surrounded by

eight equilateral triangle-shaped planes, a fragment of bulk

FCC metals.[24] The average Ag@Ag bond distance in

octahedral Ag6 is 2.88c, which is almost same as that in

bulk (2.89c).[26] Around the octahedral Ag6 core, there are

eight Ag atoms, which make a cube (Figure S2A). The

average distance between the corners of the cube is 3.8c,

which is much shorter than that of other reported FCC

structures (the same distance is about 4.2c).[23,24] The

surfaces of the Ag8 cube are covered by six square-shaped

{100} (Figure S3A) facets. Along with this, other facets like

rectangular-shaped {110} (Figure S3B) and equilateral trian-

gle-shaped {111} (Figure S3C) are observed. All these facets

are shown in ball-and-stick model (Figure S3). In case of II,

the inner core atoms of the simple cube are bonded very

strongly with average Ag@Ag distances of 2.68c, which is

much shorter than in bulk silver.[26]

The formation of a common shell, Ag32S24P8 (Figure S4C)

can be described as composed of Ag24 (Figure S4B) outer core

covered by eight units of AgI-thiolate-phosphine complex

(AgS3P) (Figure S4A). The Ag24 outer core can be viewed as

it is composed of eight shared hexagonal faces (Figure S4D).

AgS3P units are sitting on the faces of eight hexagons of Ag24
outer core to form the framework, Ag32S24P8 (Figure S4F).

Each sulfur of AgS3P bridges the two adjacent silver atoms of

a hexagon (Figure S4F). Here the average Ag@Ag distance

within the hexagons is 2.92c. Another way of looking into

the outer core (Ag24) is in terms of six square faces (Fig-

ure S5A). The faces are shown in different colors (Fig-

ure S5A). Average Ag@Ag distance in the square face is 3.0c
and square faces are connected by a bond length of 2.86 c. In

this ligand shell, average Ag@S andAg@P distances are 2.64c
and 2.45 c, respectively. It is worth noting that all the Ag@Ag

distances in the outer Ag24 core are exactly same in both the

clusters. A summary of Ag@Ag distances is presented in the

Supporting Information, Table S2. The bonding between the

inner core and outer core are not same in I and II clusters. In I

the squares of Ag24 outer core are connected to the six silver

atoms of octahedral Ag6 (Figure S5B), forming a six square-

pyramid-like architecture (Figure S5C). One such square-

pyramid is shown in wireframe model (Figure S5D). In this

architecture, Ag@Ag distances between silver atoms on the

apex and the square faces are 3.0c. Such a square-pyramid-

like architecture is not observed in the II cluster owing to the

absence of an octahedral (Ag6) inner core. The further

differences in bonding between the outer (Ag24) and inner

cores in I and II clusters will be explained later.

A packing diagram of both the clusters is shown in the

Supporting Information, Figure S6. Both the clusters are

packed in an identical fashion in all the axes and the

contribution of each component cluster is 50%. II is

organized into centered rectangular (Figure S6A) and rec-

tangular (Figure S6C) two-dimensional (2D) lattices along

Figure 1. A),B) Ball-and-stick models of Ag46 and Ag40, respectively.

Note the difference in the center of the cluster. C),D) The same in

space-filling model (hydrogens of triphenylphosphines are not fixed). It

is clear that the outer shells of the clusters are nearly identical.

Counterions are not shown. C white, Ag magenta, S yellow, P blue,

H light green.

Figure 2. A),D) Ag8 and Ag14 inner-core structures of Ag40 and Ag46,

respectively. The inner cores Ag8 and Ag14 correspond to simple cubic

and face-centered cubic structures, respectively. B),E) Ag32S24P8 shell;

that is, the structures of the clusters without metal cores. C),F) The

structures of [Ag40S24P8] and [Ag46S24P8] , respectively. Carbon and

hydrogen atoms are omitted for clarity. Ag green and magenta,

S yellow, P blue.
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the z and x direction, respectively. Similar packing is observed

for I (Figure S6B,D; along the z and x direction, respectively).

The crystal structure resolved nitrate as the counter ion and

the packing structure clearly indicates the location of two

counter ions per cluster (Figure S7). However, the packing is

identical for both the molecules (Figure S6), the stacking of

silver atoms in their kernels is different. The term kernel

refers to the combined unit of outer and inner cores. The

construction of Ag32 (in II) and Ag38 (in I) kernels are shown

in Figure S8. The Ag24 outer core (Figure S8A) encapsulates

Ag8 inner core to form Ag32 kernel (Figure S8B). Similarly,

Ag38 kernel (Figure S8D) is formed by the combination of

Ag24 outer core and Ag14 inner core. In Ag32 kernel (in II),

atoms of the Ag8 core take upward and downward positions of

the hexagonal faces of Ag24 outer core (Figure S8B), and thus

the eight silver atoms are not in the same plane of hexagons

(Figure S8B,C). In the Ag38 kernel (in I), eight silver atoms

that are at the corners of the face-centered cube occupy the

center position of the hexagon of the Ag24 outer core

(Figure S8D). Here it is important to note that all the atoms

of the hexagon are coordinated to its centered silver atom in

Ag38 kernel (in I ; Figure S8E) but in Ag32 (in II) only a few

atoms of the hexagon are connected to its upward and

downward positioned silver atom (Figure S8C). Stacking of

the atoms in the Ag38 and Ag32 kernels are shown in Figure 3.

The Ag38 kernel (in I) exhibits ABC stacking (Figure 3A–C)

owing to the in-plane arrangements of the atoms. The stacking

planes are shown with three different color arrows in Fig-

ure 3A. Such stacking is not observed for Ag32 kernel (in II)

as the atoms of inner core (Ag8) take upward and downward

positions of the hexagonal faces of Ag24 outer core (Fig-

ure 3D–F). Space-filling model for both the kernels, Ag38 and

Ag32 are presented in Figure 3C and F, respectively. Stacking

is consistent in other rotations also as shown in Figure 3B and

E for Ag38 and Ag32 kernels, respectively. The structure of

Ag38 kernel can also be viewed as an inner Ag6 octahedron,

surrounded by a truncated-octahedral shell of Ag32 (Fig-

ure S9A), which is having close resemble to the predicted

structure of Au38(SR)24.
[27] The truncated octahedron shell is

shown in wireframe model (Figure S9B) and the Ag6 octahe-

dron is presented in space-filling model (Figure S9C).

ESI MS shows the coexistence of those two entities (I and

II) in a single crystal. For this, a single crystal was dissolved in

methanol and mass spectral measurement was performed.

Sample preparation and instrumental conditions are given in

Supporting Information. Full range mass spectrum shows

three major peaks at m/z 3235.75, 4853.5, and 5176.25 in

positive-ion mode (Figure 4A). Peaks at m/z 5176.25 and

4853.50 are expanded in the Supporting Information, Fig-

ures S10A,B. They show the characteristic peak separation of

m/z 0.5, which confirm their 2+ charge state. Similarly, the

separation between peaks centered at m/z 3235.75 is 0.33

which confirms the 3+ charge state (Figure S10C). The peaks

at m/z 4853.5 and 3235.75 are assigned as II2+ and II3+,

respectively. Comparison of isotopic distributions of exper-

imental (black trace) and simulated (red trace) confirm the

composition (Figure 4A1,A2). Existence of two charge states

in the mass spectrum was also reported previously for the

[Ag44(p-MBA)30]
4@ (p-MBA: 4-mercaptobenzoic acid) clus-

ter.[8] Seemingly, population of Ag40
2+ is major in the solution

phase and Ag40
3+ might be present in the gas phase. Similarly,

the peak at m/z 5176.25 is assigned as I2+. The experimental

(black trace) and simulated (red trace) isotopic distributions

Figure 3. A),B) The structure of Ag38 kernel in two different rotations

along the z axis (removing all the carbons, hydrogens, and eight AgS3P

units from total structure of Ag46) in ball-and-stick model. D),E) The

structure of Ag32 kernel in two different rotations along the z axis

(removing all the carbons, hydrogens, and eight AgS3P units from total

structure of Ag40) in ball-and-stick model. C),F) Space-filling model of

(B) and (E), respectively. The ABC stacking planes are shown by three

different color arrows in Ag38 kernel (in Ag46). Such stacking is not

observed for Ag32 kernel (in Ag40). All atoms shown are silver.

Figure 4. A) Full-range ESI MS of a methanol solution of crystals in

positive ion mode. The major peaks are due to Ag40
2+, Ag40

3+ and

Ag46
2+. Peaks labeled with an asterisk (*) correspond to PPh3 losses

from these ions. Insets A1),A2) Comparison of experimental (black

trace) and simulated (red trace) isotopic distributions of Ag40
2+ and

Ag40
3+, respectively. B) The experimental (black) and simulated (red)

isotopic distributions of Ag46
2+ are compared. C) UV/Vis absorption

spectrum of a solution of crystals in dichloromethane. Inset: Visible

light photograph of the cluster solution. D) Optical image of the

crystals.
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are compared in Figure 4B, which supports the assigned

composition. The above observations prove the presence of

two species, I and II in a single crystal. However, one may

think whether II is formed from I by decomposition in the gas

phase. To probe this possibility, we performed collision-

induced dissociation (CID) experiments on I2+, which

resulted in systematic triphenylphosphine losses as expected

owing to the weaker interaction of the secondary ligands,[6,28]

yielding I-(PPh3)8
2+; however no II in any charge state was

detected (Figure S11). CID mass spectra of I and II revealed

a maximum loss of eight triphenylphosphines in I (Fig-

ure S12A) and II (Figure S12B) clusters, which supports the

number of triphenylphosphines present in the cluster formu-

lae. Hence, it is shown that in the gas phase there is no

fragmentation of I to create II, but the possibility of formation

of II by oxidation of I in the solution phase exists. To rule out

this possibility, the solution of a mixture of I and IIwas heated

and stirred in methanol at 50 88C and products were analyzed

by UV/Vis and ESI MS as a function of time. Time-dependent

UV/Vis spectra showed no significant change with times up to

8 h, only a change in the absorbance was observed. After 8 h,

the features of UV/Vis spectra started to disappear, seemingly

due to the decomposition of the cluster (Figure S13B). Time-

dependent ESI MS exhibited presence of the species, I and II

and no signature of conversion was observed as relative

intensities of I and II were the same. After 8 h, the intensities

in the ESI MS started to decrease and the peaks disappeared

after 12 h, which confirmed the decomposition of the clusters

(Figure S13A). It confirmed that II is not the oxidation

product of I. The UV/Vis spectrum of a mixture of I and II

was measured by dissolving crystals in DCM, which exhibits

molecule-like optical absorption that displays three prom-

inent peaks (at 425, 515, and 650 nm) and two shoulder peaks

at 605 and 850 nm (Figure 4C). The inset shows a visible-light

photograph of the cluster solution. Some of the spectral

features are comparable to the clusters, [Ag25(SPhMe2)18]
@ ,

[Ag44(FTP)30]
4@ (FTP: 4-fluorothiophenol) and [Ag67-

(SPhMe2)32(PPh3)8]
3+, but the overall spectrum is very differ-

ent (Figures S14,S15).[4–6] An optical image of the single

crystals is shown in Figure 4D.

Thin-layer chromatography (TLC) and high-performance

liquid chromatography (HPLC)-based procedures to separate

the components of the co-crystals were unsuccessful. We had

introduced TLC as a separation technique for gold clusters.[29]

Seemingly the high charge on the clusters resulted in stronger

interactions with the stationary phase and the components

were not eluted. In HPLC, the clusters were decomposed

after passing through the column. AlthoughHPLC separation

is well established for gold clusters, no separation of silver

clusters has been accomplished till now and therefore this

inability is not surprising. However, to explore the optical

properties of individual clusters, we have separately synthe-

sized and characterized both the component clusters. Com-

pound II was synthesized with almost complete absence of I

(Figure S16) by changing the synthetic conditions, while I was

made by using an isomeric thiol (2,4-SPhMe2 was changed to

2,5-SPhMe2 ; see the Supporting Information). ESI MS and

UV/Vis spectra of pure Ag46 are presented in the Supporting

Information, Figure S17A,C, respectively. Comparison of

experimental isotopic distributions with the simulated one

confirms the cluster formula (Figure S17B). One of the

components (Ag46) has been crystallized and it is having the

same structure (Figure S18A,C) as present in the co-crystal

(Figure S18B,D). Crystal analysis of 2,5-SPhMe2 protected

Ag46 is given in the Supporting Information. Unfortunately,

we could not grow the single crystal of II alone owing to its

instability in pure form. The higher stability of I can be seen

from a time-dependent UV/Vis study. Solutions of Ag40 and

Ag46 were heated and stirred in methanol at 50 88C and

products were analyzed by UV/Vis spectroscopy (Fig-

ure S19). UV/Vis spectra revealed the disappearance of

highly structured features of II after 1.5 h (Figure S19A). In

the case of I, the spectral features and absorbance were the

same up to 3 h, change in absorbance was seen only after-

wards (Figure S19B). This observation clearly indicates that

Ag46 is indeed more stable. UV/Vis-NIR spectra of the

individual clusters are shown in the Supporting Information,

Figure S20 and II exhibit an absorption in the NIR region

(1279 nm) that is absent in I (Figure S20). Aunique possibility

of mixing the two clusters in different ratios in solution may

tune their ratios in the co-crystal and this can open up a new

direction in cluster chemistry. However, it may be noted that

the mixing ratio may not be the occupancy ratio in the crystal,

which is decided by minimum potential energy considera-

tions.

To estimate the HOMO–LUMO gap of I and II, differ-

ential pulse voltammetry (DPV) was performed. DPV results

show several peaks in positive and negative potential regions

which are assigned as oxidation and reduction peaks, respec-

tively (Figure S21). The HOMO–LUMO gaps of I and IIwere

determined to be about 1.30 eV and 0.92 eV, respectively

(Figure S21). The analysis and experimental details are

described in Supporting Information.

The electronic structures of II and I were analyzed by

using the model clusters with reduced ligands, [Ag40(SCH3)24-

(P(CH3)3)8] (Figure S22A) and [Ag46(SCH3)24(P(CH3)3)8]

(Figure S22B), respectively. Here the coordinates of Ag, S,

and P atoms were taken from crystal structures and were kept

fixed, but C and H atoms were allowed to relax. The

electronic structure and optical absorption of the clusters

were investigated using density functional theory (DFT) and

time-dependent density functional theory (TDDFT) using the

projector augmented wave (PAW) method as implemented in

GPAW.[30] The optical absorption spectra were calculated

using linear response TDDFT.[31] The theoretical spectrum

(black trace) of a 1:1 mixture of both the clusters, constructed

from the predictions of individual clusters (Figure S23) is

compared with the experimental spectrum (red trace) in

Figure 5. The match is particularly good in the higher

wavelength region. This further proves the existence of both

the structures together in the crystal. Various electronic

transitions (Table S3) and the charge density distribution of

the frontier orbitals suggest the involvement of most of the

atoms. Molecular orbital (MO) transitions to the optical

gap of [Ag46(SCH3)24(P(CH3)3)8]
2+ and [Ag40(SCH3)24(P-

(CH3)3)8]
2+ are presented in the Supporting Information,

Figures S24 and S25, respectively. The structure of Ag40
3+

cluster was also optimized to calculate the optical absorption
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spectrum and it is compared with that of Ag40
2+ cluster in the

Supporting Information, Figure S26. In general, the spectrum

of Ag40
3+ cluster is similar to that of the Ag40

2+ cluster. To

understand the origin of the optical transitions having the

highest oscillator strength (f) of I2+ and II2+, density of states

(DOS) were calculated and they are plotted in the Supporting

Information, Figure S27 and S28. The transitions taking place

at 410.03 nm (f= 0.373) and 441.49 nm (f= 0.225) for I2+ and

II2+ clusters, respectively are considered here. DOS calcu-

lations conclude that in the case of I2+ the major contributing

MOs are HOMO@3 and LUMO+ 8. These occupiedMOs (as

denoted by the dotted vertical lines in the Supporting

Information, Figure S27D) are mainly contributed by the 3p

atomic orbitals (AOs) of sulfur, 5s, 5p AOs of silver atoms in

shell regions, and 5s AOs of Ag atoms in the core, and the

unoccupied MOs are formed by 5p AOs of shell silver atoms.

In the case of II2+, the significant contribution to the

transition is from HOMO@1 to LUMO+ 11 and these two

MOs (as denoted by the dotted vertical lines in the Support-

ing Information, Figure S27B) are predominantly composed

of 5s and 5p AOs of Ag atoms from the shell region of the

cluster, respectively. Hence, these optical absorption transi-

tions exhibit a similar characteristic for both I and II clusters.

By using the widely used rule[19] to count the free electrons for

I2+ and II2+ in the metal core, we get 20 and 14 free electrons

in them, respectively. Both the clusters could be viewed as

superatomic with 20 and 14 electrons distributed in super-

atomic orbitals as shown in the Supporting Information,

Figure S29 and S31, respectively. The isosufaces of supera-

tomic orbitals of both the clusters are plotted in the

Supporting Information, Figures S30 and S32.

In conclusion, we present the possibility of crystallization

of structurally similar clusters together leading to new

nanocrystal solids. A new category of such crystals is those

composed of different cores with the same shell. It is

surprising that Ag8 and Ag14 inner cores are nucleated

simultaneously in solution with equal probability. The mech-

anism of such cluster growth and their encapsulation in shells

require additional studies. This observation suggests the

possibility of the coexistence of diverse clusters and their

co-crystallization. Such nanocluster co-crystals, similar to

superlattices will be a way forward to realize cluster

assembled materials with new properties. Along with these,

it is worthy to mention the observation of a rigid polymeric

ligand shell which remains unaltered after removing or adding

six silver atoms.
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Experimental Section 

Chemicals 

Silver nitrate (AgNO3) was purchased from Rankem chemicals. Sodium borohydride 
(NaBH4, 98%), 2,4 & 2,5-dimethylbenzenethiol (DMBT), tetrabutylammonium 
hexafluorophosphate and triphenylphosphine (TPP) were purchased from Aldrich. All 
chemicals were used as received without further purification. All the solvents such as 
dichloromethane (DCM), methanol (MeOH), n-hexane and chloroform (CHCl3) were 
purchased from Rankem chemicals and were of analytical grade. Milli-Q water was used for 
the synthesis. 

Synthesis and purification of [Ag18H16(TPP)10]
2+  

This cluster was synthesized by a reported procedure.1-2 20 mg of AgNO3 was dissolved in 5 
mL methanol (MeOH) and 9 mL of chloroform (CHCl3) was added. Then 70 mg of 
triphenylphosphine, dissolved in 1 mL of chloroform, was added to the above reaction 
mixture under stirring condition. After 20 minutes of stirring, 6 mg of sodium borohydride in 
0.5 mL of ice cold water was added. Upon addition of the reducing agent, color of the 
solution changed instantly to yellow from colorless. The reaction was continued for three 
hours under dark condition. The final color of the solution was dark green which indicated 
the formation of the cluster. Mixture of solvents was removed by evaporation under reduced 
pressure. The green solid material was washed with water to remove excess silver precursor 
and the reducing agent. After being cleaned with water, the material was extracted with 
methanol. This green colored material was characterized by UV-vis and ESI MS (Figure S1) 
and used for further reaction. The yield of the synthesis was 20% in terms of silver. 

Synthesis and purification of a mixture of I and II  

It was synthesized by a LEIST process. [Ag18(TPP)10H16]
2+ was taken as the precursor in this 

procedure. 5 mg of the clean precursor cluster was taken in MeOH in a reaction bottle and 
0.75 µL of 2,4-dimethylbenzenethiol (DMBT) was added under stirring condition. Just after 
addition, an instant color change was observed and the reaction was allowed to continue for 
12 hours. The final reddish brown color of the reaction mixture indicated the formation of the 
product cluster. Then the reaction mixture was centrifuged at 5000 rpm for 5 minutes to 
remove all the insoluble precipitates and the solvent was removed under reduced pressure. 
Minimum amount (around 1 mL) of MeOH was added to precipitate the material and it was 

Figure S30 Isosufaces of superatomic orbitals in I 43 

Figure S31 Distributions of 14 electrons in II
2+ 44 

Figure S32 Isosufaces of superatomic orbitals in II 45 

Figure S33 Ortep representation of [Ag40S24P8] and [Ag46S24P8] 46 

 References 47 
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centrifuged. After centrifugation, the supernatant was discarded and the precipitate was dried 
under reduced pressure and washed several times with hexane to remove excess 
triphenylphosphine. This cleaned material was dried under vacuum and dissolved in DCM 
and methanol which were used for characterization. Yield of the synthesis was 10% in terms 
of silver. 

Synthesis and purification of I  

It was synthesized and purified by almost the same procedure as described above. The only 
difference was in the amount of 2,4 dimethylbenzenethiol used. Here 0.25 µL of thiol was 
used instead of 0.75 µL. Yield of the synthesis was 5% in terms of silver.  

Synthesis and purification of [Ag46(2,5-SPhMe2)24(PPh3)8]
2+

  

The synthesis and purification procudures were almost same as described for the mixture. 
Here an isomeric thiol was used, 2,4-dimethylbenzenethiol was changed to 2,5-
dimethylbenzenethiol. Yield of the synthesis was 15% in terms of silver. 

Crystallization of a mixture of I and II clusters  

Cleaned 40 mg of the solid cluster was dissolved in 2 mL of distilled DCM, filtered by 
syringe filter of pore size 0.22 µm and layered by distilled hexane at 1:1 (by volume) ratio 
and kept at 4˚C. After approximately one-week, black crystals were observed which were 
suitable for SCXRD. 

Crystallization [Ag46(2,5-SPhMe2)24(PPh3)8]
2+

 cluster  

Cleaned 40 mg of the solid cluster was dissolved in 1.5 mL of distilled DCM and 0.5 mL of 
MeOH, filtered by syringe filter of pore size 0.22 µm and layered by distilled hexane at 1:1 
(by volume) ratio and kept at 4˚C. After approximately one-week, black hexagonal crystals 
were observed which were suitable for SCXRD. 

Instrumentation 

UV/Vis spectroscopy: 

UV/Vis spectra were recorded using a Perkin Elmer Lambda 25 instrument in the range of 
200 – 1100 nm. 

ESI MS 

The ESI MS spectra were measured using a Waters Synapt G2Si HDMS instrument. The 
Synapt instrument is equipped with an electrospray source, quadrupole ion trap, ion mobility 
cell and time of flight detector. Samples were measured in positive ion mode.  

X-ray crystallography  

(i) Mixture of Ag40 and Ag46  

Single crystal data were measured using a Bruker Kappa APEX III CMOS diffractometer 
using CuKα (λ = 1.54178 Å) radiation. Indexing was performed using APEX III. Data 
integration and reduction were performed using SAINT V8.37A. Absorption correction was 
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performed by multi-scan method implemented in SADABS (Bruker, 2016). Space group was 
determined using XPREP implemented in APEX III.  

(ii) [Ag46(2,5-SPhMe2)24(PPh3)8]
2+

  

Single crystal X-ray diffraction data was collected in a Bruker APEX-III CMOS 
diffractometer equipped with Mo K radiation and photon pixel detector. Unit cell 
parameters were determined using 36 frames collected from different zones of the reciprocal 
lattice. The intensity was integrated using SAINT V8.37A software. Multi-scan absorption 
correction was done using SADABS (Bruker 2016). 

ESI MS conditions 

The conditions for resolved electrospray ionization mass spectra were as follows: 

Sample concentration: 10 µg/mL  

Solvent: MeOH  

Flow rate: 30 uL/min 

Capillary voltage: 3 kV 

Cone voltage: 0 V 

Source offset: 0 V 

Source Temperature: 80-100°C  

Desolvation Temperature: 150-200°C 

Desolvation gas flow: 400 L/h 

Trap gas flow: 10 L/h 

Experimental conditions for differential pulse voltammetry 

Differential Pulse Voltammetry (DPV) was performed using Biologic SP200 potentiostat in 
0.1 M tetrabutylammonium hexafluorophosphate (Bu4NPF6) dissolved in dichloromethane at 
0-5 ˚C. Prior to the electrochemical measurements, solutions were degassed for 10 min in five 
necked reaction vessel which was equipped with three electrodes (both Pt wire used as 
working and counter electrode and Ag quasi reversible electrode as a reference electrode) and 
two gas inlet outlet provisions. DPV was performed within a potential window -2V to +2V 
and the potential was applied to the working electrode (Pt wire) with respect to the reference 
electrode. In the course of measurements, pulse height and pulse width were maintained as 5 
mV and 50 ms, respectively. Solutions of Ag40 and Ag46 clusters were taken in an electrolyte 
solution of Bu4NPF6 in dry DCM. 
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Computational details 

The Ag (4d105s1), S (3s23p4), P (3s23p3), C (2s22p2) and H (1s1) electrons were treated as 
valence and the inner electrons were included in a frozen core with scalar-relativistic effects 
being included for Ag. The exchange-correlation functional employed was the generalized 
gradient approximation of Perdew, Burke and Ernzerhof (PBE) and the basis set was double 
zeta plus polarization (DZP) in all our calculations. We used a 0.2 Å grid spacing for 
calculating the electron density and a convergence criterion of 0.05 eV/Å, for the residual 
forces on atoms was used in all geometry optimizations, without any symmetry constraints. 
The linear combination of atomic orbitals (LCAO) mode and more accurate finite-difference 
real-space grid method of GPAW were used to carry out the efficient structure optimization. 
The optimized structures from the finite-difference real-space grid method were used for the 
optical absorption calculation using LR-TDDFT.3 In order to plot the theoretical absorption 
spectrum for mixture, the amplitude (oscillator strength) of both the clusters was scaled by a 
factor of 0.5 and then added to each other, to yield the normalized amplitude for the mixture. 

The lowest 20 to 50 transitions were considered in order to determine the optical gap of the 
clusters based on their oscillator strength. The absorption spectra were plotted with a 
Gaussian broadening of 0.05 eV in the energy range of 0.95-3.3 eV. The distribution of 
electron density in molecular orbitals corresponding to the optical gap transition was plotted 
(iso-surface value 0.016-0.018), to analyze the changes in the electronic structure of the 
clusters. Furthermore, the Bader charge analysis was also carried out to study the charge 
transfer between the cluster and the ligands. The molecular orbitals were visualised using 
VESTA software. 

For the density of states calculations, the DFT geometry optimization was performed using 
the crystal structure of the clusters with reduced H ligands, [AgnS24P8H48]

2+ (n = 46, 40). The 
hybrid functional, PBE1PBE and LANL2DZ effective core potential (ECP) methodology was 
used as implemented in Gaussian09 software4. Later, the total density of states and projected 
density of states calculations were analyzed using the Multiwfn3.3.5 package5. For all the 
spectra, the Fermi level (EF) was centred at the middle of HOMO-LUMO gap. 

Analysis of superatomic orbitals 

In order to understand further the superatomic orbitals of the atomically-precise monolayer 
protected Ag46 cluster, the density of states (DOS) spectra were analysed in detail and the 
configurations of superatomic orbitals (1S2, 1P6, 1D10 and 2S2) identified are shown in Figure 
S29. A description of our method of identifying the superatomic orbitals is as follows.  

It has been shown for bare gold and silver clusters that the superatomic orbitals have a 
dominant contribution from 6s atomic orbitals in the case of gold and 5s atomic orbitals in the 
case of silver, compared to the p- and d-atomic orbital contributions (Wanrun Jiang, Yang 
Gao, Dexuan Xu, Fang Liu, Zhigang Wang; J. Electron. Mater. 2017, 46, 3938; Takashi 
Yumura, Mitsuhiro Kumondai, Yasushige Kuroda, Takashi Wakasugi, Hisayoshi 
Kobayashia, RSC Adv. 2017, 7, 4950). Therefore, superatomic orbitals in ligand protected 
clusters may also be expected occur at the energies where there are peaks in the s-orbital 
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contribution to the DOS, and where this contribution dominates over the p atomic orbital 
contribution (for the case of P superatomic orbitals), and over the d atomic orbital 
contribution (for the case of D superatomic orbitals). The superatomic orbitals of any 
symmetry mainly contain contributions from the metal s atomic orbitals (AOs) because of the 
greater delocalization of an overlapping system of s-orbitals, which is a necessary 
requirement for a state describing a free electron.  
 
Hence, the energy level positions of the superatomic orbitals emerge exactly in the regimes 
where the 5s AOs have the greatest contribution corresponding to peaks in the 5s PDOS. 
Therefore, the partial DOS (PDOS) spectrum of 5s AOs of Ag46 cluster was used to identify 
the configuration of superatomic orbitals and also by comparison of the s-orbital PDOS with 
the PDOS of the p and d atomic orbitals. We have already shown the PDOS of the Ag s, p 
and d orbitals in Figure S27. The relative greater contribution of the s atomic orbital 
compared to p and d can be seen in the regions of energy where the corresponding 
superatomic orbitals lie. 

Based on the above criteria we selected the likely candidates for superatomic orbitals and 
further checked the symmetry of the overall envelope of the density consistent with the S, P, 
and D assignment. From the DOS spectrum, it is clear that the frontier orbitals of Ag46 cluster 
are mainly dominated by the contribution of 5s atomic orbitals (AOs) of silver atoms. From 
Figure S29, the highest occupied molecular orbital (HOMO) is the 2S superatomic orbital. 
The calculated isosurfaces of a selection of MOs, with energies located at 5s peaks, that are 
most likely to correspond to the superatomic orbitals of Ag46 cluster are plotted in Figure 
S30. For Ag46, the 2S orbital can be clearly identified by its spherical symmetry. The P and D 
superatomic orbitals, identified by dominant s-orbital contribution over p- and d-orbital 
contributions, can be visually distinguished from the S superatomic orbitals by the presence 
of the nodal planes. It is more difficult, however, to distinguish between the features of the P 
and D orbitals from the density plots alone. A similar analysis was carried out for Ag40 which 
shows that the HOMO level, shown in Figure S31, coincides with the third D-sublevel. The 
DOS spectrum of Ag40 cluster clearly shows that there is a splitting in the 1D superatomic 
orbitals such that three orbitals (1D6) lie in the occupied region and another two orbitals exist 
in the unoccupied region. From the calculations, it is clear that Ag40 cluster is also a 
superatom and all their superatomic orbitals are plotted in Figure S32. 

Confirmation of nature of the superatomic orbitals is usually made by the computation of the 
superatomic DOS which is obtained by projection of the Kohn-Sham states onto cluster-
centred spherical harmonic functions (Ylm(θ,φ)). However, this calculation was beyond our 
current capabilities. Hence, the superatomic orbital assignments we have presented are 
approximate, but still reveal the essential superatomic properties of both the clusters. 

  

Analysis of differential pulse voltammetry 
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We have performed differential pulse voltammetry (DPV) of Ag40 and Ag46 clusters to 
estimate the highest occupied molecular orbital–lowest unoccupied molecular orbital 
(HOMO–LUMO) gap. According to earlier studies DPV has been used extensively to 
determine the HOMO-LUMO gap of atomically precise clusters.6-10 DPV results show 
several peaks in positive and negative potential regions which are assigned as oxidation and 
reduction peaks, respectively. The first reduction peak (R1) and oxidation peak (O1) of Ag40 
cluster are -1.19 V and +0.22 V, respectively (Figure S21). Electrochemical gap of Ag40 is 
the difference between the O1 and R1 which is +0.22 - (-1.19) =1.41 V. The actual HOMO-
LUMO gap can be obtained by subtracting the charging energy.9-10 The charging energy is 
determined by subtracting the two oxidation potential values (O2-O1=0.71-0.22=0.49 V) 
(Figure S21A). Hence, the HOMO-LUMO gap for Ag40 is 0.92 eV (1.41-0.49). Similarly, the 
HOMO-LUMO gap of Ag46 was determined to be ~1.30 eV (Figure S21B). The predicted 
(TDDFT) HOMO-LUMO gaps of Ag40 and Ag46 are 1.0 and 1.43 eV, respectively which are 
close to the experimental results. 

 

Single crystal X-ray diffraction analysis of a mixture of I and II clusters 

Structure was solved using SHELXT-2017 and least-squares refined using SHELXL-2017. 
Crystal data and refinement conditions are shown in Table S4. Suitable restraints were 
applied during the least-squares (LS) refinement. The molecule has a crystallographic 2/m 
symmetry which makes the asymmetric unit as ¼ th of the molecule. The structure solution 
and refinement clearly indicated the existence of disorder for most of the atoms in the 
asymmetric unit. Successive jobs of least squares refinement followed by Fourier difference 
map could finally yield the structure and disorder component. As the refinement proceeded, it 
became evident that Ag11 and Ag12 were not disordered and their actual occupancy refined to 
50% of the natural occupancy of the site. The two molecules exist as disorder components in 
the same site of the X-ray structure, their actual distribution among the unit cells of the 
crystal cannot be judged from the X-ray as (atomic positions we got from single crystal X-ray 
structure are only a picture of atom coordinates averaged over all unit cells of the crystal). 
Apart from disorder caused by the existence of two types of molecules in the same site, there 
are additional symmetry related disorders in both the molecules. The TPP of P2, P3, P2`, P3` 
are symmetry disordered. Similarly the thiols S6, S7, S6`, S7` are also disordered. While 
some hydrogen atoms could be fixed at geometrically idealized positions, majority of the 
hydrogen atoms were ignored as the disorder did not allow their fixation. The difference 
Fourier map towards the end showed the presence of water and hexane molecules in the 
lattice. The oxygen of water could be located and refined. However, hexane molecules were 
too disordered to be modeled and hence they were ignored. An ortep representation of Ag40 
and Ag46 clusters with ellipsoid probability 40% is presented in Figure S27A and B, 
respectively (carbon and hydrogen atoms are omitted for clarity). 

Single crystal X-ray diffraction analysis of [Ag46(2,5-SPhMe2)24(PPh3)8]
2+

 

cluster 
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Structure was solved using SHELXT-2017 and least-squares refined using SHELXL-2017. 
The cluster was crystallized in trigonal crystal system with space group P-3.11 There is one 
molecule in a unit cell with 1/6th of the molecule in the asymmetric unit. Along with the 
compound there are two molecules of triphenyl phosphino oxide in the unit cell. Triphenyl 
phosphino oxide is the possibly oxidized product of triphenyl phosphine. The cluster is 
essentially positively charged and nitrate is balancing the charge. However the anions could 
not be modeled from the difference Fourier Map due to severe disorder. 

 

Table S1. Reported crystal structures of silver clusters and their inner core and shell 
parameters 
 

 

Acronyms of ligands used: 
SPhMe2: 2,4 dimethylbenzenethiol 
PPh3: Triphenylphosphine 
SPhF2: 3,4-difluoro-benzenethiol 
 PnBu3: Tributylphosphine 
BDT: Benzene-1,3-dithiol 

Cluster Inner Core Shell Ref 

[Ag67(SPhMe2)32(PPh3)8]
3+ Ag23 (centred 

cuboctahedron) 
Ag44S32P8 

12 

[Ag14(SPhF2)12(PPh3)8] Ag6 (octahedron) Ag8S12P8 
13 

[Ag38(SPhF2)26(P
nBu3)8] 

[Ag63(SPhF2)36(P
nBu3)8]

+ 
Ag14 (fcc) Ag24S26P8 

14 
Ag49S36P8 

14 

 [Ag29(BDT)12(PPh3)4]
3- Ag13 (centred 

icosahedra) 
Ag16S24P4 

15 

[Ag78(SPhCF3)42(DPPP)6] Ag22 (three mutually 
interpenetrating 
icosahedra) 

Ag56S42P6 
16 

[Ag50(DPPM)6(TBBM)30] Ag12 (hollow 
icosahedra) 

Ag38S30P6 
17 

[Ag25(SPhMe2)18]
- Ag13 (centred 

icosahedra) 
Ag12S18 

18 

[Ag44(FTP)30]
4- 

[Ag44(p-MBA)30]
4- 

Ag12 (hollow 
icosahedra) 

Ag32S30 
19, 20 

[Ag62S12(SBut)32]
2+  Ag14 (fcc)  Ag48S44 

21 

[Ag141X12(S-Adm)40]
3+ Ag19 (biicosahedra) Ag122S40X12 

22 

[Ag23(SC2H4Ph)18(PPh3)8] Ag6 (octahedron) Ag12S18P8 
23 

[Ag46(SPhMe2)24(PPh3)8]
2+ Ag14 (fcc) Ag32S24P8 Present 

work 
[Ag40(SPhMe2)24(PPh3)8]

2+ Ag8 (simple cube) Ag32S24P8 Present 
work 
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SPhCF3:4-(trifluoromethyl)thiophenol 
DPPP: 1,3-bis(diphenyphosphino)propane 
 p-MBA: 4-mercaptobenzoic acid 
SBut: tert-butyl mercaptan 
TBBM: 4-tert-butylbenzyl mercaptan 
DPPM: Bis(diphenylphosphino) methane 
X: Cl, Br and I 
S-Adm: 1-adamantanethiolate 

 
Table S2. A summary of the average Ag-Ag distances in the two clusters reported in this 
work 

 
Bonds 

Bond length in 
[Ag46(SPhMe2)24(PPh3)8] 
(Å) 

Bond length in 
[Ag40(SPhMe2)24(PPh3)8] 
(Å) 

Ag(P)-Ag(P) - 2.68 

Ag(F)-Ag(F) 3.80 - 

Ag(O)-Ag(O) 2.88 - 

Ag(F)-Ag(O) 2.70 - 

Ag(S)-Ag(S) 3.0 3.0 

Ag(P)-Ag(S) - 3.12 

Ag(F)-Ag(S) 2.95 - 

Ag(O)-Ag(S) 3.0 - 

Ag-S 2.64 2.64 

Ag-P 2.45 2.45 

 

The bonds in the table are defined as follows:  
Ag–P bond length between Ag and phosphine  
Ag–S bond length between Ag and thiolate 
Ag(P) refers to the silver atoms of the Ag8 perfect cube in Ag40 

Ag(F) refers to the silver atoms of the Ag8 cube in Ag46 

Ag(O) refers to the silver atoms of the Ag6 octahedron in Ag46 

Ag(S) refers to the silver atoms of the Ag24 outer core present in both the structures 

 

 

Table S3. A summary of MO transitions to the optical gap of [Ag46(SCH3)24(P(CH3)3)8]
2+ 

and [Ag40(SCH3)24(PCH3)8]
2+ 
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Transition to the optical gap of 
[Ag46(SCH3)24(P(CH3)3)8]

2+ 
Transition energy (eV) Oscillator strength 

HOMO-4           LUMO 1.27 0.183 

HOMO-1           LUMO+3 1.33 0.170 

HOMO-6           LUMO+1 1.34 0.135 

HOMO-3           LUMO+2 1.41 0.119 

Transition of the optical gap of 
[Ag40(SCH3)24(P(CH3)3)8]

2+ 
Transition energy (eV) Oscillator strength 

HOMO             LUMO+6 0.96 0.390 

HOMO-4          LUMO+4 0.94 0.414 
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Table S4. Crystal data and structure refinement for co-crystal 

Identification code  SUGI 
Empirical formula  0.5(C336H336Ag46N2O8P8S24)  
 + 0.5(C336H336Ag40N2O8P8S24) + 2H2O+2NO3 
Formula weight  10189.69 
Temperature  110(2) K  
Wavelength  1.54178 Å 
Crystal system  Monoclinic 
Space group  C2/m 
Unit cell dimensions a = 28.053(2) Å = 90° 

 b = 35.669(3) Å = 90.6° 

 c = 22.5883(16) Å   = 90.0° 

Volume 22602(3) Å3  
Z 2 

Density (calculated) 1.497 g/cm3 

Absorption coefficient 16.159 mm-1 
F(000) 9918 

Crystal size 0.100 x 0.080 x 0.060 mm3 
Theta range for data collection 3.151 to 52.613° 
Index ranges -28<=h<=28, -36<=k<=36, -23<=l<=23 
Reflections collected 106189 
Independent reflections 13095 [R(int) = 0.1393] 
Completeness to theta = 52.613° 99.0 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. Transmission 0.36 and 0.24 

Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 13095 / 3488 / 2035 

Goodness-of-fit on F2 1.012 
Final R indices [I>2sigma(I)] R1 = 0.0785, wR2 = 0.2270 
R indices (all data) R1 = 0.1475, wR2 = 0.2798 
Extinction coefficient n/a 

Largest diff. peak and hole 1.170 and -1.141 e Å-3 
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Table S5 Crystal data and structure refinement for [Ag46(2,5 SPhMe2)24(PPh3)8] 
Identification code  1 
Empirical formula  C372 H366 Ag46 O2 P10 S24 
Formula weight  10909.79 
Temperature  296(2) K 
Wavelength  0.71073 Å 
Crystal system  Trigonal 
Space group  P-3 
Unit cell dimensions a = 24.7173(5) Å = 90°. 
 b = 24.7173(5) Å = 90°. 

 c = 24.6450(6) Å = 120°. 

Volume 13039.5(6) Å3 
Z 1 
Density (calculated) 1.389 g/cm3 

Absorption coefficient 1.844 mm-1 
F(000) 5310 

Crystal size 0.100 x 0.100 x 0.050 mm3 
Theta range for data collection 2.855 to 24.988°. 
Index ranges -29<=h<=29, -29<=k<=29, -29<=l<=29 
Reflections collected 229996 
Independent reflections 15300 [R(int) = 0.2081] 
Completeness to theta = 24.988° 99.8 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.88 and 0.76 

Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 15300 / 1035 / 845 

Goodness-of-fit on F2 1.062 
Final R indices [I>2sigma(I)] R1 = 0.0600, wR2 = 0.1551 
R indices (all data) R1 = 0.1782, wR2 = 0.2387 
Extinction coefficient n/a 

Largest diff. peak and hole 1.487 and -0.829 e.Å-3 
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Figure S1. Characterization of [Ag18(PPh3)10H16]
2+ by UV-vis and ESI MS. (A) Full range ESI MS of a 

methanol solution of [Ag18(PPh3)10H16]
2+ in positive ion mode. The major peak is for [Ag18(PPh3)10H16]

2+. 
(B) Comparison of experimental (red trace) and simulated (black) isotopic distributions of the cluster. Peaks 
labelled with asterisk (*) correspond to PPh3 loss. (C) UV-vis absorption spectrum of the cluster. These data 
presented here is matching with previous report.1-2 
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Figure S2. Construction of the FCC (Ag14) or octacapped octahedron (Ag6@Ag8). (A) Ag8 core which caps 
the Ag6 octahedron. (B) Ag6 octahedron which can be viewed also as square bipyramid. (C) Ag14 core 
which corresponds to FCC or octacapped octahedron. All atoms shown are silver. 
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Figure S3. Complete crystal facets present in the FCC (Ag14). Facets are shown in ball-and-stick model. 
(A) Square shaped facet {100}. (B) Rectangular shaped facet {110}. (C) Equilateral triangle shaped facet 
{111}. The atoms other than facets are shown in wireframe model. All atoms shown are silver. All atoms 
shown are silver. 



17 

 

A B C

D E F

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S4. Construction of Ag32S24P8 shell, tetrahedrally oriented silver-thiolate-phosphine complexes 
(AgS3P) are sitting on the faces of eight hexagons of Ag24 outer core. (A) Eight units of tetrahedrally 
oriented AgS3P. (B) Ag24 outer core in ball-and-stick model. (C) Ag24 outer core encapsulated by eight 
units of AgS3P. (D) Ag24 outer core in spacefilling model. (E) One AgS3P unit in ball-and-stick model. (F) 
Ag32S24P8 shell. Color legends: yellow, sulphur; blue, red, silver; magenta, phosphorous. 



18 

 

A B

C D

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S5. Encapsulation of Ag6 inner core by Ag24 outer core. (A) Ag24 outer core consists of six square 
faces. The faces are shown in six different colours. (B) Ag6 octahedron. (C) Ag6 inner core encapsulated by 
Ag24 outer core, which resulted in the formation of six square pyramids. (D) One such square pyramid is 
shown by an arrow in wireframe model. This kind of architecture is not observed in case of II cluster. All 
atoms shown are silver. 
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  Figure S6. (A) and (B) Organization of [II](NO3)2 and [I](NO3)2, respectively in a centred rectangular 2D 
lattice along z axis. (C) and (D) Packing diagram of the same which exhibits rectangular 2D lattice along x 
axis. Hydrogen atoms are omitted for clarity. Yellow rectangles correspond to unit cells. Color legends: gray, 
carbon; magenta, silver; yellow, sulphur; orange, phosphorous; red, oxygen; cyan, nitrogen. 
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Figure S7. The packing diagram of [II](NO3)2 and [I](NO3)2 clusters. It clearly reveals the location of 
counter ions (NO3

-) in the packing of both the clusters. Each unit cell is having two clusters (Z = 2 in Table 
S4) and four counter ions (as each counter ion contributes half per cluster). Hence each cluster contains two 
counter ions (NO3

-). (A) and (B) Packing of [II](NO3)2 and [I](NO3)2 clusters, respectively. Counter ions 
are shown in spacefilling model. Hydrogen atoms are omitted for clarity. Crystallographic axes a, b and c 
are shown by red, green and blue colours, respectively. Color legends: light green, carbon; magenta, silver; 
yellow, sulphur; orange, phosphorous; cyan, nitrogen; red, oxygen. 
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Figure S8. The construction of Ag32 and Ag38 kernels present in II and I clusters, respectively. (A) Ag24 
outer core. (B) and (D) Ag32 and Ag38 kernels, respectively. (C) and (E) One hexagon from (B) and (D), 
respectively. (a) Ag8 inner core of II. (b) Ag14 (Ag8@Ag6) inner core of I. The cubes of simple cubic and 
face-centred cubic structures are shown in white colour. Ag6 octahedral inner core is shown in magenta 
colour. Dotted green lines represent the cube in FCC. All atoms shown are silver. 
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  Figure S9. (A) Truncated octahedron Ag32 shell in wireframe model. (B) Inner core Ag6 octahedron in 
spacefilling model. (C) Encapsulation of Ag6 octahedron, by truncated octahedron Ag32 shell to construct 
Ag38.  
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Figure S10. Peaks at m/z 5176.25, 4853.5 and 3235.75 are expanded (From main manuscript Figure 4) in 
A, B and C, respectively. In A and B the characteristic peak separation is m/z 0.5 which confirm +2 charge 
state. Similarly in C peak separation of m/z 0.33 reveals +3 charge state.  



24 

 

4000 6000 8000

In
cr

ea
si

n
g

 c
o

lli
si

o
n

 e
n

er
g

y

4400 4600 4800

[Ag46(SPhMe2)24(PPh3)8]2+

[Ag46(SPhMe2)24]2+

[Ag40(SPhMe2)24(PPh3)8]+ [Ag40(SPhMe2)24(PPh3)8]2+

C.E. 0

C.E. 10

C.E. 15

C.E. 20

C.E. 25

C.E. 30

m/z m/z

A B

C.E. 0

C.E. 10

C.E. 15

C.E. 20

C.E. 25

C.E. 30

[Ag40(SPhMe2)24(PPh3)8]3+

  

Figure S11. Collision energy dependent mass spectra of I2+. II was not detected in any charge state during 
the collision induced dissociation experiment of I2+. (A) Full range spectra show the absence of II in +3 and 
+1 charge state. (B) Expanded region from Figure A show the absence of II in +2 charge state. Dotted 
vertical lines of black, red and blue correspond to the m/z positions of II in +3, +1 and +2 charge state, 
respectively. The collision energy (C.E.) values given are in instrumental units. 
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Figure S12. Collision-induced dissociation (CID) experiments were performed on both the clusters. (A) 
and (B) Collision energy dependent mass spectra of I

2+ and II
2+, respectively. Systematic losses of 

secondary ligands (triphenylphosphine) were observed due to weaker binding with the cluster core. CID 
experiments revealed the maximum loss of eight phosphine ligands which confirm the number of secondary 
ligands present in the cluster formulae. This observation is consistent with SCXRD results. The symbol 
asterisk (*) indicates the loss of thiol ligands (SPhMe2). The collision energy (C.E.) values given are in 
instrumental units. 



26 

 

400 600 800 1000
0.0

0.2

0.4

0.6

0.8  

 

 

 

 

 

 

A
b

so
rb

an
ce

Wavelength (nm)

0 h

2 h 

4 h
6 h

8 h
10 h
12 h

5000 10000m/z

0 h

2 h 

4 h

10 h

12 h

A B

ba c a: Ag40
3+ 

b: Ag40
2+

c: Ag46
2+

*
*

 

  

Figure S13. (A) and (B) Time dependent ESI MS and UV-vis spectra, respectively of a mixture of II and I 
clusters, heated in methanol at 50 ˚C. UV–vis spectra showed no considerable change with time up to 8 h, 
only change in the absorbance was observed. After 8 h of stirring at 50 ˚C, the optical absorption spectrum 
started to change and the highly structured features disappeared after 12 h. This indicates that the cluster 
was getting decomposed and this is reflected in the ESI MS also. Time dependent ESI MS revealed the 
presence of the species, II and I and no interconversion was seen as their relative intensities were same. 
This observation established that there is no oxidation product of I to form II. Studies were also conducted 
on pure clusters also. No interconversion of one cluster to the other was seen. The peaks marked with 
asterisk indicate the loss of PPh3 ligands. 
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Figure S14. Comparison of UV-vis spectra of a mixture of II and I clusters along with previously reported 
clusters.18-19 Some of the features are comparable with the two reported clusters but the overall spectrum is 
different. FTP refers to 4-fluorothiophenol. 
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Figure S15. Comparison of UV-vis spectra of a mixture of II and I clusters (red trace) with previously 
reported [Ag67(SPhMe2)32(PPh3)8]

3+ (black trace).12 Both the clusters are synthesised by using same ligands 
but UV-vis spectra are very different. This indicates that synthetic methodology plays major role in 
determining the size and shape of the nanoclusters. 
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Figure S16. (A) Positive ion mode ESI MS. Peaks labelled * indicate phosphine loses. (B) Expansion of the 
selected area is shown by an arrow. The peak corresponding to Ag46 was observable only upon 
magnification. 
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Figure S17. (A) Full range ESI MS of a methanol solution of crystals in positive ion mode. The peak is due to 
[Ag46(2,5-SPhMe2)24(PPh3)8]

2+.(B) The isotopic distribution of experimental spectrum (black) is compared 
with simulated spectrum (blue). (C) UV-vis absorption spectrum of a solution of crystals in dichloromethane. 
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  Figure S18. Comparison of the crystal structures of Ag46 cluster present in the co-crystal and the single 
component crystal. (A) and (B) Full structure of [Ag46(2,5-SPhMe2)24(PPh3)8] and [Ag46(2,4-
SPhMe2)24(PPh3)8], respectively. Counter ions are not shown here. Hydrogen atoms of triphenylphosphine 
for [Ag46(2,4-SPhMe2)24(PPh3)8] are not fixed. (C) and (D) Structure of Ag46S24P8 present in 
multicomponent crystal (co-crystal) and single component crystal, respectively. Carbon and hydrogen 
atoms are not shown for clarity. 
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Figure S19. Time dependent UV-vis spectra of Ag40 and Ag46 clusters, heated at 50˚C in MeOH. (A) and 
(B) correspond to UV-vis spectra of Ag40 and Ag46, respectively. UV-vis spectra showed the disappearance 
of highly structured features of Ag40 after 1.5 h. In the case of Ag46, the spectral features and absorbance 
were the same up to 3 h, only change in absorbance was seen afterwards. This observation reveals that Ag40 
is not thermally very stable as compared to Ag46. 
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Figure S20. Comparison of optical absorption spectra of solutions of Ag46, Ag40. UV-VIS-NIR spectra of 
Ag40 and Ag46 clusters in DCM. Red and black spectra correspond to Ag46 and Ag40, respectively. Inset 
shows the absorption of Ag40 in the NIR region. 
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Figure S21. (A) and (B) correspond to differential pulse voltammetry (DPV) of Ag40 and Ag46 clusters in 
forward and reverse scan mode. It was carried out to determine the HOMO-LUMO gaps of both the 
clusters. R1 and R2 indicate the 1st and 2nd reduction potential values, respectively. O1 and O2 stand for the 
1st and 2nd oxidation potential values.  
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Figure S22. Reduced model structure of Ag40 and Ag46. A and B correspond to [Ag40(SCH3)24(P(CH3)3)8] 
and [Ag46(SCH3)24(P(CH3)3)8], respectively. Color legends: white, hydrogen; cyan, carbon; yellow, sulphur; 
orange, phosphorous; magenta, silver. 
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Figure S23. Construction of theoretical optical absorption spectrum from a 1:1 mixture of Ag40 and Ag46 
clusters. Red and black traces indicate the calculated absorption spectrum of [Ag40(SCH3)24(P(CH3)3)8] and 
[Ag46(SCH3)24(P(CH3)3)8], respectively. Green trace indicates the mixture of both the clusters in equal 
proportion. 
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Figure S24. Molecular orbital transitions to the optical gap of [Ag46(SCH3)24(P(CH3)3)8]. The calculated 
HOMO -4, HOMO-1, HOMO-6, LUMO, LUMO+3, LUMO+1 of [Ag46(SCH3)24(P(CH3)3)8] cluster. 
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Figure S25. Molecular orbital transitions to the optical gap of [Ag40(SCH3)24(P(CH3)3)8]. The calculated 
HOMO, HOMO-4, LUMO+4 and LUMO+5 of [Ag40(SCH3)24(P(CH3)3)8] cluster.  
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Figure S26. Comparison of the predicted optical absorption spectra of [Ag40(SCH3)24(P(CH3)3)8] cluster in 
its 2+ and 3+ charge states. 
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Figure S27. Comparison of the plot of density of states versus energy of both the clusters, Ag40 and Ag46. 
TDOS correspond to total density of states. (A) and (C) correspond to density of states of Ag40 and Ag46, 
respectively. (B) and (D) correspond to the expansion of (A) and (C), respectively in the specific energy 
region. The energies of the corresponding molecular orbitals, responsible for major transitions in both the 
clusters are marked by black dotted lines. Fermi level (EF) was centred at the middle of HOMO-LUMO 
gap. The optical transitions in both clusters basically have the final state consisting of mainly 5p Ag 
orbitals. Intraband 5s to 5p, and interband 4d to 5p transitions are expected to occur mainly in these clusters 
with some contribution from Ag 5p or S 3p to Ag 5s. 
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Figure S28. (A) and (B) correspond to the density of states of Ag46 and Ag40, respectively for ligands alone. 
The atomic orbital contributions of ligands other than 3p of sulphur are not significantly influencing near 
HOMO-LUMO for both the clusters. The total PDOS contribution arising from the core and shell was 
calculated by summing over different orbitals of atoms in the core and shell regions for Ag40 (S2 D) and 
Ag46 (S2 C). 
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Figure S29. Plot of density of states versus energy in case of Ag46 and the filling of 20 electrons in the 
superatomic orbitals. The highest molecular orbital is set to be at zero. Dotted lines correspond to the total 
density of states and solid red lines indicate the desnity of states of Ag_5s. 
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Figure S30. Isosurfaces of superatomic orbitals in Ag46. The energy values (eV) are shown in the brackets. 
The highest occupied molecular orbital is set to be at zero. 
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Figure S31. Plot of density of states versus energy in case of Ag40 and the filling of 14 electrons in the 
superatomic orbitals. The highest molecular orbital is set to be at zero. Dotted lines correspond to the total 
density of states and solid red lines indicate the desnity of states of Ag_5s. 
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Figure S32. Isosurfaces of superatomic orbitals in Ag40. The energy values (eV) are shown in the brackets. 
The highest occupied molecular orbital is set to be at zero. 1D superatomic orbitals are observed to split 
such that three orbitals (1D6) lie in the occupied region and another two orbitals are in the unoccupied 
orbitals. 
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Figure S33. Ortep representation of both the clusters with ellipsoid probability 40%. A and B correspond to 
Ag40S24P8 and Ag46S24P8, respectively. Color legends: silver, blue; green, phosphorus; brown, sulphur. 
Carbon and hydrogen atoms are omitted for clarity. 
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ABSTRACT: We present isomerism in a few supra-
molecular adducts of atomically precise nanoparticles,
[Ag29(BDT)12∩(CD)n]

3− (n = 1−6), abbreviated as I
where BDT and CD are 1,3-benzenedithiol and cyclo-
dextrins (α, β and γ), respectively; ∩ symbolizes an
inclusion complex. The different host−guest complexes of
I were characterized in the solution state as well as in the
gas phase. The CDs (α, β and γ) encapsulate a pair of
BDT ligands protecting the Ag29 core. This unique
geometry of the supramolecular adducts makes the system
similar to octahedral complexes of transition metals, which
manifest various isomers. These isomers of I (n = 2−4)
were separated by ion mobility mass spectrometry (IM
MS). We proposed structures of all the inclusion
complexes with the help of IM MS measurements and
molecular docking, density functional theory (DFT), and
collision cross section (CCS) calculations.

A tomically precise nanoparticles of noble metals with
precise composition and structure exhibiting character-

istic properties1−4 are an important class of molecules showing
potential applications in energy conversion,5 sensing,6

catalysis7,8 and biomedical applications.9 Their molecular
science is gradually evolving, an important aspect being
intercluster reactions.10−13 Supramolecular chemistry is playing
a key role in intercluster interactions to assemble clusters
through weak interactions between ligands arising from
directed hydrogen-bonding,14 electrostatic, and C−H···π

interactions.15 One of the characteristics of molecular systems
is isomerism, which has been important in the evolution of
science, especially that of transition metal coordination
complexes. Theoretical and experimental efforts to find
structural isomerism in nanoclusters16,17will provide new
insights into designing unique functional materials.
The shape-sensitive hydrophobic cavities of CDs represent a

class of receptors that are ideal for the construction of hybrid
assemblies.18,19 The formation of supramolecular adducts of
Au25(SBB)18, where SBB is 4-(t-butyl)benzyl mercaptan, with
CD was reported previously.20

Here, we establish the occurrence of isomerism in CD
adducts of an atomically precise nanoparticle. First, we created
supramolecular adducts of [Ag29(BDT)12]

3− (BDT = 1, 3
benzenedithiol) abbreviated as X3−, with CDs. They are
labeled as X∩(CD)n

3−; the symbolism, A∩B represents an

inclusion complex of A in B.21 Isomers were detected for n = 2,
3 and 4 complexes by IM MS, while n = 1, 5 and 6 adducts did
not show isomers, as in octahedral complexes. The
experimental observations were fully supported by molecular
docking, DFT, and CCS calculations.
We prepared X∩(CD)1−6

3− clusters in dimethylformamide
by careful mixing of X22 and CDs (α, β and γ) in various
proportions and their electrospray ionization mass spectrom-
etry (ESI MS) were performed, as shown in Supporting
Information (Figures S2−S6). The cluster, X3−, was synthe-
sized following the reported protocol22 with slight modifica-
tions as described in the Experimental Details (Supporting
Information) and characterized using optical absorption and
ESI MS (Figure S1). The spectrum of 1:6 mixture of X3− with
β-CD is shown in Figure 1, which exhibited n = 1−6 β-CD
adducts of the cluster in substantial intensity. Each of these
adducts exhibited well-resolved mass spectra showing all the

Received: August 23, 2018
Published: October 10, 2018

Figure 1. ESI MS of [X∩(CD)n]
3− (n = 1 to 6) (I) supramolecular

complexes, where X and CD represent Ag29(BDT)12 and β-
cyclodextrin. (a) Theoretical and experimental isotopic patterns for
[X∩(CD)n]

3−. (b) Schematic representation of I for n = 1. Color
codes: Ag13 Core, light green; 4 Ag3 staples, blue; 4 Ag tetrahedral
positions, red; sulfur, yellow; carbon, brown. Encapsulated BDTs in
CD are in dark green. (c) A simple representation of I for n = 1,
similar to an octahedral coordination geometry.
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expected isotopologues (Figure 1a). This, along with the
fragmentation patterns, confirmed their composition. The
adducts lost CD upon collisional activation (Figures S7−S10).
Energy threshold needed for the loss increases with the
increase in diameter of CDs from α to γ, suggesting increased
interactions with increasing diameter of the cavity (Figure
S11). From a comparison of the absorption spectra of the
adducts with that of the cluster, it appeared that the absorption
features of the adducts were mainly additive with slight
changes19,23 in the absorbances of the constituents indicating
that electronic structure of the cluster is almost unaffected by
CD complexation (Figure S12). Upon addition of β-CD in X3−

in DMF-D7 (Figure S13),
1H NMR spectra showed significant

changes in the resonances for the H-1, H-3 and H-5 protons.19

The changing signals of H-1, H-3 and H-5 suggest that the
ligands are deeply inserted in the CD cavity.19 The observation
of a maximum of six CD adducts in ESI MS and the NMR
results indicated that probably each CD encapsulates a pair of
BDT ligands on the cluster surface. Previous study of
supramolecular functionalization of Au25SBB18

− with β-CD
showed that each CD encapsulated only one SBB ligand due to
their radially outward orientation which were spaced farther
apart.20 We will come back to this aspect when we discuss the
computational data.
The attachment of six CDs could imply an octahedral

arrangement of CDs on the cluster surface that can result in
structural isomers as seen in coordination complexes. If two
ligands in an octahedral complex are different from the other
four, giving an MA4B2 complex, two isomers are possible. The
two B ligands can be cis or trans as shown in Figure S14B.
Replacing another A ligand by B gives an MA3B3 complex for
which there are also two possible isomers. In one, the three
ligands of each kind occupy opposite triangular faces of the
octahedron; this is called the “fac” isomer (for facial) (Figure
S14C). In the other, when three ligands are found in a row of
an octahedron, it is called “mer” isomer (for meridional)
(Figure S14C). In contrast, such isomerism is impossible in
tetrahedral systems as all the sites are equivalent.
In this discussion, the free and CD included BDTs can be

considered as two different ligands, A and B, respectively. For
example, X∩CD2 can be considered as MA4B2 where M
corresponds to Ag29, A corresponds to BDT2 as the two BDT
ligands get included in one CD and B corresponds to
BDT2∩CD.
IM MS can effectively separate structural isomers in the gas

phase. The drift time profile of various supramolecular adducts
shown in Figure 2 reveals the existence of isomers in some of
the β-CD adducts. While the adducts for n = 1, 5 and 6 do not
reveal isomers, the other adducts, n = 2−4 show two distinct
isomers with differing populations. These resemble the
situation encountered in octahedral coordination complexes.
The mass spectra extracted from the drift time profiles reveal
the isomeric nature of the species (Figures S15−S17). The
experimental CCS value for each complex is given in Figure 2.
It further shows the increasing difference in the CCS with
increasing the number of β-CDs. The X∩(β-CD)5 (Figure 2e)
peak is only 13% broader than X∩(β-CD)1 and X∩(β-CD)6
peaks (Figure 2a,d). So, there are fewer possibilities to have
multiple isomers. In the case of other CD functionalized
clusters like Au25SBB18∩CDn (n = 2, 3 and 4), there may be
some possibilities for isomerism.
In order to understand the structures of the complexes, we

performed molecular docking24 and DFT calculations. To

verify the lowest energy structure of X∩CD, we carried out a
global structure search by molecular docking simulations using
minimum energy geometry of the adduct. More details about
docking and DFT calculations are provided in the computa-
tional section of SI. Docking study shows that a pair of BDT
ligands gets into the cavity of CDs (Figure S18). The lowest
energy docked structures of X∩CD (α, β and γ) were used for
DFT optimization. The binding energy (BE) values in PBE
(Perdew, Burke and Ernzerhof) method for X∩α-CD, X∩β-
CD and X∩γ-CD were −33.46, −65.15 and −69.01 kcal/mol,
respectively (Figure 3). With increase of diameter of the CD,

the BE of the adducts is increasing which is in good agreement
with the CID experiment shown in Figure S11. As the cavity
size increases, a pair of BDT ligands can penetrate more inside
the cavity. Here, C−H···π, weak ionic Ag···O, hydrogen
bonding and van der Waals (vdWs) interactions are the main
reasons for such complexation. For β-CD, the C−H···π
interaction distances were ∼3.09 to 3.31 Å. The distance
between the two BDT ligands decreases when CD
encapsulated them (Figure 3Ba,b), which enhances the π−π
interactions between the BDT ligands in the complex. For β-

Figure 2. (a−f) Drift time profile of [X∩(β-CD)n]
3− (n = 1 to 6)

complexes and their corresponding CCS values. (b, c and d) Presence
of isomers in the complexes when n = 2, 3 and 4.

Figure 3. (Aa−c) DFT optimized lowest energy structures of
[X∩(CD)1]

3− complexes where CD stands for α, β and γ-CD,
respectively. The distance between the CD and the cluster decreases
with increasing diameter of the CD. (Ba) The C−H···π interactions
between BDTs and β-CD. (b) The π...π interaction distance between
two BDTs. (c) The Ag···O interaction distances with β-CD.
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CD, the Ag···O interaction distances were ∼4.08 to 4.49 Å.
The Ag···O interaction increases from α to γ CD. Furthermore,
Ag−S distance involving core Ag atoms was elongated by 0.04
Å whereas the Ag−S distance of the staple was reduced by 0.06
Å. Hydrogen bonding interactions are also expected to play a
key role in the complexation of a β-CD ligand with X. It is
worth noting that the ionic interaction between multiple S
atoms on the cluster and H of CD ligand mainly influences the
interaction of β-CD with the X cluster. Particularly, the strong
ionic interaction of S···H shows a distance of 2.11−2.80 Å. On
the other hand, hydrogen bonding distances 3.37−3.86 Å are
found between O of the CD and nearest H of the BDT ligands.
To study the effect of vdW interactions, the structures were
again reoptimized using a vdW-DF2/DZP methodology and
the resulting BEs were compared with those of PBE/DZP
methodology (Table S1). We have checked the other
encapsulation possibility of CDs from the tail side (Figure
S19) also. But in this case, the complex is less stable.
These structures can be drawn in a simpler fashion as shown

in Figure 4. We see that the ligand orientation in X3− displays

an octahedral symmetry, if we consider a pair of BDT as one
unit (Figure 4Aa). This simple diagram illustrates the similarity
of such complexes with octahedral coordination complexes. At
the same time, it confirms the distinct structural possibilities in
supramolecular adducts derived from the cluster. The adduct,
[X∩CD1]

3− has only one structural isomer as all ligand units
are identical (Figure 4Ac) while [X∩CD2]

3− will have two
possible isomers, cis (C) and trans (T) (Figure 4Ba). There are
similar possibilities in [X∩CD3]

3−, which can also exhibit fac-
mer isomerism (Figure 4Bb). Such an analysis presents two
isomers for [X∩CD4]

3− also (Figure 4Bc). [X∩(CD)6]
3−

represents an octahedral symmetry by covering the whole
cluster with CDs with no isomers (Figure S21). Same is the
case with [X∩(CD)5]

3− also. The IM MS results agree with
this (Figure 2).
For [X∩β-CDn]

3− (n > 1) complexes were optimized by
using the PBE25 and vdW-DF2 functionals. PBE functional

results and BEs are presented in Figure S20. The cis isomers
are more stable compared to the trans isomer because of extra
hydrogen bonding between the CDs. The DFT optimized
structures were further used to calculate the CCSs. The
calculated CCSs are in agreement with the experimental CCSs
obtained from IM MS allowing accurate assignment (Table
S2). The relative populations of the adducts (n = 2−4)
observed in the mobilogram can be correlated with the
stabilization energy as shown in Figure S20. The calculated and
experimental CCS values are given in Table S2. DFT
optimized structures of [X∩β-CDn]

3− for n = 5 and 6 are
given in Figure S21. Now, it is possible to assign isomers 1 and
2 of Figure 2b and d as cis and trans, respectively. The isomer 1
and isomer 2 of Figure 2c represent the fac and mer isomers,
respectively.
Concerning the implication of the structures, we propose

that their isolation in the solid state can result in new kinds of
cluster-assembled materials. Supramolecular complexation in
such systems may introduce new properties like chirality.
Although these are speculative at the moment, we postulate
that such supramolecular complexes discussed here may
introduce new aspects in the science of atomically precise
clusters.
In summary, we synthesized supramolecular complexes of

atomically precise clusters with CDs. We proposed isomeric
structures of such supramolecular complexes which are
reminiscent of coordination complexes. These isomers were
separated using IM MS. The obtained CCSs from the
experiments were compared with those of the calculated
structures. The agreement between the theory and experiment
in CCSs and relative populations support the proposed
structures. Supramolecular isomerism could be observed for
other clusters also depending on the symmetry, orientation and
geometry of the ligand surrounding the cluster. We postulate
that the discovery of new clusters with amenable ligands would
enhance better stabilization of such complexes, allowing the
isomers to be used as precursors for new cluster-based
materials.
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Experimental Details 

Instrumentation 

The UV-vis spectra were measured using a PerkinElmer Lambda 25 UV-vis spectrophotometer. 

Mass spectrometric measurements were performed in a Waters Synapt G2-Si high-resolution 

mass spectrometer. NMR measurements were performed using a Bruker 500 MHz NMR 

spectrometer. 

Chemicals 

All the chemicals except the clusters were commercially available and used without further 

purification. Silver nitrate (AgNO3, 99.9%) was purchased from Rankem, India. Sodium 

borohydride (NaBH4), 1,3-benzene dithiol (1,3-BDT), and cyclodextrins (α, ȕ and Ȗ) were 

purchased from Sigma-Aldrich. Triphenylphosphine (TPP) was purchased from Spectrochem, 

India. All the solvents, dichloromethane (DCM), methanol (MeOH), ethanol (EtOH), and 

dimethylformamide (DMF) were of the HPLC grade and were used without further distillation. 

Deuterated solvents DMF-d7 used for NMR measurements, was purchased from Sigma-Aldrich. 

Synthesis of [Ag29(BDT)12]
3-

 cluster 

[Ag29(BDT)12]
3- clusters were synthesized following a reported protocol with slight 

modifications1. About 20 mg of AgNO3 was dissolved in a mixture of 10 mL DCM and 2 mL 

methanol. To this mixture, about 1γ.5 μL of the 1,γ-BDT ligand was added. The reaction mixture 

was stirred for about 15 mins. Then, about 10.5 mg of NaBH4 dissolved in 500 μL of ice-cold 

water was added. The stirring was continued under dark conditions for about 5 h. Then, the 

mixture was centrifuged, the precipitate was discarded. The clusters were obtained as the orange 

supernatant. The solution was evaporated by rotary evaporation, the orange residue was washed 

with methanol and finally dissolved in DMF. The solution was characterized by UV-vis and ESI 

MS, which confirmed the formation of [Ag29(BDT)12]
3- clusters (Figure S1). However, as the 

clusters were synthesized without the TPP ligands, they were stable only for a few hours.  
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Synthesis of [Ag29(BDT)12(CD)n]
3- 

complexes 

Immediately after the synthesis of [Ag29(BDT)12]
3- clusters, CDs (α, ȕ and Ȗ) were added 

separately to the cluster solution in DMF.  The addition of CDs increased the stability of the 

clusters significantly.  The reactivity was monitored using UV-vis and ESI MS studies. 

ESI MS and IM MS measurements 

All mass spectrometric measurements were conducted using a Waters Synapt G2Si High 

Definition Mass Spectrometer equipped with electrospray ionization (ESI) and ion mobility (IM) 

separation. All samples were measured in the negative electrospray ionization mode. The 

instrument was calibrated using NaI as the calibrant. All samples were measured keeping almost 

the same conditions with slight modification wherever required. Typical experimental 

parameters were: desolvation gas temperature 150°C, Source temperature: 100oC, Desolvation 

gas flow: 400 L/h, capillary voltage, 3 kV; sample cone, 80 V; source offset, 80 V; trap collision 

energy, 2 V; trap gas flow, 2 mL/min; helium cell gas flow, 90 mL/min; IMS gas flow, 60 

mL/min; trap DC bias, 40 V; IMS wave height, 35 V and IMS wave velocity, 400 m/s. The 

collision voltage in the transfer cell was raised until fragmentations were seen properly (4-60 

V).The concentration of the sample was 1 μg/mL and it was infused at a flow rate of 30 µL/mins. 

CCS values of the CD-cluster complexes were calculated by taking the cluster as a calibrant and 

using the previous literature2. 

 

Computational Details:  

Molecular docking studies have been carried out using AutoDock 4.2 and AutoDock Tools 

programs3. The crystal structures of [Ag29(BDT)12]
3-1 and CDs were used for this study. We used 

CDs as the “ligand” i.e. the movable molecule whose rotational and translational degrees of 

freedom could be varied during the docking. The ‘receptor’ molecule was [Ag29(BDT)12]
3-, and 

this was the fixed and completely rigid central molecule. We assigned partial charges from DFT 

for all atoms of [Ag29(BDT)12]
3-. Receptor grids were generated using 126 × 126 × 126 grid 

points with a grid spacing of 0.375 Å and map types for all the ligand atoms were created using 

AutoGrid 4.6. The van der Waals radius σ (Å) and well depth ε (kcal/mol) for Ag of β.6γ Å and 

4.560 kcal/mol, respectively, were taken from well-tested sources in literature4-5 and these were 
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added to the Autodock parameter file which does not contain them by default. The grid 

parameter file (.gpf) was saved using MGL Tools-1.4.6.50. For docking, the docking parameter 

files (.dpf) were generated using MGLTools-1.4.6.50 and docking was performed using 

AutoDock4.2. The results of AutoDock generated an output file (.dlg), and the generated 

conformers were scored and ranked as per the interaction energy. Ten lowest energy conformers 

were obtained. The structure showing the lowest binding energy between the interacting 

molecules was used an initial structure for DFT optimization. The free energies of binding were 

calculated subtracting the unbound energies from the sum of the intermolecular and intetnal 

energy terms in the adducts, which is a calculation that is performed within the Autodock 

program. 

The PAW set-up was Ag(4d105s1), S(3s23p4), C(2s22p2) and H(1s1) with scalar-relativistic effects 

included for Ag. The initial structure of [Ag29(BDT)12]
3- was optimized by taking the crystal 

structure of [Ag29(BDT)12(TPP)4]
3-, as reported by Bakr et al. and removing its TPP ligands1. 

The geometric optimizations of the supramolecular complexes were mainly carried out using the 

PBE exchange functional6 and a double zeta polarization (DZP) basis set, with a grid spacing of 

0.2 Å in LCAO mode7, with the convergence criteria as 0.05 eV/Å for the residual forces acting 

on atoms without any symmetry constraints. Further, the calculated ground state geometry and 

energy of the complexes were compared with the vdW-DF2 functional8. The strength of the 

interaction between the cyclodextrins and [Ag29(BDT)12]
3- cluster was studied by calculating 

their binding energies by subtracting the sum of energies of isolated [Ag29(BDT)12]
3- cluster and 

CDs from the total energy of  the adducts, [Ag29(BDT)12(CD)n]
3-. All structures were built up 

using the Avogadro software package9
. 
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Figure S1. A) UV-vis and B) ESI MS of [Ag29(BDT)12]
3-. Inset of A) shows the DFT optimized 

structure of the cluster and inset of B) shows the experimental and calculated isotope patterns of 

[Ag29(BDT)12]
3-. 
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Figure S2. A) ESI MS of [X∩(CD)n]
3- (n = 1 to 4) supramolecular complexes when ratio of X : CD in DMF 

was  1:4, where X and CD represent Ag29(BDT)12 and ȕ-cyclodextrin.  
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Figure S3. A) ESI MS of [X∩(CD)n]
3- (n = 1 to 4) supramolecular complexes when the ratio of X : CD  

in DMF was  1:4, where X and CD represent Ag29(BDT)12 and α-cyclodextrin.  
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Figure S4. A) ESI MS of [X∩(CD)n]
3- (n = 1 to 4) supramolecular complexes when the ratio of X : CD in 

DMF was  1:4, where X and CD represent Ag29(BDT)12 and Ȗ-cyclodextrin.  
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Figure S5. A) ESI MS of [X∩(CD)n]
3- (n = 1 to 6) supramolecular complexes when the ratio of X : CD in 

DMF was  1:6, where X and CD represent Ag29(BDT)12 and α-cyclodextrin.  
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Figure S6. A) ESI MS of [X∩(CD)n]
3- (n = 1 to 6) supramolecular complexes when the ratio of X : CD in 

DMF was  1:6, where X and CD represent Ag29(BDT)12 and Ȗ-cyclodextrin.  
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Figure S7. Collision induced dissociation (CID) of [X∩(CD)4]
3-, where CD is ȕ-cyclodextrin. With the 

increase of collision of energy (CE), CD lost from the complex.  CE is controlled by applied potential (in 
V). 
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Figure S8. Collision induced dissociation (CID) of [X∩(CD)3]
3-, where CD is ȕ-cyclodextrin. With the 

increase of collision of energy (CE), CD was lost from the complex.  CE is controlled by applied 
potential (in V). 
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Figure S9. Collision induced dissociation (CID) of [X∩(CD)2]
3-, where CD is ȕ-cyclodextrin. With the 

increase of collision of energy (CE), CD was lost from the complex. CE is controlled by applied potential 
(in V). 
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Figure S10. Collision induced dissociation (CID) of [X∩(CD)1]
3-, where CD is ȕ-cyclodextrin. With the 

increase of collision of energy (CE), CD was lost from the complex. CE is controlled by applied potential 
(in V). 
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Figure S11. Comparison of energy resolved fragmentation of [X∩(CD)1]
3- complex with different CDs, 

where CD stands for α, ȕ, & Ȗ-cyclodextrin. With the increase of cavity size, the interaction energy 
increases. 
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Figure S12. UV-vis spectra showing slight changes upon addition of ȕ-CD to the Ag29(BDT)12
3- 

indicating that electronic structure of the cluster is almost unaffected by CD complexation. The 
concentration of the cluster:CD was varied from 1:1 to 1:4 in room temperature. 
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Figure S13. 1H NMR spectra (500 MHz, 298 K, DMF- d7) of a) only ȕ-CD and b) ȕ-CD in the presence 
of Ag29(BDT)12

3-.1H NMR spectra showed changes in the resonances for the inner-cavity H-5 and H-3 
protons. The peaks with the * marked are also due to H3 and H5 proton and they were showing some 
changes. The ratio of the concentration of cluster:CD was 1:6. Cyclodextrins are highly symmetric. But 
when they are encapsulated in a pair of BDT ligands, the symmetry was lost and they were distorted 
slightly. This will lead to anisotropy in the structure. Because of this anisotropy, H-1 proton could change 
significantly in NMR after the addition of the cluster. 
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Figure S14. Structural isomers of octahedral complexes. A) MA5B does not show any structural 
isomerism. B) MA4B2 shows cis-trans isomerism and C) MA3B3 shows fac-mer isomers.  
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Figure S15. Drift time of [X∩(ȕ-CD)2]
3- showing the presence of two isomeric structures. The 

isotopic distributions of the isomers are matching with the calculated spectrum. The CCS values are 
shown. 
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Figure S16. Drift time of [X∩(ȕ-CD)3]
3- showing the presence of two isomeric structures. The 

isotopic distributions of the isomers are matching with the calculated spectrum. The CCS values are 
shown. 
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Figure S17. Drift time of [X∩(ȕ-CD)4]
3- showing the presence of two isomeric structures. The 

isotopic distributions of the isomers are matching with the calculated spectrum. The CCS values are 
shown. 
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Figure S18. a) to c) Molecular docking lowest energy structures of [X∩(CD)1]
3- complexes where CD 

stands for α, ȕ, and  Ȗ- CD, respectively.  

Figure S19.  DFT optimized structure of [X∩(ȕ-CD)1]
3- with binding energy, where CD encapsulates the 

cluster from the tail side.  
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Figure S20. A) a), b) and d), f) DFT optimised structures of C/T isomers of [X∩(CD)n]
3-  for n = 2 and 4, 

respectively and their corresponding CCS values and binding energies are given below. c) and d) The 
DFT optimized fac-mer isomers with binding energies and CCS values. 
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Figure S21. A) DFT optimized structure of [X∩(ȕ-CD)n]
3- where n = 5 a) and 6 b) with CCS values and 

binding energies. 
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Table S1. Binding energy values 

 

 

 

 

 

 

 

 

 

 

Systems (PBE) BE (kcal/mol) (vdw-DF2) BE (kcal/mol) 

[X∩(α-CD)1]
3- - 33.46  - 71.74 

[X∩(ȕ-CD)1]
3- - 65.15  - 99.28 

[X∩(Ȗ-CD)1]
3- - 69.01  - 145.82 

C-[X∩(ȕ-CD)2]
3- - 68.24 - 143.31 

T-[X∩(ȕ-CD)2]
3- - 46.78 - 101.48 

fac-[X∩(ȕ-CD)3]
3- - 76.31 - 147.01 

mer-[X∩(ȕ-CD)3]
3- - 68.42 - 119.02 

C-[X∩(ȕ-CD)4]
3- - 76.43 - 100.68 

T-[X∩(ȕ-CD)4]
3- - 66.23 - 86.43 

[X∩(ȕ-CD)5]
3- - 72.09 - 98.23 

[X∩(ȕ-CD)6]
3- - 69.88 - 96.11 

Tail-[X∩(ȕ-CD)1]
3- - 27.21 - 63.65 
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Table S2. Experimental and theoretical CCS values 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Possible structures 

 

 
Exp. CCS ( Åβ) 

 
Calculated CCS by 

PA ( Åβ) 

[X∩(ȕ-CD)1]γ- 4γ8.0  4β1.0 

C-[X∩(ȕ-CD)β]γ- 5β6.0 511.0 

T-[X∩(ȕ-CD)β]γ- 540.0 5β6.0 

fac-[X∩(ȕ-CD)γ]γ- 61γ.0 586.0 

mer-[X∩(ȕ-CD)γ]γ- 6β8.0 601.0 

C-[X∩(ȕ-CD)4]γ-  695.0           660.0 

T-[X∩(ȕ-CD)4]γ-  7β4.0           69γ.0 

[X∩(ȕ-CD)5]γ-  790.0           744.0 

[X∩(ȕ-CD)6]γ-  860.0            8β0.0 
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A thirty-fold photoluminescence enhancement
induced by secondary ligands in monolayer
protected silver clusters†
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In this paper, we demonstrate that systematic replacement of the secondary ligand PPh3 leads to an

enhancement in the near-infrared (NIR) photoluminescence (PL) of [Ag29(BDT)12(PPh3)4]
3−. While the re-

placement of PPh3 with other monophosphines enhances luminescence slightly, the replacement with

diphosphines of increasing chain length leads to a drastic PL enhancement, as high as 30 times compared

to the parent cluster, [Ag29(BDT)12(PPh3)4]
3−. Computational modeling suggests that the emission is a

ligand to metal charge transfer (LMCT) which is affected by the nature of the secondary ligand. Control

experiments with systematic replacement of the secondary ligand confirm its influence on the emission.

The excited state dynamics shows this emission to be phosphorescent in nature which arises from the

triplet excited state. This enhanced luminescence has been used to develop a prototypical O2 sensor.

Moreover, a similar enhancement was also found for [Ag51(BDT)19(PPh3)3]
3−. The work presents an easy

approach to the PL enhancement of Ag clusters for various applications.

Introduction

Monolayer protected atomically precise clusters of noble
metals with systematic variation in properties belong to a new
category of precision materials.1–3 Their distinct luminescence
and characteristic electronic absorption have fascinated the
scientific community for the past few years.4–6 The ability to
crystallize them has led to a detailed understanding of their
structures and this has promoted in-depth studies of their pro-
perties by computational methods.7–9 Among the properties of
such systems, observable luminescence, especially in the near-
infrared (NIR) window, has been fascinating due to its chemi-
cal and biological applications.10,11 Depending on the struc-
ture, composition and core size of the clusters, luminescence
can be observed in different spectral regions (visible, NIR and
infrared).12–14 The electronic structure of the metal–ligand
interface is known to be a crucial factor in determining the
emission properties.15,16 Consequently, ligand modification
has been shown to result in an enhancement in lumine-

scence.17,18 The PL enhancement of Au25(PET)18 (PET: 2-phe-
nylethanethiol) is a good example where ligand modification
was done using 4-tert-butylbenzyl mercaptan (SBB).19 Also,
Au22(SG)18 (SG: glutathione) displayed high luminescence after
surface reconstruction.20,21 Surface modification can be made
via the formation of ion pairing which helps in improving the
PL intensity as in the case of [Ag29(BDT)12(PPh3)4]

3− (BDT:
1,3-benzenedithiol) which showed more than ten-fold PL
increment in the presence of bulky counter ions.22 The compo-
sition of the core also influences the luminescence intensity
significantly. The most dramatic aspect of this effect was the
observation of a 200-fold enhancement in PL after the addition
of 13 Ag atoms in the Au25 cluster.23 Also, a huge emission
enhancement was observed in [Ag29(BDT)12(PPh3)4]

3− and
[Ag25(2,4-DMBT)18]

− (DMBT: 2,4-dimethyl benzenethiol) clus-
ters upon doping of Pt and Au atoms.24–26 [AuAg24(DMBT)18]

−

and [AuxAg29−x(BDT)12(PPh3)4]
3− exhibited ∼25 and ∼26 fold

higher PL, respectively, compared to that of the corresponding
undoped clusters. Doping of the Pt atom in
[Ag29(BDT)12(PPh3)4]

3− resulted in a 2.3 fold PL enhancement.
The nature of solvent also plays an important role in PL
enhancement.27 An example of this is [PtAg24(DMBT)18]

2−,
which showed a 100 fold greater QY in acetonitrile compared
to that in dichloromethane.28

Aggregation-induced luminescence enhancement (AIE) has
been proposed to be the driving force for the enhanced
luminescence in biological structures, organic luminogens
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and metal nanoclusters.21,29–32 In such cases, non-covalent
interactions between the molecules restrict the intermolecular
motion which affects the luminescence (enhancement or
quenching). The AIE is observed in Au2Cu6(S-Adm)6(PPh2Py)2
(S-Adm: adamantane thiol), Au4Ag13(DPPE)4(DMBT)9 (DPPE:
1,2-bis(diphenylphosphino)ethane), Au4Ag5(DPPM)2(SR)6(BPh4)
(DPPM: 1,1-bis(diphenylphosphino)methane), etc.33–35 A recent
report by Zhu et al. suggested that the addition of excess PPh3

in [Ag29(BDT)12(PPh3)4]
3− can induce aggregation, which

resulted in a 13-fold PL improvement (from 0.9% QY to 11.7%
QY).36 The PL intensity can also be tuned by changing the tem-
perature. The lower the temperature, the lower is the molecular
motion and hence the higher is the PL intensity.
[Ag29(BDT)12(PPh3)4]

3− displayed an ∼25 fold greater QY at a
lower temperature.36

Besides the silver clusters protected with one type of ligand
exclusively, such as [Ag25(2,4-DMBT)18]

−,37 [Ag44(4-FTP)30]
4−

(FTP: 4-fluoro thiophenol),38 [Ag59(2,5-DCBT)32]
3− (2,5-DCBT:

2,5-dichloro benzenethiol),39 Ag32(SG)19,
40 etc., clusters are

also known to exist with different types of ligands. Among
them, one ligand provides stability to the cluster, called the
primary ligand, while the other one enhances the stability and
ease of crystallization of the cluster, called the secondary
ligand. Such a category of clusters include
[Ag29(BDT)12(PPh3)4]

3−,41 [Ag51(BDT)19(PPh3)3]
3−,42 [Ag16(DFBT)14

(DPPE)4] (DFBT: difluoro benzenethiol),43 [PtAg28(S-Adm)18
(PPh3)4]

2+,44 [Ag67(2,4-DMBT)32(PPh3)8]
3+,45 Ag374(SR)113Br2Cl2,

46

Ag50(DPPM)6(TBBT)30 (TBBT: t-butyl benzenethiol),47 etc. In the
experiment here, we have demonstrated that a systematic change
in the secondary ligand can lead to an unprecedented PL
enhancement, creating a new handle for property modification
in this class of materials. [Ag29(BDT)12(PPh3)4]

3− and
[Ag51(BDT)19(PPh3)3]

3− clusters have been used to demonstrate
this effect. PPh3 ligands are replaced by para-substituted PPh3
ligands such as tri(p-tolyl)phosphine (TTP), tris(4-fluorophenyl)
phosphine (TFPP) and tris(4-chlorophenyl)phosphine (TCPP) as
well as diphosphines such as DPPM, DPPE and DPPP (1,3-bis
(diphenylphosphino)propane) to prepare the above-mentioned
clusters.

In the discussion below, the clusters have been given short
labels to simplify the text. The structure, stability, elec-
tronic and optical properties of diphosphine-protected Ag29
have been studied by DFT and time-dependent DFT (TDDFT)
calculations. The Kohn–Sham (K–S) molecular orbitals (MOs)
have also been calculated to study the contributions of atomic
orbitals. A ∼30 fold enhancement in quantum yield (QY) was
observed upon replacement of PPh3 by DPPP which makes it
possible to develop useful devices. The PL enhancement of the
Ag29 cluster by this method is much higher than that in pre-
vious reports.22,24,25,36 We have also shown the use of
enhanced luminescence for the sensing of O2 in the solution
and solid states. This sensitivity, in turn, is shown to be due to
the fact that the luminescence observed is phosphorescent in
nature. Though phosphorescence emission has been observed
for several gold clusters, it has not been reported for silver
clusters to date.48,49

Experimental
Chemicals and materials

1,3-Benzenedithiol (BDT, ≥99%), sodium borohydride (NaBH4,
95%) and 1,1-bis(diphenylphosphino)methane (DPPM, 97%)
were purchased from Sigma-Aldrich. Silver nitrate (AgNO3),
1,2-bis(diphenylphosphino)ethane (DPPE), 1,3-bis(diphenylpho-
sphino)propane (DPPP), tri(p-tolyl)phosphine (TTP), tris(4-
fluorophenyl)phosphine (TFPP) and tris(4-chlorophenyl)
phosphine (TCPP) were purchased from Rankem Chemicals.
Triphenylphosphine (PPh3, 98%) was purchased from
Spectrochem. Dichloromethane (DCM), dimethylformamide
(DMF) and methanol (MeOH) were purchased from Rankem and
were of HPLC grade. Deuterated solvents, dimethyl sulfoxide-d6
(DMSO-d6) and CDCl3 were purchased from Sigma-Aldrich. All
solvents and chemicals were used without further purification.

Synthesis of [Ag29(BDT)12]
3− (Ia) and [Ag29(BDT)12(X)4]

3−,

where X is PPh3, DPPM, DPPE, DPPP, TTP, TFPP and TCPP,

labelled as Ib, II, III, IV, V, VI and VII, respectively

The clusters Ia and Ib were synthesized by a reported
method.41 A similar synthetic methodology was used to syn-
thesize II, III and IV with some modifications, as explained in
the ESI.† The addition of DPPM, DPPE and DPPP to Ia/Ib also
resulted in the formation of these clusters. For the synthesis of
V, VI and VII, the ligand exchange (LE) method was followed
starting from Ib. Details are discussed in the ESI.†

Synthesis of [Ag51(BDT)19(X)3]
3−, where X is PPh3, DPPM,

DPPE, DPPP, labeled as VIII, IX, X and XI, respectively

The cluster VIII was synthesized by adopting an already
reported method which has been discussed thoroughly in the
ESI.†42 The IX, X and XI clusters were synthesized by the LE
method starting from VIII using DPPM, DPPE and DPPP.
Detailed procedures are given in the ESI.†

Characterization

UV–vis spectra were obtained using a PerkinElmer Lambda 25
spectrometer in the range of 200–1100 nm. Mass spectrometric
measurements were done using a Waters Synapt G2-Si high-
resolution mass spectrometer. Samples were measured using
electrospray ionization (ESI) in the negative mode. PL measure-
ments were performed using a HORIBA JOBIN YVON Nano
Log instrument. The bandpass for excitation and emission was
set at 3 nm. Dynamic light scattering (DLS) data were
measured using the Malvern Zetasizer Nano ZSP instrument
using a DMF solution of the clusters. X-ray photoelectron spec-
troscopic (XPS) measurements were carried out with an
Omicron ESCA Probe spectrometer with polychromatic Al Kα
X-rays (hυ = 1486.7 eV). The samples (DCM/DMF solution) were
drop-casted on an XPS sample stub and dried under ambient
conditions. During the measurement, the pass energy for
survey scans was kept at 50 eV and changed to 20 eV for
specific regions. Binding energies (BE) of the core levels were
calibrated with C 1s BE set at 285 eV. NMR spectra were
obtained using a Bruker 500 MHz NMR spectrometer (using

Paper Nanoscale

20034 | Nanoscale, 2018, 10, 20033–20042 This journal is © The Royal Society of Chemistry 2018

Pu
bl

is
he

d 
on

 0
2 

O
ct

ob
er

 2
01

8.
 D

ow
nl

oa
de

d 
by

 I
nd

ia
n 

In
st

itu
te

 o
f 

T
ec

hn
ol

og
y 

C
he

nn
ai

 o
n 

11
/9

/2
01

8 
5:

53
:5

5 
A

M
. 

View Article Online

http://dx.doi.org/10.1039/c8nr05989f


DMSO-d6 and CDCl3 solvents). Time-resolved spectroscopic
data were collected by time-correlated single photon counting
(TCSPC) with an excitation source of a LifeSpec-ps picosecond
diode-laser-pumped fluorescence spectrophotometer from
Edinburgh Instruments (Livingston, UK). Picosecond
excitation pulses from a picoquant diode laser were used at
409 nm with an instrument response function (IRF) of ∼50 ps.
A micro channel-plate-photomultiplier tube (MCP-PMT;
Hammamatsu Photonics, Kyoto, Japan) was used to detect the
photoluminescence from the sample after dispersion through
a monochromator. The observed fluorescence transients were
fitted by using a nonlinear least-squares fitting procedure to a
function with F900 software from Edinburgh Instruments.

The quality of the curve fitting was evaluated using reduced
χ
2 and residual data. This time-resolved instrument can resolve
at least one-fifth of the instrument response time constants
after de-convolution of the IRF. The average lifetime (ampli-
tude-weighted) of a multi-exponential decay is expressed as:

τav ¼
XN

i¼1

ðciτiÞ

The QYs were measured using dilute solutions of the clus-
ters (0.07 absorbance at ∼446 nm using the equation given in
the ESI†). All computational details are given in the ESI.†

Results and discussion
Clusters and their characterization

The luminescence enhancement of [Ag29(BDT)12(PPh3)4]
3− (Ib),

co-protected with thiol (BDT) and phosphine (PPh3), was
achieved through substituting the weakly bound PPh3 (called

the secondary ligand) by other phosphine ligands, such as
TTP, TFPP, TCPP, DPPM, DPPE and DPPP (the clusters formed
are labelled as II, III, IV, V, VI and VII, respectively). The
detailed procedures for their syntheses are given in the ESI.†
All clusters were characterized by optical absorption and ESI
MS measurements. First, let us discuss the Ag29 clusters syn-
thesized using homologous diphosphines, DPPM, DPPE and
DPPP (II, III and IV). The absorption spectra of Ag29(BDT)12
(Ia, shown in black) and Ib (red) presented in Fig. 1A display a
maximum at ∼446 nm along with an absorption onset at
∼512 nm. The as-synthesized clusters II (blue), III (pink) and
IV (green) show very similar spectra to that of Ia/Ib. However,
the absorption maxima of II, III and IV are ∼1, ∼2 and ∼6 nm
blue-shifted compared to that of Ia/Ib, respectively, along with
the broadening of the absorption bands (see Fig. 1A). The
spectra suggest that II, III and IV possess a similar atomic
structure to that of Ib. To confirm the atomicity of these clus-
ters, ESI MS were obtained as shown in Fig. 1B. The number of
phosphines present in the clusters is denoted by Y (Fig. 1). It
is clear from Fig. 1B that all the clusters show a peak at the
same position (m/z 1603) for Y = 0 and the maximum value of
Y is 4 (except for Ia which does not contain any phosphine).
All the cluster ions have 3− charge state which is validated by
the difference between two successive peaks present in the iso-
topic distributions (Fig. S1A†). The spectrum of Ia exhibits
only one peak at ∼m/z 1603 which is assigned to
[Ag29(BDT)12]

3−, whereas the red spectrum corresponding to Ib

consists of five peaks. The separation between two successive
peaks is ∼m/z 87.3 (87.3 × 3 = 262), the mass of one PPh3

ligand, in agreement with the composition of Ib,
[Ag29(BDT)12(PPh3)4]

3−. Similarly, the difference between two
successive peaks in the blue spectrum is ∼m/z 128 (128 × 3 = 384),

Fig. 1 UV-vis absorption spectra (A) and ESI MS (B) of Ia (black) and Ib (red), II (blue), III (pink) and IV (green). The absorption maximum of IV is

∼6 nm blue-shifted compared to that of Ia/Ib and the peak at ∼512 nm is broadened. Inset: Photographs under visible and UV light which show a

gradual increase in the PL intensity. Spectra of Ib, II, III and IV are vertically shifted for clarity. On the right-hand side, schematic representations of

the clusters are presented. All these clusters exhibit 3− charge state in the ESI MS. The number of phosphines is denoted by Y. For II, III and IV, the

maximum value of Y is 4 and all of these clusters show systematic phosphine loss. The spectral intensities of all clusters are normalized with respect

to the most intense peak. An expanded view of the high-resolution spectrum of Ia is shown in the inset.
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which matches with the mass of DPPM. For the other
spectra, the peak differences are ∼m/z 133 and ∼m/z 137 which
match with the masses of DPPE (398) and DPPP (412), respect-
ively. Thus, from the ESI MS, it was clear that the as-
synthesized clusters prepared using DPPM, DPPE and DPPP
have a similar composition to that of Ib and were assigned as
[Ag29(BDT)12(X)4]

3− where X = DPPM, DPPE and DPPP (II, III
and IV). The molecular compositions were further proved by
the high resolution spectral features which match with the
theoretical spectra. The spectrum corresponding to Ia is
shown as an inset in Fig. 1B and the spectra of other products
are presented in Fig. S1B.† To prove the presence of the Ag–P
bond in Ib, II, III and IV clusters, 31P NMR was carried out as
presented in Fig. S2.† The NMR spectra were compared with
those of the corresponding phosphines. PPh3, DPPM, DPPE
and DPPP show 31P peaks at ∼−5.3, −26.2, −12.7 and
−17.2 ppm, respectively. The corresponding clusters, Ib, II, III
and IV, display peaks at ∼1.4, −3.3, −0.1, and 0.4 ppm, respect-
ively, which affirm the formation of the Ag–P bonds. Elemental
characterization of these clusters using XPS was performed
(Fig. S3A†). For Ib, the Ag 3d5/2, S 2p3/2 and P 2p3/2 peaks
appear at ∼368.5, ∼162.8 and ∼131.1 eV, respectively. For II, III
and IV, the Ag 3d5/2 and S 2p3/2 peaks appear at the same posi-
tions as that of Ib. For P 2p3/2, the peak appears at a higher
value of 131.5 eV. Although both Ag(0) and Ag(I) are likely to be
present in the spectrum, it is hard to separate them. For
diphosphine-protected Ag29 (II, III and IV), the two P atoms are
different but as the energies of the Ag-bound P and the
unbound P are nearly the same, it was difficult to differentiate
between them. The presence of both the P atoms may be the
reason for a shift of P 2p3/2 to higher BE in these samples.

Luminescence

It is well known that cluster Ib is extremely stable and also dis-
plays a visible luminescence. Though the cluster is weakly
luminescent in the solution state, it has high luminescence in
the solid state.41 However, our as-synthesized clusters (II, III
and IV) exhibited higher PL intensity even in the solution state
as shown in the inset of Fig. 1A. The luminescence profiles of
these clusters are presented in Fig. 2. The black, red, blue,
pink and green spectra correspond to Ia, Ib, II, III and IV,
respectively. The clusters have almost similar concentrations
as their absorbance values were the same and the absorption
spectra nearly overlapped with each other. The excitation
spectra (at the emission maximum of the clusters) look similar
to the absorption spectra. The emission spectra are shown
under ∼446 nm excitation. The data clearly manifest the PL
enhancement of Ia upon changing the phosphines from PPh3

to DPPP (Fig. 2). The PL intensity of Ib is ∼2 times more than
that of Ia. Among the homologous diphosphines (DPPM,
DPPE and DPPP), the long-chain ones show higher PL
efficiency than that of the shorter ones and the emission
maxima got shifted to a higher wavelength (bathochromic or
red-shift). In the case of Ia, Ib, II, III and IV, emission maxima
appeared at ∼655, ∼655, ∼665, ∼670 and ∼715 nm, respect-
ively. Cluster IV shows the highest luminescence intensity with

the largest shift in the emission maximum. The QYs of all
these clusters were calculated using the equation given in the
ESI.† Considering Ib as a reference (QY is 0.9%),41 QYs of II,
III and IV were 2.9%, 6.24% and 27.5%, respectively. These
were enhanced ∼3, ∼7 and ∼31 fold in comparison with Ib.
Cluster Ia is less luminescent than Ib due to the absence of
any phosphine ligand (QY is 0.45%).

Computational studies

To know the reason behind the luminescence enhancement, a
detailed structural investigation was needed. Although II, III
and IV were characterized by several experimental tools, any
possible changes in their structures were not clear due to the
absence of crystal structures. However, theoretical calculations
shed light on the structures of these clusters. The energetically
most stable structure of Ib was derived from DFT calculations
as implemented in the grid-based projector augmented wave
method (GPAW) using its reported crystal structure (Fig. 3A, B,
C and D).41,50 Then, by replacing PPh3 ligands with different
diphosphine ligands, the theoretical structures of II, III and IV

were obtained. The geometry optimizations of all clusters were
performed using the Perdew–Burke–Ernzerhof (PBE) exchange
functional in real-space finite difference (FD) mode in
GPAW.51.51 Detailed descriptions of computational method-
ologies are presented in the ESI.† The DFT optimized struc-
tures of Ib, II, III and IV (using the 3− charge state) with ener-
gies of −1890.255 eV, −2263.172 eV, −2305.48 eV and −2394.88
eV are shown in Fig. 3A, B, C and D, respectively. Although the
bonding distances of Ag–P (2.499–2.544 Å) for II, III and IV are
almost very close to Ib (2.491 Å), the magnitude of the calcu-
lated phosphine ligand binding energies (the binding energy

Fig. 2 Luminescence profiles of Ia, Ib, II, III and IV which are shown in

red, blue, pink and green, respectively. Insets: The DFT calculated struc-

ture of the Ag29(BDT)12 moiety (where pink, green, and red spheres

denote Ag atoms; yellow sphere for S atoms; light yellow sphere for the

benzene ring of thiols). The phosphine structures are presented on the

right-hand side (benzene rings and P atoms are denoted by blue and

orange, respectively) of the spectra along with the photographs under

UV light which show a gradual increase in PL intensity. With reference to

Ib (QY = 0.9%), QYs of Ia, II, III and IV were calculated as 0.43%, 2.9%,

6.24% and 27.5%, respectively.
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is the energy difference between the total structure of the
cluster and the sum of the energies of the phosphine ligands
and [Ag29BDT12]

3− unit) of III (−12.25 kcal mol−1) and IV

(−10.21 kcal mol−1) is higher by 3.17 kcal mol−1 and 1.13
kcal mol−1, respectively than Ib (−9.03 kcal mol−1). Hence,
clusters III and IV are theoretically more stable than Ib.
Although the time dependent absorption spectra of Ib and IV

did not show much change after 3 weeks (Fig. S3B†), the cone
voltage dependent fragmentation study from ESI MS
(Fig. S3C†) revealed that IV needed a higher voltage to detach
the DPPP ligands (70 V) than those of Ib (40 V). This suggests
the higher binding energy of DPPP than PPh3 with the
[Ag29(BDT)12]

3− unit. Also, the theoretical observation was
proved by one more experiment where two bottles were taken
and one of them contained Ib and the other one was filled
with III. Then, small amounts of DPPE and PPh3 were added
to Ib and III, respectively. The absorption and emission
spectra of the cluster solutions before and after phosphine
addition are presented in Fig. S4.† After the addition of DPPE
in Ib, the absorption spectrum became similar to that of III

(Fig. S4A†). Consequently, a large enhancement in lumine-
scence occurred (Fig. S4B†). While in the second case, where
PPh3 was added to III, the absorption and emission spectra
showed hardly any change (Fig. S4C and D†). This experiment
suggested that DPPE can easily substitute PPh3 to form cluster
III but PPh3 was unable to replace DPPE. This is due to the

higher binding energy of III than that of Ib. The calculated
binding energy of II (−6.89 kcal mol−1) is lower by
2.14 kcal mol−1 than Ib. However, the above-mentioned experi-
ment was performed using DPPM which shows that the
binding energy of II is higher than Ib (see Fig. S4E, F, G
and H†) which resulted in the formation of II by addition of
DPPM in Ib, but not the reverse.

The absorption spectra of Ib, II, III and IV were calculated
using linear-response time-dependent density functional
theory (LR-TDDFT) (Fig. S5†). In this regard, the structures of
these clusters were simplified by replacing each benzene ring of
the phosphines by a reduced −CH3 model ligand and the
systems were re-optimized.45 The solid state structures were con-
sidered during the calculation. Thus, the effect of different
isomers which can coexist in the solution state was not taken
into account.52 Due to the above approximations, the theoretical
spectra were slightly blue shifted as compared to the experi-
mental ones (Fig. S5†). The two main spectral features, the
absorption maximum (peak 1) and the shoulder peak (peak 2),
were identified in the theoretical spectra of Ib, II, III and IV

(Fig. S5† and Fig. 4A). In Fig. 4A, the theoretical spectra of Ib and
IV were compared with the experimental spectra. For Ib, peak 1
at ∼446 nm was reproduced exactly in the theoretical spectrum,
but peak 2 (∼512 nm) appeared at ∼491 nm which is ∼8 nm
blue-shifted compared to the experimental spectrum. In the case
of II, III and IV, peak 1 was blue-shifted by ∼18 nm (∼446, 428,
425 and 423 nm, respectively). In the lower energy range, except
the two main spectral features, a few more weak peaks were
observed and these were broadened as we moved from Ib to IV.

The MO transitions corresponding to peaks 1 and 2 for all
clusters are given in Tables S1A and B.† In the case of Ib, the
most intense electronic transition related to peak 1 occurred
between the deeper lying occupied MO and unoccupied MO
(HOMO−13 to LUMO+9). However, the most intense transition
corresponding to peak 2 occurred from the frontier occupied
MO to unoccupied MO (HOMO−4 to LUMO+9). For II, III and
IV, both peak 1 and 2 arise due to the transitions from the
deeper occupied MOs to unoccupied MOs (see Tables S1A
and B†). The shapes of K–S MOs involved in the strongest tran-
sitions related to peak 1 and 2 of Ib, II, III and IV are shown
in Fig. S6† and Fig. 4B which confirm that the deeper occupied
MOs are made up of more ligand orbitals (2s, 2p), whereas the
frontier occupied MOs are having contributions from the 4d
orbitals of Ag along with the ligand orbitals. On the other
hand, the unoccupied orbitals are mainly composed of the 5sp
orbitals of Ag. This suggests that the transitions mainly
occurred via ligand to metal charge transfer (LMCT) and the
extent of LMCT will be higher when transitions occur from the
occupied MOs having a higher ligand contribution. As for II,
III and IV, both peak 1 and 2 correspond to the transitions
occurring from the deeper occupied orbitals and they display
more LMCT transitions than Ib (here only peak 1 arises from
deeper lying occupied MOs). The transitions related to the
peaks arising in the lower energy (see Fig. 4A and Fig S5†)
region also occur from the deeper occupied MOs (transitions
corresponding to these peaks for Ib and IV are given in

Fig. 3 The DFT calculated energetically most stable structures of Ib (A),

II (B), III (C) and IV (D). The energies of Ib, II, III and IV are −1890.255,

−2263.172, −2305.48 and −2394.88 eV, respectively. The pink, green

and red denote Ag atoms; yellow denotes S atoms; orange denotes

P atoms; light yellow denotes benzene rings of thiol ligands; blue

denotes benzene rings and –CH2 units of phosphine ligands.
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Table S1C†) which are more of ligand character. So, these tran-
sitions also contribute to the higher LMCT. From Fig. 4A (and
Fig. S5†), we note that the lower energy peak is the most broad-
ened for IV. We conclude that the highest LMCT transitions in
IV result in a 30-fold PL enhancement.

The reason behind the luminescence enhancement

Cluster Ib consists of an Ag13 icosahedron enclosed by four
Ag3S6 motifs which are further capped by four Ag-PPh3

units.36,41 There are six π⋯π interactions between the benzene
rings of BDT ligands. There are C–H⋯π interactions among
the benzene rings of BDT and PPh3. The average C–H⋯π dis-
tance is ∼2.80 Å and π⋯π distance is 3.80 Å (see Fig. 5A).
When PPh3 ligands are substituted by DPPM ligands, the
number of C–H⋯π interactions increase (average distance
∼3.28 Å) and also the π⋯π interactions become stronger by
shortening the distance between the two benzene rings of BDT
ligands (∼3.75 Å) (see Fig. 5B). In the case of III, the structure
becomes more asymmetric and the π⋯π interactions between
the benzene rings of BDT are not the same for all the six pairs
and the average distance is ∼3.79 Å. New π⋯π interactions
form between the benzene rings of BDT and DPPE ligands
(distance of ∼3.98 Å) and several new C–H⋯π interactions are
observed in the structure (see Fig. 5C). The average distance of
C–H⋯π interactions is ∼3.01 Å which is less than that of II. In
the case of longer-chain diphosphines, the C–H⋯π interaction
becomes feasible between sp2 C–H of diphosphine and the
benzene ring of BDT. Also, the distance between the two
benzene rings of the neighboring BDT ligand decreases, which
strengthens the π⋯π interaction in IV (see Fig. 5D). All these
non-covalent intramolecular interactions make the dipho-
sphine protected Ag29 clusters more rigid and energetically

more stable which leads to the suppression of intramolecular
vibrational and/or rotational motions (see Fig. 5). The bulki-
ness of the ligand is another factor which leads to a decrease
in the molecular motions. This process is known as restricted
intramolecular rotation or motion (RIR or RIM) of protecting
ligands which help in increasing the radiative process, redu-
cing the non-radiative processes. Generally, RIR or RIM is
more feasible in the solid or crystalline state due to strong
intermolecular interactions which result in stronger lumine-
scence. Cluster Ib also shows high luminescence in the solid
state, as mentioned earlier, but the intensity is less than that
of IV (see photographs in the inset of Fig. S7C†). But in the
diluted solution, the clusters are separated from each other by
solvent molecules and the emission is weaker. The inter-
molecular interaction can also be expressed as aggregation
which can be quantified by particle size measurement, using
DLS. The sizes of Ib (lowest PL intensity) and IV (highest PL
intensity) were studied and the data are presented in Fig. S7A
and B.† At a higher concentration (>0.1 absorbance), aggrega-
tion occurs and thus both the clusters exhibit a larger size
(Fig. S7A†). But, at a lower concentration, clusters possess a
very small size (∼2 nm) which suggests that under this con-
dition, clusters do not show aggregation (or intermolecular
interaction) (<0.1 absorbance). The PL intensities at a lower
cluster concentration (shown in Fig. S7C†) reveal that even in a
very dilute solution (∼0.05 absorbance), IV acquires significant
PL intensity while Ib shows hardly any emission. This suggests
that the high PL intensity of IV in the solution state is due to
the strong non-covalent intramolecular interactions and not
due to aggregation or intermolecular interactions. Thus,
luminescence enhancement of nanoclusters can be obtained
by modifying the ligands which help in the confinement of

Fig. 4 (A) The theoretical absorption spectra of [Ag29(BDT)12(P(CH3)3)4]
3− (black solid line) and [Ag29(BDT)12(P2(CH2)3(CH3)4)4]

3− (red solid line)

models. The theoretical spectra are compared with the experimental spectra of Ib and IV (black and red dotted line). (B) The shape of the K–S MOs

of IV which denotes the strongest electronic transitions related to peaks 1 and 2 (422 and 520 nm).
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electronic wavefunctions.15 The computational results propose
that the luminescence is due to LMCT. Due to the interaction
between the benzene rings of phosphine and BDT ligands,
ligand to ligand charge transfer (LLCT) also takes place. As
further interaction occurs between the diphosphine and BDT
ligands, high charge transfer occurs for diphosphine protected
clusters which helps in increasing the PL intensity. The
enhanced luminescence in solution is further enhanced in the
solid state due to the intercluster interaction. Along with the
pronounced emission, cluster IV shows a ∼60 nm red-shifted
emission compared to Ib (Fig. 2). For II and III, emission
maxima are ∼10 and ∼15 nm red-shifted, respectively. Also,
small blue-shifts were observed in the absorption maxima of
II, III and IV (Fig. 1A). This is mainly due to the distortion in
the cluster core (Ag13) arising due to the modifications of phos-
phine ligands (Fig. S8†). The icosahedral Ag13 core is highly
symmetric in Ib (as Ib is having a centre of inversion, hence
centrosymmetric) which is clearly manifested in Fig. S8A.† The
structure looks exactly the same while viewing through the car-
tesian coordinates, X, Y and Z (a, b and c, respectively). But,
the symmetry is disrupted in the case of clusters II, III and IV

(see Fig. S8B, C and D†). Cluster IV exhibits a highly asym-
metric core which resulted in the largest shift in the absorp-
tion and emission maxima. Due to the asymmetric metal core
and ligands, the total structures of II, III and IV become asym-
metric. In the centrosymmetric system, some of the transitions
are forbidden (Laporte rule). Therefore, in the asymmetric
clusters (II, III and IV), these forbidden transitions become
allowed which result in PL enhancement.

Applications in sensing

Such luminescence has enormous utility in sensing. In the
present work, this property was used for the sensing of O2 gas
which is demonstrated in Fig. 6A. Gaseous O2 was purged
through the cluster solution for a few seconds and the absorp-
tion and emission spectra were obtained which are shown in
Fig. 6A (the black spectrum corresponds to IV). No change in
the absorption spectrum was observed (blue spectrum), but
the emission intensity decreased drastically. The solution was
then purged with Ar which resulted in PL enhancement
keeping the absorption spectrum unchanged (red spectrum in
Fig. 6A). Also, N2 and CO2 gases were used for purging which
also showed a similar kind of PL enhancement (Fig. S9A
and B†). The cluster showed luminescence quenching even in
the solid state upon exposure to O2. The inset of Fig. 6A reveals
that cluster coated polystyrene shows an intense luminescence
under UV light but when O2 was exposed through a balloon, it
showed luminescence quenching. With increasing O2 concen-
tration, the PL intensity decreased gradually (see Fig. S9C†).
An investigation of the reason behind the selective sensing of
O2 by the cluster led us to the conclusion that the lumine-
scence is actually phosphorescence in nature. Purging of N2,
CO2 and Ar gases helped in the removal of dissolved O2 from
the solution which resulted in PL enhancement. d6, d8 and d10

heavy metal complexes are known to be triplet emitters (phos-
phorescent complexes).53 These metal clusters can also be
compared with their metal complexes. Due to the strong metal
induced spin–orbit coupling, mixing of singlet–triplet states

Fig. 5 Non-covalent intramolecular interactions such as the π⋯π interaction between the benzene rings of BDT ligands and the C–H⋯π interaction

between the benzene rings of BDT and phosphine ligands of Ib (A), II (B), III (C) and IV (D). The DFT calculated structures of Ib, II, III and IV presented

in Fig. 3 are considered to demonstrate the interactions. Benzene rings of BDT and phosphine ligands are shown in green and blue, respectively.

Yellow and orange correspond to ‘S’ and ‘P’ atoms. All ‘H’ atoms are shown in white. Silver atoms are not shown.
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increased which eliminated the spin-forbidden nature of the
radiative relaxation of the triplet state, thus enhancing phos-
phorescence emission at room temperature. The phosphor-
escence wavelength, lifetime and quantum yield depend
strongly on the nature of ligands. In the present work, the
singlet–triplet overlap increases with an increase in carbon
chain length, resulting in an enhancement of the PL intensity.

Lifetime studies

PL lifetimes of the clusters were monitored by using time
resolved spectroscopy. Fig. 6B shows the PL decay transients of
clusters Ib, II, III and IV at their corresponding PL maxima of
∼660, ∼670, ∼680 and ∼710 nm, respectively, using excitation
at 409 nm. Cluster Ib shows bi-exponential fluorescence relax-
ation with a faster component of 99.65 ns and a slower com-
ponent of 336.49 ns. The average lifetime of Ib is found to be
215 ns. Similarly, clusters II (108.44 and 589.95 ns) and III

(120 and 1133.47 ns) exhibit two lifetime components while IV

(6196.04 ns) displays only one lifetime component. The
average lifetime for the cluster has been observed to be
increased gradually from ∼215 ns for Ib to ∼6.2 µs for IV.
Lifetime values of all the clusters are given in Table S2 (see the
ESI†). The bi-exponential decay for clusters Ib, II and III indi-
cates that there is some non-radiative process along with the
radiative process. As the chain length between the dipho-
sphines increases, the contribution of the faster component
decreases (51%, 17% and 4%, respectively) which corroborates
that the non-radiative process is decreasing (see Table S2†).
The increase in average lifetime upon ligand exchange corro-
borates the enhanced radiative process (phosphorescence) due
to the formation of a rigid and energetically more stable
cluster. In the case of phosphorescence, the radiative decay
occurs from an excited triplet state back to a singlet state,
where the triplet state is formed by non-radiative conversion
from the excited singlet state (intersystem crossing). As spin/
orbit interactions are feasible in heavy atom containing mole-

cules and thus, a change in spin is more favorable in the metal
cluster. Hence, upon substituting PPh3 by diphosphines, the
rate of spin–orbit coupling increases and this leads to a
reduction in the non-radiative process. So, the rate of ISC
increases as phosphines are substituted by diphosphines. This
finding is consistent with the results obtained by our PL and
computational studies. The picosecond resolved decay of clus-
ters was measured at their emission maxima.

PL enhancement in the monophosphine substituted clusters

To compare the PL enhancement of [Ag29(BDT)12(X)4]
3− in the

presence of diphosphines and monophosphines, clusters were
synthesized using para-substituted PPh3 ligands such as TTP,
TFPP and TCPP (V, VI and VII). The clusters were synthesized
following the LE method explained in the ESI.† The absorption
spectra of V, VI and VII (red, blue and pink, respectively) are
shown in Fig. 7A and the data are comparable to those of Ib
(black). The PL spectra are shown in Fig. 7B which manifest
the increment of the PL intensity of the Ag29 cluster upon
replacing PPh3 with TTP, TFPP and TCPP. The PL enhance-
ment of V, VI and VII is 3, 5 and 5 times, respectively, with
respect to Ib (QYs are 2.7%, 4.5% and 4.5%, respectively). The
ESI MS of these clusters are shown in Fig. S10,† which show
the attachment of four phosphine ligands to each cluster and
hence confirm their atomicity. The PL enhancement of V can
be attributed to the increase in mass which helps in increasing
the rate of intersystem crossing (ISC). Halogen atoms are
known to increase the rate of the ISC process and hence PL
intensities are enhanced in the case of VI and VII.

PL enhancement of [Ag51(BDT)19(PPh3)3]
3−

Similar kinds of experiments were done using another known
cluster, [Ag51(BDT)19(PPh3)3]

3− (VIII), having similar protecting
ligands (BDT and PPh3). We synthesized three diphosphine
(DPPM, DPPE and DPPP) protected Ag51 clusters, IX, X and XI

(detailed synthetic processes are given in the ESI†). The

Fig. 6 (A) The optical absorption spectra and PL spectra of IV (black) after oxygenating and deoxygenating the cluster solution by purging O2 (blue)

and Ar (red), respectively. While the absorption spectrum does not show any change, luminescence changes drastically with and without O2. (B)

Nanosecond resolved decay of Ib, II, III and IV at (λex = 409 nm) for emission maxima i.e., at 670, 670, 680 and 710 nm, respectively.
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absorption and the emission spectra of these clusters are
shown in Fig. S11,† which are almost similar to VIII proving
that the structure and atomicity remained the same in all the
clusters. The emission spectra show a 3, 7 and 17 fold PL
enhancement for IX, X and XI, respectively (QYs of VIII, IX, X
and XI are 0.12%, 0.35%, 0.84% and 2.04%, respectively).
Cluster XI also showed PL quenching upon O2 purging which
confirms that the emission process was phosphorescence,
similar to that of IV (see Fig. S12†).

Conclusions

In conclusion, we present the synthesis of different phosphine
(DPPM, DPPE, DPPP, TTP, TFPP and TCPP) protected Ag29
clusters which are more luminescent than
[Ag29(BDT)12(PPh3)4]

3−. The luminescence of these clusters can
be perceived by the naked eye in the solution state when com-
pared to that of [Ag29(BDT)12(PPh3)4]

3−. A detailed analysis is
done for [Ag29(BDT)12(DPPM)4]

3−, [Ag29(BDT)12(DPPE)4]
3− and

[Ag29(BDT)12(DPPP)4]
3− using several measurements. Their

structures, stability and electronic characteristics are under-
stood from DFT and TD-DFT calculations. Absorption spectra
and K–S MOs are calculated. By introducing these dipho-
sphines, the surface rigidity of the clusters is increased via the
formation of more non-covalent interactions between the
ligands (π⋯π and C–H⋯π interactions). The rigidity of the
cluster promotes the radiative transitions by increasing RIR.
Hence, these clusters possess longer lifetimes (∼215, ∼510,
∼1096 and ∼6196 ns for PPh3, DPPM, DPPE and DPPP pro-
tected Ag29, respectively). The lifetime values for longer chain
length phosphines are in the microsecond (µs) range and also
these clusters show PL quenching in the presence of O2. Both
these observations imply that the PL originates through a
phosphorescence process. This process is also enhanced when

heavy ligands are introduced (such as TTP, TFPP and TCPP).
A similar kind of PL enhancement is also observed in the case
of [Ag51(BDT)19(PPh3)3]

3− upon replacing PPh3 with DPPM,
DPPE and DPPP. Selective quenching upon O2 exposure is
used to develop a sensor.
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Synthesis of [Ag29(BDT)12] (Ia) and [Ag29(BDT)12(X)4] (where, X: 3PPh3, DPPM, DPPE, DPPP, 

TTP, TFPP and TCPP) (Ib, II, III, IV, V, VI and VII, respectively) 

For the synthesis of [Ag29(BDT)12(PPh3)4] (Ib), ~20 mg of AgNO3 was dissolved in MeOH (5 mL) and 

then DCM (~9 mL) was added to the solution.1 The solution was then kept for stirring. After ~5 min, 

13.5 µl of 1,3-BDT was added which resulted in the formation of a yellow colored silver-thiolate 

complex. Then, ~200 mg of PPh3 (in 0.5 mL of DCM) was added to the reaction mixture after 5 min. 

A colorless silver-thiolate-phosphine complex was formed which was further reduced by ~11 mg of 

NaBH4 (in 0.5 mL of ice-cold H2O), turning the color of the solution to dark brown and then bright 

orange. The reaction mixture was kept at room temperature under stirring for 3 h in dark. After 

completion of the reaction, the precipitate was collected by centrifuging the mixture, and the supernatant 

was discarded. The precipitate was then washed thrice with methanol to remove the unreacted by-

products and the orange colored cluster was extracted with DMF. The [Ag29(BDT)12] (Ia) cluster was 

synthesized following the same synthetic method without the PPh3 ligand. 

For the synthesis of [Ag29(BDT)12(DPPM/DPPE/DPPP)4] (II, III and IV), the above-mentioned 

procedure was used. In these cases, ~50 mg of DPPM/DPPE/DPPP and ~22.5 mg of NaBH4 were used. 

After 3 h of reaction, clear reddish orange color solutions were formed which were first concentrated 

under rotavapor and then the clusters were precipitated using MeOH. The precipitates were collected 
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after centrifugation and washed repeatedly using MeOH. The clusters were then dissolved in DCM, 

DMF etc. 

In spite of direct synthesis method, [Ag29(BDT)12(X)4] where, X= PPh3, DPPM, DPPE, DPPP (II, III 

and IV) were also synthesized by ligand addition method from Ia and Ib. In this case, the absorbance 

of the stock solution of Ia/ Ib was kept at ~0.07 absorbance (at 450 nm) and 5 mg of PPh3, DPPM, 

DPPE, DPPP were added in 3 mL of cluster solution, respectively. Following the ligand exchange (LE) 

method V, VI and VII were synthesized from Ib.  

Synthesis of [Ag51(BDT)19(PPh3)3] (VIII) 

The cluster was synthesized adopting an already reported method.2 About 20 mg of AgNO3 was 

dissolved in 5 mL of methanol and then 9 mL of CHCl3 was added. After few mins, ~13.5 µL of BDT 

(0.5 mL of CHCl3) was added to the solution. After 5 min of stirring in dark, ~200 mg of PPh3 (in 0.5 

mL of CHCl3) was added to the mixture. Then, 0.5 mL of an ice-cold aqueous solution containing ~11 

mg of NaBH4 was added which resulted in the immediate color change of the solution from colorless 

to dark brown. The reaction was kept for 3 h under dark. Then, the supernatant (green color) was 

collected by centrifugation (for 10 min at high speed) and the concentrated solution was collected by 

rotary evaporation. The cluster was precipitated using hexane after washing several times with mQ 

water. Then the precipitate was collected by centrifugation and dissolved in DMF for further 

characterizations.  

Ligand exchange (LE) synthesis of [Ag51(BDT)19(X)3] (where, X: DPPM, DPPE, DPPP) (IX, X and 

XI) 

The IX, X and XI clusters were synthesized by ligand exchange method from VIII using DPPM, DPPE, 

and DPPP. 

Quantum yield (QY) measurements 

Luminescence QYs of as-synthesized Ag29 clusters using different phosphines (II, III, IV, V, VI and 

VII) were determined by the integrated luminescence intensity method by comparing the PL emission 
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with the Ib (QY is 0.9%). The luminescence of a sample can be written in a formula with related 

parameters 

� = ������ 

where ‘F’ is the PL QY of the sample, ‘C’ is the number density of fluorophores (concentration of the 

sample), ′�′ is the one-photon absorption cross section, ‘l’ is the path length traversed by photons are 

absorbed, ‘I’ is the flux of incident photons (photons cm-2 s), ‘F’ is the integrated luminescence signal 

in the emission region, and ‘K’ is an instrumental parameter. The samples were excited at ~450 nm 

wavelength and all experimental conditions were kept constant. Then the QY of clusters can be 

measured using following formula, 

�௦ =  �௦�௦ �௦  × ���  ×  � 

where ‘s’ and ‘r’ refer to clusters and the reference, respectively. ′��′ represents absorption of the 

sample hence, replaced by ‘A’ where A is the absorbance at excitation wavelength. Thus, the formula 

can be rewritten as, 

�௦ =  �௦�௦  ×  ��  ×  � 

The absorbance of all the samples along with the reference were measured at ~446 nm and were set as 

0.07. After that, luminescence intensities of the samples were measured. 

Computational details 

The structural, electronic and optical properties such as optical absorption and emission of Ib, II, III 

and IV were calculated using density functional theory (DFT), as implemented in Grid-Based Projector 

Augmented Wave method (GPAW).3, 4 To include only the interactions of the valence electrons, the 

PAW setup was considered as Ag(4d105s15p6), S(3s23p4), P(3s23p3), C(2s22p2) and H(1s1) with scalar-

relativistic effects included for Ag. The geometry optimizations of all clusters were performed using 

PBE exchange functional5 in real-space finite difference (FD) mode in GPAW.51 having a grid spacing 

of 0.2 Å and the convergence criterion for the forces on each atoms was set to 0.05 eV/Å. The initial 
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structures of Ib was from the reported crystal structure and the other structures were build up by addition 

of different diphosphines. Also, the above optimized structures were re-optimized after simplification 

by replacing each benzene ring of the phosphine ligands by a reduced methyl (CH3) model ligand, in 

order to greatly reduce the computational cost and time in time-dependent DFT (TDDFT) calculations. 

Further, these structures were taken for the investigation of electronic, optical absorption and emission 

properties. The optical absorption spectra were calculated by time-dependent DFT (TDDFT) using 

GPAW.6 The calculated emission spectra were plotted with a Gaussian width of 0.05 eV. All 

visualizations were created with Visual Molecular Dynamics (VMD) software.7 
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Fig. S1 (A) The expanded ESI MS of Ia (m/z 1603). The isotopic distribution shows that the separation 

between two peaks is 0.33 which denotes 3- charge state of the cluster. (B) The theoretical (red) and 

experimental (black) spectra of Ib, II, III and IV. The experimental spectra in some regions overlap 

with other features due to other species or their fragments.  
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Supplementary information 2 

               

 

Fig. S2 The NMR spectra of Ib (black), II (red), III (blue) and IV (pink). Corresponding phosphine 

ligands, PPh3, DPPM, DPPE and DPPP show 31P peaks at -5.3, -26.2, -12.7 and -17.2 ppm, respectively 

and the corresponding clusters, Ib, II, III and IV display peaks at ~ 1.4, -3.3, -0.1, 0.4 ppm, respectively 

which confirm the formation of Ag-P bonds. 
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Fig. S3 (A) XPS spectra of Ib, II, III and IV. All clusters exhibits peaks correspond to Ag 3d, S 2p and 

P 2p. (B) The time-dependent absorption spectra of Ib and IV after 3 weeks. The decrease in intensity 

is almost the same in both the clusters (7.7% and 7.4% for Ib and IV, respectively). (C) The cone 

voltage (CV) dependent fragmentation study from ESI MS of Ib and IV which shows that the loss of 

all PPh3 from Ib occurs at CV 40 while at CV 70 all DPPP ligands get detached from IV. 
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Fig. S4 UV-vis absorption spectra (A and C) and emission spectra (B and D) of Ib and III before (black) 

and after (red) DPPE and PPh3 addition, respectively. The changes in both the absorption and emission 

spectra reveal the ability of DPPE ligand to replace PPh3 which result in the formation of III ligand 

exchanged from Ib. But the vice versa is not occurred. UV-vis absorption spectra (E and G) and 

emission spectra (F and H) of Ib and II before (blue) and after (pink) DPPM and PPh3 addition, 

respectively. 
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Fig. S5 The theoretical absorption spectra of Ib, II, III and IV using the reduced model (benzene ring 

of phosphines are replaced by -CH3 ligand) to minimize the computational cost. The peak 1 (absorption 

maxima) of II, III and IV are blue-shifted than that of Ib and peak 2 are gradually red-shifted which 

are quite similar to the experimental observations. 
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Fig. S6 The shape of the K-S MOs of Ib (A), II (B) and III (C) which denote the strongest electronic 

transitions related to peak 1 and 2. 
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Supplementary Table S1 

A) 

System 
 

Transition 

energy/eV 
 

Transition 

energy/nm 
 

MO transitions (eigen value) 
 

Orbitals 

contibutions 

Ib 2.782 445.7 
 

HOMO-14 -> LUMO+8 
HOMO-14 -> LUMO+9 
HOMO-13 -> LUMO+7 
HOMO-13 -> LUMO+9 

  HOMO-2   -> LUMO+11 
 

0.116 
0.192 
0.116 
0.45 

0.0709 

II 2.896 428.12 
 

HOMO-8   -> LUMO+10 
HOMO-6   -> LUMO+10 
HOMO-4   -> LUMO+11 
HOMO-4   -> LUMO+13 
HOMO-1   -> LUMO+14 

 

0.0604 
0.246 
0.0726 
0.0748 
0.0741 

 
III 2.919 424.75 HOMO-16  -> LUMO+6 

HOMO-7   -> LUMO+10 
HOMO-5   -> LUMO+12 
HOMO-4   -> LUMO+12 
HOMO-2   -> LUMO+13 
HOMO-1   -> LUMO+17 

 

0.0913 
0.13 

0.0613 
0.0826 
0.0638 
0.0946 

 
IV 2.932 422.87 

 
HOMO-10 -> LUMO+10 
HOMO-8   -> LUMO+10 
HOMO-7   -> LUMO+10 
HOMO-4   -> LUMO+12 
HOMO-2   -> LUMO+13 

 

0.0544 
0.0727 
0.247 
0.179 
0.0863 

 
 

B) 

System 
 

Transition 

energy/eV 
 

Transition 

energy/nm 
 

MO transitions (eigen value) 
 

Orbitals 

contibutions 

Ib 2.520 492.0 
 

HOMO-4   -> LUMO+9 
HOMO-3   -> LUMO+8 
HOMO-3   -> LUMO+9 

 

0.374 
0.371 
0.101 

II 2.399 516.8 
 

HOMO-19 -> LUMO+1 
HOMO-15 -> LUMO+3 
HOMO-9   -> LUMO+7 
HOMO-8   -> LUMO+8 

 

0.112 
0.0753 
0.212 
0.396 

 
III 2.399 516.8 HOMO-19 -> LUMO 

HOMO-19 -> LUMO+2 
HOMO-18 -> LUMO 

HOMO-17 -> LUMO+2 
HOMO-16 -> LUMO+3 

 

0.182 
0.074 
0.173 
0.0626 
0.199 
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IV 2.381 520.7 
 

HOMO-19 -> LUMO+2 
HOMO-18 -> LUMO+3 
HOMO-17 -> LUMO+4 
HOMO-16 -> LUMO+3 
HOMO-16 -> LUMO+4 

0.0589 
0.182 
0.0905 
0.0743 
0.317 

 
 

C) 

System 
 

Transition 

energy/eV 
 

Transition 

energy/nm 
 

MO transitions 
 

Orbitals 

contibutions 

Ib 2.276 
 
 
 
 

2.148 
 
 
 
 

2.100 
 
 
 
 
 
 

2.244 

492.0 
 
 
 
 

577.2 
 
 
 
 

590.4 
 
 
 
 

 
 

552 

HOMO-14 -> LUMO+4 
HOMO-13 -> LUMO+3 
HOMO-8 -> LUMO+5 
HOMO-7 -> LUMO+5 

 
HOMO-11 -> LUMO+4 
HOMO-10 -> LUMO+4 
HOMO-9 -> LUMO+3 
HOMO-3 -> LUMO+5 

 
HOMO-12 -> LUMO+2 
HOMO-10 -> LUMO+1 
HOMO-9 -> LUMO+2 
HOMO-8 -> LUMO+3 
HOMO-7 -> LUMO+3 
HOMO-5 -> LUMO+4 

 
HOMO-14 -> LUMO+4 
HOMO-13 -> LUMO+3 
HOMO-7 -> LUMO+5 

 

0.156 
0.156 
0.319 
0.127 

 
0.205 
0.244 
0.244 
0.079 

 
0.0556 
0.0772 
0.0766 
0.0852 
0.0633 
0.0628 

 
0.0691 
0.0691 
0.677 

IV 2.099 
 
 
 
 
 
 

1.884 
 
 
 
 
 
 
 

2.099 

520.7 
 
 
 
 
 
 

658.0 
 
 
 
 
 
 
 

590 

HOMO-13 -> LUMO+1 
HOMO-13 -> LUMO+3 
HOMO-12 -> LUMO+2 
HOMO-9   -> LUMO+5 
HOMO-7   -> LUMO+5 
HOMO-6   -> LUMO+5 

 
HOMO-11 -> LUMO 
HOMO-10 -> LUMO 

HOMO-10 -> LUMO+2 
HOMO-9   -> LUMO 

HOMO-9   -> LUMO+2 
HOMO-6 -> LUMO+1 
HOMO-2 -> LUMO+4 

 
HOMO-13 -> LUMO+1 
HOMO-13 -> LUMO+3 
HOMO-9 -> LUMO+5 
HOMO-7 -> LUMO+5 

0.119 
0.0636 
0.0486 
0.0542 
0.0891 
0.164 

 
0.131 
0.105 
0.0593 
0.178 
0.0521 
0.0616 
0.0646 

 
0.119 
0.0636 
0.0542 
0.0891 
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HOMO-6 -> LUMO+5 
 

0.164 

 

Table S1 (A) The list of MO transitions contribute to the absorption maxima (peak 1) and (B) absorption 

onset (peak 2) of Ib, II, III and IV. (C) The MO transitions correspond to the peaks arise at lower 

energy range of Ib and IV. The transitions above 0.05 orbital contribution are considered and the 

strongest electronic transitions are highlighted here.  
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Fig. S7 DLS particle size distribution of Ib and IV at higher (A) and lower (B) concentrations. (C) 

Emission spectra of Ib and IV at lower concentration having no aggregation (~0.05 absorbance). In the 

very low concentration IV display significant emission while Ib has no emission.  
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Fig. S8 The Ag13 icosahedral metal core of Ib (A), II (B), III (C) and IV (D). The view along Cartesian 

coordinates X, Y and Z axes are shown in a, b and c, respectively.  
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Fig. S9 The emission spectra of IV after purging N2 (A) and CO2 (B) which show increased 

luminescence. (C) The emission spectra of IV at different concentrations of O2. With increasing O2 

concentration, PL intensity decreased gradually. 
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Supplementary Table S2 

Cluster   τ1 ns [%]  τ2 ns [%] τavg (ns) 

Ib 99.65(51) 336.48(49) 214.90 

II 108.44(17) 589.94(83) 510.49 

III 120 (4) 1133.46(96) 1096.76 

IV  6196.04 (100) 6196.04 

                    

Table S2 The lifetime values of Ib, II, III and IV. Each composed of two lifetime components and 

average lifetime increases with the longer phosphine ligands.  
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Fig. S10 ESI MS of V (red), VI (blue) and VII (pink) which is compared with that of Ib (black). Similar 

to Ib, other clusters are showing systematic phosphine loss.  
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Fig. S11 UV-vis absorption (A) and emission (B) spectra of VIII (black), IX (red), X (blue) and XI 

(pink). Inset: Photographs under visible light and UV light which show gradual increase in the PL 

intensity. Spectra for IX, X and XI are vertically shifted for clarity. 
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Fig. S12 UV-vis absorption (A) and emission (B) spectra of XI before (black) and after (red) O2 

purging. 
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Abstract. Materials emitting white luminescence are receiving increasing attention due to their potential

applications in electroluminescent devices, information displays and fluorescent sensors. To produce white

light, one must have either three primary colors, blue, green and red or two colors, blue and orange.

In this paper, we have used thiol/phosphine protected red luminescent silver nanoclusters (Ag NCs),

[Ag29(BDT)12(PPh3)4]
3- (BDT = 1,3-benzenedithiol), [AuxAg29-x(BDT)12(PPh3)4]

3- and Ag29(LA)12

(LA = lipoic acid) as one of the fluorophores for white light emission. These clusters are mixed with blue

luminescent silicon nanoparticles (Si NPs) and green luminescent fluorescein isothiocyanate (FITC). The

mixtures show white luminescence with CIE coordinates of (0.31, 0.34), (0.33, 0.35) and (0.29, 0.31) which

are in good agreement with pure white light (0.33, 0.33). The other clusters with yellow, blue, orange, etc.,

luminescence can also be used to make white light. This work provides a prospective pathway for white light

emission based on atomically precise noble metal NCs.

Keywords. Nanocluster (NC); silicon nanoparticles (Si NPs); photoluminescence (PL); fluorescein

isothiocyanate (FITC); electrospray ionization mass spectrometry (ESI MS); white light emission.

1. Introduction

White light emission is of importance from many

perspectives.1,2 A number of emerging materials such

as gels,3 quantum dots,4 supramolecular assemblies5,6

and many molecular systems7 have been used for white

light emission. Noble metal nanoclusters (NCs) with

their inherent photoluminescence (PL) make them suit-

able for white light emission.8 Over a hundred cluster

systems of this kind are known and the area is expanding

tremendously. Among these NCs, protein protected NCs

such as Au25@BSA, Ag@Cys, Ag@Lys, etc., are water-

soluble and highly luminescent.9–14 Apart from protein

protected clusters, glutathione (SG) protected clusters

such as, Au25(SG)18,15,16 Au23(SG)18,17 Au22(SG)18,18

Au18(SG)14,19 Ag11(SG)7,20 Ag15(SG)11,21

Ag31(SG)19,22 Ag32(SG)19,23, etc., and some other clus-

ters24–30 of water-soluble thiols such as, mercapto-

succinic acid (MSA), mercaptopropionic acid (MPA),

*For correspondence
§Dedicated to Professor M V George on the occasion of his 90th

Birth Anniversary.

Electronic supplementary material: The online version of this article (https:// doi.org/ 10.1007/ s12039-018-1559-4) contains

supplementary material, which is available to authorized users.

lipoic acid (LA), dihydrolipoic acid (DHLA), etc.,

exhibit intense luminescence in aqueous medium. But,

there are very few reports on the luminescent thiol/

phosphine protected NCs in organic solvents and most

of them are less emissive. However, their luminescence

can be increased either by rigidifying their surface or

by doping with another metal ions.31–35 For a long

time, Au NCs attracted attention due to their stability

and excellent luminescence but, recently Ag NCs are

also beginning to gain the attention of the researchers

due to their new properties and various applications.

[Ag29(BDT)12(PPh3)4]
3-,36 [Ag62S13(StBu)32](BF4)4,37

[Ag33S3(StBu)16(CF3COO)9(NO3)(CH3CN)2](NO3),
38

etc. NCs are known to be red luminescent while

Ag14(3,4-DFBT)12(PPh3)8 displays luminescence in the

yellow region (emission maximum is at 535 nm).39

The alloys of [Ag29(BDT)12(PPh3)4]
3- using Au and Pt

exhibit enhanced luminescence, near about 26 times and

1

http://crossmark.crossref.org/dialog/?doi=10.1007/s12039-018-1559-4&domain=pdf
http://orcid.org/0000-0003-3174-534X
https://doi.org/10.1007/s12039-018-1559-4
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2.3 times, respectively.31,40 Similarly, the luminescence

increment for other Ag NCs is yet to be examined.

While most such clusters emit in the red or NIR

region,2,41 there are other nanosystems such as silicon

(Si) nanoparticles (NPs) which emit in the blue and

green regions.43–48 Small-sized luminescent Si NPs are

used in several applications such as solid state light-

ing, full-colour displays, optical sensors, and biological

imaging.49,50 Combining these two different categories

of systems (noble metal NCs and Si NPs) with other

molecular emitters, it may be possible to create stable

white light emission. These molecular materials could

be incorporated in appropriate matrices to produce new

materials with novel properties for further advanced

applications.

In this paper, we have combined well-characterized

red luminescent atomically precise cluster systems

[Ag29(BDT)12(PPh3)4]
3-, [AuxAg29-x(BDT)12(PPh3)4]

3-

and Ag29(LA)12 with Si NPs and complemented their

emission with that of fluorescein isothiocyanate (FITC),

a well-known molecular emitter. As these clusters were

stable in water and other systems too, it was possible

to make a homogeneous solution with varying concen-

trations of all components to accomplish white light

emission with CIE coordinates of (0.31, 0.34), (0.33,

0.35) and (0.29, 0.31). Although not demonstrated here,

FITC could be replaced with a yellow emitting cluster

to achieve white light emission and also, it was possible

to replace Si NPs with clusters so that all-cluster based

white light emitters could be realized.

2. Experiment

2.1 Materials and physical measurements

Sodium borohydride (NaBH4, 95%), 1,3-BDT (≥ 99%),

FITC and aminopropyl trimethoxysilane (APTMS) were pur-

chased from Sigma-Aldrich. LA and silver nitrate (AgNO3)

were purchased from Rankem chemicals. Triphenylphos-

phine (PPh3, 98%) was purchased from Spectrochem.

Dichloromethane (DCM), dimethylformamide (DMF) and

methanol (MeOH) were purchased from Rankem and were

of HPLC grade. Sodium citrate was purchased from Sarabhai

M. Chemicals. Gold (III) chloride trihydrate (HAuCl4, 3H2O)

was synthesized in our laboratory. All solvents and chemicals

were used without further purification.

The absorption spectra were measured using a PerkinElmer

Lambda 25 spectrometer. Electrospray ionization mass

spectrometric (ESI MS) measurements were performed using

a Waters Synapt G2-Si high-resolution mass spectrometer.

PL spectra were measured in a HORIBA JOBIN YVON

Nano Log instrument. The bandpass for excitation and

emission was set at 3 nm. High-resolution transmission

electron microscopic (HRTEM) studies of Si NPs were

performed with a JEOL 3010 instrument. The samples were

prepared by drop casting Si NPs solution (H2O) on carbon-

coated copper grids and allowing it to dry under ambient

conditions.

2.2 Synthesis of [Ag29(1,3 − BDT)12(PPh3)4]
3-

The [Ag29(BDT)12(PPh3)4]
3- cluster was synthesized

following a reported protocol after small modifications.36

About 20 mg of AgNO3 was dissolved in a mixture of 5 mL of

methanol and 9 mL of DCM. Then, the solution was allowed

to stir and after 5 min, 13.5 µL of 1,3-BDT was added

to the reaction mixture. Immediately, the colorless solution

turned yellow which indicated the formation of silver thi-

olate. Then, 200 mg of PPh3 was dissolved in 0.5 mL of

DCM and added to the solution. This turned the solution

colorless again, indicating the formation of Ag–S–P com-

plexes. After 10–15 min, ∼11 mg of NaBH4 (in 0.5 mL

of ice cold H2O) was added dropwise which changed the

color of the solution to dark-brown. Finally, the reaction mix-

ture was kept at room temperature under dark conditions for

3 h. After completion of the reaction, the reddish brown pre-

cipitate was collected by centrifuging the mixture and the

supernatant was discarded. Then, the precipitate was washed

twice or thrice with methanol to remove the unreacted by-

products. Finally, the orange colored cluster was extracted in

DMF.

2.3 Synthesis of [Aux Ag29-x(1,3 − BDT)12(PPh3)4]
3-

The above-mentioned procedure after the slight modifica-

tion was used for the synthesis of Au doped [Ag29(BDT)12

(PPh3)4]
3-, namely [AuxAg29-x(BDT)12(PPh3)4]

3-. About

∼6 mg of HAuCl4 was dissolved in 5 mL of MeOH and to that

solution, ∼14 mg of AgNO3 was added. Then, 9 mL of DCM

was added to this mixture and kept for stirring. After 5 min,

∼13.5 µL of 1,3-BDT was added to this mixture followed by

the addition of ∼200 mg of PPh3. Then, ∼11 mg of NaBH4

dissolved in 0.5 mL of ice cold H2O was added dropwise

in the mixture. After 3 h of reaction under dark conditions,

the solution was transferred to a round-bottomed flask and

dried completely by rotary evaporation. The dried material

was washed with MeOH repeatedly. Then the precipitate was

collected by centrifugation. Finally, DMF was used to extract

the orange colored product.

2.4 Synthesis of [Ag29(L A)12]

The cluster was prepared by an already reported method with

slight modifications.29 About 20 mg of LA was dissolved in

14 mL of water and then to this solution, 7 mg of NaBH4 was

added. The mixture was kept for stirring so that all LA had

dissolved. Then, 4 mg of AgNO3 was dissolved in 1 mL of

water followed by the addition of 10 mg of NaBH4 in 2 mL

water. Next, the reaction was allowed to stir for 3 h under
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dark condition at room temperature. The product cluster was

stored at 4 ◦C temperature.

2.5 Synthesis of blue luminescent Si NPs

A reported procedure was followed for this synthesis with

small changes.43 A 20 mL aqueous solution of ∼1 g sodium

citrate was prepared and 1 mL of aminopropyl trimethoxysi-

lane (APTMS) was added to this solution. This mixture was

agitated homogeneously for 5 min. Then, the solution was

kept at 170 ◦C in a hydrothermal bomb for 24 h. After the

end of the reaction, it was cooled down to the room temper-

ature and then, the transparent solution was dialyzed using a

membrane of molecular weight cut off 12 kDa.

2.6 White light emission

The blue luminescent Si NPs, green luminescent FITC and red

luminescent [Ag29(BDT)12(PPh3)4]
3-/[AuxAg29-x(BDT)12

(PPh3)4]
3-/Ag29(LA)12 cluster were mixed to get white light

emission. The [Ag29(BDT)12(PPh3)4]
3- and [AuxAg29-x

(BDT)12(PPh3)4]
3- clusters were soluble in organic solvents

such as DMF but not in H2O. As DMF and H2O are miscible to

each other, the DMF solutions of these clusters were added in

H2O and were stable in the DMF/H2O mixture. The absorp-

tion and emission spectra of these clusters in DMF/H2O were

checked and the results are presented in the discussion section.

Ag29(LA)12 was soluble in water, so also FITC and Si NPs.

All the solvents were miscible and the mixture was stable.

The excitation wavelength chosen for white light emission

was 360 nm.

3. Results and Discussion

White light emission is composed of three primary

colors, blue, green and red. Here, we have used Si NPs

as the blue emission source, FITC as the green emission

source and NCs as the red emission source. The red

luminescent [Ag29(BDT)12(PPh3)4]
3- cluster was pre-

pared by following a reported protocol.36 The cluster

is highly soluble in DMF, although it is sparingly solu-

ble in DCM, acetonitrile, etc. The as-synthesized cluster

was thoroughly characterized by optical spectroscopy

and ESI MS (Figure 1). The absorption spectrum of the

cluster presented in Figure 1A shows a maximum at

445 nm along with a shoulder at ∼512 nm. It possesses

bright red luminescence under UV light as shown in the

inset of Figure 1A. At 450 nm excitation, the emission

maximum is at 655 nm (see inset of Figure 1A). ESI

MS was performed to confirm the cluster composition

which is presented in Figure 1B. It was measured in

the -ve ion mode and the mass spectrum is presented in

Figure 1B in a mass range of m/z 1400–2500. The spec-

trum exhibits 5 peaks and the separation between two

neighboring peaks is m/z 87.33. An expanded view of

ESI MS is given in Figure S1 (Supplementary Informa-

tion) which shows the separation between two peaks in

isotopic distribution is 0.33 suggesting 3- charge state.

Thus, the separation of m/z 87.33 corresponds to one

PPh3 ligand (262). Theoretical isotopic distribution of

[Ag29(BDT)12]
3- species is shown in the inset of Fig-

ure 1B which matches exactly with the experimental

isotopic distribution.
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Figure 1. (A) The UV–Vis absorption spectrum of [Ag29(BDT)12(PPh3)4]
3- having an absorption maximum

at 445 nm. Inset: The emission spectrum of [Ag29(BDT)12(PPh3)4]
3- at 450 nm excitation. (B) The ESI MS of

[Ag29(BDT)12(PPh3)4]
3- which shows a systematic PPh3 loss. Inset: the theoretical and the experimental isotopic

distributions of [Ag29(BDT)12]
3- showing perfect fitting.
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Figure 2. (A) The HRTEM images of blue emitting Si NPs. The inset shows the lattice spacing of 0.19 nm
which is arising from the (220) lattice plane of silicon. (B) The emission spectrum of Si NPs shows a
maximum at 435 nm at 360 nm excitation.
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Figure 3. (A) White light emission from a mixture of blue luminescent Si NPs, green luminescent FITC dye
and red luminescent [Ag29(BDT)12(PPh3)4]

3- cluster. Inset: photographs under UV light. (B) Chromaticity
diagram which shows the coordinates of the white light emitted (0.31, 0.34) from a mixture of blue, green
and red fluorophores.

The Si NPs were prepared by a reported method

using APTMS and sodium citrate as mentioned in the

experimental section. The as-synthesized Si NPs were

characterized using HRTEM and PL spectroscopy and

the data are presented in Figure 2. The HRTEM image

in Figure 2A suggests the formation of NPs which are

∼5 nm in size. The NPs are showing a lattice spacing of

0.19 nm, matching with the (220) plane of silicon. It is

known that the smaller sized Si NPs undergo a transition

from indirect to direct bandgap semiconductor.51 In this

case, as the synthesized Si NPs are smaller in size, they

show luminescence. The emission spectrum is shown in

Figure 2B which manifests a peak at 435 nm at 360 nm

excitation.

White light is an optimal composition of three pri-

mary colors, red, green and blue. Thus, we have mixed

the blue emitting Si NPs, red emitting [Ag29(BDT)12

(PPh3)4]
3- and a green emitting FITC dye. Si NPs

and FITC were solubilized in H2O and [Ag29(BDT)12

(PPh3)4]
3- cluster was taken in DMF. The DMF solu-

tion of the cluster was mixed with H2O. The absorption

and emission spectra were checked which suggest that
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Figure 4. (A) The UV–Vis absorption spectrum of [AuxAg29-x(BDT)12(PPh3)4]
3- having an absorption max-

imum at 430 nm. Inset: The emission spectrum of [AuxAg29-x(BDT)12(PPh3)4]
3- at 450 nm excitation which

shows an emission maximum at 690 nm. (B) The ESI MS of [AuxAg29-x(BDT)12(PPh3)4]
3-, X = 0 − 4. The

inset shows expanded ESI MS which shows a separation of 0.33 confirming the 3- charge state. (C) The emission
spectrum of white luminescence generated from a mixture of Si NPs, FITC and [AuxAg29-x(BDT)12(PPh3)4]

3-

at 360 nm excitation. Photograph of white light emission under UV light is presented in the inset. (D) The CIE
chromaticity diagram of white luminescence having coordinates of (0.33, 0.35).

the cluster is stable in the DMF/H2O mixture (Figure

S2, Supplementary Information).

The individual colors of Si NP, FITC, [Ag29(BDT)12

(PPh3)4]
3- and the color of their mixture (Si NPs: FITC:

[Ag29(BDT)12(PPh3)4]
3- is 3:1:2 v/v/v) are shown in the

inset of Figure 3A. The luminescence spectrum of the

mixture which emits white light emission at 360 nm

excitation is shown in Figure 3A. The CIE 1931 color

system is the most widely used colorimetric standard

and the CIE plot can be obtained from the visible spec-

trum. This is represented by two color coordinates, X

and Y. The CIE chromaticity diagram of the mixture

is presented in Figure 3B which analyzes the color

characteristics of luminescent materials. The observed

white light emission exhibits CIE coordinates of (0.31,

0.34) which is in good agreement to that of pure white

light (0.33, 0.33). The color of individual components

and the mixture under UV light are shown in the inset

of Figure 3A.

The similar kind of experiment to produce white

light emission was performed using the Au doped

[Ag29(BDT)12(PPh3)4]
3- cluster with enhanced lumi-

nescence. The synthetic procedure is given in the

experimental section. Characterization data of the clus-

ter by optical spectroscopy and mass spectrometry

are presented in Figure 4. The absorption spectrum

of [AuxAg29-x(BDT)12(PPh3)4]
3- looks similar to that

of [Ag29(BDT)12(PPh3)4]
3- (Figure 4A). It exhibits an

absorption maximum at 430 nm along with a small peak

at 730 nm. The cluster shows luminescence at ∼660 nm
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Figure 5. (A) The UV–Vis absorption spectrum of Ag29(L)12 having an absorption maximum at 425 nm
and a shoulder at ∼ 495 nm. Inset: The emission spectrum of Ag29(LA)12 at 425 nm excitation shows a
maximum at 660 nm. (B) The emission spectrum of white light produced by the mixture of Si NPs, FITC
and Ag29(LA)12. Inset: The CIE chromaticity diagram for white light emission which shows the color
coordinates, (0.29, 0.31).

when excited at ∼450 nm as shown in the inset of

Figure 4A (photograph of the cluster under UV light

is presented in the inset). ESI MS was measured and

it shows a bunch of peaks as shown in Figure 4B. The

first peak is at m/z 1603 and the charge state is 3- (see

inset of Figure 4B) and the spectrum can be assigned

to [Ag29(BDT)12]
3-. Other peaks appear at ∼m/z 1632,

1662, 1692 and 1722. The separation between the two

neighboring peaks is ∼ m/z 30 and the charge state

of all peaks is 3-, that means the mass difference is

∼90 which is equal to the mass of one Au atom minus

that of one Ag atom (197–108). The number of Au

doped in this cluster is 4 which is corroborated by

Figure 4B.

This cluster was also used for white light emission

after mixing the DMF solution of the cluster and aqueous

solutions of Si NPs as well as FITC. The cluster stabil-

ity in DMF/H2O mixture was checked and the data are

shown in Figure S3 (Supplementary Information). The

mixture (Si NPs: FITC: [AuxAg29-x(BDT)12(PPh3)4]
3-

is 2:1:4 v/v/v) shows white luminescence (emission

spectrum is shown in Figure 4C) with (0.33, 0.35) CIE

coordinates (Figure 4D). The value is very near to that

of the pure white light (0.33, 0.33).

A water-soluble cluster Ag29(LA)12 was taken, which

is similar to [Ag29(BDT)12(PPh3)4]
3-. The detailed syn-

thetic method is presented in the experimental section.

The absorption spectrum shows a maximum at 425 nm

along with a shoulder at 495 nm (Figure 5A) which is

matching with the previous report.29 It shows emission

maximum at 660 nm when excited at 425 nm (see inset

of Figure 5A). The cluster was used for white light emis-

sion after mixing with Si NPs and FITC. The mixture

(Si NPs: FITC: Ag29(LA)12 is 2:1:5 v/v/v) emits white

light at 360 nm excitation and the PL spectrum of it is

presented in Figure 5B. The CIE chromaticity diagram

is given in the inset of Figure 5B showing color coordi-

nates of (0.29, 0.31).

In the three cases above, white light generation was

demonstrated using blue luminescent Si NPs, green

luminescent FITC dye and three different red lumi-

nescent clusters. Mostly, in multicomponent systems,

the white light emission is controlled through fluo-

rescence resonance energy transfer (FRET) process

between the different components. The excitation wave-

length of white light emission was kept at 360 nm

which is the excitation wavelength for Si NPs. Mix-

ing of FITC and NCs in Si NPs solution resulted

in quenching the emission intensity of Si NPs (from

1.65∗106 to 1.05∗106) while enhancing the emission

intensity of [Ag29(BDT)12(PPh3)4]
3- (from 4.43∗105 to

7.2∗105). The emission spectra of Si NPs, FITC and

[Ag29(BDT)12(PPh3)4]
3- at 360 nm excitation are pre-

sented in Figure S4 (Supplementary Information) and

the spectrum of their mixture at the same excitation is

presented in Figure 3. Note that the individual species

presented have the same concentrations as in the mix-

ture. This confirms partial energy transfer from the

blue-emitting donor to the embedded energy acceptors

upon excitation of Si NPs (360 nm).
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4. Conclusions

In conclusion, we have presented the application of

Ag NCs as an emerging fluorophore for white light

emission along with blue luminescent Si NPs and

the green luminescent FITC dye. The highly sta-

ble [Ag29(BDT)12(PPh3)4]
3-, its gold doped analog

[AuxAg29-x(BDT)12(PPh3)4]
3- (x = 0-4) and [Ag29

(LA)12] clusters have been synthesized and charac-

terized. The first two clusters are soluble in DMF

while the last one is soluble in water. The red, blue

and green emitting materials were mixed together in

appropriate composition to produce white lumines-

cence. The mixture produced white light with emission

coordinates near to that of pure white light emis-

sion (0.33, 0.33). Here, for the first time, organic

soluble Ag NCs are used to produce white lumines-

cence. An aqueous suspension of Si NPs, FITC and

Ag29(LA)12 has produced white light with coordinates of

(0.29, 0.31).

Supplementary Information (SI)

Figures S1–S4 are available at www.ias.ac.in/chemsci.
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Figure S1. The expanded ESI MS of [Ag29(BDT)12]
3- (m/z 1603). The separation between two 

peaks is 0.33 which confirms 3- charge state of the cluster.  
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Figure S2. (A) The absorption and (B) the emission spectra of [Ag29(BDT)12(PPh3)4]
3- cluster 

in DMF (black line) and DMF/ H2O mixture (red line). The red colored absorption spectrum is 

having one extra peak at ~980 nm due to the presence of H2O. The other spectral features 

(peaks at 445 and 512 nm) of red spectrum are similar to that of black one which suggest the 

cluster stability in DMF/ H2O mixture. The emission spectrum of the cluster in DMF/H2O is 

similar to that DMF solution.  
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Figure S3: (A) The absorption and (B) the emission spectra of [AuxAg29-x(BDT)12(PPh3)4]
3- 

cluster in DMF (black line) and DMF/ H2O mixture (red line). The red colored absorption 

spectrum exhibits one extra peak at ~980 nm which is due to the presence of H2O. The other 

spectral features (peaks at 430 and 730 nm) of red spectrum are similar to that of black one 

which suggest the cluster is stable in DMF/ H2O mixture. The cluster possesses similar 

emission spectrum in DMF/H2O mixture to that of DMF solution.  
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Figure S4. The emission spectra of (A) Si NPs, (B) FITC dye and (C) [Ag29(BDT)12(PPh3)4]
3- 

at 360 nm excitation.  The concentrations of individual components used are the same in Figure 

3. 
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ABSTRACT: A detailed mass-spectrometric study of atomically precise monolayer-protected clusters revealed the potential
application of such materials as mass-spectrometric standards, mostly in negative-ion mode and in the high-mass range. To date,
very few molecules are known that can be efficiently ionized and detected at lower concentrations as negative ions with high
signal intensities beyond m/z 3000. Noble-metal clusters are molecules with definite masses, sizes, and shapes, which makes
them excellent candidates to choose as standards over conventional low-molecular-weight polymers or clusters of ionic salts.
They may be used as calibrants in all possible modes, including tandem mass spectrometry and ion mobility. With the
advancement in materials science, more and more molecules are being added to the list that are inherently negatively charged in
solution and can be examined by mass spectrometry. In this report, we demonstrate the use of three such model cluster systems
for their potential to calibrate mass spectrometers in negative-ion mode. This idea can be extended to many other clusters
known so far to achieve calibration in extended mass ranges.

M ass spectrometry (MS) has become an indispensable
tool for the identification and characterization of

organic molecules, proteins, and other biologically active
species.1−4 Pharmaceutical industries greatly depend on MS to
determine the purity of drugs. In recent years, mass
spectrometers have been used in hospitals and even during
surgery.5−7 It has proved to be a potential tool for biomarker
identification for specific types of cancer.5 The massive
progress of MS in biology has prompted scientists to search
for numerous proteins and peptides that can be used as
standard molecules for understanding an unknown sample or
calibrating instruments.4,8 Most often, bigger proteins and
peptides ionize reasonably well in positive-ion mode, and there
are plenty of such molecules known to serve as mass-
spectrometric standards.1,3,9 Most of the protocols are
commercialized and are being used throughout the world.
Although MS has deepened its roots in biology, it has also

made a significant impact in materials science.2,10−13 Recent
developments in soft-ionization techniques, enhanced reso-
lution, and high-mass ranges have enabled materials scientists

to characterize molecules of high mass-to-charge ratios (m/z
few 100 kDa) by MS. Most often the molecules are ionized in
negative-ion mode, and there are a limited number of
molecules available that have the potential to act as negative-
ion standards beyond m/z 3000, although in some cases,
calibrations have been performed by suitable salt sprays
(mostly Cs-based salts) that form salt aggregates and can be
ionized in both positive- and negative-ion modes.14 The main
problem with such a salt spray is the amount of salt required to
get a series of well-defined peaks in the desired mass range (up
to m/z 7−8 kDa in negative-ion mode). Most often, very high
concentrations of such salts (15−20 mg/mL or 15 000−20 000
ppm) are required, which are beyond the acceptable limit for
any sensitive mass spectrometer.
Recently, a large number of materials have been solely

characterized, and their compositions, including their inherent
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charges, have been determined by MS. Because of the lack of
proper standards in the higher-mass range in negative-ion
mode, it is often a difficult task to get the desired signal-to-
noise ratio, the proper peak shape, and enough ion intensity
with lower concentrations. Mass shifts in the higher-mass range
can also be an issue in certain cases.
Atomically precise clusters are a new class of materials often

characterized by MS.10,15−20 They have molecule-like
compositions and well-defined isotopic distributions, which
enable their compositional identification via MS. Most of the
clusters show a single peak corresponding to the molecular ion,
although multiple charge states are also observed in a few
cases. Many of these clusters are studied by single-crystal X-ray
crystallography, and their compositions are further confirmed
by MS. Several clusters of high molecular masses have also
been detected in positive-ion mode with CsOAc as the
ionization enhancer.15 A large number of such clusters exist
that show well-defined signals in negative-ion mode, such as
Au 2 5(SR) 1 8 ,

2 1 Ag 2 5(SR) 1 8 ,
2 2 , 2 3 Ag 2 9(S 2R) 1 2 ,

2 4 , 2 5

Ag44(SR)30,
26−28 and others. Gold clusters as big as

Au940±20(SCH2CH2Ph)160±4, with a molecular ion of 207
kDa, could also be detected by electrospray-ionization mass
spectrometry (ESI MS), which covers m/z ranges up to 60
kDa with four charged states of the species.29 All these findings
suggest that these clusters can potentially be used as standards
in negative-ion MS. Several clusters are known to be ionized in
positive-ion mode as well, which will allow them to be used as
general mass-spectrometric standards for both ESI MS as well
as matrix-assisted-laser-desorption-ionization (MALDI)
MS.15,30,31

Besides having well-defined mass-spectral features, a
molecule should possess the following essential characteristics
to be a standard: (a) The molecule of interest should be stable
in the condensed state as well as in the gas phase. It should be
stable in normal temperature conditions, at which typical mass
spectrometers work. As discussed above, clusters are known to
show stability in these conditions. (b) Purity is essential for
any molecule to be a standard. As the clusters can be
crystallized, purity will not be an issue. (c) Cost effectiveness is
another parameter that can be achieved by using clusters as
standards. For a standard-cluster synthesis, about a few tens of
dollars can produce a few milligrams of such clusters. (d) The
molecule should be ionizable and detectable by different mass-
spectrometric techniques, such as ESI MS, MALDI MS, and
others. Clusters meet this criterion also. Although there are
several other criteria to satisfy for a molecule to be a standard,
we have just listed a few of them. Some others are discussed in
the subsequent sections.
As monolayer-protected clusters meet the essential criteria,

we have taken a few such clusters and performed ESI MS
qualitatively and quantitatively. In this paper, we present
detailed mass-spectrometric characterization of three clusters,
namely, [Ag29(BDT)12]

3− (BDT: 1,3-benzene dithiol),24

[Ag25(DMBT)18]
− (DMBT: 2,4-dimethylbenzene thiol),22

and [Au25(PET)18]
− (PET: phenylethanethiol),21 which can

be used as standards. The required modes of calibration, such
as m/z calibration, intensity calibration, voltage calibration,
MS/MS calibration, and ion-mobility calibration, are pre-
sented. This study will help to overcome the unavailability of
negative-ion standards for high-mass ranges. This will also
introduce a new application for such clusters. With the
advancement of instrumentation and commercialization of
state-of-the-art equipment, the mass-spectrometric research

endeavor in materials science is inevitable, and hence the use
of such clusters as standard molecules will benefit both MS as
well as materials science.

■ MATERIALS AND METHODS

Materials. Silver nitrate (AgNO3), dichloromethane
(DCM), phenylethanethiol (PET), 2,4-dimethylbenzene thiol
(DMBT), 1,3-benzene dithiol (BDT), and sodium borohy-
dride (NaBH4) were purchased from Sigma-Aldrich. Chlor-
oauric acid (HAuCl4·3H2O) was prepared in the lab from pure
gold.
At present, these clusters are not commercially available.

They can be synthesized easily in a chemical laboratory
following the well-established modified-Brust-synthesis meth-
od.32,33 Synthesis of the three clusters described in this
manuscript are presented below.

Synthesis of [Au25(PET)18]
−. This cluster was synthesized

following a previously reported method with slight modifica-
tion.34,35 Briefly, 40 mg of HAuCl4·3H2O was dissolved in 7.5
mL of THF, and 65 mg of TOABr was mixed with the
solution. The resulting mixture was stirred for around 15 min
until the color of the solution changed to orange red. To this
solution, 68 μL of PET was added, and it was stirred for 1 h.
The as-formed Au-PET thiolate was then reduced by adding
about 39 mg of NaBH4 dissolved in ice-cold water. The color
of the reaction mixture changed from yellow to brown,
indicating reduction of thiolates. The solution was stirred for
another 5 h for complete conversion and size focusing to
achieve a high yield of [Au25(PET)18]

−. After 5 h, the as-
synthesized cluster was dried by a rotavapor, and excess
MeOH was added to it to get rid of free thiol and excess
thiolates. This process was repeated a few times to get a clean
cluster sample. Then, the cluster was extracted in acetone and
centrifuged. The supernatant solution was collected, leaving
behind a smaller quantity of precipitate consisting of larger
clusters. The acetone solution was then vacuum-dried. Finally
the cluster was dissolved in DCM and centrifuged at 10 000
rpm, and the supernatant solution, which consisted of the pure
cluster, was collected. The purified cluster was characterized by
UV−vis-absorption spectroscopy, where characteristic peaks at
675 and 450 nm confirmed the formation of Au25 clusters
(Figure S1). The sample was crystallized from a mixture of
toluene/ethanol and kept at room temperature. This sample
was used for detailed characterization by ESI MS.

Synthesis of [Ag29(BDT)12(TPP)4]
3−. This cluster was

synthesized according to the reported method.24,25 About 20
mg of AgNO3 was dissolved in a 15 mL mixture of 1:2 (v/v)
MeOH/DCM. To this solution, 13.5 μL of 1,3-BDT was
added, which immediately resulted in a turbid yellow solution
indicating the formation of insoluble Ag−S complexes. This
was followed by the addition of 200 mg of PPh3 in 1 mL of
DCM, and the solution became colorless. The reaction mixture
was stirred for about 15 min, and a freshly prepared solution of
10.5 mg of NaBH4 in 500 μL of water was added to the
mixture. The reaction mixture was kept in the dark and stirred
for another 3 h while the dark-brown solution changed to
orange. After 3 h, the reaction mixture was centrifuged, and the
supernatant, consisting of unreacted thiolates and PPh3, was
discarded. The precipitate, consisting of the Ag29 cluster, was
washed repeatedly with methanol to remove all the impurities.
The purified sample was vacuum-dried and stored in a
refrigerator. Dark-orange crystals of the cluster were obtained
by dropcasting a concentrated solution of the cluster in DMF
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on a glass slide. The purified cluster was characterized by UV−
vis absorption (Figure S2) and used for ESI MS studies.
Synthesis of [Ag25(DMBT)18]

−. This synthesis followed a
reported protocol with slight modification.23,34 About 38 mg of
AgNO3 was dissolved in a mixture of 2 mL of methanol and 17
mL of DCM, and 90 μL of 2,4-DMBT was added to it to form
yellow, insoluble Ag−S complexes; the mixture was stirred at 0
°C. After about 15−17 min, 6 mg of PPh4Br in 0.5 mL of
methanol was added. This was followed by the dropwise
addition of a solution of 15 mg of NaBH4 in 0.5 mL of ice-cold
water. The reaction mixture was stirred for about 7−8 h. After
that, stirring was discontinued, and the solution was kept at 4
°C for about 2 days. For purification of the cluster, the sample
was centrifuged to remove any insoluble impurities, and DCM
was removed by rotary evaporation. The precipitate was
washed twice with methanol. After that, the cluster was
redissolved in DCM and again centrifuged to remove any
further insoluble contaminants. DCM was again removed by
rotary evaporation, and the purified cluster was obtained in the
powder form. Dark-black crystals of the cluster were obtained
from a DCM/hexane mixture kept at 4 °C over a period of 2−
7 days. The cluster was redissolved in DCM, characterized by
UV−vis (Figure S3), and then used for ESI MS.
Instrumental Details. All the experiments described in

this work were carried out in a Waters’ Synapt G2Si HDMS
instrument. The Synapt instrument consists of an electrospray
source, quadrupole ion guide and trap, ion-mobility cell, and
TOF detector. Different gases were used in different parts of
the instrument. Nitrogen gas was used as the nebulizer gas.
High-purity N2 was used in the ion-mobility cell, and the ions
were directed through a drift tube. To reduce collision-induced
fragmentation, He was used as the curtain gas before the ions
entered the mobility cell. High-purity Ar gas was used for

collision-induced dissociation (CID). All the experiments were
done in negative-ion mode. About 1 μg/mL cluster
([Ag25(DMBT)18]

− and [Au25(PET)18]
−) solution was pre-

pared in DCM and directly infused with a flow rate of 10 μL/
min. Either DMF or ACN was used for [Ag29(BDT)12]

3−.
Minimum capillary voltage was applied to get a well-resolved
mass spectrum. Other parameters used for analysis will be
described in the course of the discussion. The instrument is
highly sensitive to low concentrations of sample and can detect
clusters down to 1 μM concentrations.
Ions were analyzed by a time-of-flight mass analyzer. It has

stacked ion optics to guide the ions to travel a specific path
length depending on the acquisition-mode selected. Normally,
ions move in a “V” path and the resolution obtained is in the
range of 20 000−35 000. If required, ions can be deflected by
an ion mirror to follow a “W” path where a resolution up to
50 000 can be achieved. Depending on the requirement, four
different resolution modes can be selected, namely, sensitivity
mode, resolution mode, high-resolution mode, and enhanced-
resolution mode. In sensitivity mode, ions move in a shorter
“V” path, the average resolution obtained for clusters is on the
order of 15 000−20 000, low-concentration samples (1−10
μM) are sufficient to get the desired signal, and isotopic peaks
might not be resolved to the baseline. In resolution mode, ions
move in a longer “V” path, the average resolution obtained for
clusters is on the order of 20 000−35 000, moderate
concentrations (10−100 μM) are required to get good S/N,
and isotopic peaks are well-resolved for all clusters with all
types of charge states. In high-resolution and enhanced-
resolution modes, ions move in shorter and longer “W” paths,
respectively; the average resolution obtained for clusters is on
the order of 35 000−50 000; and higher concentrations (1−10
mM) are required to get good S/N.

Figure 1. ESI MS of [Ag29(BDT)12]
3−, [Ag25(DMBT)18]

−, and [Au25(PET)18]
− in negative-ion mode. The clusters were analyzed separately, and

their respective mass spectra are overlaid in the figure, showing that a wide range of m/z calibration is possible by using these clusters as standards.
Each ion shows an exact match with its calculated isotope pattern. The structures of the clusters are represented near their molecular-ion peaks.
Gray: Ag, orange: Au, yellow: S, green: C, white: H.
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As we have obtained good resolution and S/N in resolution
mode, we have performed all the experiments in this mode.

■ RESULTS AND DISCUSSION

Calibration was performed using three of the above-mentioned
clusters. For easier understanding, we have divided the
calibration in the following parts: Mass Calibration, Intensity
Calibration, MS/MS Calibration, and Ion-Mobility (IM)
Calibration.
Mass Calibration. ESI MS of the samples was performed

in the mass range of m/z 100−10 000. Figure 1 shows the
expanded mass spectra in the range of m/z 1000−10 000. For
the Ag29(BDT)12(TPP)4 cluster, a sharp peak appears at m/z
1603.31, which corresponds to [Ag29(BDT)12]

3−.24 The TPP
ligands were labile, and hence they were lost during ionization.
The isotope pattern obtained matches exactly with the
calculated one as shown in Figure 1 (inset i). On the other
hand, [Ag25(DMBT)18]

− shows a single peak at m/z 5167.3922,
and [Au25(PET)18]

− shows a single peak at m/z 7392.92. All
the experimental and calculated spectra matched exactly, as
shown in Figure 1 (insets ii and iii). The peak positions refer to
the maximum-intensity peaks of the isotopologues.
All of these clusters can be used to calibrate the mass

spectrometer. Details of the peak envelope with relative
abundances and m/z positions are listed in Table S1.
Intensity Calibration. Concentration versus Intensity.

Each of the three clusters followed almost a sigmoidal increase
of the ion intensity with concentration, and the mass spectra
were collected at the same instrumental conditions. Figure 2
shows the plots of normalized intensity versus concentration
(μM) of the clusters. The parameters were kept similar to
create a simplified tune file that can be used for any general

sample that is ionizable in negative-ion mode. Essential
parameters are listed alongside the plots for the respective
clusters. The same numbers of scans were averaged to avoid
any error in intensity calculation.

Voltage versus Intensity. The maximum intensity of the
desired ion was measured for the entire range of voltages. All of
these clusters show increases in signal intensity with increasing
capillary voltage (or ion-spray voltage) up to a certain voltage
(around 3−3.5 kV). Beyond this, clusters start fragmenting
because of high voltage and in-source fragmentation, resulting
in decreases in ion intensity, as shown in Figure 3A−C. All the

experiments were performed thrice and average intensity was
plotted. Extraction voltage also plays a certain role in ion
intensity.36,37 Higher extraction voltage can also lead to
fragmentation for certain molecules. However, some ions are
stable throughout the extraction-voltage window. Extraction
voltage also can be used to extract a preferred ion with a
selective charge state. Some ions form weak dimers or
polymers or gas-phase adducts, which might break if higher
extraction voltages are used. For a certain molecule, choosing a
certain extraction voltage is important to avoid any voltage-
induced deformation as well as fragmentation.38 Similarly, bias
voltage may also be efficiently used for selecting a specific
charge state of a selected ion. For example, for selecting a
certain ion with a higher charge state, lesser bias voltage may
be useful or vice versa. In the present study, capillary voltage
corresponding to maximum intensity for each ion (Figure 3A−
C) was selected to study the correlation with the cone (or
extraction) voltage (Figure 3D−F). Although [Au25(PET)18]

−

shows a steady increase in intensity with increases in cone
voltage, [Ag25(DMBT)18]

− did not show such a dependence.
On the other hand, [Ag29(BDT)12]

− showed increased
intensity until 60 V, and then insource fragmentation occurred
and the intensity decreased drastically.

MS/MS Calibration. Each molecule has its well-defined
fragmentation pattern, which is often used as a fingerprint for
the molecule.39,40 For unknown biomolecules, it is often

Figure 2. Concentration vs intensity of (A) [Ag29(BDT)12]
3−, (B)

[Ag25(DMBT)18]
−, and (C) [Au25(PET)18]

−. Optimized experimen-
tal conditions are listed along with each plot.

Figure 3. Capillary voltage vs intensity of (A) [Au25(PET)18]
−, (B)

[Ag25(DMBT)18]
−, and (C) [Ag29(BDT)12]

3−. (D−F) Dependence
of cone voltage.
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practiced that MS/MS spectra at different collision energies are
collected and then matched with the reported database. For
such types of molecules, exact mass is one of the most required
criteria. This applies to the fragments also. Although there are
several databases existing for small and large molecules and
also a number of standards are available for calibration of MS/
MS in positive-ion mode, very few molecules are used in
negative-ion mode. The number is even smaller in the high-
mass range. High concentrations of salt/salt mixtures (CsI/
NaI) are mostly used for high-mass calibration.41,42 These salts
form (CSI)nI

−-type clusters, which can cover a wide range,
although this is highly dependent on the concentration used.
Although m/z or intensity calibration is possible with these
molecules, MS/MS calibration is tricky. Monolayer-protected
clusters can be used to overcome this issue. Most of the
clusters have well-defined fragmentation patterns that cover a
low- to high-mass range. For example, [Au25(PET)18]

− loses
one Au4(PET)4 unit, which is a neutral loss. The
corresponding daughter ion, [Au21(PET)14]

−, is detected at
m/z 6056.89. Further fragmentation leads to the loss of two R
groups (−SRPET), and the fragment ion is observed at m/z
5846.05. These three peaks appear at higher intensities along
with several other low-intensity fragments. Detailed assignment
of all the peaks can be seen elsewhere43 and is not in the scope
of this study. Smaller thiolate fragments are seen at m/z 471.12
(Au(PET)2

−), 805.14 (Au2(PET)3
−), 1139.12 (Au3(PET)4

−),
and others. Relative intensities of the peaks vary with collision
energy. Fragmentation patterns at two different collision
energies are shown in Figure 4A. A similar study was

performed on [Ag25(DMBT)18]
−, and the mass spectra are

shown in Figure 4B. The MS/MS pattern of [Ag29(BDT)12]
3−

can also be used similarly for calibration (Figure S4).
Experimental conditions and relative intensities of the ions
are tabulated in Table 1. The assignment of the peaks25,43 is
presented in the Supporting Information (Table S2).
Ion-Mobility (IM) Calibration. Lack of standards for IM

MS for negative ions is also an important concern.44 Most of
the mass spectrometers use proteins as their internal standards.
Proteins have a number of gas-phase conformers and have
reproducible experimental collision-cross-section (CCS) val-

ues. This makes them excellent choices as standards for ion
mobility.45−48 Small peptides49 and clusters such as C60

50 are
also known to be used as standards for low-mass calibration.
Polymeric amino acids such as polyalanine44,51 can be used for
calibration of ion mobility but only up to m/z 3000. Beyond
this range, no standards are available for ion-mobility
calibration in negative-ion mode, especially for ESI MS.
Recent reports on the use of Aun

± clusters for MALDI TOF
used citrate-capped monodispersed Au nanoparticles as
internal standards and generated in situ clusters by laser
ablation which could cover a mass range until m/z 15 000.52

However, this in situ cluster formation from such Au
nanoparticles is not possible in ESI MS.
The advantages of inherent negative charge, high ionization

tendency, well-defined isotope distribution, and the choice of
molecules for a specific mass range make these clusters
excellent standards for ion-mobility calibration. Ion-mobility
drift times depend on the IMS velocity and follow a linear
relation. Although the peak width changes when the IMS
velocity changes, ratios of drift time (DT) and peak width
(ΔDT), DT/ΔDT, should remain constant for a calibrant. We
have studied the ion mobilities of all three clusters, and the
data are listed in Table 2.
Drift time plots at different IMS velocities for three different

clusters are shown in Figure S5. From the data, it is evident
that these clusters are excellent ion-mobility standards. The
[Au25(PET)18]

− cluster can form polymers that are easily
separable by ion mobility, and hence extended-mass-range
calibration is also possible. This can be used to calibrate the

Figure 4. (A) CID of [Au25(PET)18]
− at CE 70 and 100 V

(laboratory CE), showing fragments. Exact masses of the fragments
are given. (B) Similar study on [Ag25(DMBT)18]

−, showing its
fragments.

Table 1. Intensities and m/z Values of Fragments of
[Au25(PET)18]

−, [Ag25(DMBT)18]
−, and [Ag29(BDT)12]

3−

during CIDa

CID at m/z 7392.93 (Au25(PET)18
−)

CE 70 V CE 100 V

m/z relative intensity (%) m/z relative intensity (%)

805.14 3.1 471.12 96.5

1139.12 5.2 805.14 53.2

5846.05 49.6 1139.12 65.1

6056.89 100.0 5846.05 95.5

7392.92 28.3 6056.89 100.0

7392.92 1.4

CID at m/z 5167.39 (Ag25(DMBT)18
−)

CE 50 V CE 70 V

m/z relative intensity (%) m/z relative intensity (%)

381.12 23.9 381.12 1.8

627.09 9.5 627.09 100.0

1362.94 5.5 1362.94 19.7

3965.78 1.6 3965.78 17.5

4185.65 11.6 4185.65 3.9

4431.59 100.0 4431.59 14.1

567.39 60.1 567.39 38.4

CID at m/z 1603.31 (Ag29(BDT)12
3−)

CE 70 V CE 100 V

m/z relative intensity (%) m/z relative intensity (%)

959.99 53.3 959.99 100.0

1603.31 100.0 1603.31 29.0

1925.39 7.5 1925.39 6.7
aCollision energy (CE) is in instrumental units, although it is
mentioned as being in volts.
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CCS for the system. Dimers and trimers of [Au25(PET)18]
−

form at specific instrumental conditions, and all these polymers
appear at the same m/z.34 Drift time versus CCS follows a
linear correlation for these species. As they are at the same m/z
with different charges, it is easy to calibrate the CCS using
these polymers (see Figure 5).

■ CONCLUSION

In this paper, we tried to emphasize the use of monolayer-
protected clusters as MS standards, taking three well-
established clusters as examples. These clusters are shown to
be used as calibrants for m/z, intensity, MS/MS, IMS, and
CCS measurements. These cover most of the aspects of
samples measured in ESI MS. Although only three clusters are
shown as potential standards for negative-ion MS, this should
not be seen as a limitation. Several clusters are reported and
many of them are known to form crystals. At present, clusters
with 900 metal atoms and masses exceeding 100 kDa are
available, and they are detectable by MS as well. These clusters
can also be used for calibrating higher-mass ranges. Another
advantage of using these materials as standards is the use of
them for MALDI MS; this aspect has not been studied in the
present manuscript. These clusters are stable in the laser-
desorption process. There has been a tremendous increase in

the number of publications in which MS is used to characterize
materials. As cluster science is expanding and new molecules
are being added each day, standardization of mass
spectrometers for the study of clusters is indeed a necessity
for the future of materials science.
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instrumentation.[11] In this paper, we 
have demonstrated a method to create 
defect-rich 2D nanosheets for applications 
like solar disinfection of water.

Drinking water scarcity is one of the 
most alarming problems of the modern 
world. Rapid, energy-efficient desalination 
and disinfection processes are required to 
address the problem.[12] 2D nanomaterials 
like graphene are shown to be efficient 
materials for water purification. There 
are several reports where graphene-based 
materials were used for the removal of 
arsenic,[13] salts,[14] dyes,[15] antibiotics,[16] 
pesticides,[17] etc. A few recent reports 
show that MoS2 NSs have potential utility 
in water purification. A recent computa-

tional study shows that MoS2 NSs with nanopores can effec-
tively desalinate water.[18] They have also shown that water flux 
is higher (70% higher than the graphene nanopores) for a hole 
with Mo-rich edges.[18] In another very recent report, vertically 
aligned MoS2 NSs were shown to be effective for disinfection 
of water under visible light.[19] The reactive edges of the NSs 
are responsible for the generation of active oxygen species like 
H2O2 which, in turn, is the cause of disinfection.[19] Hence, 
vertical alignment of the MoS2 NSs was made for the enhance-
ment of reactive areas. These reports prove the tremendous 
potential of defect-rich MoS2 NSs.

Here we report an easy, cost-effective, ambient, solution-
based method to create nanopores in single-layer MoS2 NSs. 
In this process, Ag+ ions are electrosprayed on a water suspen-
sion of chemically synthesized MoS2 NSs. In the course of the 
deposition, Ag+ ions react with the NSs and form Ag2S, leaving 
the former with Mo-rich defects. The size of the holes can be 
controlled by varying the deposition time. We show that these 
nanoporous MoS2 NSs are highly effective in water disinfec-
tion under visible light. A prototype device based on such holey 
MoS2 has been demonstrated illustrating the applicability of 
such methods in field conditions.

When a high potential in the range 2–2.5 kV was applied to 
the nano electrospray ionization (nESI) source of 15–20 µm 
diameter (at the tip), through a platinum (Pt) wire electrode 
(0.1 mm), filled with aqueous solution of silver acetate (AgOAc), 
a spray plume of solvated Ag+ ions was observed at the source. 
This plume was directed toward the surface of the grounded 
aqueous suspension of MoS2 NSs. Figure 1 shows the chemical 

A new method for creating nanopores in single-layer molybdenum disulfide 

(MoS2) nanosheets (NSs) by the electrospray deposition of silver ions on a 

water suspension of the former is introduced. Electrospray-deposited silver 

ions react with the MoS2 NSs at the liquid–air interface, resulting in Ag2S nano-

particles which enter the solution, leaving the NSs with holes of 3–5 nm  

diameter. Specific reaction with the S of MoS2 NSs leads to Mo-rich edges. 

Such Mo-rich defects are highly efficient for the generation of active oxygen 

species such as H2O2 under visible light which causes efficient disinfection 

of water. 105 times higher efficiency in disinfection for the holey MoS2 NSs in 

comparison to normal MoS2 NSs is shown. Experiments are performed with 

multiple bacterial strains and a virus strain, demonstrating the utility of the 

method for practical applications. A conceptual prototype is also presented.

Water Disinfection

2D sheets derived from MX2, where M is a metal and X repre-
sents a chalcogen (S, Se, Te), exhibit interesting properties.[1] 
Examples include optoelectronics,[2] catalysis,[3,4] hydrogen evo-
lution,[3,5] biomolecules detection,[6] and lithium-ion storage.[7] 
Both theoretical[8] and experimental[9] studies have shown that 
the edges are more active catalytically than the basal plane. 
Hence, defect-rich MoS2 NSs are of more interest to researchers 
due to their increased effective surface area.[10] Creating such 
defects in a single-layer MoS2 sheet is a challenge. Defects can 
be created by atom and electron bombardment, which requires 
sophisticated instrumentation. In the recent past, we have 
developed a methodology for creating functional nanomate-
rials under ambient conditions which requires no sophisticated 
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drilling process of MoS2 NSs schematically where the spherical 
pink balls represent the solvated Ag+ ions. The mass spectrum 
collected from the spray plume (Figure S1, Supporting Infor-
mation) confirms the presence of Ag+ and [Ag(H2O)]+ ions. Ag+ 
ions react with the NSs and form Ag2S NPs. With time, Ag2S 
NPs go into water resulting in nanoporous MoS2 NSs. The 
whole process is demonstrated schematically in Figure 1 where 
2D MoS2 NS is shown using blue (represents Mo) and yellow 
(represents S) balls. The experimental procedure discussed in 
the Supporting Information. After the process of drilling, the 
resultant holey MoS2 NS formed is also shown in Figure 1 
which shows Mo-rich edges at the defect positions. This has 
been proved by high-angle annular dark-field transmission elec-
tron microscopy (HAADF TEM) imaging (explained in detail 
at a later part of the paper). X-ray photoelectron spectroscopic 
(XPS) measurements were also performed to support this 
result. The Mo 3d region after electrospray deposition (ESD) 
of silver showed a blueshift of 0.3 eV in binding energy cor-
responding to a decrease in number of sulfide ions compared 
to the parent material (Figure S2, Supporting Information). A 
detailed description has been provided in the Supporting Infor-
mation. The reaction of Ag+ ions with MoS2 NSs in the solution 
phase was also supported by a recent report from our group.[20] 
To prove that the deposition of ions followed by the reaction is 
the only reason for the defects in MoS2 NSs and discard any 
possibility of pre-existing defects in the as-synthesized NSs, 
detailed characterization of the as-synthesized MoS2 NSs was 
performed using various spectroscopic and microscopic tech-
niques. Figure S3a (Supporting Information) shows TEM image 
of the as-synthesized MoS2 NSs. From the TEM images, it is 
seen that with our synthesis, we have obtained thin single-layer 
sheets of MoS2 with nanometer dimension. From the scanning 
transmission electron microscopic (STEM) image (Figure S3b, 
Supporting Information) it is clear that the sheets are single 
crystalline in nature and do not have defects. Raman spectro-
scopic measurement of the as-synthesized NSs was also done to 
further confirm the quality of the NSs. Figure S3c (Supporting 
Information) shows the Raman spectra collected from MoS2 
NSs (red trace) and MoS2 bulk (black trace), respectively. Peaks 

at 386 cm−1(E2g) and 404 cm−1 (A1g) prove the 2D nature of the 
NSs. Increase in the full width at half maximum (FWHM) for 
A1g mode and a decrease in the peak difference of A1g and E2g 
modes indicate the successful exfoliation of bulk MoS2 to the 
2D nanoscale form.[21] UV–vis spectrum collected from the 
aqueous suspension of MoS2 NSs also shows the characteristic 
peaks at 410, 620, and 672 nm (Figure S3d, Supporting Informa-
tion). Electrospray deposition experiments were performed with 
these sheets. The deposition time and rate were optimized. In 
a typical experiment, Ag+ ions were electrosprayed on a suspen-
sion of MoS2 NSs (3.7 × 10−3 M with respect to Mo) for 30 min 
at a deposition current of 60 nA. After the deposition, a portion 
of the NSs was seen floating on the water surface and the rest 
of it was in the bulk. Both of these categories of NSs were taken 
on a carbon-coated TEM grid for imaging. Figure 2a shows a 
STEM image of the as-synthesized MoS2 NS. The high-resolu-
tion TEM (HRTEM) image (collected from the floating layer of 
NSs) in Figure 2b shows the presence of holes (indicated with 
red circles) in a MoS2 NS. The HRTEM image was taken from a 
single-layer MoS2 NS to prove the clear discontinuity of the lat-
tice planes. Figure 2c shows a STEM image of MoS2 NSs after 
the creation of holes. The image clearly shows part of a hole in 
a single-crystalline NS present in bulk water. The dimensions of 
the holes were in the range of 3–5 nm. We speculate dynamics 
of the suspended NSs on the liquid surface during deposition 
leading to the creation of holes in all the NSs. This motion can 
be due to the transfer of charged droplets on the water surface 
in presence of a tangential electric field. From the independent 
experiments, we know that hydroxyl ions (due to their high 
mobility), generated due to hydrolysis of water, are the charge 
carriers from the center of the spray to the ground electrode 
kept at the rim of the liquid reservoir, causing a hydrodynamic 
flow in the liquid.[22] This flow may be the reason for the pres-
ence of nanoporous sheets both on the surface of the water and 
in the bulk. To see the fate of the NSs with longer deposition 
time, an experiment was performed where the deposition time 
was kept at 2 h. Figure S4a (Supporting Information) shows a 
TEM image taken from the suspension after the experiment. 
In this case, we see that the whole NS was reacted and got 
converted to Ag2S NPs. Figure S4b (Supporting Information) 
shows an HRTEM image of a single Ag2S NP. This experi-
ment also proves that Ag+ ions react with MoS2 NS and go to 
the solution as Ag2S NPs along with a portion of Mo from the 
reacted region, which subsequently becomes MoO4

2−.[20] The 
process of the selective reaction of incoming Ag+ ions makes 
the holey MoS2 NSs porous with Mo-rich edges. HAADF STEM 
image shown in Figure 2d clearly shows the Mo enriched edges 
of the holes in a single-layer MoS2 NS. From Figure 2d, the dis-
tance between the two Mo atoms is 0.26 nm. Considering the 
holes as a circle of 3 nm diameter, the number of Mo atoms per 
hole is ≈35. Thus, due to hole formation, a 1 µm × 1 µm NS 
exposes ≈2.7 × 105 additional Mo atoms. Note that the STEM 
image of Figure 2c suggests >7800 holes µm−2. This process of 
creating nanoscale holes on 2D sheets by ambient ion reactions 
is referred to as chemical drilling. We have maintained low 
deposition time in order to control the size of the holes. For this 
reason, in all our experiments of creating nm sized holes in the 
MoS2 NSs (except the control experiment showing longer dep-
osition leading to complete reaction of the NSs to form Ag2S 

Global Challenges 2018, 1800052

Figure 1. Drilling of MoS2 NSs by ambient ions. Schematic represen-
tation of chemical drilling of MoS2 NSs using electrospray-deposited 
Ag+ ions. Not to scale.
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NPs), the concentration of the Ag2S NPs formed was negligible 
in comparison to the amount of MoS2 in solution.

To check the efficiency of disinfection of holey MoS2 NSs, 
we have performed a series of experiments along with several 
control experiments. We have tested the disinfection efficiency 
of the MoS2 NSs using bacteria and virus-contaminated water. 
Figure 3a–d shows optical photographs of the live bacteria 
observed after disinfection by pour plate technique. The inset 
shows magnified images in each case where Figure 3a–d 
represents input concentration (diluted two times), disinfection 
experiment with bulk MoS2, disinfection with the as-synthesized 
MoS2 NSs, and disinfection with holey MoS2 NSs, respectively. 
The contaminated water when exposed to porous MoS2 NSs and 
visible light (Supporting Information) showed 10 000 000 times 
reduction in bacteria, from 107 to 100 CFU mL−1 for Escheri-

chia coli (or 7 log reduction), in 2 h whereas the as-synthesized 
MoS2 NSs and bulk MoS2 with equivalent concentration of Ag, 
used for the drilling process, showed only 1% of disinfection 
efficiency (or 2 log reduction) (Figure 3e). But holey MoS2 NSs 
in dark showed only 3 log reduction (Figure 3e) in the bacteria 
count. We note that Ag+ at a concentration above 50 ppb can 
be an excellent disinfectant.[23] Under the same experimental 

conditions, bulk MoS2 showed negligible disinfection efficiency 
for the mentioned bacterial input. This suggests that chemical 
drilling makes the MoS2 nanosheets photocatalytically more 
active. We speculate that the Mo-rich defects in the NSs pro-
vide enhanced active surface area for the generation of reactive 
oxygen species (ROS). The disinfection efficiency of the mate-
rial was also tested with gram-positive bacteria (Bacillus subtilis). 
It was noticed that B. subtilis are more resistive toward H2O2 
than E. coli under the same experimental conditions (Figure S5, 
Supporting Information).

In the following part of the paper, we have shown that holey 
MoS2 NSs are more efficient in generating at least one ROS 
species, namely, H2O2 (see later). The disinfection efficiency 
of Ag+ alone was also examined under the same experimental 
conditions taking the same amount of Ag+ ions used for chem-
ical drilling. Ag+ ions showed a negligible effect on E. coli inac-
tivation because the concentration of Ag+ was 0.2 × 10−6 M, 
much lower than the concentration needed for disinfection at a 
bacterial load of 107 CFU mL−1.

Considering the fact that the major water purification 
techniques used for virus removal are the addition of chlorine 
which produces harmful disinfection byproducts, we propose 

Global Challenges 2018, 1800052

Figure 2. Characterization of holey MoS2 NSs. a) STEM image of the as-synthesized MoS2 NSs showing no defects in it. b) HRTEM image of a MoS2 
NS, floating on water after the deposition process, with holes. c) STEM image of the same showing clear holes on a single NS. d) HAADF STEM image 
of a holey MoS2 NS taken from the subphase showing a Mo enriched edge. Red circles in image (d) denote Mo and the green circles represent S.
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that the holey MoS2 NSs could serve as an efficient method to 
reduce pathogenic viruses by a safer method. We observed that 
while bulk MoS2 with and without Ag+ and MoS2 NSs without 
holes were unable to affect the phage significantly (Figure S6, 
Supporting Information), the porous MoS2 NSs were found 
to achieve a 7 log reduction by photocatalytic disinfection  
(Figure 3f). Moreover, by this study, we proved that this method 
can disinfect virus at comparatively higher concentrations.

From earlier reports, we know that MoS2 in presence of vis-
ible light can generate active oxygen species like H2O2.

[19] Liu 
et al. have shown that the edges of MoS2 NSs are more active 
in this reaction. We believe that generation of H2O2, in pres-
ence of visible light is one of the reasons for the disinfection of 
water. To prove that the holey MoS2 is more efficient for the pro-
duction of H2O2, a set of cyclic voltammetry (CV) experiments 
were performed. For all our CV experiments, we have used a 
precleaned gold electrode as the working electrode, Ag/AgCl 
was used as the reference electrode, and Pt was used as the 
counter electrode. Prior to CV measurements of each sample, 
5 mL of as-synthesized MoS2 suspension was dried at 55 °C in a 
glass bottle. Subsequently, CV experiments were performed by 
adding 5 mL of 1 M phosphate buffered saline (PBS, pH ≈ 7.3) 
to the bottle having previously dried MoS2 and electrochemical 
experiment was performed after exposing the dispersion to vis-
ible light (for 1 or 2 h, depending on the experiment). CV of 

each sample was performed from 0 to +1 V with a fixed scan 
rate of 100 mV s−1. CV profiles of Au, performed in blank solu-
tion (only PBS), as well as in PBS along with as-synthesized 
MoS2 NSs and holey MoS2 NSs irradiated with visible light for 
1 and 2 h, respectively, are shown in Figure 4. Each CV pro-
file has two major peaks, one observed around +0.95 V corre-
sponds to the formation of AuCl4

− during the forward potential 
scan (0 to +1 V) and another around +0.43 V due to the reduc-
tion of gold chloride in the reverse potential scan (+1 V to 0). 
Along with these, a small hump was observed in the CV scan, 
around +0.45 V (marked portion in the spectrum was multi-
plied three times for better visualization) which corresponds to 
the oxidation of H2O2. In order to gain a deeper insight into the 
sensing mechanism, we have performed CV measurements in 
different electrolytes like aqueous PBS, NaCl, and Na2SO4 and 
these traces are shown in Figure S7 (Supporting Information). 
From such experiments, we concluded that the peak at +0.45 V 
is due to electrooxidation of H2O2.

[24] In the course of the reac-
tion, MOH or MO might be formed as intermediates which 
ultimately get converted to ROS. Although the reaction mixture 
with as-synthesized MoS2 NSs shows some amount of H2O2, 
the holey MoS2 NSs are more efficient in the generation of 
H2O2 because of the presence of enhanced reactive surface area. 
Oxidation of H2O2 by Au electrode was further confirmed by a 
control experiment (CV trace shown in Figure S8, Supporting 

Global Challenges 2018, 1800052

Figure 3. Disinfection performance of holey MoS2 NSs. a–d) Optical photographs of the live bacteria observed after disinfection by pour plate tech-
nique. Inset shows magnified images in each case. a) Input concentration, diluted two times, b) disinfection experiment with bulk MoS2, c) disinfection 
with the as-synthesized MoS2 NSs, and d) disinfection with holey MoS2 NSs. Comparison of the e) antibacterial and f) antiviral activity of the porous 
MoS2 NSs, with Mo-rich edges. The activity is compared with bulk MoS2, bulk MoS2 with the same amount of Ag used for drilling, MoS2 NSs without 
holes, and holey MoS2 NSs in dark. The test organisms used was F-specific bacteriophage MS2 grown on E. coli (ATCC 15597-B1). In all the experi-
ments, parameters such as light intensity, irradiation time (2 h), sample concentrations, etc., were maintained constant. The entire visible spectrum 
was exposed to the sample although one frequency (ν) is mentioned.
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Information) performed in PBS in presence of externally added 
H2O2 at different concentrations. To prove the fact that defects 
in the MoS2 sheets have a significant role in H2O2 generation, 
a control experiment was carried out. In this experiment, two 
sets of holey MoS2 samples were synthesized by varying the 
deposition time of Ag+ (10 and 20 min at a deposition rate of 
100 nA). More deposition time will enable the creation of more 
holes in NSs. All the other parameters were kept constant and 
the CV was measured successively. Figure S9 (Supporting Infor-
mation) shows the feature corresponding to H2O2 in the vol-
tammogram. The H2O2 concentration was higher in the second 
sample, that is, the MoS2 NSs with more holes (Ag deposi-
tion for 20 min). To quantify the H2O2 generated from holey 
MoS2, we have performed CV measurements (traces shown 
in Figure S8, Supporting Information) in PBS with succes-
sive addition of commercial H2O2 at different concentrations 
(0.4 × 10−6 to 1 × 10−3 M). The oxidation current as a function 
of H2O2 concentration (Figure 4b) shows a linear behavior. Oxi-
dation current of H2O2 (data from Figure 4a have been shown 
in the inset of Figure 4b after background subtraction) pro-
duced by holey MoS2 was compared with the calibration curve 
(Figure 4b), giving a quantitative measurement of H2O2 pro-
duced by various materials (Table S1, Supporting Information). 
We note that in the disinfection process other ROS species may 
also be involved, although we have detected only H2O2.

Figure 5a shows the disinfection process schematically. 
Scanning electron microscopy (SEM) imaging establishes the 
damage of bacterial cells. Figure 5b shows the SEM image of 
the bacterial cells before disinfection. Here, we see healthy 
cells of E. coli. On the other hand, Figure 5c,d shows the SEM 
images of dead E. coli cells at different magnifications. It is seen 
clearly from these images that the bacterial cells are damaged 
(red circles) due to reaction with H2O2. Similar cell damage 
was observed when the bacteria were treated with commercially 

available H2O2 (Figure S10, Supporting Information). Dark 
field fluorescence imaging of bacteria was also performed to 
prove 100% disinfection. Fluorescence staining experiments 
using dark field microscopy can distinguish between intact 
and membrane-permeable cells using LIVE/DEAD Baclight 
bacterial viability kit. The two stains used were the membrane 
impermeant propidium iodide (PI), causing red fluorescence 
of membrane permeabilized cells and SYTO 9, a nucleic acid 
binding green fluorescent dye that could enter into all the cells 
regardless of whether they were intact or permeabilized. PI fluo-
rescing defective bacteria were observed as red (Figure 5f) when 
they were treated with holey MoS2 nanosheets (and irradiated) 
whereas untreated (and irradiated) bacteria show SYTO 9 emis-
sion (green) (Figure 5e). Membrane permeabilization is seen 
in all the bacteria upon treatment with holey MoS2 nanosheets 
proving 100% disinfection. TEM images of the virus before 
(Figure 5g–i) and after (Figure 5h–j) irradiation show a clear 
contrast difference. This is because the uranyl acetate stain 
enters defective viral capsids and causes a distinct difference in 
contrast between untreated and treated viruses. Dense dark cen-
tered capsids (defective capsids) which had taken up the uranyl 
acetate stain were seen as dark whereas untreated viruses were 
rigid and did not show the stain within.[23] All the above disin-
fection processes were performed under a Xenon arc lamp.

We also have designed a prototype for the disinfection of 
water using a commercially available low power light-emitting 
diode (LED) strip. Figure 6a shows the schematic of a prototype 
where holey MoS2 NSs supported on alumina were packed in a 
borosilicate glass tube (column size and radius were 10 in. and 
3 mm inner diameter, respectively) and a LED (4.8 W m−1) strip 
was wrapped around it. Contaminated water was pushed from 
below using a syringe pump and pure water was collected from 
the top. Antigravity flow of the contaminated water was chosen 
for longer contact of it with the holey MoS2 NSs. We have used 

Global Challenges 2018, 1800052

Figure 4. Quantitative detection of H2O2 using CV. a) Cyclic voltammetry (CV) traces of 5 mL of MoS2 solution, in phosphate buffered saline (PBS), 
using a gold electrode. b) Quantification of H2O2 concentration generated by holey MoS2 NSs and a calibration curve which is extracted from Figure S7a 
(Supporting Information) (H2O2 oxidation current as a function of externally added H2O2 concentration, measured with Au electrode in PBS solution). 
The intercepts marked with red, blue, violet, and green lines are due to MoS2 nanosheets without hole after 1 h, MoS2 nanosheets without hole after 
2 h, holey MoS2 after 1 h, and holey MoS2 after 2 h, respectively. Inset shows background corrected CV traces of holey MoS2 and MoS2 NSs without 
hole (derived from data in (a)).



www.advancedsciencenews.com

1800052 (6 of 8) © 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.global-challenges.com

Global Challenges 2018, 1800052

a bacterial load of 103 CFU mL−1 in this case. Contaminated 
water was passed through the column multiple times and after 
each cycle, the sample was taken for plating (Figure S11, Sup-
porting Information). We see 100% disinfection after five cycles 
(Figure 6b). Leaching of the MoS2 NSs from the alumina sup-
port was checked using UV–vis spectroscopy and inductively 
coupled plasma mass spectrometry (ICP-MS) measurements 
(Figure S12, Supporting Information). No significant leaching 
was observed in ICP-MS studies. A control experiment was 
also performed where the column was packed with alumina 
and contaminated water was passed through it under the same 
experimental conditions mentioned above. No difference in the 
bacterial count was noticed between the input and output of 
contaminated water (Figure S13, Supporting Information).

An inexpensive ambient method was demonstrated for 
making nanometer-sized holes in MoS2 NSs composed of 
molybdenum-rich edges. Immobilized porous MoS2 NSs in 
water make H2O2 upon exposure of visible light and disinfect 
microbially contaminated water samples. The composition 

provides antibacterial and antiviral activity at concentrations of 
107 CFU mL−1 bacteria and 107 PFU mL−1 virus. Mo-rich edges 
of MoS2 NSs are more catalytically active toward the generation 
of H2O2 which in turn reacts with the bacterial and viral cells 
and damage them. We also show a working prototype using 
immobilized nanosheets on oxide supports for water disinfec-
tion using low-power LEDs. The simplicity of the process and 
use of very low amount of metal make this material a potential 
candidate for practical applications.

Experimental Section

For testing disinfection, 5 mL of synthetic water (typically containing 
E. coli ATCC 25922 at a concentration of 1 × 107 CFU mL−1, unless 
otherwise mentioned) was treated with 3.7 × 10−3 M of MoS2 suspension 
(in terms of Mo) of porous MoS2 nanosheets and the photocatalytic 
disinfection performance was checked under visible light. Xenon lamp 
equipped with UV filter was used as the light source. The disinfection 
efficiency was compared with the controls, namely, (a) equal mass of 

Figure 5. Imaging of bacteria and virus before and after the treatment with the samples. a) Schematic representation of the disinfection process; green 
and red colors represent live and dead cells, respectively. b) SEM image of E. coli cells before disinfection. Inset shows an SEM image of E. coli cells at 
higher magnification. c,d) SEM image of E. coli cells after disinfection. Red circles show the damage in the cells due to reaction with H2O2. e,f) Dark 
field fluorescence microscopic analysis of live and dead bacteria cells showing 100% disinfection after treating with holey MoS2 NSs under visible light. 
g,h) TEM images of virus before (live virus) and after (dead virus) the treatment with the sample (holey MoS2), respectively. i,j) Magnified TEM images 
of live and dead viruses show the clear contrast difference between the two.
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bulk MoS2, (b) same concentration of Ag+ used for chemical drilling 
along with bulk MoS2, and (c) as-synthesized MoS2 nanosheets, 
all under visible light, at the same experimental conditions. A high 
concentration of the bacterial input was maintained considering 
the activity of the proposed material in the treatment of water from 
challenging environments. About 1 mL of the diluted samples was 
plated along with nutrient agar on a sterile Petri dish using the pour 
plate method after 2 h of reaction time. After 48 h of incubation at 37 °C, 
the colonies were counted and recorded.

In the case of antiviral testing, ≈1 × 105 bacteriophage MS2 was used. 
The prepared synthetic water was shaken gently with the 3.7 × 10−3 M 
of MoS2 suspension (in terms of Mo) of porous MoS2 nanosheets and 
left for a contact time of 2 h for the photocatalytic disinfection and 
subsequently the viable virus count was measured by double-layer 
plaque assay (using E. coli host). The plates were incubated for a period 
of 20–24 h at 37 °C.

All other experimental details including synthesis of MoS2 NS, 
electrospray deposition on MoS2 NSs, bacteria and virus used for 
disinfection reaction, and dark field fluorescence microscopic analysis 
are available in the Supporting information.

Supporting Information

Supporting Information is available from the Wiley Online Library or 
from the author.
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EXPERIMENTAL SECTION 

All the commercially available chemicals were used as is, without further purification. Silver 

acetate (AgOAc), molybdenum disulfide (MoS2), 1.6 M n-butyllithium in hexane and the 

solvent, hexane were purchased from Sigma Aldrich, India. 

Synthesis of MoS2 NS. Chemical exfoliation method was used to synthesize MoS2 NSs from 

MoS2 powder.
[1]

 300 mg of MoS2 powder was taken in a round bottom flask, under an argon 

atmosphere, and 3 mL of 1.6 M n-butyllithium was added. The resulting solution was stirred 

for 2 days under the same conditions. Then the resulting lithium intercalated product was 

washed repeatedly with hexane, to remove excess reactants, followed by the addition of 100 

mL of distilled water. The produced was sonicated in a bath sonicator for 1 h. This aqueous 

dispersion of MoS2 NSs was centrifuged at a speed of 18000 rpm to remove un-exfoliated 

MoS2. The quality of the synthesized MoS2 NSs was checked using electron microscopy, UV-

Vis and Raman spectroscopy. The concentration of MoS2 dispersion was determined using 

inductively coupled plasma mass spectrometry (ICP MS). 

Electrospray deposition on MoS2 NSs. For electrospray deposition, a home built 

nanoelectrospray ionization (nESI) source was used. The nESI source was made by pulling a 

borosilicate glass capillary (0.86 mm ID and 1.5 mm OD) into two, using a micropipette 

puller (Sutter Instruments, U.S.A.). Each tip, after pulling, was checked using an optical 

microscope to ensure the size and quality of the cut. Tips with an opening of 10-15 µm were 
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used for all the deposition experiments. 10 mM aqueous solution of AgOAc was filled in the 

nESI tips using a micro injector pipette tip and Pt wire was inserted into the solution, making 

an electrode for high voltage connection. For electrospray deposition on MoS2 NSs, an 

aqueous suspension of 3.7 mM (in terms of Mo) MoS2 NS was taken in an Eppendorf vial and 

the Ag
+
 ions generated by the nESI source was guided towards it. The distance between the 

tip of the nESI source and the surface of the MoS2 solution was optimized to be 10 mm. No 

changes in the size or nature of the holes were observed with change in the distance between 

the tip and the deposition surface provided the amount of the ions were constant. The water 

MoS2 suspension was grounded through a picoammeter using a copper strip. The deposition 

current was varied from 20-100 nA for different experiments. 

Details of the bacteria and virus used for disinfection reaction. Escherichia coli and MS2 

bacteriophage, the surrogates for water borne pathogens (bacteria and viruses, respectively) 

were used for antimicrobial testing. Saline water condition was used for all the antibacterial 

and antiviral testing. A fresh single colony of the Escherichia coli (ATCC 10536) pre-grown 

on Luria–Bertani (LB) agar was used as the inoculum and cell suspensions in LB broth were 

allowed to grow at 37 °C to late exponential phase with a final optical density (600 nm) of 1. 

This was used as the input for antibacterial experiments. In the case of antiviral testing, F-

specific bacteriophage MS2 (ATCC 15597-B1) was cultured using E. coli host C-3000 

(ATCC 15597) in the logarithmic phase. Purified virus was used as input for antiviral 

experiments. 

Electrochemical measurements. 

Both cyclic voltammetry (CV) and linear sweep voltammetry (LSV) were measured by an 

electrochemical analyzer (CHI 600A) with conventional three-electrode configuration 

adopted with bulk Au (111) electrode as the working electrode, silver/silver chloride 

(Ag/AgCl) as the reference electrode and Pt wire as the counter electrode. Prior to any 

electrochemical measurement, Au electrode was cleaned manually with two different micro 
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polishing powders of Al2O3 (particle size ~ 0.3 µM and 0.05 µM). All the electrochemical 

measurements were performed at room temperature and in phosphate buffered saline (Merck 

India Pvt. Ltd) solution of pH~ 7.3. 

Dark field fluorescence microscopic analysis. Fluorescence microscopy imaging was 

performed using a Cytoviva microscopy system. For sample preparation, LIVE/DEAD 

Baclight
TM

 bacterial viability kit (Molecular Probes, Eugene, OR) was used. At each time 

point, 1 mL of the sample (holey MoS2 nanosheet treated and control bacteria) was mixed 

with 2 µL of PI-SYTO 9 mix (1:1) and incubated in dark for 15 min. About 0.5–1 μL sample 

was spotted on a 1 mm thick ultrasonically cleaned glass slide (SCHOTT) and it was covered 

with a 0.145 mm thick cleaned glass cover slip (SCHOTT). Imaging was performed using 

100X oil (Cargille) immersion objective. 
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Figure S1. nESI of AgOAc. Mass spectrum collected from the nESI of AgOAc. 

 

The Mo 3d region of parent materials in XPS showed two peaks at 229.5 and at 232 6 eV 

binding energy corresponding to 3d5/2 and 3d3/2 of Mo(IV). But when the XPS spectrum after 

the electrospray of Ag
+
 ions was taken, a blue shift of 0.3 eV was seen due to the decrease in 
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a number of sulphide ions (because of the reaction with silver). The emergence of two new 

peaks is attributed to the formation of Mo(VI)O4
2- 

(as a result of the Mo sites lost due to 

reaction).
[20]
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Figure S2. (a-b) correspond to the XPS spectra in the Mo 3d region before and after the 

electrospray of silver, respectively. (c-d) XPS spectra in the S 2p region before and after the 

electrospray of silver, respectively. 
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Figure S3. Characterization of MoS2 NSs. (a) TEM image of as-synthesized MoS2 nanosheet. 

(b) HAADF TEM image of (a) MoS2 nanosheet showing that there are no defects in it. (c) 

Raman spectrum collected from the MoS2 nanosheet and bulk MoS2. The peak difference 

(~18 cm
-1

) of E2g and A1g for MoS2 NSs suggests that the sheets are one layer thick. (d) UV-

Vis spectrum collected from a suspension of MoS2 NSs. 
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100 nm 2 nm 

a b 

keV
 

Figure S4. Characterization of Ag2S NPs. (a) TEM image of the MoS2 nanosheet showing the 

complete reaction of it. Inset shows TEM energy dispersive spectrum of Ag2S particles. (b) 

HRTEM image of an Ag2S particle. The d(112) and d(031) planes of 0.24 nm and 0.22 nm 

suggest that the formed nanoparticles are the acanthite phase of Ag2S. 

 

Input (107/mL)  MoS2  NSs  (105/mL) 
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a b 

c d 

 

Figure S5. Antibacterial performance of holey MoS2. (a-c) Photograph of the antibacterial 

activity (with Bacillus subtilis bacteria) of MoS2 NSs shown in (b) and with holey MoS2 

shown in (c). (a) Input bacterial concentration and (d) comparison of antibacterial activity of 

MoS2 NSs and holey MoS2. 
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Input (107/mL) Bulk MoS2  (106/mL) 

Holey MoS2  (106/mL) 
 MoS2  NSs  (104/mL)  Holey MoS2 (0/mL) 

 Bulk MoS2 (106/mL) a b 

c d 

 

Figure S6. Antiviral activity of holey MoS2. (a-d) Photograph of antiviral (bacteriophage 

MS2) activity of (b) bulk MoS2, (c) MoS2 NSs and (d) holey MoS2. Expanded views of the 

petri dishes are shown as insets. 
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Figure S7. CV traces of Au electrode in different electrolytes. CV traces of gold in (a) PBS; 

(c) NaCl; (d) Na2SO4, respectively. (b) CV trace of gold in PBS scanned up to 0.8 V. Inset of 

c shows the concentration-dependent linear sweep voltammetry (LSV) traces scanned up to 

0.9 V. 

 

The CV profile of Au (Figure S7a) measured in PBS exhibits an oxidation peak at +0.95 V 

and a reduction peak at +0.43 V. These were not seen in the CV measured up to +0.7 V 
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(Figure S7b) confirming that the oxidation peak at 0.95 V was coupled with the reduction 

peak at +0.43 V. These were attributed to the reaction, Au + 4Cl
-
 = AuCl4

-
 + 3e

-
. Although 

these peaks were not seen in Figure S7b, there was a small oxidation peak at +0.45 V, which 

is also seen in Figure S7a. In order to understand the origin of this small peak, we performed 

the same CV measurement (scanned up to +1.2 V) in NaCl solution (Figure S7c) and the peak 

appeared again at +0.45 V along with the other peaks. However, when we performed the same 

experiment in Na2SO4, the peak around +0.45 V was not seen (Figure S7d). To assign the 

broad peak around +0.45 V, we performed linear sweep voltammetry (LSV) up to +0.9 V 

with different concentrations of NaCl (spectra shown in the inset of Figure S7c). Seemingly, 

the single peak observed at +0.45 V in Figure S7c was actually composed of two peaks as 

shown in the inset of the same figure. At lower concentrations of NaCl, the two peaks were 

well separated from each other and the peak separation of these two become narrower as 

concentration of NaCl was increased. For better clarity, we marked these peaks as I and II. 

First peak I was due to Cl
-
 adsorption on Au surface and consecutive oxidation of Au by the 

reaction, Au(surface)Cl
- 
= AuCl(surface)+ e

-
 (peak II ).

[2]
 At lower concentration of NaCl (1 mM), 

coverage of Cl
-
 was lower and correspondingly Au oxidation was poor. However, as NaCl 

concentration was increased, current started increasing. Finally, maximum current was seen at 

20 mM NaCl which was due to higher Cl
-
 coverage and therefore, maximum oxidation. 

Beyond 20 mM of NaCl concentration, no further change of peak current was observed. As 

H2O2 comes in contact with the electrode (
)(22)(22 electrode

Diffusion

bulk
OHOH   ) it gets oxidized 

(H2O2 = 2H
+ 

+ O2 +2e
-
) at the same potential. 

 

0.0 0.3 0.6 0.9 1.2
-25

-20

-15

-10

-5

0

5

10

15

 

C
u

rr
e
n

t 
(A

)

Potential (V, Ag/AgCl)

a b 

0.4 0.6
0

2

4

6

 
 

C
u

rr
e

n
t 
(A

)

Potential (V, vs. Ag/Cl)

 Blank

 0.85 
 1.75 
 3.5 
 7 
 15 
 31 
 62.5 
 125 
 250 
 500 
 1 mM

0.4 

 

Figure S8. CV of externally added H2O2. (a) CV traces of a control experiment performed 

with externally added H2O2 with different concentrations, in PBS. (b) Magnified version of 

the marked area of Figure S8a.  
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Figure S9. Linear sweep voltammetry (LSV) profile of MoS2 NS suspensions with different 

time of spraying of Ag
+
. LSV spectrum MoS2 NSs suspension after 10 and 20 min of Ag

+
 

deposition and 1h of visible light irradiation. 

 

Samples Concentration of H2O2 (µM) 

MoS2 NSs without hole (1 h) 0.43 

MoS2 NSs without hole (2 h) 0.63 

Holey MoS2 NSs (1 h) 0.69 

Holey MoS2 NSs (1 h) 1.54 

 

 Table S1. Quantification of H2O2 concentration generated from holey MoS2 using calibration 

curves. 
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Treated with sample Treated with H2O2 

3 µm 3 µm 

a b 

 

 

Figure S10. Imaging of dead bacteria. (a-b) SEM images of the bacteria (E. coli) after the 

treatment with the sample and H2O2, respectively. In both the cases, similar cell damage was 

observed. 
 

Input After 2 cycles 

After 4 cycles After 5 cycles 

a b 

c d 

 

Figure S11. Photographs of the experiment performed with the prototype. (a) Input 

(contaminated water), bacteria count (b) after 2 cycles, (c) after 4 cycles and (d) after 5 cycles. 
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Figure S12. No leaching of MoS2 from MoS2-adsorbed alumina. (a) UV-Vis spectra of MoS2 

NSs (black) and the supernatant (red) taken from MoS2-adsorbed alumina@water. Negligible 

leaching was observed. (b) ICP MS analysis of the supernatant showed negligible Mo 

concentration. 

 
 

a b 

 

Figure S13. E. coli contaminated water was passed through a column packed with only 

alumina. Photograph of (a) Input (contaminated water) and (b) output. No disinfection was 

observed. 

 



     

12 

 

References 

 

[1] a) L. Yuwen, H. Yu, X. Yang, J. Zhou, Q. Zhang, Y. Zhang, Z. Luo, S. Su, L. Wang, 

Chem. Commun. (Cambridge, U. K.) 2016, 52, 529-532; b) L. Yuwen, F. Xu, B. Xue, Z. Luo, 

Q. Zhang, B. Bao, S. Su, L. Weng, W. Huang, L. Wang, Nanoscale 2014, 6, 5762-5769; c) C. 

N. R. Rao, Ramakrishna Matte, S. S. H., U. Maitra, Angew. Chem., Int. Ed. 2013, 52, 13162-

13185. 

 [2] a) L. Aldous, D. S. Silvester, C. Villagran, W. R. Pitner, R. G. Compton, L. M. 

Cristina, C. Hardacre, New Journal of Chemistry 2006, 30, 1576-1583; b) Z. Shi, J. 

Lipkowski, J. Electroanal. Chem. 1996, 403, 225-39. 

 

 

 
 



Detection of [Au25(PET)18(O2)n]
− (n = 1, 2, 3) Species by Mass

Spectrometry

Shridevi Bhat, Raghu Pradeep Narayanan, Ananya Baksi, Papri Chakraborty, Ganesan Paramasivam,
Rabin Rajan J. Methikkalam, Abhijit Nag, Ganapati Natarajan, and Thalappil Pradeep*

DST Unit of Nanoscience (DST UNS) and Thematic Unit of Excellence, Department of Chemistry, Indian Institute of Technology
Madras, Chennai 600036, India

*S Supporting Information

ABSTRACT: [Au25(SR)18]
− nanoclusters have been tested as a model catalyst in

multiple oxidation reactions involving CO, alkenes, cyclohexane, and alcohols.
Oxygen is used as an oxidizing agent in most of the reactions. Hence, O2 activation
is of great interest in catalysis. The mechanism of these reactions, the role of intact
nanoclusters as catalytically active species, and the utility of such nanoclusters as
homogeneous catalysts are not completely clear. Herein, we investigate the
interaction of [Au25(SR)18]

− in solution with O2 using electrospray ionization mass
spectrometry and density functional theory (DFT) calculations. Up to three O2

molecules attach to an [Au25(SR)18]
− in dichloromethane (DCM) when O2 gas is

passed through a solution of the former. Oxygen addition to the nanocluster leads to
its decomposition. The nanocluster is most stable in toluene and least stable in
tetrahydrofuran when kept under a continuous flow of O2, where no O2 adduct
peaks are observed. It shows intermediate stability in DCM in the presence of O2,
and the decomposition products, in this case, are of a different type compared to the
former solvents. The appearance of O2 adducts and the variation in the stability of the nanocluster in different solvents is
assumed to be due to the difference in oxygen solubility in these solvents. DFT calculations suggest that the first two O2

molecules interact with the surface Au atoms through the cavities formed by the ligands and staples in the nanocluster and the
third O2 interacts only with 2-phenylethane thiol ligands.

1. INTRODUCTION

Developments in the field of heterogeneous and homogeneous
catalysis by gold trace back to the early work of Haruta1−4 and
Hutchings.5,6 They established the low-temperature catalytic
oxidation of CO and selective oxidation of hydrocarbons by
supported gold nanoparticles and nanoclusters. Subsequently,
scientists started checking out the possibility of application of
monolayer-protected nanoclusters in catalysis because of the
unique structure and properties of the latter.7−9 Advances in
the mass spectrometry (MS) of nanoclusters have tremen-
dously helped in gaining molecular level understanding of such
systems.10,11 Computational methods have backed the experi-
ments significantly in this regard.12,13 Among the thiolate-
protected nanoclusters, [Au25(SR)18]

− has emerged as a widely
researched model catalyst,8,14 owing to its highly reproducible
synthetic protocols with a variety of ligands,15,16 well-defined
structure and properties,17−19 and its stability in various
conditions.20−22

Activation of molecular O2 is of great interest in catalysis
because of its utility in a number of oxidation reactions.8,14

There is an added advantage in using molecular O2 as an
oxidant from the point of view of Green chemistry.23 The first
indirect evidence24 for the interaction of [Au25(SR)18]

− with
O2 was the aerial oxidation of the nanocluster in dichloro-
methane (DCM) at room temperature. In this process,

inherently negatively charged [Au25(SR)18]
− interacts with

O2 present in the air and gets oxidized into neutral species
when its solution is exposed to air.24 On the basis of this
observation, [Au25(SR)18]

− was checked for its catalytic
activity in various oxidation reactions. Lopez-Acevedo et al.
suggested the possibility of O2 adsorption on [Au25(SR)18]

−

upon removing one of the Au2(SR)3 units. However, they
proposed a mechanism for CO oxidation reaction by removing
two Au2(SR)3 units, which rendered two nearest neighboring
Au atoms free for binding with CO and O2 molecules.25 Nie et
al. investigated the application of oxide-supported
[Au25(SR)18]

− as a catalyst for the CO oxidation.26 They
conducted several experiments with various oxide supports and
O2 pretreatment conditions to understand the effect of the
same on this catalytic reaction. They concluded that intact
nanoclusters on oxide surface catalyze the reaction. They also
suggested that the interface positions between the nanocluster
and the oxide support are the catalytically active sites. The
experiments by Zhu et al. revealed that [Au25(SR)18]

− can act
as a homogeneous catalyst in solution phase oxidation of
styrene by O2.

27 Xie et al. examined the aerobic oxidation of
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alcohols catalyzed by [Au25(SR)18]
− calcinated on carbon

nanotubes.28 Liu et al. found that the Au25 supported on
hydroxyapatite catalyzes aerobic oxidation of cyclohexane to
cyclohexanol and cyclohexanone.23

The mechanism of catalysis of oxidation reactions by Au25
nanoclusters is still unclear even though there are a significant
number of investigations of the applications of these
nanoclusters as a model catalyst for these reactions. It is
crucial to get a deeper understanding of the stability of the
nanocluster under these reaction conditions, catalytically active
centers, nature of binding between the cluster and the reactant
and product species, and influence of reaction conditions.
Recently, Dreier et al. carried out a reinvestigation of the
homogeneous catalysis of styrene oxidation by t-butyl
hydrogen peroxide (TBHP) using [Au25(SR)18]

−.29 They
established that the nanoclusters are unstable in the presence
of TBHP and undergo oxidative decomposition. Au(I)−thiol
precursors and decomposition products are equally effective in
catalyzing styrene oxidation.29 Such investigations show that
there is a need to conduct fundamental research to understand
the catalysis by nanoclusters, which would help in designing
selective catalysts for various chemical processes.
In spite of several existing studies on the catalytic activity of

the cluster in oxidation reactions, there is no clear under-
standing of the interaction of molecular O2 with the
nanocluster. In all the investigations conducted so far,
interaction with oxygen was suggested but there is no evidence
for an oxygen bound cluster. Such an adduct would be the
central species responsible for the oxidation of the cluster in
atmospheric conditions and in other processes too. In this
regard, our objective has been to answer a fundamental
question, that is, whether [Au25(SR)18]

− reacts with O2 in
ambient conditions.
In this paper, the interaction between [Au25(PET)18]

−,
where PET is 2-phenylethane thiol, and molecular O2 in
solution phase was examined using electrospray ionization
(ESI) MS and UV/vis absorption spectroscopy. Up to three
O2 attachments to [Au25(PET)18]

− were detected in the mass
spectra. This gives a direct evidence for the interaction of
[Au25(PET)18]

− with molecular O2. Oxygen attachment to the
nanocluster leads to its decomposition to smaller polymer-like
products. Adduct formation between [Au25(PET)18]

− and O2

was observed only in the case of DCM and not in toluene and
tetrahydrofuran (THF). However, the nanoclusters were stable
in the case of toluene for long time, in the presence of O2.
Density functional theory (DFT) calculations suggested that
the interaction sites for the first and the second O2 are surface
Au atoms of the nanocluster and the third O2 interacts with
only PET ligands.

2. EXPERIMENTAL SECTION

2.1. Materials. Chloroauric acid trihydrate (HAuCl4·
3H2O), PET, tetraoctylammonium bromide (TOAB), and
sodium borohydride (NaBH4) were purchased from Sigma-
Aldrich. Toluene, THF, DCM, and methanol were purchased
from RANKEM and were of analytical grade. All the chemicals
were used as such without any further purification.
2.2. Instrumentation. A PerkinElmer LAMBDA 25

instrument with a range of 200−1100 nm and a band pass
filter of 1 nm was used for measuring UV/vis absorption
spectra of the samples.
The ESI MS measurements were done by a Waters’ Synapt

G2Si high definition MS instrument, consisting of an

electrospray source, quadrupole ion guide/trap, ion mobility
cell, and time-of-flight detector. Nitrogen gas was used as the
nebulizer gas. The measurements were done in negative ion
mode as [Au25(SR)18]

− is intrinsically negatively charged. In
the case of toluene samples, acetonitrile was added to facilitate
the ion detection. The optimized conditions used to obtain a
well-resolved MS spectrum were as follows:

sr. no. parameters value
1 sample concentration 10 μg/mL
2 solvents DCM or toluene or THF
3 flow rate 30 μL/min
4 capillary voltage 3.5 kV
5 cone voltage 120−150 V
6 source offset 80−120 V
7 desolvation gas flow 400 L/h
8 trap gas flow 5 mL/min

2.3. Synthesis of [Au25(PET)18]
−. A modified Brust−

Schiffrin single-phase procedure was used for the synthesis of
[Au25(PET)18]

−.30 Approximately 40 mg of HAuCl4·3H2O was
taken in 7.5 mL of THF, and ∼65 mg of TOAB was added and
stirred for ∼15 min to get a deep-red-colored solution.
Following this, 5 mol equivalents (with respect to gold) of
PET was added, and the reaction mixture was stirred for
approximately 2 h to get a colorless solution of Au−SR thiolate
mixtures. These thiolates were reduced by ∼39 mg of NaBH4

taken in 2.5 mL of ice-cold water. The reaction mixture was
stirred at a constant speed of 1500 rpm at room temperature
for another 6 h to get a reddish-brown-colored solution. To
remove excess thiol and other impurities, THF was evaporated
by vacuum drying and the nanocluster was precipitated by
methanol addition. The supernatant solution containing excess
thiol was discarded. This step was repeated 2−3 times followed
by extraction of the nanocluster in acetone leaving behind
bigger particles. The acetone was vacuum-dried, and the pure
nanocluster was extracted in DCM.

2.4. Interaction of [Au25(PET)18]
− with O2, CO2, N2,

and Ar. All the gases used were of high purity (99.99%).
These reactions were performed in two ways. In one, the
nanocluster solution in DCM was kept under O2 environment
created by an O2-filled balloon. The samples for time-
dependent UV/vis spectroscopy and ESI MS were withdrawn
at different time intervals using a syringe. The same procedure
was followed for other gases as well. In another method, O2 gas
was passed through the solution of the nanocluster in DCM
with continuous stirring. The samples were withdrawn using a
syringe at different time intervals and monitored using UV/vis
spectroscopy and ESI MS. To check the effect of solvents on
Au25(PET)18−O2 adduct formation, the same procedure was
repeated with toluene and THF.

2.5. Molecular Docking Studies. In order to obtain
further insights into the molecular level interactions of O2 with
[Au25(PET)18]

−, molecular docking studies were performed
using AutoDock 4.2.1. The DFT-optimized [Au25(PET)18]

−

structure was used for this investigation. Oxygen was used as
the “ligand” and [Au25(PET)18]

− as the “receptor” molecule.
The output for ligand was saved in PDBqt format. DFT-
optimized charges were used for the receptor. Receptor grids
were generated using 126 × 126 × 126 grid points in xyz with
grid spacing of 0.375 Å and map types were created using
AutoGrid-4.2. The grid parameter file (.gpf) was saved using
MGL Tools-1.4.6.50. The docking parameter files (.dpf) were
generated using MGL Tools-1.4.6.50 and docking was
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performed using AutoDock 4.2. The results of AutoDock
generated an output file (.dlg), and the generated conformers
were scored and ranked as per the interaction energy keeping
the 10 lowest energy conformers. The output files generated by
Lamarckian genetic algorithm were analyzed using MGL
Tools-1.4.6. The conformer with lowest binding energy (BE)
of the interacting molecules was used as an initial structure for
DFT optimization. We sequentially docked one to three O2

molecules to [Au25(PET)18]
− by combining the output

coordinates of the last docked O2 molecule and
[Au25(PET)18]

− to be the new receptor and the next O2 to
be docked as the ligand. The binding free energy of the
[Au25(PET)18O2]

− was −3.26 kcal/mol.
2.6. DFT Optimization. The interaction of a few oxygen

molecules with [Au25(PET)18]
− was computationally studied

by considering the [Au25(PET)18(O2)n]
− (n = 1, 2, and 3) and

using DFT with the projector augmented wave (PAW)
method as implemented in the GPAW software package.31,32

The calculations were performed in linear combination of
atomic orbitals mode of GPAW which efficiently utilizes the
given basis set to form the wave function for atomic species,
and thus, the computational time could be greatly reduced
even for larger structures. The exchange−correlation functional
and basis set were the Perdew−Burke−Ernzerhof (PBE)
functional33 and a double-ζ plus polarization basis set,34

respectively. The calculations for [Au25(PET)18(O2)]
− were

also done using vdW-DF2 functional, and the results obtained
were compared with those obtained using PBE functional. The
valence electrons of atoms in the PAW setups were Au
(5d106s1), S (3s23p4), O (2s22p4), C (2s22p2), and H (1s1) and
the other electrons were kept in a frozen core, with scalar-
relativistic effects for Au atoms. The most favorable conformers
obtained from molecular docking simulations were taken as the
initial structures for geometry optimizations. Furthermore, the
electron density was calculated using a real-space grid spacing
of 0.2 Å and the relaxation criterion was that the forces on all
atoms were <0.05 eV/Å, without applying any symmetry
constraints. The BE of (O2)n molecules was calculated as the
energy difference of [Au25(PET)18(O2)n]

− and the sum of
isolated [Au25(PET)18]

− and (O2)n molecules. The average BE
was obtained by dividing the total BE by the number of O2

molecules. The visual molecular dynamics software35 was used
to create the visualization of all the optimized structures.

3. RESULTS AND DISCUSSION

We chose [Au25(PET)18]
− as a model system for the

experiments. These nanoclusters were synthesized by the
modified Brust−Schiffrin synthetic protocol30 and character-
ized by UV/vis absorption spectroscopy and ESI MS. The UV/
vis absorption spectrum of the nanocluster in DCM, given in
Figure S1A, showed the characteristic features of
[Au25(PET)18]

−. The mass spectrum of the sample, presented
in Figure S1B,C, also gave the characteristic peak of
[Au25(PET)18]

−, thus confirming the quality of our synthesis.
The experiments were conducted in DCM as [Au25(SR)18]

−

oxidizes in it upon interaction with atmospheric O2.
24

Initially, the stability of the nanocluster in the presence of O2

was checked by keeping the nanocluster solution in a
continuous flow of O2 and monitoring the time-dependent
UV/vis absorption spectra. These spectra are shown in Figure
S2. As expected, oxidation of the nanocluster was evident in
the presence of O2, as indicated by the increase in the intensity
of the 400 nm peak with time and the disappearance of hump

at 800 nm. Oxidation started occurring within 45 min of
introduction of O2, and it was faster than in air. In Figure S3,
the UV/vis absorption spectrum of the nanocluster kept in the
O2 environment for 4 h is compared with that of
[Au25(PET)18]

− and air-oxidized [Au25(PET)18]
0. We ob-

served the increase in intensity of 400 and 450 nm features
(indicated as peaks 1 and 2 in Figure S3) as compared to both
[Au25(PET)18]

− and [Au25(PET)18]
0. This spectrum corre-

sponds to the reaction mixture consisting of parent nano-
cluster, its O2 adducts as well as the decomposition products
(discussed later). The increase in intensity of peaks 1 and 2
could be attributed to the presence of O2 adducts and the
decomposition products in the solution.
Figure 1 shows a comparison of ESI MS spectra of

[Au25(PET)18]
− with a sample of the same kept under O2

for 1 h using an O2-filled balloon, in DCM. We observed a
peak corresponding to one O2 adduct of the nanocluster, that
is, [Au25(PET)18(O2)]

−, at m/z = 7425. The inset “i” of the
Figure 1 shows the match between experimentally observed
(red trace) and simulated (dark-blue trace) mass spectra for
[Au25(PET)18(O2)]

− species, which are in good agreement
with each other. The peak at higher mass highlighted with an
asterisk could be given two assignments, that is,
[Au25(PET)18O3]

− or [Au25(PET)18(CHCl)]−. The peak
could be the result of overlap between these two species as
well. However, because of the poor intensity and poorly
resolved isotopic pattern of the peak, we were unable to
provide an exact assignment for the same. Though there have
been indirect results for the interaction of [Au25(PET)18]

−

with O2, for the first time we have observed the adduct species
[Au25(PET)18(O2)]

− in the mass spectrum. As mentioned
earlier, the aerial oxidation of [Au25(PET)18]

− to

Figure 1. ESI MS spectra of [Au25(PET)18]
− in DCM before (black

trace) and after (red trace) introducing O2. The O2 atmosphere was
created using an O2-filled balloon. Two assignments, that is,
[Au25(PET)18O3]

− or [Au25(PET)18(CHCl)]
−, are possible for the

peak highlighted with an asterisk. The blue trace shows ESI MS
spectrum of [Au25(PET)18]

− after bubbling O2 continuously for a
period of 540 min through its solution. Inset “i” shows experimental
(red trace) and simulated (dark-blue trace) mass spectra of
[Au25(PET)18(O2)]

−.
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[Au25(PET)18]
0 in DCM is a strong evidence for the

interaction of the nanocluster with molecular O2. This
interaction takes place when the nanocluster dissolved in
DCM is exposed to air for several hours.24 We were not able to
detect the O2 adducts of the nanocluster in mass spectra in the
case of aerial oxidation process. In our experiments, pure O2

was supplied continuously and therefore the oxidation occurs
within ∼45 min. Hence, we presume that the adduct formation
takes place significantly only when O2 is passed directly into
the solution of the nanocluster and when a large amount of O2

is present in the solution.
We did an experiment by taking cluster solution in DCM

and bubbling O2 gas continuously through the solution, to
check the effect of amount of O2 in the reaction mixture on O2

addition. The mass spectrum of the nanocluster after 540 min
of continuous flow of O2 is shown in Figure 1 (blue trace). Up
to three molecules of O2 were attached to the cluster in this
case. This experiment proved that the amount of O2 present in
solution has an effect on adduct formation. The match
between the experimental and simulated mass spectra for
[Au25(PET)18(O2)2]

− and [Au25(PET)18(O2)3]
− species is

given in Figure S4. They are in good agreement with each
other. The intensity of the peak corresponding to
[Au25(PET)18(O2)]

− was the highest compared to other O2

adduct peaks. This could be due to the higher stability of the
species compared to others. It is also possible that the different
species react with each other in the reaction mixture and an
equilibrium is established between them with time.
Time-dependent ESI MS measurements were done to check

the variation of the relative abundance of different species in
the reaction mixture with time. The spectra are presented in
Figure 2. It could be noted that initially, that is, within 15 min,
[Au25(PET)18(O2)]

− and [Au25(PET)18(O2)2]
− were ob-

served. [Au25(PET)18(O2)3]
− started appearing in about 60

min of reaction and its intensity increased relatively with time
up to 120 min, then started decreasing, and finally disappeared
in the spectrum of 630 min. Thus, the reaction between the
nanocluster and O2 is highly dynamic in nature.
There is a continuous formation and conversion of different

species with different relative concentrations. This behavior

could be explained in two ways: either three O2 attachment to
the nanocluster might be resulting in the decomposition of the
nanocluster or different species in the reaction mixture might
be interacting with each other to form other species. It is even
possible that both these processes are occurring simulta-
neously.
The lower mass regions of the time-dependent ESI MS data

are shown in Figure 3. Decomposition of the cluster was

observed because of the interaction with O2. Initially, lower
mass thiolates were formed which were shifted into higher
mass with time. A common fragment of the cluster,
[Au4(PET)5]

−, was observed throughout. Apart from this, a
series of peaks similar to polymer-like species were observed.
These polymer-like thiolate peaks start at m/z = 1412.3 and
spacing between the consecutive peaks is 74. The isotopic

Figure 2. (A) (i) Time-dependent ESI MS spectra, up to 90 min, upon exposure of [Au25(PET)18]
− to a continuous flow of O2 in DCM. In (ii),

mass spectra are enlarged to show the region corresponding to the [Au25(PET)18(O2)n]
− species. (B) (i) Time-dependent ESI MS spectra beyond

90 min in the presence of O2. In (ii), mass spectra are expanded to show the region corresponding to the [Au25(PET)18(O2)n]
− species. Intensity of

[Au25(PET)18]
− is normalized. The intensity of the parent nanocluster also decreases in this time window.

Figure 3. (A) Lower mass range (m/z = 1200−5000) ESI MS spectra
of [Au25(PET)18]

− upon exposure to a continuous flow of O2. (B)
Data after 90 min. Peak highlighted with the asterisk corresponds to
[Au4(PET)5]

−, a commonly observed fragment in the mass spectrum
of [Au25(PET)18]

−.
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pattern indicates that these are singly charged species. All the
peaks correspond to singly charged species, which implies that
the leaving group is a neutral species with a mass of 74. The
width of the peaks increases as we move from lower mass to
higher mass. There is another set of peaks, which is at a
constant spacing of 27 units from the previous set of peaks.
The spacing between consequent peaks in this series too is 74
units.
To check the effect of solvent on the interaction, we carried

out the same reaction in toluene keeping all other conditions
the same and the interaction was monitored using time-
dependent UV/vis spectroscopy and ESI MS. Time-dependent
UV/vis spectra of the nanocluster in toluene kept under a
continuous flow of O2 are given in Figure S5A. No O2 adducts
of the nanocluster were observed in time-dependent ESI MS
spectra shown in Figure 4. Degradation of the nanocluster was
observed but to a lesser extent compared to that in the case of
DCM. In the case of THF, the nanocluster was unstable in the
presence of O2 and degraded completely within 2 h. The time-
dependent UV/vis absorption spectra are shown in Figure S5B.
No O2 attached species were observed in time-dependent ESI
MS spectra (shown in Figure S6) of the nanocluster in THF in
the presence of O2. The degradation of the nanocluster within
2 h was observed here too. The degradation products are
composed of thiolates of smaller masses. No polymer-like
thiolate peaks were observed in the mass spectra in the case of
THF.
The solvent variation experiments show that the cluster is

more stable in toluene in the presence of O2. In DCM,
oxidation of the nanocluster happens faster than in the case of
toluene and it degrades into lower mass polymeric thiolates
which grow to larger polymeric species with time. The peak
corresponding to the nanocluster was also present up to 6 h in
the time-dependent experiments. Thus, the solution consisted
of a complex mixture composed of the nanocluster, its O2

adducts, and the nanocluster degradation products. Predicting
the catalytic efficiency of the nanocluster and catalytically
active species involved is a difficult task in such scenarios. We
note here that Dreier et al.29 reported oxidative decomposition
of [Au25(SR)18]

− during styrene oxidation. They concluded
that the Au(I) species resulting from the oxidative decom-
position of the cluster are the catalytically active species in the

styrene oxidation reaction and not the nanocluster itself. The
nanocluster is unstable in the case of THF in the presence of
O2 and degraded within 2 h. Variation in the stability of the
nanocluster in different solvents in the presence of O2 could be
due to the difference in O2 solubility of the solvents. It could
be noted that O2 solubility is the least in the case of toluene
and the highest in the case of THF. In DCM, O2 has an
intermediate solubility. Our experiments indicate that the
difference in the solubility of O2 in these three solvents might
affect the interaction of the nanocluster with O2. We could
detect the O2 adducts of the nanocluster only in DCM which
has an intermediate value of O2 solubility. Thus, variation in
the interaction of the nanocluster with O2 as well as difference
in the stability of the nanocluster in different solvents could be
the consequences of different O2 solubility of the solvents.
Hence, in cluster catalysis, choice of the solvent or reaction
medium also plays an important role.
To check the interaction of other commonly used gases such

as CO2, N2, and Ar with the cluster, we did similar experiments
by keeping the [Au25(PET)18]

− solution in DCM in the
environments of these gases using respective gas-filled
balloons. The time-dependent UV/vis spectra of
[Au25(PET)18]

− in DCM in the presence of CO2, N2, and
Ar are shown in Figure S7. CO2 and N2 caused gradual
oxidation of the [Au25(PET)18]

−, but in the Ar environment,
the nanocluster was unchanged and was stable. The ESI MS
spectra of the nanocluster before and after keeping in the
respective gas environments are shown in Figure S8. In the
case of CO2, the intensity of the nanocluster peak was reduced
drastically within 10 min and it disappeared within 15−20 min
(note that the intensity of the peak corresponding to the
nanocluster is normalized in Figure S8). However, the
nanocluster features were intact up to 4 h in time-dependent
UV/vis absorption spectra of it kept under a CO2 environ-
ment. Therefore, the disappearance of the nanocluster peak in
the mass spectrum could be due to the change in ionizability of
the nanocluster upon exposure to CO2 and not because of the
degradation of the nanocluster. In the cases of N2 and Ar, the
nanocluster was intact and no variation in the mass spectrum
was observed. However, no adduct species of the nanoclusters
were observed in these cases in the mass spectra.

Figure 4. Time-dependent ESI MS spectra upon exposure of [Au25(PET)18]
− to a continuous flow of O2 in toluene. Spectra in different regions are

presented in (A−C). Intensity of [Au25(PET)18]
− is normalized.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.8b03220
J. Phys. Chem. C 2018, 122, 19455−19462

19459

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b03220/suppl_file/jp8b03220_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b03220/suppl_file/jp8b03220_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b03220/suppl_file/jp8b03220_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b03220/suppl_file/jp8b03220_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b03220/suppl_file/jp8b03220_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b03220/suppl_file/jp8b03220_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.8b03220


To get an insight into the structure and nature of the
bonding between the [Au25(PET)18]

− and O2 molecules, DFT
calculations were conducted. First, we determined the most
favorable interaction sites for the first, second, and third O2

molecules with the cluster using molecular docking studies.
The most favorable structure for each adduct given by
molecular docking was then optimized using the DFT method.
The DFT-op t im i zed geomet r i c a l s t ruc tu re s o f
[Au 2 5(PET) 1 8(O 2)]

− , [Au 2 5(PET) 1 8(O 2) 2]
− and

[Au25(PET)18(O2)3]
− are shown in Figures 5 and S9. As

[Au25(PET)18]
− has a cavity-like structure on both sides

formed by the ligands and the three staples around the C3 axis
of the cluster,36 it is possible for the O2 molecule to interact
with Au atoms on the surface of the nanocluster. The
interaction of O2 with Au atoms at the surface is a weak
supramolecular one, involving electrostatic and van der Waals
interactions with an average Au−O bond distance of 3.33 Å,
and we also observed that there is a slight distortion at the base
of the cavity formed by the three gold atoms on the surface of
the icosahedral core because of the average contraction of Au−
Au bond distance (∼0.02 Å). Moreover, the O2 molecule was
elongated slightly by the distance of 0.029 Å because of the
interaction with Au atoms. The changes in the Au−S bonding
interactions were found to be negligible. The calculated BE per
O2 for the interaction of O2 with [Au25(PET)18]

− is −11.34
kcal/mol. The calculations for [Au25(PET)18(O2)]

− were also
performed using vdW-DF2 functional including dispersion
corrections to account for van der Waals forces. The bonding
parameters obtained using PBE and vdW-DF2 functionals are
compared in Table S1 (see Supporting Information). The
structure of the molecule remained the same after including
the dispersion corrections, and there were no significant
differences in bonding parameters. We also noticed that the
energy of the structure wherein the first O2 interacts with the
PET ligand (−1981.85 eV) is higher than the energy of
structure B in Figure 5. This clearly confirms the interaction of
O2 with the surface Au atoms of the nanocluster. The BE
values of atomic and molecular oxygen on various surfaces of
Au and bare clusters of Au obtained from the literature are
listed in the Table S2, for comparison.
The most favorable interaction sites for the second O2 are at

the cavities formed by the three gold atoms on the surface of
the [Au25(PET)18(O2)]

− based on the molecular docking
studies. The second O2 occupies the cavity on the opposite
side of the first O2. However, there is a distinct difference by
0.25 Å in the Au−O bond distance of the second O2 with the
surface Au atoms of the nanocluster. The calculated BE per O2

for this case is −10.83 kcal/mol, which is slightly lesser than

that of the one O2 attachment. Further addition of a O2 to give
[Au25(PET)18(O2)3]

− clearly showed that the interaction of
the third O2 molecule was only with PET ligands. Introduction
of three O2 significantly affected the interactions in the entire
nanocluster. The bond lengths of three O2 molecules varied
distinctly from 1.26 to 1.28 Å, and the largely elongated bond
length of O2 was due to the interaction with the ligands. It is
worth noting that the Au−O bond length for the O2 bound to
the Au through the cavities (mentioned before) increases from
3 .33 Å in [Au 2 5(PET) 1 8(O 2)]

− to 3 .48 Å in
[Au25(PET)18(O2)4]

− (DFT-optimized structure is given in
Figure S10 in Supporting Information). This suggested that
the addition of more than three O2 weakened the interactions
of O2 at the cavities. The calculated BE per O2 for the case of
three O2 attachments was −10.75 kcal/mol. We also
conducted an additional study, which showed that the addition
of more number of O2 molecules in various positions to the
cluster such as under the staples and above the core
penetrating O2 into the cluster could cause larger changes in
Au−S and Au−Au network and if these larger number of O2

molecules get under the cavity-like structure formed by Au
atoms and ligands, then the cluster may distort and degrade
fully.

4. CONCLUSIONS

In conclusion, the interaction of [Au25(PET)18]
− with O2 was

investigated in detail using UV/vis absorption spectroscopy
and ESI MS. Direct evidence for the attachment of O2 with the
nanocluster was observed in the mass spectra for the first time.
Up to three O2 molecules can attach to a [Au25(PET)18]

−. It
was also observed that O2 attachment causes decomposition of
the nanocluster. The effect of solvents on the interaction was
examined by conducting the experiments in different solvents,
such as DCM, toluene, and THF. We observed the O2 adducts
of the nanocluster only in the case of DCM. It was noted that
the nanocluster is most stable in toluene in the presence of O2

and least stable in the case of THF. The O2 solubility of the
solvent was proposed to be a deciding factor here. DFT
calculations were carried out to understand the nature of
bonding between the nanocluster and O2. The first and the
second O2 interact with the nanocluster by attaching to the
surface Au atoms through the cavities present in the
nanocluster formed by Au and ligands. The interaction of
the third O2 was found to be with the PET ligands. The
average BE was highest for the first O2 attachment and
decreased with further O2 additions.

Figure 5. DFT-optimized structures of (A) [Au25(PET)18]
−, (B) [Au25(PET)18(O2)]

−, (C) [Au25(PET)18(O2)2]
−, and (D) [Au25(PET)18(O2)3]

−

along with the energies of the structures and BEs. Color codes: golden yellowAu, greenS, redO, and blue stick models represent PET
ligands.
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 ��+ A) UV/Vis absorption spectrum and B) ESI MS of [Au25(PET)18]1. C) 

Experimental (blue trace) and simulated (red trace) mass spectra of [Au25(PET)18]1.   
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 ��+ Time – dependent UV/Vis absorption spectra of [Au25(PET)18]1 kept under 

continuous flow of O2 in DCM.   
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 �#+ Comparison of UV/Vis absorption spectra for [Au25(PET)18]1 (black trace), air 

oxidized nanocluater, i.e. [Au25(PET)18]0 (red trace) and the same under continuous flow of 

O2 for 4 h. The spectra are normalized at 680 nm. Peaks 1 and 2 are 400 and 450 nm 

absorption features of the cluster.     
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 �6+ A) Experimental and simulated mass spectra of [Au25(PET)18(O2)2]1and B) 

[Au25(PET)18(O2)3]1. 
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A) Time – dependent UV/Vis absorption spectra of [Au25(PET)18]1 kept under 

continuous flow of O2 in toluene and
B)  in THF. 
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Time1dependent ESI MS upon exposure of [Au25(PET)18]1 to a continuous flow of 

O2 in THF. Spectra in different mass range are presented in A), B) and C). 
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 A) Time1dependent UV/Vis absorption spectra of [Au25(PET)18]1 kept in O2 

environment, B) in CO2 environment, C) in N2 environment, and D) in Ar environment. 
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A) ESI MS of [Au25(PET)18]1 before and after keeping in CO2 environment. B) 

ESI MS of [Au25(PET)18]1 before and after keeping in N2 environment. C) ESI MS of 

[Au25(PET)18]1 before and after keeping in Ar environment. The intensities of the parent 

clusters are normalised. We did not observe the adduct species in these cases.
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DFT optimized structures of certain higher energy isomers of [Au25(PET)18(O2)]1 

species along with their energies and binding energies. Color codes: Golden yellow – Au, 

Green – S, Red – O and Blue stick models represent PET ligands. 
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Bonding parameters of [Au25(PET)18(O2)]1 obtained using PBE functional (without 

dispersion corrections) and vdW1DF2 functional (with dispersion corrections). 

Bond Bond distance (Ǻ) using PBE 

functional 

Bond distance (Ǻ) vdW1

DF2 functional 

O – O 1.27 1.30 

Au – O (core) 3.57 3.37 

Au – O (staple) 3.33 3.38 

Au – Au 2.87 2.97 

Au – S (core) 2.44 2.54 

Au – S (staple) 2.37 2.43 
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Binding energy of O2 on various surfaces of Au and bare clusters of Au, obtained 

from literature. 

�0+


*�+


�4��������(3���������(
 ��
$�����3�(�$���
 =��5��	
����	&


�.�(3��(�


?��������@


1 Experimental (TPD)/atomic 

oxygen± 

Au (1 1 1) 130 to 132 depending 

on coverage 

1 

2 Experimental (TPD)/atomic 

oxygen± 

Au (2 1 1) step site/terrace 

site 

134/133 2 

3 Theoretical 10% stretched Au (1 1 1) 11.9 3 

4 Theoretical Unstretched/10% stretched 

Au (2 1 1) 

13.5/16 3 

5 Theoretical Au55 cluster 16.9/113.1 depending 

on sites 

4ǂ 

6 Theoretical Au25+,Au25
0,Au25

1 113.4, 111.8, 131.6 5 

*References are given at the end. ±TPD gives the dissociation energy which is equal in 

quantity and opposite in sign to binding energy. To avoid confusion, the TPD1derived 

binding energies are presented with a negative sign. ǂAuthors use opposite sign convention in 

ref. 4. We have changed the sign to keep consistency with our convention. This makes it clear 

that all values correspond to bound oxygen.    
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DFT optimized structures of [Au25(PET)18(O2)4]1.
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Au 15.54538 18.81844 15.48189 

Au 12.71730 19.70230 17.01116 

Au 11.95114 16.70619 18.92236 

Au 14.20123 14.51823 17.63883 

Au 14.99400 16.68663 13.39163 

Au 16.43253 19.68019 12.54700 

Au 18.16423 20.61777 15.61596 

Au 17.69625 17.83797 17.37439 

Au 13.23671 16.78695 15.89420 

Au 12.02516 15.84900 12.84438 

Au 14.93072 14.17526 11.42720 

Au 17.17697 14.57884 13.87690 

Au 16.46700 13.26345 16.53739 

Au 19.28962 12.35596 14.96917 

Au 20.01383 15.30853 12.99681 



 

 

S16 

 

Au 17.78139 17.54752 14.35358 

Au 16.98176 15.39446 18.61580 

Au 15.59946 12.44579 19.45909 

Au 13.83915 11.49743 16.35521 

Au 14.27931 14.24623 14.61216 

Au 18.74186 15.28503 16.09649 

Au 19.96997 16.24198 19.08994 

Au 17.05082 17.88679 20.54336 

Au 14.79639 17.46569 18.13878 

Au 15.98996 16.03501 16.00164 

S 13.88870 20.58609 15.15860 

S 11.44888 19.01684 18.87802 

S 12.20826 14.35638 19.02059 

S 17.59781 21.49437 13.50091 

S 18.88429 19.93769 17.76266 

S 15.09863 18.09357 11.40850 

S 11.05146 16.68367 14.81878 

S 12.77997 14.93888 10.80320 

S 17.09443 13.30632 11.79204 



 

 

S17 

 

S 18.12479 11.48776 16.83295 

S 20.55126 13.01407 13.08814 

S 19.70925 17.64824 12.85800 

S 14.42250 10.65019 18.48127 

S 13.13251 12.13650 14.18268 

S 16.94977 14.01284 20.61363 

S 20.94411 15.38648 17.12008 

S 19.22485 17.16028 21.12981 

S 14.87689 18.74536 20.21995 

C 14.59117 22.19169 15.75064 

H 15.00443 22.05795 16.77432 

H 15.44403 22.41486 15.06740 

C 13.57415 23.34966 15.70662 

H 13.17851 23.45174 14.66800 

H 14.14061 24.28690 15.93572 

C 12.41589 23.21825 16.67766 

C 12.60546 23.44888 18.06130 

H 13.60454 23.74596 18.43883 

C 11.53754 23.31026 18.96642 



 

 

S18 

 

H 11.70921 23.49129 20.04598 

C 10.25425 22.95802 18.50112 

H 9.41215 22.86185 19.21511 

C 10.04990 22.73625 17.12498 

H 9.04744 22.46815 16.73609 

C 11.12715 22.85585 16.22487 

H 10.95897 22.66589 15.14562 

C 9.73388 19.02882 18.18387 

H 9.56739 20.04451 17.75647 

H 9.67570 18.28807 17.35558 

C 8.68467 18.70543 19.26218 

H 8.95964 17.74033 19.75217 

H 8.70893 19.49271 20.05159 

C 7.30686 18.60990 18.63553 

C 6.45837 19.73746 18.54757 

H 6.78223 20.69521 19.00287 

C 5.21626 19.65869 17.88843 

H 4.56043 20.55060 17.84378 

C 4.80715 18.44990 17.29093 



 

 

S19 

 

H 3.83735 18.38850 16.76071 

C 5.64026 17.31600 17.37706 

H 5.33079 16.35374 16.92328 

C 6.87382 17.39780 18.04814 

H 7.51597 16.49739 18.12150 

C 10.86658 13.83682 17.87237 

H 11.00793 14.35102 16.89529 

H 10.97933 12.73722 17.71328 

C 9.49211 14.16870 18.48052 

H 9.43979 13.76071 19.51759 

H 9.43463 15.28290 18.57102 

C 8.33206 13.63294 17.66459 

C 7.47983 12.63492 18.19312 

H 7.66436 12.25463 19.21907 

C 6.41255 12.11672 17.43396 

H 5.75645 11.33716 17.86729 

C 6.18258 12.58661 16.12658 

H 5.34941 12.17350 15.52599 

C 7.02297 13.58269 15.58867 



 

 

S20 

 

H 6.84817 13.96180 14.56254 

C 8.08537 14.10504 16.35102 

H 8.74120 14.89007 15.91810 

C 19.22935 21.43253 12.64038 

H 19.87292 22.20076 13.12662 

H 19.67402 20.43015 12.82162 

C 19.09636 21.67526 11.12790 

H 18.63538 22.67355 10.94037 

H 18.39884 20.90716 10.71121 

C 20.45469 21.58936 10.45586 

C 21.15772 22.75720 10.08259 

H 20.68668 23.74667 10.25227 

C 22.43667 22.68016 9.49770 

H 22.96725 23.60863 9.20776 

C 23.03748 21.42546 9.27898 

H 24.04108 21.35947 8.81488 

C 22.34901 20.25192 9.65034 

H 22.80983 19.26009 9.47309 

C 21.07099 20.33308 10.23550 
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H 20.53847 19.40595 10.53549 

C 20.68911 19.58693 17.53686 

H 20.92639 18.76399 18.25468 

H 20.85664 19.18425 16.51604 

C 21.57843 20.81632 17.81734 

H 21.32577 21.23291 18.82176 

H 22.63142 20.44500 17.87381 

C 21.50279 21.90801 16.76521 

C 20.64134 23.01933 16.91885 

H 20.02497 23.10298 17.83668 

C 20.57557 24.02135 15.93055 

H 19.90258 24.89000 16.06995 

C 21.37214 23.93066 14.77243 

H 21.33069 24.72380 14.00073 

C 22.23527 22.82839 14.60837 

H 22.87231 22.74726 13.70518 

C 22.29842 21.82914 15.59739 

H 22.99200 20.97504 15.46464 

C 13.52316 19.05894 11.36014 



 

 

S22 

 

H 12.72036 18.34831 11.05052 

H 13.29154 19.43289 12.38372 

C 13.67382 20.22781 10.36615 

H 14.61963 20.76449 10.62584 

H 13.81003 19.81900 9.33717 

C 12.52274 21.21372 10.39310 

C 11.39980 21.06653 9.54623 

H 11.34788 20.19713 8.86012 

C 10.36359 22.02006 9.54577 

H 9.49880 21.89394 8.86486 

C 10.43342 23.13957 10.39767 

H 9.62976 23.90092 10.38238 

C 11.53469 23.28564 11.26499 

H 11.59727 24.15972 11.94291 

C 12.56515 22.32765 11.26495 

H 13.43675 22.44816 11.94029 

C 10.55484 18.41920 14.43452 

H 10.45372 18.92149 15.42439 

H 11.38111 18.93513 13.89746 



 

 

S23 

 

C 9.23088 18.48315 13.64694 

H 9.43083 18.24493 12.57415 

H 8.54115 17.69452 14.03016 

C 8.56550 19.84044 13.79788 

C 7.45034 19.99050 14.65451 

H 7.04069 19.10459 15.18113 

C 6.84926 21.24922 14.84860 

H 5.97295 21.33422 15.51993 

C 7.36157 22.38550 14.19417 

H 6.89091 23.37669 14.34539 

C 8.47490 22.24932 13.34080 

H 8.88784 23.13291 12.81754 

C 9.07074 20.98917 13.14309 

H 9.94119 20.89975 12.46227 

C 11.82825 13.34925 10.78417 

H 12.07316 12.79312 11.71628 

H 10.74725 13.62112 10.81405 

C 12.14012 12.46578 9.56124 

H 11.76430 12.95598 8.63189 



 

 

S24 

 

H 13.24716 12.36485 9.46139 

C 11.50938 11.09814 9.76204 

C 12.28894 10.00574 10.20827 

H 13.38340 10.12959 10.32170 

C 11.69378 8.76907 10.52254 

H 12.32905 7.93347 10.87634 

C 10.30076 8.60378 10.39509 

H 9.82599 7.63944 10.65882 

C 9.51432 9.67573 9.92796 

H 8.41973 9.55157 9.81260 

C 10.11489 10.90828 9.61213 

H 9.48703 11.74632 9.24737 

C 16.77871 11.62569 12.48764 

H 17.79016 11.18296 12.65080 

H 16.28988 11.73643 13.48296 

C 15.93392 10.75074 11.54678 

H 14.90444 11.18539 11.52325 

H 16.34471 10.81888 10.51162 

C 15.89148 9.30007 11.99086 
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C 16.58153 8.30059 11.26583 

H 17.14056 8.58648 10.35181 

C 16.56718 6.95535 11.68478 

H 17.11049 6.19039 11.09671 

C 15.86239 6.58473 12.84640 

H 15.84559 5.52743 13.17543 

C 15.17308 7.57130 13.58107 

H 14.61319 7.29476 14.49644 

C 15.18518 8.91459 13.15792 

H 14.62913 9.67803 13.74131 

C 17.42859 9.87914 16.24816 

H 17.00228 10.01485 15.23017 

H 16.58675 9.64806 16.94289 

C 18.45926 8.73324 16.28185 

H 18.87315 8.64725 17.31541 

H 17.89797 7.78806 16.07730 

C 19.59776 8.86110 15.28611 

C 19.38374 8.59900 13.91170 

H 18.38139 8.27995 13.56114 



 

 

S26 

 

C 20.43021 8.73556 12.98112 

H 20.23781 8.53085 11.90970 

C 21.71767 9.11467 13.41174 

H 22.54419 9.20871 12.67978 

C 21.94802 9.36079 14.77910 

H 22.95657 9.64330 15.14072 

C 20.89210 9.24501 15.70484 

H 21.08040 9.45691 16.77631 

C 22.26825 13.04143 13.77431 

H 22.45658 12.02943 14.20052 

H 22.31401 13.78109 14.60454 

C 23.30935 13.38827 12.69622 

H 23.02853 14.36177 12.22700 

H 23.28420 12.61773 11.88996 

C 24.69039 13.47295 13.31852 

C 25.55256 12.35330 13.34820 

H 25.24311 11.41466 12.84595 

C 26.79870 12.41755 14.00090 

H 27.46289 11.53150 14.00172 



 

 

S27 

 

C 27.20056 13.60176 14.64966 

H 28.17615 13.65047 15.17054 

C 26.35208 14.72643 14.62612 

H 26.65203 15.66715 15.12833 

C 25.11360 14.66010 13.96203 

H 24.45908 15.55404 13.94596 

C 21.07248 18.19534 13.97454 

H 20.93472 17.69237 14.95823 

H 20.94861 19.29503 14.12283 

C 22.45167 17.87053 13.37560 

H 22.52400 18.30007 12.34856 

H 22.51508 16.75818 13.26269 

C 23.59621 18.39181 14.22525 

C 24.46611 19.38959 13.72644 

H 24.30055 19.78613 12.70347 

C 25.52212 19.89025 14.51324 

H 26.18919 20.67288 14.10190 

C 25.72400 19.40219 15.81923 

H 26.54980 19.79702 16.44241 



 

 

S28 

 

C 24.86171 18.40961 16.32931 

H 25.01040 18.01654 17.35435 

C 23.80873 17.90775 15.54043 

H 23.13623 17.12853 15.95632 

C 12.80107 10.67374 19.36387 

H 12.17657 9.87506 18.90096 

H 12.31972 11.65741 19.17241 

C 12.95698 10.46688 20.88030 

H 13.44462 9.48475 21.08626 

H 13.63351 11.26539 21.27294 

C 11.60030 10.54440 21.55735 

C 10.87759 9.37722 21.89514 

H 11.33524 8.38370 21.71032 

C 9.59470 9.46036 22.47034 

H 9.04826 8.53430 22.73781 

C 9.00924 10.71840 22.71098 

H 8.00135 10.78600 23.16569 

C 9.72030 11.89016 22.37915 

H 9.27291 12.88502 22.57362 



 

 

S29 

 

C 11.00441 11.80485 21.80887 

H 11.56070 12.73079 21.55236 

C 11.32277 12.47634 14.37399 

H 11.10037 13.31419 13.66891 

H 11.12730 12.85247 15.39939 

C 10.44884 11.24868 14.04796 

H 10.74406 10.83921 13.05341 

H 9.39823 11.61790 13.94948 

C 10.49215 10.15230 15.09616 

C 11.34895 9.03533 14.95975 

H 11.98201 8.94598 14.05390 

C 11.39501 8.03765 15.95313 

H 12.06641 7.16529 15.82817 

C 10.58574 8.14096 17.10142 

H 10.62183 7.35560 17.88128 

C 9.72099 9.24475 17.24429 

H 9.07174 9.33599 18.13780 

C 9.67413 10.23644 16.24716 

H 8.97504 11.08880 16.36082 



 

 

S30 

 

C 18.52204 13.04130 20.64602 

H 19.33721 13.74841 20.93192 

H 18.73857 12.64660 19.62717 

C 18.37707 11.89372 21.66550 

H 17.42084 11.36140 21.43769 

H 18.26683 12.32555 22.68834 

C 19.51744 10.89609 21.63252 

C 20.65684 11.04632 22.45590 

H 20.72512 11.92165 23.13385 

C 21.68918 10.08858 22.44501 

H 22.56811 10.22057 23.10577 

C 21.59883 8.95943 21.60726 

H 22.40128 8.19589 21.61402 

C 20.47902 8.80820 20.76479 

H 20.39777 7.92645 20.09835 

C 19.45259 9.77137 20.77527 

H 18.56686 9.64739 20.11971 

C 21.42622 13.65040 17.51709 

H 21.52009 13.13539 16.53282 



 

 

S31 

 

H 20.59845 13.14669 18.06338 

C 22.75378 13.58881 18.29792 

H 22.55700 13.83207 19.36935 

H 23.44027 14.37785 17.91040 

C 23.42451 12.23447 18.14964 

C 24.54485 12.09041 17.29810 

H 24.95302 12.97782 16.77287 

C 25.15534 10.83572 17.10865 

H 26.03697 10.75513 16.44335 

C 24.64512 9.69680 17.76066 

H 25.11641 8.70646 17.60752 

C 23.52755 9.82742 18.60861 

H 23.11567 8.94265 19.13021 

C 22.92410 11.08373 18.80461 

H 22.05007 11.16574 19.48160 

C 20.15913 18.75792 21.12559 

H 19.88843 19.31149 20.19907 

H 21.24151 18.49699 21.07460 

C 19.86192 19.63575 22.35539 



 

 

S32 

 

H 20.24404 19.14160 23.27983 

H 18.75567 19.73595 22.46622 

C 20.49383 21.00293 22.15722 

C 19.71520 22.09348 21.70541 

H 18.62286 21.96291 21.57877 

C 20.30584 23.33649 21.40931 

H 19.66950 24.17000 21.05213 

C 21.69518 23.51053 21.56273 

H 22.16520 24.48397 21.32474 

C 22.48300 22.43662 22.02279 

H 23.57539 22.56531 22.15121 

C 21.88622 21.19641 22.31769 

H 22.51625 20.35535 22.67178 

C 15.18936 20.42288 19.51245 

H 14.17773 20.87193 19.36353 

H 15.66178 20.31148 18.50868 

C 16.05481 21.29247 20.44086 

H 17.07793 20.84272 20.45770 

H 15.65478 21.23540 21.48086 



 

 

S33 

 

C 16.10800 22.74012 19.98925 

C 15.40691 23.74386 20.69780 

H 14.84452 23.46360 21.61184 

C 15.41393 25.08351 20.26134 

H 14.85432 25.85035 20.83244 

C 16.12609 25.44317 19.10017 

H 16.13011 26.49388 18.75030 

C 16.83174 24.45351 18.38535 

H 17.39627 24.72260 17.47052 

C 16.82516 23.11586 18.82600 

H 17.39330 22.34857 18.25977 

O 13.61022 14.60526 21.78745 

O 14.20835 15.38035 20.97491 

������������������
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O 10.01050 18.44753 16.74426 

O 10.82431 17.68346 17.36026 

O 21.92322 13.62408 15.35648 

O 20.98204 14.41746 15.02667 

Au 16.04034 18.80207 15.60997 



 

 

S34 

 

Au 19.01409 19.94051 16.60694 

Au 20.83595 16.87646 17.24625 

Au 18.28827 14.60891 17.05865 

Au 14.55592 17.53936 17.93042 

Au 13.19268 20.10589 16.22405 

Au 14.70275 19.72922 12.89164 

Au 16.21716 16.83376 13.30956 

Au 17.61914 17.41146 17.89019 

Au 15.85074 17.66818 20.76058 

Au 12.84998 15.76039 19.94477 

Au 13.49540 14.90437 16.78868 

Au 15.96862 13.14334 16.42211 

Au 12.99447 11.99398 15.42569 

Au 11.18405 15.08445 14.81238 

Au 13.72182 17.34979 14.96314 

Au 17.45039 14.42917 14.09981 

Au 18.78327 11.84877 15.81759 

Au 17.29715 12.24228 19.16145 

Au 15.79316 15.11195 18.71963 



 

 

S35 

 

Au 14.39171 14.53290 14.15027 

Au 16.16332 14.29784 11.26599 

Au 19.16378 16.19662 12.09440 

Au 18.50947 17.05621 15.24542 

Au 15.99909 15.97745 16.01925 

S 16.88921 20.95136 16.38300 

S 21.23009 19.16159 16.82085 

S 20.58045 14.61062 17.85209 

S 13.39890 21.23133 14.16637 

S 15.97186 18.36744 11.42542 

S 13.01426 19.32244 18.45011 

S 18.06868 18.18185 20.15065 

S 13.70411 17.19362 21.61479 

S 11.79351 14.29498 18.43433 

S 15.11870 10.98907 15.64638 

S 10.79085 12.79744 15.20650 

S 11.41039 17.35160 14.21710 

S 18.58256 10.73730 17.88291 

S 16.03231 13.60753 20.62778 



 

 

S36 

 

S 18.99890 12.63764 13.59297 

S 13.94904 13.76453 11.88025 

S 18.29924 14.79729 10.39854 

S 20.23474 17.63915 13.61968 

C 17.06024 22.08783 14.93553 

H 17.65601 21.58408 14.14387 

H 16.02837 22.23663 14.54400 

C 17.67968 23.44360 15.32388 

H 17.08342 23.89268 16.15281 

H 17.57219 24.12025 14.43987 

C 19.13976 23.37720 15.73112 

C 20.14763 23.16748 14.76035 

H 19.86877 23.06864 13.69125 

C 21.50055 23.07955 15.13656 

H 22.27323 22.90898 14.36116 

C 21.87087 23.21914 16.48960 

H 22.93709 23.15811 16.78379 

C 20.87800 23.44049 17.46381 

H 21.15289 23.56103 18.53050 



 

 

S37 

 

C 19.52252 23.51078 17.08467 

H 18.74357 23.66982 17.85754 

C 21.68673 19.79646 18.49764 

H 21.48540 20.89174 18.48355 

H 21.01551 19.32369 19.24775 

C 23.15782 19.50739 18.83827 

H 23.35029 18.41371 18.71917 

H 23.81876 20.03719 18.11246 

C 23.46337 19.95145 20.25693 

C 23.97813 21.24032 20.52747 

H 24.20964 21.92186 19.68332 

C 24.20471 21.66578 21.85106 

H 24.62104 22.67447 22.04170 

C 23.91055 20.80994 22.93054 

H 24.08335 21.14660 23.97031 

C 23.39468 19.52389 22.67549 

H 23.16168 18.83542 23.51126 

C 23.17858 19.10026 21.35106 

H 22.78189 18.08242 21.16270 



 

 

S38 

 

C 20.43574 14.78241 19.67577 

H 19.61317 15.49412 19.90925 

H 20.15458 13.77783 20.07309 

C 21.77540 15.25432 20.26584 

H 22.58993 14.57977 19.91002 

H 21.99024 16.26516 19.83580 

C 21.77588 15.30178 21.77987 

C 22.62066 14.44570 22.52394 

H 23.29091 13.74681 21.98249 

C 22.60632 14.45817 23.93226 

H 23.26340 13.76978 24.49892 

C 21.74834 15.33689 24.62132 

H 21.73289 15.35007 25.72836 

C 20.90585 16.20083 23.89194 

H 20.22266 16.89083 24.42495 

C 20.91752 16.18377 22.48333 

H 20.24001 16.85873 21.91792 

C 11.73860 21.03292 13.38080 

H 11.81690 21.48949 12.36737 



 

 

S39 

 

H 11.53587 19.94531 13.26626 

C 10.61840 21.67582 14.21786 

H 10.80690 22.76855 14.34192 

H 10.63806 21.21390 15.23587 

C 9.27751 21.43424 13.54877 

C 8.67055 22.42249 12.73998 

H 9.15403 23.41625 12.64032 

C 7.45657 22.16577 12.07376 

H 6.98842 22.95527 11.45522 

C 6.83154 20.91159 12.20472 

H 5.87223 20.71261 11.68902 

C 7.42636 19.91956 13.01107 

H 6.93295 18.93592 13.13370 

C 8.63796 20.17682 13.68002 

H 9.10070 19.39732 14.32274 

C 14.70643 17.63435 10.28980 

H 15.10245 16.62756 10.01388 

H 13.76510 17.47282 10.85459 

C 14.47410 18.48410 9.02347 



 

 

S40 

 

H 15.45269 18.67642 8.52347 

H 13.87179 17.85882 8.32010 

C 13.74093 19.79483 9.25077 

C 14.44187 21.01386 9.41038 

H 15.54962 21.01388 9.36067 

C 13.74712 22.22151 9.62217 

H 14.31208 23.16637 9.74448 

C 12.33961 22.23322 9.67203 

H 11.79101 23.18299 9.82907 

C 11.63036 21.02596 9.51312 

H 10.52333 21.02426 9.55427 

C 12.32699 19.82104 9.30086 

H 11.75771 18.88099 9.15954 

C 13.98882 20.67293 19.25449 

H 14.21818 20.33578 20.29283 

H 14.94720 20.80730 18.70397 

C 13.16397 21.97506 19.24212 

H 12.81897 22.14129 18.19187 

H 12.24563 21.83196 19.85815 



 

 

S41 

 

C 13.93015 23.19495 19.71756 

C 13.90974 23.59774 21.07327 

H 13.33379 22.99682 21.80655 

C 14.58891 24.75719 21.49487 

H 14.55309 25.05943 22.55913 

C 15.29794 25.53958 20.56251 

H 15.81084 26.46523 20.88792 

C 15.34600 25.13757 19.21240 

H 15.90043 25.74585 18.47102 

C 14.67480 23.97204 18.79743 

H 14.70912 23.65664 17.73440 

C 18.15368 20.02471 20.08058 

H 19.04161 20.25884 19.44958 

H 17.26584 20.41954 19.54051 

C 18.30219 20.64736 21.48242 

H 17.30583 20.67035 21.98412 

H 18.95822 19.99434 22.10495 

C 18.90887 22.03741 21.40734 

C 20.26141 22.24125 21.76827 



 

 

S42 

 

H 20.86273 21.38660 22.13980 

C 20.85576 23.51369 21.65824 

H 21.91505 23.64804 21.95133 

C 20.10554 24.60450 21.17938 

H 20.57017 25.60602 21.08839 

C 18.75829 24.41235 20.81409 

H 18.15554 25.26092 20.43838 

C 18.16314 23.14168 20.92875 

H 17.10056 23.01225 20.63808 

C 14.14727 15.96886 22.92935 

H 14.69547 15.13148 22.44294 

H 14.84491 16.48520 23.62815 

C 12.92517 15.41473 23.68638 

H 12.44458 16.22777 24.28107 

H 12.17214 15.05631 22.94501 

C 13.37065 14.26326 24.57227 

C 13.16641 12.92365 24.16746 

H 12.58488 12.71834 23.24764 

C 13.69754 11.85016 24.90897 



 

 

S43 

 

H 13.53771 10.81066 24.55987 

C 14.43945 12.10144 26.07898 

H 14.86946 11.26171 26.65842 

C 14.62774 13.43012 26.51031 

H 15.20324 13.63751 27.43400 

C 14.09811 14.49917 25.76302 

H 14.25851 15.54160 26.10679 

C 12.44349 12.63141 18.90831 

H 11.95082 11.91854 18.20561 

H 13.53810 12.60323 18.70430 

C 12.13240 12.27433 20.37101 

H 12.73978 12.95318 21.01922 

H 11.05853 12.49178 20.58257 

C 12.43135 10.82177 20.70021 

C 11.38198 9.91050 20.96570 

H 10.33380 10.27318 20.95098 

C 11.64720 8.55525 21.24723 

H 10.80818 7.86144 21.44675 

C 12.97250 8.08149 21.26091 



 

 

S44 

 

H 13.18167 7.01655 21.47848 

C 14.03019 8.97804 21.00414 

H 15.07925 8.62015 21.01430 

C 13.76326 10.33442 20.73132 

H 14.60678 11.03152 20.54192 

C 14.96201 9.82890 17.07469 

H 14.38339 10.31844 17.88813 

H 16.00326 9.66749 17.43845 

C 14.32577 8.48362 16.67332 

H 14.90680 8.03966 15.83040 

H 14.43788 7.79150 17.54471 

C 12.86078 8.57001 16.29042 

C 11.87194 8.77787 17.28099 

H 12.17014 8.85991 18.34558 

C 10.51424 8.88161 16.92869 

H 9.75733 9.05291 17.71869 

C 10.11968 8.75704 15.58147 

H 9.04846 8.82063 15.30859 

C 11.09399 8.54009 14.58792 



 

 

S45 

 

H 10.79883 8.43058 13.52589 

C 12.45530 8.45844 14.94170 

H 13.22007 8.30943 14.15303 

C 10.31230 12.18295 13.53008 

H 10.47247 11.08090 13.54315 

H 11.00304 12.62696 12.78021 

C 8.85387 12.52296 13.18323 

H 8.70785 13.62602 13.27530 

H 8.17099 12.03967 13.92087 

C 8.54458 12.05846 11.77302 

C 7.98349 10.78524 11.52449 

H 7.70433 10.13805 12.38100 

C 7.77217 10.33392 10.20686 

H 7.32359 9.33715 10.03084 

C 8.12564 11.14772 9.11288 

H 7.96253 10.79029 8.07741 

C 8.68384 12.41986 9.34753 

H 8.96714 13.07500 8.50114 

C 8.88809 12.86902 10.66504 



 

 

S46 

 

H 9.32230 13.87421 10.83765 

C 11.54398 17.18112 12.38674 

H 12.38081 16.48372 12.16469 

H 11.81191 18.18692 11.98297 

C 10.22419 16.67631 11.78125 

H 9.38667 17.32525 12.12864 

H 10.03014 15.65775 12.20220 

C 10.24513 16.63848 10.26562 

C 9.38088 17.47020 9.51607 

H 8.68294 18.14535 10.05311 

C 9.40644 17.46140 8.10778 

H 8.72692 18.12705 7.54119 

C 10.29853 16.61415 7.42294 

H 10.32274 16.60631 6.31620 

C 11.16547 15.77924 8.15731 

H 11.87166 15.10970 7.62846 

C 11.14062 15.79003 9.56587 

H 11.83291 15.13288 10.13496 

C 20.25628 10.93871 18.63729 



 

 

S47 

 

H 20.19482 10.48613 19.65370 

H 20.46087 12.02683 18.74102 

C 21.35870 10.28825 17.78334 

H 21.15976 9.19683 17.66719 

H 21.32981 10.74879 16.76524 

C 22.71300 10.52339 18.42587 

C 23.32594 9.54036 19.23476 

H 22.83396 8.55369 19.35678 

C 24.55033 9.79620 19.88313 

H 25.02436 9.00864 20.50150 

C 25.17639 11.04894 19.73820 

H 26.13650 11.25452 20.25083 

C 24.57363 12.03852 18.93483 

H 25.06285 13.02508 18.81163 

C 23.35689 11.77610 18.27693 

H 22.88912 12.55139 17.63501 

C 17.27992 14.35727 21.77209 

H 16.90593 15.38498 21.99753 

H 18.24312 14.47022 21.23410 



 

 

S48 

 

C 17.45033 13.53948 23.06764 

H 16.45154 13.36033 23.53109 

H 18.03209 14.17502 23.77957 

C 18.18163 12.22361 22.87709 

C 17.48234 11.00429 22.72022 

H 16.37442 11.00504 22.76135 

C 18.18171 9.79796 22.51978 

H 17.61986 8.85179 22.39611 

C 19.58956 9.78916 22.48018 

H 20.13980 8.84035 22.32805 

C 20.29706 10.99757 22.63837 

H 21.40456 11.00369 22.60597 

C 19.59551 12.20124 22.83831 

H 20.15944 13.14577 22.97271 

C 18.02960 11.30325 12.76239 

H 17.79209 11.66354 11.73394 

H 17.07295 11.14124 13.30930 

C 18.87738 10.01716 12.73414 

H 19.24864 9.83237 13.77133 



 

 

S49 

 

H 19.77895 10.18772 12.10144 

C 18.11811 8.80001 12.24741 

C 18.11955 8.42567 10.88357 

H 18.67519 9.04647 10.15198 

C 17.44014 7.27260 10.44658 

H 17.46056 6.99035 9.37525 

C 16.75180 6.46696 11.37444 

H 16.24234 5.54304 11.03889 

C 16.71973 6.84110 12.73301 

H 16.17007 6.21739 13.46604 

C 17.39309 7.99942 13.16255 

H 17.37223 8.28878 14.23310 

C 13.86482 11.91904 11.94281 

H 12.98841 11.67891 12.58893 

H 14.76410 11.52182 12.46231 

C 13.69200 11.29742 10.54159 

H 14.67946 11.27797 10.02143 

H 13.02197 11.94945 9.93347 

C 13.08960 9.90414 10.61637 



 

 

S50 

 

C 11.73706 9.69612 10.25607 

H 11.13149 10.54800 9.88539 

C 11.14394 8.42317 10.36547 

H 10.08340 8.28851 10.07404 

C 11.89745 7.33303 10.84161 

H 11.43549 6.33035 10.93327 

C 13.24572 7.52715 11.20265 

H 13.84954 6.67775 11.57592 

C 13.83837 8.79940 11.08941 

H 14.90076 8.93135 11.37920 

C 17.84759 16.03383 9.10000 

H 17.30088 16.86974 9.59098 

H 17.14743 15.51869 8.40285 

C 19.06425 16.59259 8.33831 

H 19.54176 15.78304 7.73612 

H 19.82231 16.94943 9.07567 

C 18.60744 17.74322 7.45793 

C 18.79407 19.08179 7.87403 

H 19.35306 19.28700 8.80835 



 

 

S51 

 

C 18.26754 20.15376 7.12837 

H 18.42295 21.19227 7.48078 

C 17.54591 19.90256 5.94564 

H 17.12532 20.74057 5.35718 

C 17.36624 18.57451 5.51071 

H 16.80344 18.36802 4.58009 

C 17.89268 17.50564 6.25989 

H 17.74270 16.46310 5.91129 

C 19.61939 19.31107 13.13158 

H 20.13929 20.02614 13.81340 

H 18.52790 19.36547 13.34942 

C 19.91330 19.63518 11.65740 

H 19.28537 18.95011 11.03716 

H 20.97924 19.39868 11.42896 

C 19.62634 21.08554 11.31574 

C 20.68340 21.98967 11.05513 

H 21.72838 21.61776 11.07106 

C 20.42723 23.34664 10.77497 

H 21.26849 24.03677 10.56694 



 

 

S52 

 

C 19.10294 23.82558 10.75843 

H 18.89881 24.89268 10.54643 

C 18.03962 22.93702 11.01848 

H 16.99393 23.30453 11.01490 

C 18.29729 21.57874 11.28874 

H 17.45093 20.88642 11.48199 
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Au 16.03014 18.75615 15.58336 

Au 19.04435 19.88525 16.60384 

Au 20.85762 16.83549 17.23533 

Au 18.30587 14.56014 17.03359 

Au 14.54747 17.51485 17.90286 

Au 13.17330 20.09952 16.22693 

Au 14.67291 19.71564 12.91242 

Au 16.22656 16.76724 13.27913 

Au 17.63329 17.35290 17.87008 

Au 15.85561 17.66367 20.76059 

Au 12.83975 15.80827 19.92095 

Au 13.45544 14.89602 16.74030 



 

 

S53 

 

Au 15.95672 13.15084 16.43910 

Au 12.86199 12.03988 15.42323 

Au 11.10191 15.08613 14.78320 

Au 13.71757 17.31454 14.94603 

Au 17.44667 14.34369 14.05994 

Au 18.79106 11.78917 15.78609 

Au 17.31058 12.20710 19.12366 

Au 15.79915 15.14022 18.71907 

Au 14.37894 14.49830 14.10412 

Au 16.13318 14.26483 11.22649 

Au 19.16270 16.13940 12.06858 

Au 18.55747 16.92899 15.22944 

Au 16.00255 15.93896 15.98854 

S 16.92055 20.87138 16.36118 

S 21.26004 19.12377 16.82466 

S 20.61733 14.56131 17.82579 

S 13.35552 21.22120 14.16900 

S 15.97140 18.37322 11.45515 

S 13.02472 19.32501 18.45247 



 

 

S54 

 

S 18.07425 18.15057 20.12581 

S 13.70651 17.20054 21.61957 

S 11.77284 14.34144 18.42336 

S 14.97542 11.05137 15.72383 

S 10.64458 12.81104 15.19136 

S 11.41560 17.34392 14.17709 

S 18.58204 10.67797 17.85411 

S 16.04046 13.57812 20.57718 

S 19.09557 12.61425 13.59964


S 13.89744 13.81728 11.81334 

S 18.27848 14.75501 10.37056 

S 20.24819 17.57126 13.59915 

O 15.37963 9.16727 14.00541 

O 15.66651 9.72300 12.88510 

O 10.04440 18.21165 16.84279 

O 10.98274 17.41224 17.16783 

O 22.00007 13.61563 15.20557 

O 21.06389 14.36198 14.78314 

C 17.07709 22.02271 14.92437 



 

 

S55 

 

H 17.68050 21.53312 14.12966 

H 16.04203 22.16104 14.53370 

C 17.67884 23.38486 15.32383 

H 17.07201 23.82963 16.14821 

H 17.56757 24.05822 14.43804 

C 19.13824 23.33425 15.73369 

C 20.14605 23.12275 14.76295 

H 19.86598 23.01882 13.69530 

C 21.49975 23.04452 15.13620 

H 22.27106 22.86674 14.36112 

C 21.87175 23.20072 16.48712 

H 22.93884 23.15068 16.78004 

C 20.87983 23.42787 17.46103 

H 21.15534 23.56517 18.52595 

C 19.52282 23.48307 17.08518 

H 18.74702 23.64617 17.86032 

C 21.72036 19.76579 18.49754 

H 21.55822 20.86791 18.46758 

H 21.02824 19.33063 19.25196 



 

 

S56 

 

C 23.17857 19.43353 18.85748 

H 23.33417 18.33130 18.76549 

H 23.86167 19.92213 18.12343 

C 23.49247 19.89964 20.26752 

C 24.03715 21.18149 20.51017 

H 24.28426 21.83860 19.65199 

C 24.27617 21.62987 21.82362 

H 24.71780 22.63192 21.99192 

C 23.96092 20.80577 22.92164 

H 24.14566 21.16076 23.95349 

C 23.41155 19.52810 22.69533 

H 23.15793 18.86498 23.54590 

C 23.18491 19.08092 21.38012 

H 22.76399 18.06880 21.21698 

C 20.44988 14.75103 19.65092 

H 19.61052 15.45163 19.86251 

H 20.17975 13.74781 20.06005 

C 21.76692 15.26234 20.26411 

H 22.61028 14.62307 19.91037 



 

 

S57 

 

H 21.94958 16.28571 19.84892 

C 21.75659 15.29356 21.78013 

C 22.59946 14.43101 22.51891 

H 23.26763 13.73495 21.97189 

C 22.59789 14.44561 23.92734 

H 23.26464 13.76061 24.48618 

C 21.74801 15.32659 24.62348 

H 21.74363 15.33941 25.73076 

C 20.89927 16.18904 23.89939 

H 20.22550 16.88287 24.43888 

C 20.90129 16.17294 22.49046 

H 20.22585 16.85339 21.92989 

C 11.69399 20.99965 13.39521 

H 11.75753 21.47230 12.38825 

H 11.51531 19.90981 13.26464 

C 10.56399 21.61005 14.24293 

H 10.74215 22.70199 14.38871 

H 10.57939 21.12790 15.25026 

C 9.22963 21.36939 13.56174 



 

 

S58 

 

C 8.67605 22.32020 12.67423 

H 9.20003 23.28448 12.51655 

C 7.47311 22.05821 11.99091 

H 7.05062 22.81925 11.30541 

C 6.80596 20.83291 12.18245 

H 5.86074 20.62377 11.64522 

C 7.34689 19.87817 13.06787 

H 6.82478 18.91634 13.23556 

C 8.54643 20.14523 13.75454 

H 8.96822 19.39412 14.45536 

C 14.72755 17.61483 10.31005 

H 15.12901 16.60264 10.06243 

H 13.77792 17.46125 10.86378 

C 14.50722 18.43719 9.02412 

H 15.49104 18.63832 8.53700 

H 13.92224 17.78894 8.32596 

C 13.75888 19.74015 9.23507 

C 14.45238 20.96151 9.40329 

H 15.55968 20.96376 9.35081 



 

 

S59 

 

C 13.75260 22.16413 9.62332 

H 14.31330 23.11159 9.74863 

C 12.34506 22.16618 9.67739 

H 11.79252 23.11111 9.84761 

C 11.64198 20.95660 9.50643 

H 10.53447 20.94545 9.54620 

C 12.34474 19.75686 9.28477 

H 11.77908 18.81560 9.13632 

C 14.02308 20.66567 19.24635 

H 14.28402 20.31551 20.27323 

H 14.96592 20.81601 18.67282 

C 13.18269 21.95791 19.28213 

H 12.78995 22.13359 18.25041 

H 12.29597 21.79639 19.93932 

C 13.95398 23.18129 19.73600 

C 13.92835 23.60950 21.08337 

H 13.34435 23.02839 21.82528 

C 14.61055 24.77229 21.48845 

H 14.56772 25.09740 22.54594 



 

 

S60 

 

C 15.33256 25.53034 20.54689 

H 15.85395 26.45580 20.85913 

C 15.38528 25.10418 19.20421 

H 15.95002 25.69658 18.45791 

C 14.70554 23.93880 18.80509 

H 14.73705 23.61192 17.74544 

C 18.17700 19.99150 20.06315 

H 19.04977 20.21987 19.40814 

H 17.27773 20.40078 19.55211 

C 18.37120 20.59695 21.46692 

H 17.39374 20.59119 22.00694 

H 19.06418 19.94477 22.04884 

C 18.95285 21.99799 21.40099 

C 20.30921 22.21734 21.73635 

H 20.93308 21.36603 22.07709 

C 20.88012 23.50171 21.64737 

H 21.94177 23.64774 21.92743 

C 20.10194 24.59037 21.20935 

H 20.54716 25.60162 21.13688 



 

 

S61 

 

C 18.75060 24.38326 20.86837 

H 18.12612 25.23051 20.52635 

C 18.17921 23.10055 20.96574 

H 17.11267 22.95933 20.69766 

C 14.14723 15.95389 22.91654 

H 14.67957 15.11403 22.41759 

H 14.85945 16.45465 23.61237 

C 12.92752 15.40915 23.68186 

H 12.45595 16.22684 24.27717 

H 12.16685 15.05408 22.94620 

C 13.37210 14.26045 24.57261 

C 13.19633 12.91976 24.15843 

H 12.65048 12.70840 23.21895 

C 13.70720 11.84912 24.91677 

H 13.55925 10.81042 24.56047 

C 14.40611 12.10306 26.11232 

H 14.81886 11.26658 26.70845 

C 14.57478 13.43257 26.54767 

H 15.11771 13.64178 27.49018 



 

 

S62 

 

C 14.06363 14.49919 25.78413 

H 14.21093 15.54101 26.13418 

C 12.42008 12.69047 18.94454 

H 11.92484 11.95534 18.26522 

H 13.51565 12.65909 18.74120 

C 12.12422 12.37366 20.42130 

H 12.73019 13.07996 21.04108 

H 11.05101 12.58463 20.64117 

C 12.44955 10.93332 20.77841 

C 11.41986 10.00834 21.06845 

H 10.36739 10.35729 21.06571 

C 11.71021 8.65896 21.35213 

H 10.88545 7.95258 21.57018 

C 13.04383 8.20646 21.34495 

H 13.27334 7.14374 21.55557 

C 14.08203 9.11850 21.06384 

H 15.13598 8.77571 21.04904 

C 13.78887 10.46854 20.78975 

H 14.61767 11.17651 20.58089 



 

 

S63 

 

C 14.77886 9.95683 17.19870 

H 14.19673 10.49942 17.97450 

H 15.80995 9.79731 17.59192 

C 14.13261 8.59750 16.85676 

H 14.73484 8.09551 16.06627 

H 14.21575 7.97061 17.77950 

C 12.67588 8.65969 16.43331 

C 11.65863 8.90196 17.38721 

H 11.92877 9.04290 18.45342 

C 10.30732 8.95955 16.99803 

H 9.52564 9.15661 17.75775 

C 9.94762 8.75204 15.65071 

H 8.88186 8.77988 15.34707 

C 10.95063 8.50406 14.69352 

H 10.68285 8.33587 13.63098 

C 12.30474 8.46822 15.08222 

H 13.09789 8.30084 14.32661 

C 10.17268 12.18174 13.51663 

H 10.31811 11.07713 13.54375 



 

 

S64 

 

H 10.87148 12.60720 12.76345 

C 8.72047 12.54298 13.15800 

H 8.58994 13.64838 13.25480 

H 8.02658 12.06499 13.88901 

C 8.40379 12.09220 11.74371 

C 7.80442 10.83766 11.48737 

H 7.51092 10.18889 12.33745 

C 7.57806 10.40097 10.16747 

H 7.09910 9.41856 9.98674 

C 7.95527 11.21057 9.07850 

H 7.78044 10.86231 8.04249 

C 8.55253 12.46411 9.31878 

H 8.84988 13.11762 8.47493 

C 8.77115 12.89782 10.63959 

H 9.23717 13.88735 10.81633 

C 11.57578 17.14541 12.35471 

H 12.40429 16.43231 12.14360 

H 11.85509 18.14491 11.94331 

C 10.25038 16.65189 11.74817 



 

 

S65 

 

H 9.41871 17.31030 12.09451 

H 10.04890 15.63653 12.17392 

C 10.26229 16.60776 10.23241 

C 9.37990 17.42314 9.48662 

H 8.67510 18.08782 10.02753 

C 9.39186 17.40631 8.07828 

H 8.69359 18.05549 7.51495 

C 10.29208 16.57041 7.38893 

H 10.30761 16.55873 6.28181 

C 11.17615 15.75099 8.12066 

H 11.88609 15.08685 7.58841 

C 11.16234 15.76837 9.52904 

H 11.86596 15.12221 10.09523 

C 20.25881 10.89019 18.60315 

H 20.21364 10.40266 19.60424 

H 20.44533 11.97710 18.74604 

C 21.37549 10.29581 17.72746 

H 21.19849 9.20661 17.56177 

H 21.34179 10.79970 16.73124 



 

 

S66 

 

C 22.72061 10.52953 18.38972 

C 23.28750 9.56964 19.25901 

H 22.76524 8.60400 19.41669 

C 24.50127 9.82361 19.92563 

H 24.93173 9.05796 20.60048 

C 25.17136 11.04657 19.72958 

H 26.12775 11.24745 20.25093 

C 24.61842 12.00942 18.86111 

H 25.14630 12.96794 18.68967 

C 23.40409 11.75428 18.19535 

H 22.97120 12.51434 17.51158 

C 17.27068 14.33146 21.73693 

H 16.87783 15.35223 21.96129 

H 18.23673 14.45973 21.20514 

C 17.44055 13.51733 23.03499 

H 16.44205 13.35286 23.50547 

H 18.03494 14.15048 23.73860 

C 18.14837 12.18954 22.84363 

C 17.42105 10.98621 22.69492 



 

 

S67 

 

H 16.31431 11.01139 22.75302 

C 18.08739 9.76424 22.47958 

H 17.50033 8.83170 22.36487 

C 19.49406 9.72432 22.41210 

H 20.01836 8.76352 22.24126 

C 20.23078 10.91482 22.57254 

H 21.33811 10.89406 22.52935 

C 19.56069 12.13410 22.78856 

H 20.15070 13.06188 22.92904 

C 18.34133 11.23491 12.62956 

H 18.19761 11.61280 11.58876 

H 17.33837 10.97791 13.04416 

C 19.27118 10.00120 12.66701 

H 19.59202 9.84470 13.72588 

H 20.19565 10.21222 12.07771 

C 18.58667 8.74145 12.16957 

C 18.38416 8.50015 10.79087 

H 18.77038 9.22743 10.04824 

C 17.69755 7.35254 10.35214 



 

 

S68 

 

H 17.54808 7.17782 9.26867 

C 17.20161 6.42240 11.28759 

H 16.65783 5.52193 10.94178 

C 17.40306 6.64741 12.66325 

H 17.00933 5.92830 13.40796 

C 18.09264 7.79402 13.09538 

H 18.22739 7.98332 14.17911 

C 13.67869 11.98460 11.78656 

H 12.77871 11.78724 12.41354 

H 14.53689 11.49026 12.29150 

C 13.48017 11.44132 10.35741 

H 14.45901 11.46567 9.82120 

H 12.78223 12.11048 9.79943 

C 12.91144 10.03203 10.38778 

C 11.51845 9.82434 10.25716 

H 10.84969 10.68762 10.06400 

C 10.96643 8.53289 10.36533 

H 9.87279 8.39844 10.25367 

C 11.80150 7.42528 10.60992 



 

 

S69 

 

H 11.36681 6.41061 10.70134 

C 13.19203 7.61872 10.73168 

H 13.86324 6.75920 10.92879 

C 13.74252 8.90891 10.61508 

H 14.83457 9.04626 10.73732 

C 17.83039 16.00659 9.08142 

H 17.29000 16.83961 9.58331 

H 17.12441 15.50492 8.37976 

C 19.04730 16.56781 8.32282 

H 19.52659 15.76081 7.71928 

H 19.80335 16.92090 9.06418 

C 18.59722 17.72278 7.44387 

C 18.75755 19.05872 7.87903 

H 19.28863 19.26140 8.82949 

C 18.24969 20.13471 7.12680 

H 18.38704 21.16956 7.49698 

C 17.56637 19.89227 5.91987 

H 17.15634 20.73536 5.33140 

C 17.40612 18.56715 5.46862 



 

 

S70 

 

H 16.87164 18.36478 4.52015 

C 17.91771 17.49479 6.22366 

H 17.77942 16.45634 5.85971 

C 19.63093 19.24489 13.12223 

H 20.14917 19.95522 13.81062 

H 18.53802 19.30340 13.33327 

C 19.93268 19.57176 11.64955 

H 19.32028 18.87610 11.02449 

H 21.00382 19.34803 11.43111 

C 19.62758 21.01679 11.30107 

C 20.67193 21.93559 11.04504 

H 21.72218 21.57969 11.07013 

C 20.39624 23.28681 10.75631 

H 21.22970 23.98823 10.55636 

C 19.06484 23.74520 10.72254 

H 18.84522 24.80625 10.49515 

C 18.01375 22.83930 10.97300 

H 16.96089 23.18466 10.94804 

C 18.29152 21.48825 11.25642 



 

 

S71 

 

H 17.45552 20.78152 11.43985 
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Au 16.05592 18.77076 15.54684 

Au 19.12815 19.87014 16.59837 

Au 20.89080 16.84486 17.24376 

Au 18.28901 14.60152 17.05722 

Au 14.58300 17.59626 17.93455 

Au 13.18103 20.11817 16.20806 

Au 14.67995 19.70603 12.88724 

Au 16.20274 16.75973 13.26955 

Au 17.64229 17.43458 17.88568 

Au 15.91244 17.68559 20.7804�


Au 12.87278 15.83982 19.95328 

Au 13.45313 14.95172 16.77100 

Au 15.94053 13.18951 16.47788 

Au 12.86668 12.06499 15.42453 

Au 11.11152 15.09130 14.77903 

Au 13.71493 17.34397 14.96791 

Au 17.42169 14.37649 14.08445 



 

 

S72 

 

Au 18.75729 11.79805 15.80595 

Au 17.28832 12.22846 19.13128 

Au 15.81775 15.21468 18.74760 

Au 14.37136 14.52839 14.14576 

Au 16.13923 14.26843 11.21415 

Au 19.15611 16.10391 12.04414 

Au 18.55599 16.98597 15.25150 

Au 16.00460 15.98202 16.01315 

S 17.01868 20.85634 16.28498 

S 21.35092 19.11673 16.81589 

S 20.58836 14.58281 17.84345 

S 13.38304 21.22790 14.14421 

S 15.94816 18.33633 11.42776 

S 12.90144 19.28955 18.39560 

S 18.14658 18.12157 20.17244 

S 13.76256 17.23254 21.64111 

S 11.77752 14.39822 18.44813 

S 14.98056 11.08818 15.75201 

S 10.64520 12.81950 15.18669 



 

 

S73 

 

S 11.41657 17.34991 14.17797 

S 18.55030 10.68195 17.87289 

S 16.04498 13.62575 20.57891 

S 19.07489 12.65597 13.63242 

S 13.91703 13.83475 11.85913 

S 18.27428 14.74565 10.32443 

S 20.23533 17.53063 13.57558 

C 17.24957 21.92855 14.79646 

H 17.85614 21.37973 14.04367 

H 16.22797 22.07249 14.37391 

C 17.87344 23.29744 15.13888 

H 17.25432 23.79338 15.92106 

H 17.79208 23.91800 14.21148 

C 19.32621 23.25959 15.58087 

C 20.35719 23.00287 14.64542 

H 20.10368 22.83231 13.57947 

C 21.70453 22.96812 15.04947 

H 22.49463 22.75689 14.30221 

C 22.04921 23.21180 16.39456 



 

 

S74 

 

H 23.11181 23.19825 16.70884 

C 21.03353 23.48173 17.33257 

H 21.28765 23.68365 18.39254 

C 19.68347 23.49805 16.92827 

H 18.88437 23.68752 17.67226 

C 21.85000 19.75762 18.47827 

H 21.71920 20.86362 18.44276 

H 21.15519 19.34792 19.24390 

C 23.30316 19.38751 18.82745 

H 23.43082 18.28195 18.73072 

H 23.99629 19.86272 18.09399 

C 23.62409 19.83820 20.24089 

C 24.22980 21.08920 20.49662 

H 24.54175 21.72628 19.64464 

C 24.44786 21.53174 21.81609 

H 24.93607 22.50995 21.99479 

C 24.05346 20.73098 22.90587 

H 24.22167 21.08007 23.94270 

C 23.45438 19.47845 22.66575 



 

 

S75 

 

H 23.14608 18.83123 23.50989 

C 23.24694 19.03848 21.34578 

H 22.78342 18.04716 21.16977 

C 20.43620 14.76711 19.66916 

H 19.60854 15.47748 19.89309 

H 20.15872 13.76347 20.07236 

C 21.76602 15.25463 20.27075 

H 22.59370 14.59695 19.91422 

H 21.96444 16.27309 19.85063 

C 21.76060 15.29114 21.78603 

C 22.60228 14.42821 22.52475 

H 23.26815 13.73042 21.97733 

C 22.60104 14.44441 23.93308 

H 23.26684 13.75886 24.49265 

C 21.75218 15.32724 24.62815 

H 21.74787 15.34219 25.73533 

C 20.90544 16.19108 23.90326 

H 20.23389 16.88837 24.44108 

C 20.90759 16.17373 22.49471 



 

 

S76 

 

H 20.23113 16.85277 21.93352 

C 11.71768 20.99240 13.38065 

H 11.77046 21.46233 12.37194 

H 11.54458 19.90142 13.25573 

C 10.58596 21.59305 14.23195 

H 10.75978 22.68414 14.38705 

H 10.60279 21.10270 15.23481 

C 9.25329 21.35275 13.54713 

C 8.72300 22.29474 12.63557 

H 9.26509 23.24653 12.46106 

C 7.51939 22.04120 11.95146 

H 7.11506 22.79690 11.24987 

C 6.82790 20.83298 12.16525 

H 5.87671 20.63443 11.63425 

C 7.34901 19.88423 13.06815 

H 6.80647 18.93592 13.25105 

C 8.55048 20.14254 13.75566 

H 8.95853 19.39451 14.46732 

C 14.69669 17.59684 10.28104 



 

 

S77 

 

H 15.09018 16.58259 10.02783 

H 13.74519 17.45107 10.83314 

C 14.48757 18.43163 9.00083 

H 15.47519 18.63033 8.52048 

H 13.90203 17.79300 8.29418 

C 13.74667 19.73794 9.21865 

C 14.44715 20.95424 9.39066 

H 15.55422 20.95188 9.33614 

C 13.75470 22.15962 9.61783 

H 14.32120 23.10287 9.74911 

C 12.34744 22.16984 9.67512 

H 11.80174 23.11774 9.85111 

C 11.63711 20.96509 9.49963 

H 10.52976 20.95957 9.54330 

C 12.33268 19.76274 9.27014 

H 11.76225 18.82511 9.11857 

C 13.64518 20.68202 19.35075 

H 13.79303 20.31558 20.39404 

H 14.64583 20.93372 18.92799 



 

 

S78 

 

C 12.71003 21.91066 19.30506 

H 12.35473 22.03661 18.25371 

H 11.80637 21.71375 19.92911 

C 13.40284 23.18419 19.75205 

C 13.62513 23.45976 21.12104 

H 13.25115 22.74844 21.88421 

C 14.31786 24.61675 21.52304 

H 14.48447 24.81505 22.60034 

C 14.79928 25.52356 20.55695 

H 15.34314 26.43553 20.87075 

C 14.57871 25.26370 19.19042 

H 14.95630 25.96698 18.42305 

C 13.88543 24.10600 18.79533 

H 13.73294 23.89246 17.71821 

C 18.33956 19.95563 20.21809 

H 19.21963 20.18039 19.57204 

H 17.45811 20.44336 19.74558 

C 18.56634 20.47814 21.65110 

H 17.60458 20.42314 22.21580 



 

 

S79 

 

H 19.29077 19.81077 22.17682 

C 19.11067 21.89804 21.63749 

C 20.50570 22.12008 21.71782 

H 21.19087 21.25806 21.84494 

C 21.03924 23.42118 21.64219 

H 22.13542 23.56418 21.71536 

C 20.18104 24.52564 21.47525 

H 20.59844 25.54924 21.40598 

C 18.78919 24.31746 21.39964 

H 18.10195 25.17634 21.26479 

C 18.25771 23.01686 21.48803 

H 17.16239 22.87064 21.40884 

C 14.19247 15.98886 22.94143 

H 14.74079 15.15521 22.44935 

H 14.88724 16.49654 23.64954 

C 12.96478 15.43096 23.68434 

H 12.47557 16.24059 24.27646 

H 12.22071 15.07415 22.93320 

C 13.40061 14.27945 24.57466 



 

 

S80 

 

C 13.21785 12.94121 24.15652 

H 12.67624 12.73604 23.21313 

C 13.71241 11.86637 24.91925 

H 13.55589 10.82986 24.56224 

C 14.40419 12.11419 26.12053 

H 14.80196 11.27312 26.72024 

C 14.58361 13.44191 26.55647 

H 15.12164 13.64575 27.50261 

C 14.08569 14.51236 25.79066 

H 14.23616 15.55250 26.14347 

C 12.37987 12.72570 18.95134 

H 11.86458 12.01021 18.26652 

H 13.47413 12.66293 18.74949 

C 12.07058 12.40645 20.42353 

H 12.66190 13.12127 21.04802 

H 10.99329 12.60906 20.63070 

C 12.40723 10.97135 20.79080 

C 11.38601 10.04158 21.09513 

H 10.32938 10.37694 21.08317 



 

 

S81 

 

C 11.69147 8.70213 21.40808 

H 10.87587 7.99234 21.64817 

C 13.02974 8.26434 21.40970 

H 13.27047 7.21113 21.65071 

C 14.05895 9.17951 21.10707 

H 15.11660 8.84804 21.10042 

C 13.75112 10.52053 20.80798 

H 14.57183 11.23430 20.58772 

C 14.75676 10.00708 17.23388 

H 14.15231 10.55319 17.98983 

H 15.77942 9.85745 17.65279 

C 14.12692 8.64243 16.88584 

H 14.74230 8.14445 16.10276 

H 14.20452 8.01684 17.81005 

C 12.67453 8.69444 16.44734 

C 11.64741 8.90760 17.39749 

H 11.90944 9.03715 18.46718 

C 10.29777 8.94912 17.00193 

H 9.50876 9.12211 17.76030 



 

 

S82 

 

C 9.94950 8.75361 15.64994 

H 8.88549 8.76855 15.34006 

C 10.96293 8.53614 14.69575 

H 10.70559 8.37151 13.63012 

C 12.31576 8.51735 15.09082 

H 13.11495 8.36599 14.33712 

C 10.15604 12.19942 13.51305 

H 10.27467 11.09185 13.54162 

H 10.86291 12.60805 12.75797 

C 8.71198 12.59319 13.15230 

H 8.60532 13.70093 13.24658 

H 8.00421 12.13451 13.88202 

C 8.38673 12.14561 11.73836 

C 7.76523 10.90054 11.48914 

H 7.45758 10.26633 12.34493 

C 7.53028 10.45759 10.17285 

H 7.03185 9.48345 10.00012 

C 7.92301 11.25294 9.07821 

H 7.74147 10.90317 8.04396 



 

 

S83 

 

C 8.54057 12.49786 9.31115 

H 8.85016 13.14007 8.46315 

C 8.76680 12.93786 10.62892 

H 9.24837 13.92161 10.79708 

C 11.58771 17.15381 12.35483 

H 12.41792 16.44140 12.14809 

H 11.87058 18.15378 11.94815 

C 10.26542 16.66443 11.74051 

H 9.43571 17.32581 12.08512 

H 10.05915 15.65019 12.16687 

C 10.27935 16.61727 10.22497 

C 9.38104 17.41609 9.48012 

H 8.66798 18.07083 10.02234 

C 9.38742 17.39538 8.07189 

H 8.67740 18.03266 7.50938 

C 10.29980 16.57296 7.38219 

H 10.31412 16.55974 6.27515 

C 11.19839 15.76826 8.11265 

H 11.91812 15.11597 7.57926 



 

 

S84 

 

C 11.18808 15.78726 9.52123 

H 11.90074 15.14971 10.08599 

C 20.22680 10.91113 18.61465 

H 20.19497 10.41790 19.61366 

H 20.39951 11.99954 18.76358 

C 21.34313 10.33568 17.72715 

H 21.16662 9.24875 17.54785 

H 21.30622 10.85320 16.73791 

C 22.68497 10.56731 18.39353 

C 23.21948 9.62472 19.30149 

H 22.67438 8.67539 19.48102 

C 24.42908 9.87702 19.97544 

H 24.83960 9.12421 20.67635 

C 25.12353 11.08129 19.74979 

H 26.07752 11.28017 20.27472 

C 24.60068 12.02796 18.84596 

H 25.14790 12.97147 18.65316 

C 23.39088 11.77413 18.17144 

H 22.97746 12.52029 17.46103 



 

 

S85 

 

C 17.29411 14.35143 21.73818 

H 16.92557 15.38091 21.96617 

H 18.26097 14.45959 21.20456 

C 17.45087 13.52725 23.03163 

H 16.44921 13.36321 23.49485 

H 18.04263 14.15348 23.74400 

C 18.15781 12.19967 22.83557 

C 17.43065 10.99642 22.68626 

H 16.32400 11.02253 22.74699 

C 18.09767 9.77398 22.47505 

H 17.51133 8.84066 22.36539 

C 19.50441 9.73337 22.41093 

H 20.02989 8.77177 22.24909 

C 20.24067 10.92524 22.56625 

H 21.34786 10.90566 22.52433 

C 19.57046 12.14489 22.77839 

H 20.16090 13.07265 22.91789 

C 18.35372 11.28672 12.62802 

H 18.18020 11.68968 11.60168 



 

 

S86 

 

H 17.36391 10.99272 13.05529 

C 19.31186 10.07473 12.61257 

H 19.67742 9.91057 13.65533 

H 20.20725 10.31531 11.99104 

C 18.63687 8.80597 12.12174 

C 18.40019 8.57051 10.74721 

H 18.74908 9.31047 9.99901 

C 17.72544 7.41152 10.31872 

H 17.54787 7.24423 9.23866 

C 17.27719 6.46331 11.26019 

H 16.75060 5.54853 10.92446 

C 17.51291 6.68341 12.63109 

H 17.16071 5.94712 13.37959 

C 18.18687 7.84277 13.05352 

H 18.34843 8.02795 14.13460 

C 13.68336 12.00394 11.83891 

H 12.78670 11.81619 12.47419 

H 14.54336 11.50332 12.33574 

C 13.46570 11.46612 10.41096 



 

 

S87 

 

H 14.43562 11.50366 9.85923 

H 12.75529 12.13629 9.86957 

C 12.90708 10.05185 10.43233 

C 11.51371 9.83778 10.31137 

H 10.83731 10.70207 10.15317 

C 10.97147 8.53983 10.37996 

H 9.87768 8.40037 10.27408 

C 11.81764 7.43127 10.57806 

H 11.39281 6.40960 10.63308 

C 13.20709 7.63238 10.69972 

H 13.88416 6.77002 10.85828 

C 13.74835 8.92950 10.62380 

H 14.84091 9.06988 10.74192 

C 17.83471 16.02174 9.05658 

H 17.30045 16.85027 9.57281 

H 17.12654 15.53608 8.34640 

C 19.05943 16.58150 8.30925 

H 19.54124 15.77259 7.71021 

H 19.80997 16.93183 9.05752 



 

 

S88 

 

C 18.61848 17.73624 7.42554 

C 18.75122 19.07246 7.86960 

H 19.25817 19.27812 8.83222 

C 18.24669 20.14475 7.10954 

H 18.36333 21.18071 7.48378 

C 17.59484 19.89659 5.88633 

H 17.18880 20.73553 5.28903 

C 17.46487 18.57143 5.42546 

H 16.95791 18.36649 4.46211 

C 17.97313 17.50313 6.18817 

H 17.86312 16.46413 5.81653 

C 19.62785 19.20123 13.06841 

H 20.12952 19.91847 13.76105 

H 18.53022 19.25549 13.25456 

C 19.95721 19.52187 11.60038 

H 19.35848 18.82094 10.96755 

H 21.03283 19.30050 11.40367 

C 19.65051 20.96413 11.23610 

C 20.69316 21.88744 10.98941 



 

 

S89 

 

H 21.74467 21.53946 11.03860 

C 20.41524 23.23477 10.68602 

H 21.24764 23.94007 10.49728 

C 19.08255 23.68591 10.62966 

H 18.86117 24.74551 10.39821 

C 18.03236 22.77658 10.87193 

H 16.97930 23.11968 10.83343 

C 18.31273 21.42900 11.16875 

H 17.47600 20.72204 11.34702 

O 16.35645 22.20128 19.21558 

O 16.78990 22.80619 18.17650 

O 15.39328 9.18677 14.00712 

O 15.73286 9.76651 12.91563 

O 9.98608 18.20954 16.79035 

O 11.00238 17.57540 17.21112 

O 22.01159 13.59404 15.21714 

O 21.01200 14.24215 14.78249 
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Au 15.54188 18.90001 15.59014 



 

 

S90 

 

Au 12.55064 19.78081 17.10935 

Au 11.76473 16.70148 19.15091 

Au 14.11785 14.38176 17.71113 

Au 14.90713 16.69198 13.37662 

Au 16.44488 19.87292 12.55371 

Au 18.30990 20.79570 15.75627 

Au 17.72647 17.87928 17.52419 

Au 13.08598 16.73175 15.98516 

Au 11.80585 15.85490 12.68717 

Au 14.83302 14.14114 11.23348 

Au 17.27207 14.61523 13.82787 

Au 16.45289 13.18149 16.53351 

Au 19.43437 12.23285 14.91693 

Au 20.18178 15.27667 12.84503 

Au 17.83060 17.67158 14.36301 

Au 17.05203 15.35280 18.73080 

Au 15.60375 12.22461 19.55660 

Au 13.66702 11.30482 16.34915 

Au 14.22119 14.19126 14.56582 



 

 

S91 

 

Au 18.90694 15.34715 16.05008 

Au 20.08899 16.20505 19.39822 

Au 17.02643 17.90836 20.85120 

Au 14.69988 17.41582 18.27314 

Au 15.98762 16.02835 16.05092 

S 13.77235 20.64880 15.19187 

S 11.24328 19.07155 19.01919 

S 12.09335 14.30050 19.20831 

S 17.64838 21.70560 13.60176 

S 19.02705 20.00026 17.94441 

S 15.08478 18.21551 11.40500 

S 10.87122 16.61866 14.77952 

S 12.60651 14.89972 10.59953 

S 17.04969 13.27759 11.67811 

S 18.21909 11.41448 16.85082 

S 20.75608 12.92396 13.00754 

S 19.76583 17.67028 12.71892 

S 14.32503 10.43844 18.52178 

S 12.96239 12.05365 14.13399 



 

 

S92 

 

S 17.06002 13.80632 20.69785 

S 21.07274 15.44250 17.32177 

S 19.26821 17.17440 21.47139 

S 14.81310 18.78949 20.39922 

C 14.53434 22.24562 15.81801 

H 14.94429 22.07005 16.83612 

H 15.38235 22.46932 15.13204 

C 13.52667 23.43117 15.81822 

H 13.16963 23.61345 14.77619 

H 14.09047 24.33992 16.14569 

C 12.33557 23.20238 16.74425 

C 12.49614 23.31754 18.15089 

H 13.46904 23.64300 18.56540 

C 11.42660 23.01718 19.02437 

H 11.57168 23.09535 20.11804 

C 10.17247 22.62239 18.50024 

H 9.32996 22.39424 19.18100 

C 9.99722 22.52041 17.10085 

H 9.02396 22.21280 16.67973 



 

 

S93 

 

C 11.07752 22.79724 16.22919 

H 10.94245 22.67766 15.13675 

C 9.55028 18.96368 18.21859 

H 9.34428 19.94757 17.74273 

H 9.57887 18.18706 17.42198 

C 8.44955 18.61316 19.25379 

H 8.72740 17.66198 19.76615 

H 8.39929 19.40999 20.03213 

C 7.11390 18.47463 18.52832 

C 6.19968 19.55640 18.45646 

H 6.41990 20.48845 19.01173 

C 5.02042 19.45484 17.68193 

H 4.31116 20.30293 17.64420 

C 4.74961 18.27375 16.95364 

H 3.83966 18.20329 16.33091 

C 5.64911 17.18175 17.02605 

H 5.44576 16.24698 16.47049 

C 6.81601 17.28241 17.81512 

H 7.50976 16.42414 17.87926 



 

 

S94 

 

C 10.75077 13.78786 18.01686 

H 10.93534 14.27551 17.03312 

H 10.83762 12.68373 17.88254 

C 9.34694 14.16665 18.56378 

H 9.23059 13.75647 19.59458 

H 9.30628 15.28056 18.64025 

C 8.23433 13.64153 17.65903 

C 7.40322 12.57002 18.07556 

H 7.55566 12.12977 19.08031 

C 6.41447 12.04075 17.21288 

H 5.78711 11.19547 17.55060 

C 6.24002 12.58248 15.91791 

H 5.46976 12.16775 15.24208 

C 7.06390 13.65334 15.49116 

H 6.93905 14.08577 14.48031 

C 8.05032 14.18303 16.35574 

H 8.69161 15.01867 16.00809 

C 19.30584 21.64332 12.72996 

H 19.89030 22.49633 13.13492 



 

 

S95 

 

H 19.81810 20.70218 13.01783 

C 19.19516 21.72593 11.18793 

H 18.69984 22.67922 10.88878 

H 18.55424 20.88530 10.83111 

C 20.59701 21.62644 10.58646 

C 21.34551 22.78745 10.26144 

H 20.88194 23.78445 10.38910 

C 22.66432 22.68302 9.76228 

H 23.23200 23.59676 9.50677 

C 23.25696 21.41154 9.58256 

H 24.27788 21.32860 9.16764 

C 22.52294 20.24632 9.91198 

H 22.97095 19.24690 9.75806 

C 21.20665 20.35337 10.41556 

H 20.63818 19.43918 10.67589 

C 20.82566 19.51429 17.69784 

H 21.02549 18.69646 18.42977 

H 20.95385 19.09468 16.67661 

C 21.79514 20.70744 17.94689 



 

 

S96 

 

H 21.61086 21.12937 18.96282 

H 22.83337 20.29276 17.93722 

C 21.67572 21.80216 16.88693 

C 20.84763 22.93813 17.08634 

H 20.31199 23.05973 18.04650 

C 20.70375 23.91003 16.06761 

H 20.05848 24.79183 16.24008 

C 21.38836 23.76173 14.83863 

H 21.27595 24.52202 14.04307 

C 22.21982 22.63466 14.63113 

H 22.75471 22.50423 13.67001 

C 22.36197 21.66658 15.65075 

H 23.02447 20.79885 15.48996 

C 13.45487 19.15228 11.44366 

H 12.64980 18.41934 11.19977 

H 13.28386 19.54460 12.47138 

C 13.49962 20.30634 10.40449 

H 14.45241 20.86851 10.55592 

H 13.53563 19.87199 9.37862 



 

 

S97 

 

C 12.32672 21.27540 10.52958 

C 11.23602 21.23806 9.62327 

H 11.21059 20.45979 8.83731 

C 10.20120 22.19956 9.69268 

H 9.36944 22.16705 8.96490 

C 10.24605 23.21626 10.67290 

H 9.45423 23.98611 10.71066 

C 11.30918 23.24024 11.60858 

H 11.34606 24.02890 12.38294 

C 12.33543 22.27229 11.54382 

H 13.17076 22.29695 12.27211 

C 10.46193 18.42008 14.48905 

H 10.35292 18.87067 15.50048 

H 11.31700 18.93062 13.98946 

C 9.14968 18.58365 13.67236 

H 9.37537 18.44869 12.58769 

H 8.43655 17.77851 13.96923 

C 8.51901 19.94737 13.94657 

C 7.50202 20.07307 14.93029 



 

 

S98 

 

H 7.14079 19.17244 15.46279 

C 6.93642 21.33484 15.22474 

H 6.13668 21.41215 15.98233 

C 7.39311 22.49111 14.55031 

H 6.95257 23.47792 14.78116 

C 8.41786 22.37754 13.58310 

H 8.77682 23.27663 13.05259 

C 8.97943 21.11469 13.28267 

H 9.77638 21.03458 12.51984 

C 11.70228 13.25234 10.69831 

H 11.94174 12.79733 11.68080 

H 10.61253 13.47939 10.66255 

C 12.09749 12.25644 9.57106 

H 11.72959 12.62973 8.58655 

H 13.20964 12.19418 9.52005 

C 11.50080 10.88851 9.91106 

C 12.26602 9.93915 10.63880 

H 13.32206 10.15675 10.86793 

C 11.69200 8.72892 11.08790 



 

 

S99 

 

H 12.31741 8.01282 11.65513 

C 10.33390 8.44599 10.81357 

H 9.87265 7.51116 11.17976 

C 9.56513 9.37417 10.07071 

H 8.50858 9.15094 9.83766 

C 10.14486 10.58435 9.62289 

H 9.53692 11.30914 9.04572 

C 16.71634 11.62190 12.49989 

H 17.71798 11.14891 12.63665 

H 16.27397 11.79481 13.50841 

C 15.78310 10.72188 11.64916 

H 14.77183 11.19058 11.66724 

H 16.13480 10.71363 10.59067 

C 15.74090 9.29768 12.20220 

C 16.51273 8.26571 11.60667 

H 17.11655 8.49170 10.70625 

C 16.52866 6.96273 12.15657 

H 17.13847 6.17289 11.68010 

C 15.77565 6.67072 13.31829 



 

 

S100 

 

H 15.79293 5.65382 13.74981 

C 15.00014 7.69009 13.92190 

H 14.40834 7.47967 14.83425 

C 14.97958 8.99010 13.36411 

H 14.36879 9.77458 13.84740 

C 17.41783 9.81772 16.27737 

H 16.98398 9.97067 15.26490 

H 16.58271 9.62387 16.98880 

C 18.40927 8.61958 16.28544 

H 18.79850 8.47158 17.32083 

H 17.82402 7.70719 16.01043 

C 19.57570 8.80268 15.31655 

C 19.36899 8.66358 13.91798 

H 18.37643 8.35795 13.53837 

C 20.41540 8.92509 13.00458 

H 20.23247 8.83020 11.91778 

C 21.69164 9.31139 13.47878 

H 22.51190 9.51424 12.76374 

C 21.91348 9.43655 14.86972 



 

 

S101 

 

H 22.90562 9.73455 15.25302 

C 20.85782 9.19286 15.78179 

H 21.03115 9.32738 16.86690 

C 22.44466 13.04553 13.81790 

H 22.65427 12.05545 14.27949 

H 22.39633 13.80603 14.62880 

C 23.55546 13.41860 12.79960 

H 23.27990 14.37233 12.29169 

H 23.62353 12.62898 12.01626 

C 24.88524 13.56031 13.53648 

C 25.79269 12.47392 13.62816 

H 25.56978 11.53227 13.08865 

C 26.96645 12.57746 14.41023 

H 27.66481 11.72279 14.47077 

C 27.24505 13.76549 15.12550 

H 28.15187 13.83856 15.75368 

C 26.35457 14.86206 15.02816 

H 26.56001 15.80260 15.57321 

C 25.19076 14.75929 14.23476 



 

 

S102 

 

H 24.51216 15.62922 14.15776 

C 21.12533 18.24056 13.87415 

H 20.93046 17.80314 14.87897 

H 21.04871 19.34979 13.95422 

C 22.53108 17.82421 13.36999 

H 22.68279 18.18734 12.32733 

H 22.56457 16.70795 13.34428 

C 23.62521 18.36944 14.28138 

C 24.47542 19.42081 13.85174 

H 24.34326 19.84461 12.83673 

C 25.46733 19.94372 14.71447 

H 26.12119 20.76321 14.36547 

C 25.62391 19.41806 16.01807 

H 26.39888 19.82555 16.69248 

C 24.77342 18.37434 16.45869 

H 24.88217 17.95705 17.47704 

C 23.78203 17.85184 15.59718 

H 23.11911 17.03798 15.95507 

C 12.68621 10.54580 19.42781 



 

 

S103 

 

H 12.07729 9.69453 19.05335 

H 12.18627 11.49359 19.13963 

C 12.83866 10.48587 20.96733 

H 13.32953 9.52872 21.26481 

H 13.49457 11.32516 21.29855 

C 11.45187 10.61287 21.59668 

C 10.65456 9.46690 21.85541 

H 11.06879 8.45929 21.65524 

C 9.34756 9.59931 22.37812 

H 8.74560 8.69741 22.59342 

C 8.81137 10.88381 22.62969 

H 7.79615 10.98788 23.05283 

C 9.59353 12.03336 22.36154 

H 9.18307 13.04044 22.56193 

C 10.90381 11.90029 21.84806 

H 11.51387 12.80029 21.63853 

C 11.14928 12.50915 14.34541 

H 10.94353 13.31218 13.59827 

H 10.99808 12.93893 15.35828 



 

 

S104 

 

C 10.21282 11.28871 14.09596 

H 10.42184 10.86554 13.08500 

H 9.16270 11.67429 14.09500 

C 10.35511 10.20237 15.16213 

C 11.20657 9.08226 14.97097 

H 11.73781 8.95827 14.00847 

C 11.37887 8.12558 15.99959 

H 12.04820 7.26040 15.83540 

C 10.69832 8.27181 17.23072 

H 10.83493 7.52393 18.03407 

C 9.84257 9.38197 17.42908 

H 9.31266 9.51080 18.39281 

C 9.67478 10.33765 16.40077 

H 8.99970 11.19776 16.55701 

C 18.65709 12.83769 20.57951 

H 19.49842 13.54152 20.79160 

H 18.78106 12.43229 19.54959 

C 18.60963 11.69577 21.63356 

H 17.64675 11.14604 21.49963 



 

 

S105 

 

H 18.58863 12.14896 22.65205 

C 19.76706 10.70889 21.51608 

C 20.87448 10.75725 22.40144 

H 20.91929 11.55138 23.17038 

C 21.90233 9.78756 22.33173 

H 22.74926 9.82792 23.04130 

C 21.83456 8.75656 21.36838 

H 22.62356 7.98337 21.32790 

C 20.75491 8.72127 20.45259 

H 20.70618 7.92992 19.68211 

C 19.73419 9.69409 20.52130 

H 18.88622 9.65974 19.80849 

C 21.48213 13.63269 17.59474 

H 21.56318 13.18671 16.57827 

H 20.63358 13.12865 18.11007 

C 22.81361 13.45254 18.37644 

H 22.61865 13.58213 19.46778 

H 23.52763 14.25094 18.06471 

C 23.42634 12.08513 18.07887 



 

 

S106 

 

C 24.43757 11.96245 17.08811 

H 24.80357 12.86520 16.56212 

C 24.98897 10.69860 16.77521 

H 25.78212 10.62407 16.01089 

C 24.52525 9.53833 17.43656 

H 24.95448 8.54919 17.19124 

C 23.50557 9.64941 18.40977 

H 23.13892 8.74844 18.93014 

C 22.96153 10.91444 18.73397 

H 22.17104 10.99268 19.50433 

C 20.18389 18.81445 21.32996 

H 19.93508 19.25198 20.34157 

H 21.27185 18.57561 21.35048 

C 19.82823 19.83985 22.44274 

H 20.21571 19.48388 23.42579 

H 18.72001 19.92245 22.52600 

C 20.43413 21.19466 22.06311 

C 19.66522 22.14325 21.33825 

H 18.60646 21.92961 21.12126 



 

 

S107 

 

C 20.23866 23.34978 20.87857 

H 19.60762 24.06898 20.32271 

C 21.60134 23.62909 21.13560 

H 22.05891 24.56406 20.76351 

C 22.37810 22.69684 21.86381 

H 23.44012 22.91468 22.07933 

C 21.79748 21.49192 22.32425 

H 22.41455 20.76772 22.89057 

C 15.19382 20.42813 19.57118 

H 14.20432 20.92010 19.41829 

H 15.64646 20.24271 18.56889 

C 16.12944 21.32016 20.42804 

H 17.13416 20.83846 20.42515 

H 15.76563 21.33947 21.48224 

C 16.19649 22.73866 19.86864 

C 15.44141 23.78596 20.45827 

H 14.83994 23.57645 21.36391 

C 15.43660 25.08320 19.89511 

H 14.84313 25.88642 20.36851 



 

 

S108 

 

C 16.19115 25.35368 18.72904 

H 16.18517 26.36636 18.28636 

C 16.95201 24.31782 18.13339 

H 17.54077 24.50689 17.21509 

C 16.95517 23.02333 18.70114 

H 17.54869 22.22343 18.22294 

O 14.09004 14.53155 21.52918 

O 14.55362 15.51058 20.79662 

?��������$
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Preparation of gas phase naked silver cluster
cations outside a mass spectrometer from
ligand protected clusters in solution†

Madhuri Jash,a Arthur C. Reber,b Atanu Ghosh,a Depanjan Sarkar,a

Mohammad Bodiuzzaman,a Pallab Basuri,a Ananya Baksi,a Shiv N. Khanna *b and

Thalappil Pradeep *a

Gas phase clusters of noble metals prepared by laser desorption from the bulk have been investigated

extensively in a vacuum using mass spectrometry. However, such clusters have not been known to exist

under ambient conditions to date. In our previous work, we have shown that in-source fragmentation of

ligands can be achieved starting from hydride and phosphine co-protected silver clusters leading to

naked silver clusters inside a mass spectrometer. In a recent series of experiments, we have found that

systematic desorption of ligands of the monolayer protected atomically precise silver cluster can also

occur in the atmospheric gas phase. Here, we present the results, wherein the [Ag18H16(TPP)10]
2+ (TPP =

triphenylphosphine) cluster results in the formation of the naked cluster, Ag17
+ along with Ag18H

+ without

mass selection, outside the mass spectrometer, in air. These cationic naked metal clusters are prepared

by passing electrosprayed ligand protected clusters through a heated tube, in the gas phase. Reactions

with oxygen suggest Ag17
+ to be more reactive than Ag18H

+, in agreement with their electronic structures.

The more common thiolate protected clusters produce fragments of metal thiolates under identical pro-

cessing conditions and no naked clusters were observed.

Introduction

Atomically precise clusters of noble metals composed of a

metal core and a ligand shell, with precise composition, struc-

ture and properties also referred to as aspicules, have been

one of the most expanding areas of nanomaterials science in

the recent past.1–7 For monolayer protected clusters, to observe

substantial catalytic activity, complete removal of the protect-

ing ligands is essential which has been difficult for solution

phase synthesized clusters. In 1986, Schmid and Klein first

reported the formation of ligand free M13 (M = Au, Rh, Ru)

clusters from ligand stabilized M55 clusters by electro-

phoresis.8 The catalytic properties of such clusters due to

electronic confinement as well as unique geometry have

been explored in the supported form.9–13 Getting ligand

free metal cores on solid supports by using high tempera-

ture often results in broad particle size distributions with

the loss of atomicity.14 On the other hand, these solution

phase ligand protected clusters have shown their systematic

fragmentation in a vacuum, often leading to metal ligand

fragments in mass spectrometric studies.15–17 While

sequential loss of ligands producing small metal clusters is

likely, no intact cluster core has been observed so far in

ambient air.

†Electronic supplementary information (ESI) available: Photograph of
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2+ and

[Ag18D16(TPP)10]
2+ clusters; comparison between the experimental and the calcu-
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+ from both Ag17H14

+ and Ag17D14
+; a full range

ESI mass spectra of the [Ag18H16(TPP)10]
2+ cluster during heating and compari-

son at different capillary and tube lens voltages; a full range ESI mass spectra

of the [Ag18H16(TPP)10]
2+ cluster during heating at a higher capillary and tube

lens voltages; ion chronograms of selected ions; MS2 for Ag17
+, Ag17H14

+ and

Ag18H
+ ions; thermal dissociation of the thiolate protected cluster under the
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[Ag18H16(TPP)10]
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+ and Ag18H
+ ions
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2+ cluster and the electrosprayed products collected; calcu-

lated structures of Ag15
+, Ag17

+, Ag18
+ and Ag18H

+ ions; isomers of Ag18H
+ and

their energies; experimental and calculated masses measured by using the LTQ
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From the early 1970s, the production and reaction of free

gas phase clusters have been demonstrated by using various

cluster sources, using laser vaporization, ion traps, flow-tube

reactors and improved mass spectrometers. Detailed infor-

mation on the structural and electronic properties of gas

phase naked clusters (NCs) validates their distinct character,

much different from ligand protected metal clusters in the free

and supported forms.18,19 The reactivity of NCs not only

depends on their charge, size and intrinsic activity but also on

the chemisorption, bond cleavage energy and polarity of the

reacted molecules.18,20 But to obtain the specific catalytic

activity of a gas phase cluster, with particular atomicity, mass

selection is needed to obtain satisfactory precision.

Although smaller naked metal clusters have been prepared

by various processes such as thermal desorption, sputtering,

laser desorption and electrospray ionization, starting from

bulk metals or salts, no monolayer protected cluster was used

for such investigations before. Recently, Whetten and Brodbelt

have shown that by using deep UV irradiation at 193 nm (6.4

eV), NCs like Au4
+ to Au20

+ can be formed along with their

ligand-containing product ions within the mass spectrometer

in a vacuum starting from ligand protected gold clusters,

Au25(SR)18 and Au36(SR)24.
21 The inherent instability of the

intact cluster core and the stability of the metal thiolate com-

plexes make the observation of the intact cluster core

difficult.22–24 Extensive mass spectrometric studies have been

conducted on ligated (mainly diphosphine) silver hydride

nanoclusters by the O’Hair group, which show that all

hydrides can be removed as H2 but complete removal of other

ligands is not possible even using a laser.25,26 Also, there have

been extensive studies on the synthesis and reactivity of

copper, silver and gold hydride complexes.27 The recent identi-

fication of hydride and phosphine co-protected clusters of

silver28 and the weak ligand–metal interaction in such systems

made us explore the formation of silver NCs within a mass

spectrometer by in-source fragmentation and the results of

these studies have been reported recently.29 In our current

experiment, we have observed that thermal activation of the

electrosprayed cluster [Ag18H16(TPP)10]
2+ produced highly

monodispersed NC ions, Ag17
+ and Ag18H

+ in the atmospheric

gas phase. The ability to create such atomically precise pieces

of metals outside a mass spectrometer will allow the explora-

tion of their unknown chemistry, glimpses of such studies are

also presented here. We note that the method of atmospheric

pressure thermal dissociation was first introduced to make

peptide and protein ions.30,31 Then the method was extended

to silver salts where extremely small clusters such as Ag3
+ and

Ag7
− were produced during mass spectrometric analysis, by

varying the source parameters.32 Such methods have never

been applied to monolayer protected atomically precise metal

clusters.

Compared to the bulk and monolayer protected silver clus-

ters, NCs can have a very different chemical reactivity due to

their unique electronic and geometric structures.33,34 Density

functional theory (DFT) calculations have shown that the dis-

sociation of molecular oxygen was favored in larger sized silver

NCs.35 Electronic states in metallic clusters including silver

clusters can be rationalized using the model of confined

nearly free electron gas. For compact clusters, such a descrip-

tion leads to the grouping of states into shells that can be

labelled as 1S, 1P, 1D, 2S, etc., much in the same way as in

atoms.36 The numbers and upper case letters indicate the prin-

cipal and angular momentum quantum numbers of the delo-

calized orbitals. The ground state of oxygen is a spin triplet

and any activation of the oxygen molecule requires a virtual

spin excitation of the cluster to accommodate the spin.37,38 For

clusters with singlet ground states such a spin accommodation

requires a spin excitation from the singlet to the triplet con-

figuration whose energy is determined by the gap between the

highest occupied molecular orbital (HOMO) and the lowest

unoccupied molecular orbital (LUMO). Consequently, clusters

with a high HOMO–LUMO gap are resistant to reactions with

oxygen. Here we show that the dissociation of molecular

oxygen and its attachment with Ag17
+ happen due to the pre-

ferred HOMO–LUMO gap in the metal core. In contrast,

Ag18H
+ shows resistance to the reaction with oxygen due to the

cluster’s comparatively high HOMO–LUMO gap.

Experimental section
Reagents and materials

Silver nitrate (AgNO3, 99.9%) was purchased from Rankem

India, triphenylphosphine (TPP, 99%), sodium borohydride

(NaBH4, 98%), sodium borodeuteride (NaBD4, 98 atom% D)

and methanol-d4 (CD3OD, 99.8 atom% D) were purchased

from Sigma-Aldrich and used without further purification.

HPLC grade methanol (MeOH) was from Finar chemicals and

analytical grade chloroform (CHCl3) was from Rankem India.

All the chemicals were used without further purification

unless otherwise mentioned. Millipore water, obtained from

Milli-Q (Millipore apparatus) with a resistivity of 18.2 MΩ cm,

was used for all the experiments.

Synthesis

The cluster [Ag18H16(TPP)10]
2+ was synthesized by using a

small modification of the reported method by Bootharaju

et al.28 In the first step, the silver precursor (20 mg of AgNO3)

was taken in 5 mL of MeOH in a 100 ml round bottom flask

and 70 mg of triphenylphosphine solution in 10 mL of chloro-

form was added under stirring at room temperature. After

20 minutes of reaction, 6 mg of NaBH4 in 0.5 mL of ice cold

Millipore water was added. After the addition of NaBH4, the

color changed immediately from colorless to light yellow. To

avoid any further oxidation of silver, the entire synthesis pro-

cedure was carried out under dark conditions. Over three

hours of continuous stirring under dark conditions, the light

yellow reaction mixture became dark green which indicated

the formation of the [Ag18H16(TPP)10]
2+ cluster. The solution

was vacuum evaporated at room temperature and then to

remove the excess silver precursor and NaBH4, 20–22 mL cold

Millipore water was added to the residue and the mixture was
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sonicated for 2 minutes. After sonication, the solution was cen-

trifuged at 3000 rpm for 5 minutes and a residue was separ-

ated. The supernatant containing soluble impurities was dis-

carded and the precipitate consisting of the [Ag18H16(TPP)10]
2+

cluster was dissolved in 10 mL methanol and the solution was

rotavaporated at room temperature to make a dry sample. The

solid green sample was collected and dissolved in 2 mL metha-

nol and centrifuged for 5 minutes at 5000 rpm to remove

excess TPP ligands. The deep green [Ag18H16(TPP)10]
2+ cluster

solution was used for further characterization. For mass spec-

trometry experiments, 100 µL of the green solution was diluted

to 1 mL with methanol. For synthesizing the deuterated Ag18
analogue, a similar method was followed by replacing NaBH4

with NaBD4.

Instrumentation

UV-vis spectra of nanoclusters were recorded using a

PerkinElmer Lambda 25 UV-Vis spectrometer. Absorption

spectra were typically obtained in the range of 200–1100 nm

with a band pass filter of 1 nm. The high resolution mass

spectra of [Ag18H16(TPP)10]
2+ and [Ag18D16(TPP)10]

2+ were

recorded using a Waters Synapt G2-Si High Definition Mass

Spectrometer (abbreviated as G2-Si subsequently) equipped

with an electrospray ionization (ESI) source. This mass spectro-

meter is a combination of an electrospray source, quadrupole

ion guide/trap, ion mobility cell and TOF analyzer. These

cluster samples were prepared in methanol and were infused

into the instrument at a flow rate of 30 µL min−1. The capillary

voltage was kept at 2 kV and to avoid any in-source fragmenta-

tion, both the cone voltage and source offset were kept at 0 V.

All other experiments, including the characterization of NCs

described in this paper were carried out by using Thermo

Scientific LTQ XL Linear Ion Trap Mass Spectrometer (abbre-

viated as LTQ subsequently) with a home-built nano-ESI

source. A photograph of the instrumental set-up is shown in

ESI S1.† The LTQ mass spectrometer is a combination of elec-

trospray source, ion sweep cone, ion transfer capillary, quadru-

pole, octapole and two-dimensional linear ion trap. The follow-

ing instrumental parameters were used throughout the experi-

ments to get a good ion signal without fragmentation. Solvent:

methanol; flow rate: 3 µL min−1; ionization spray voltage: 3 kV;

capillary voltage (abbreviated as CV): 45 V and tube lens

voltage (abbreviated as TV): 100 V. All the mass spectrometric

measurements were recorded in the positive ion mode.

Tandem mass spectrometric (MS/MS or MS2) measurements

were performed by using ultra high-pure helium gas (99.995%)

in the LTQ mass spectrometer. In the MS/MS studies, mass

selected ions were fragmented in the ion trap by colliding with

helium. During the CID or MS2 experiments, the injection

time was 300 ms and 5 microscans were averaged with an acti-

vation time (time for which the resonance excitation RF

voltage was applied) of 30 ms. An activation Q value of 0.25

was applied and the isolation width and collision energy were

optimized according to the particular precursor ion.

Transmission electron microscopy (TEM) and high-resolution

transmission electron microscopy (HRTEM) were performed

using a JEOL 3010, 300 kV instrument at an accelerating

voltage of 200 kV. A lower accelerating voltage was used to

reduce beam-induced damage. Energy dispersive spectra (EDS)

were collected using an Oxford Semistem system equipped

with the TEM. Samples were dropcast onto carbon-coated

copper grids, 300-mesh, (spi Supplies, 3530C-MB) and dried

under ambient conditions before examining under TEM.

Theoretical methods

Theoretical studies on the electronic and geometric structures

of the silver clusters were performed using first principles

methods with the Amsterdam density functional (ADF) code.39

A generalized gradient approximation (GGA) functional pro-

posed by Perdew, Burke, and Ernzerhof (PBE) was used to

incorporate the exchange and correlation effects.40 Slater-type

orbitals (STO) located at the atomic sites were used to express

the atomic wave function, and the cluster wave functions were

formed via a linear combination of these atomic orbitals. The

studies used a TZ2P basis set and a large frozen electron

core.41 The total energies and the forces at the atomic sites

were computed and a quasi-Newton method was used to opti-

mize the structures without any symmetry restriction. The

energy of the clusters with different spin multiplicities was also

calculated to identify the lowest energy structure. Scalar-relativ-

istic effects were included via zero-order regular approximation

(ZORA).42 Time-dependent density functional theory, TDDFT,

was used to confirm the accuracy of the HOMO–LUMO gaps.

Results and discussion

In a typical experiment, the monolayer protected cluster

[Ag18H16(TPP)10]
2+ was prepared as reported previously with

some modifications in the synthetic procedure (details are pre-

sented in the Experimental section).28 All the characteristic

features in the UV-vis spectrum along with the isotopically

resolved peak of the molecular ion, [Ag18H16(TPP)10]
2+ in the

electrospray ionization high resolution mass spectrum (ESI

HRMS) confirm the identity and purity of the cluster (details

are in the ESI†). The cluster solution is green in color and it

shows two peaks in absorption spectroscopy at 545 and

614 nm with a shoulder at 444 nm (Fig. S2(A)†). The mass

spectrum shows a sharp peak at m/z 2290 in the m/z

1100–5000 window. Expansion of the high resolution mass

spectrum shows the isotopic separation of m/z 0.5 due to the

2+ charge state of the parent cluster [Ag18H16(TPP)10]
2+, match-

ing exactly with the calculated one shown in the corresponding

inset (Fig. S2(B) and (C)†). The composition of the cluster was

further established using G2-Si by changing the NaBH4 used

for the synthesis to NaBD4, where the hydride ions are

replaced by deuteride ions forming [Ag18D16(TPP)10]
2+

(Fig. S3†). Due to this replacement, there was a shift in the

peak position (Δm/z = 8, where Δm is 16 and z is +2).

Electrosprayed cluster ions were passed through a heating tube

to create NCs, which were analyzed using the nano-ESI mode

of the LTQ mass spectrometer.
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As the G2-Si mass spectrometer could not be modified to fit

the new ion source, prepared outside the mass spectrometer

by electrospraying the monolayer protected cluster, needed to

conduct these experiments, we have used our LTQ mass

spectrometer to detect NCs. A schematic of the set-up is shown

in Fig. 1. The heating tube was made of copper (outer diameter

1/8″ and inner diameter 0.066″) with a total length of 50 cm.

This copper tube was wrapped with a heating coil connected

to a variable resistance transformer. The exit of the ESI source

was inside the heating tube so that the maximum ion signal

could be obtained. The distance between the heating tube and

the inlet of the LTQ mass spectrometer was approximately

5 mm and could be varied. Electrospray of the cluster solution

was performed at a voltage of +3 kV with N2 as the nebulizing

gas (25 psi pressure). This voltage is important to get a stable

ion signal in the mass spectrometer. The temperature of the

heating tube was controlled to get the desired species. The

ions exiting the heating tube were analyzed using the LTQ

mass spectrometer in positive mode under the following con-

ditions to obtain the optimized peak intensities: capillary

temperature, 250 °C; CV, +45 V; TV, +100 V and flow rate,

3 µL min−1. At lower values of the instrumental parameters,

the peak intensity was less due to inefficient ionization. On

increasing the values of spray voltage (+3 kV) and flow rate

(3 µL min−1), there was no change in peak intensity keeping

all other factors the same. The typical injection time was

100 ms and 5 micro scans were averaged to get a good spec-

trum in all the experiments. To perform the ion/molecule reac-

tion exclusively with O2 gas, the ions were passed through a

Swagelok coupling with different flow rates of O2 gas. Here,

electrospray plays a very important role in the success of the

experiment. Without electrospray, we were not able to prepare

these NCs in the gas phase and also study their gas phase

reactions.

Continuous monitoring of the mass spectra at various

temperatures of the heating tube shows a systematic loss of

ligands and the formation of Ag NCs as shown in Fig. 2. Each

ion exhibited an isotopically resolved mass spectrum which

matched perfectly with its corresponding calculated pattern

(Fig. S4†). Here the isotopic distribution is mainly due to silver

and not due to hydrogen. This is because 107Ag and 109Ag iso-

topes of silver are present in almost similar natural abun-

dances (107Ag, 51.839% and 109Ag, 48.161%) but in the case of

hydrogen, 1H has a very high natural abundance (99.98%) in

comparison with 2H and 3H. The parent cluster

[Ag18H16(TPP)10]
2+ lost the phosphine instantaneously and

formed the clusters, Ag17H14
+ and Ag18H13

+, with peaks cen-

tered at m/z 1847 and 1955, respectively. During this conver-

sion process, the charge state of the cluster ion changes from

2+ to 1+ which is confirmed by the isotopic separation of m/z 2

in the resulting cluster ion. Then gradual loss of hydrogen was

observed in the mass spectra keeping the charge state constant

at 1+ and finally the species Ag17
+ and Ag18H

+ were the end

products seen, centered at m/z 1833 and 1943, respectively.

The ion observed and their charge states can be largely under-

stood from their closed electronic shells. Ag18H
+ (45%) and

Ag17
+ (100%) were the only ions in the mass spectrum in the

1100–2000 m/z window. Compared to our previous work where

Fig. 1 Schematic representation of the experimental set-up where the naked cluster, Ag17
+ was prepared in air by electrospraying the monolayer

protected cluster [Ag18H16(TPP)10]
2+ through a heated tube and the products were detected by a mass spectrometer. Schematic structures and

experimental mass spectra of the corresponding cluster ions are shown in the inset showing that the parent ion is a dication (by using G2-Si) and the

product is a monocation (by using LTQ). Isotopic separations are therefore m/z 0.5 and 2, respectively.
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only Ag17
+ was formed by in-source fragmentation of the

parent cluster, here both Ag17
+ and Ag18H

+ appeared as a

result of the thermal ligand desorption from the parent

cluster, outside the mass spectrometer. The full range

(150–2000 m/z) ESI mass spectra of this conversion process

is shown in Fig. S5† where during heating, oxidation peaks of

[Ag(TPP)]+, [Ag(TPP)2]
+ and TPP+ appear in the lower mass

region. By this method, we could get both of these products

(Ag17
+ and Ag18H

+) prepared outside the mass spectrometer,

whereas to get selectively any one of these products in 100%

relative abundance, we had to do mass selection. However, the

ratio of Ag18H
+ to Ag17

+ could be changed depending on the

transfer medium and the distance between the heating tube

and the mass spectrometer inlet. Systematic loss of hydrogen

occurs in the form of H2, as revealed by tandem mass spectro-

metric studies. The formation of Ag18H
+ and Ag17

+ from the

precursors, Ag18H13
+ and Ag17H14

+ proceed through the loss of

6 and 7 dihydrogen species, respectively, as shown by indepen-

dent studies.29 The conversion process was also studied start-

ing with [Ag18D16(TPP)10]
2+ instead of [Ag18H16(TPP)10]

2+. The

ESI mass spectrum shows the formation of Ag17D14
+ centered

at m/z 1861, shifted by 14 mass units from Ag17H14
+ (Δm/z =

14, where Δm is 14 and z is +1). The formation of Ag17
+ via

Ag17D14
+ confirms the reaction path (Fig. S6†). In the mass

spectrum of Ag17D14
+, 100% exchange of hydrogen with deu-

terium was not there due to the presence of non-deutereted

solvents in the synthesis procedure, which results in

additional peaks of lower intensity.

To better understand the formation mechanism of clusters

and the fragility of ions, experiments were performed at two

sets of CV and TV (a and b) by keeping all other instrumental

parameters the same. These conditions are labeled as 1, 2 and

3 in Table 1 and the data are shown in Fig. S7.† In one set, the

CV and TV were typical instrument parameters, used for all other

experiments and were set as 45 V and 100 V, respectively (a).

In another set, the CV and TV were set as 140 V and 240 V,

respectively (b).

Ion chronograms and MS2 spectra of selected ions are

shown in Fig. S9 and S10,† respectively. The MS2 spectra of

Ag17H14
+ and Ag18H

+ gave back the nearest stable NC, Ag17
+ as

a result of the hydride and AgH loss, respectively. A similar

kind of AgH loss from AgnH
+ (where n = 2, 4 and 6) was

reported before.43 Whereas the NC Ag17
+ itself gave smaller

size NCs, Ag16
+ and Ag15

+. It is noteworthy that MS3 of

Ag17H14
+ and Ag18H

+ also gave the smaller NCs of silver. The

occurrence of Ag18H
+ instead of Ag18

+ in the product ions is

due to the greater stability of the even-numbered electrons in

the silver clusters as both Ag and H are one electron systems.44

The same experiment with thiolate protected clusters

(Fig. S11†) did not create any NCs due to the strong Ag–S bond

compared to the weak Ag–P and Ag–H bonds.

NCs are expected to be highly reactive; however, we find

that they can be transported through air, in the presence of

the nebulizing N2 gas, without much loss in intensity at a sep-

aration of 5 mm between the NC source and the mass spectro-

meter. This is significant as the distance is 8.4 × 104 times the

mean free path of N2 at standard temperature and pressure

(STP). The distance was kept at 5 mm due to the divergence of

the ions exiting the heating tube limiting the number of ions

collected by the mass spectrometer. The transfer length can be

increased further by using a transfer tube, which confines the

ions. Increasing the pressure of the nebulizing gas reduces the

transmission loss which also helps in increasing the transfer

length and we could increase the length this way to 10 cm.

Experiments were done by varying the distance between the

heating tube and the MS inlet to study the reactions of Ag17
+

Table 1 Experiments under different instrumental conditions

Expt
Heating tube
temp. (°C)

CV
(V)

TV
(V)

Results in between 1100–2000
m/z window

1.a Room temp. 45 100 No silver clusters were detected
1.b Room temp. 140 240 Ag17H14

+ alone
2.a 250 45 100 Ag17H14

+ and Ag18H13
+

2.b 250 140 240 Ag17
+ along with Ag16

+ and Ag15
+

3.a 350 45 100 Ag17
+ and Ag18H

+

3.b 350 140 240 Ag17
+ and Ag18H

+ were fragmen-
ted partially and appeared along
with smaller core size naked
silver clusters

These observations make us conclude that when ions were transferred
from the atmosphere to vacuum, in-source fragmentation occurred at
higher CV and TV (expt b), but not at our typical mass spectrometer
parameters where CV and TV were set to 45 V and 100 V, respectively,
(expt a). Full range mass spectra as a function of temperature at a CV
and TV of up to 140 V and 240 V, respectively, are shown in Fig. S8.

Fig. 2 ESI mass spectra of the [Ag18H16(TPP)10]
2+ cluster (using LTQ)

with varying temperature of the heating tube. At 250 °C, Ag17H14
+ and

Ag18H13
+ were detected. At 300 °C, Ag17

+ and Ag18H
+ were seen along

with their hydride clusters and at 350 °C, only Ag17
+ and Ag18H

+ were

seen. Isotopic distributions of these ions are shown in the inset.
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with atmospheric constituents, at a nebulizer gas pressure of

25 psi (Fig. 3). The intensity of Ag17
+ decreased with the dis-

tance due to the additional products of oxygen and water

present in the ambient environment. There were mixed oxygen

and water addition peaks of Ag17
+ along with oxygen alone

species. It was observed that the attachment of water hap-

pened only when there was prior oxygen attachment. It is

known that water reacts only with pre-oxidized silver clusters

of Ag3
+, Ag5

+, Ag7
+, and Ag9

+, formed by thermal decompo-

sition of silver salts.32 For Ag18H
+, however, no ligation was

observed which can be due to its high HOMO–LUMO gap. We

also noticed that upon increasing the distance between the ESI

source and the heating tube, as ambient air flowed through

the heating tube, Ag17H14
+ appeared back again. This result is

attributed to the lower temperature within the heating tube,

favorable for the formation of Ag17H14
+ from the parent

cluster, [Ag18H16(TPP)10]
2+ (Fig. S12†).

Oxygen was crossed with the flowing mixture of Ag17
+ and

Ag18H
+ and products as well as unreacted cluster ions were

detected with the LTQ at different flow rates of oxygen, as

shown in Fig. 4. A photograph and schematic diagram of this

set-up used for ion/molecule reaction with oxygen are shown

in S13.† Ag17
+ shows four oxygen adduct peaks (labeled 1 to 4)

and Ag18H
+ shows three low intensity oxygen adduct peaks

(labeled 1 to 3). For each adduct peak, the isotopic separation

is m/z 2, which confirms their 1+ charge state. At low tempera-

ture, nearly about 50 K, O2 adsorbs (molecular adsorption) on

cationic silver clusters as demonstrated for Ag2
+.45 But for hot

silver clusters, the absorbed molecular oxygen dissociates to

atomic oxygen, resulting in AgnO
+ from AgnO2

+. Our results

suggest the dissociative adsorption of oxygen which may be

due to the higher temperature used for the preparation of NCs.

Several reports studied the mechanism of oxygen adsorption

on silver clusters along with their structures, depending on the

number of silver atoms and temperature.46–49 Schmidt et al.

reported that due to the positive charge on silver clusters, the

chemisorption of more than one oxygen molecule, an electron

acceptor, is difficult on Agn
+ clusters (n < 22) at 77 K.50 But in

our experiments, Ag17
+ shows a maximum adsorption of two

oxygen molecules outside the mass spectrometer, though

there is an early report of the adsorption of a maximum of

three oxygen molecules for Ag2
+ at 120 K.51 During the oxi-

dation of NCs, in the case of Ag17
+, each oxygen atom addition

is followed by four hydrogen atom additions and for the

adducts of Ag18H
+, there were two hydrogen atom additions.

For a better understanding of the source of the hydrogens, we

have performed experiments in two different ways. In the first

case, we have prepared the [Ag18H16(TPP)10]
2+ cluster and dis-

solved it in CD3OD instead of CH3OH to understand if there is

any role of solvent in the hydrogen attachment. But here we

did not observe any different result, as shown in Fig. S14,†

which made us conclude that hydrogens are not coming from

the solvent. In the second case, we have prepared

[Ag18D16(TPP)10]
2+ by using NaBD4 instead of NaBH4 and dis-

solved the product in CH3OH. At a heating tube temperature

of 350 °C, we observed Ag17
+ and Ag18D

+ as the NCs and then

we performed the oxygen addition reaction. For Ag17H4Ox
+ and

Ag18H3Oy
+, no shifted peaks were seen (Fig. S15A†). However,

for the Ag18H3Oy
+ peaks, there was some minor contribution

from the deuterated species too which appeared as low intense

middle peaks, mainly visible for the Ag18H3O2
+ ion

Fig. 3 ESI mass spectra of Ag17
+ upon varying the distance (ΔX)

between the heating tube and the MS inlet (by a moving stage in the xy

plane). The peaks observed are a combination of the (H2O)m and (O)n
additions on the naked cluster, which arise due to air.

Fig. 4 ESI mass spectra of Ag17
+ and Ag18H

+ ion clusters after reaction

with oxygen (O2) gas at different flow rates.
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(Fig. S15B†). These results made us conclude that water in the

ambient environment or within the ion trap is the only source

of hydrogen during oxygen addition reactions. Comparing the

intensities of Ag17
+ and Ag18H

+ at different oxygen gas flow

rates, we can conclude that Ag18H
+ is most abundant at the

highest flow rate of oxygen and the relative intensity of Ag17
+ is

decreasing faster than Ag18H
+ i.e., Ag18H

+ is more resistant to

oxygen. The plot of the relative intensity of Ag17
+ with the flow

rate of oxygen confirms this (Fig. S16†).

We have also performed CID experiments on each of the

four oxygen addition peaks of Ag17
+ for a better understanding

of their structures (Fig. S17†). During collisions with He gas in

the trap, collision energy was increased gradually up to the

threshold of fragmentation of the precursor cluster ion. With

increasing collision energy, the intensities of the parent

cluster ions (Ag17H4O
+, Ag17H4O2

+, Ag17H4O3
+ and Ag17H4O4

+)

decayed along with increasing intensity of the fragment ions.

For Ag17H4O
+, collisional activation results in the detachment

of oxygen and hydrogen atoms and the appearance of Ag17
+ as

the fragmented ion. Ag17H4O2
+ fragmented directly to Ag17

+

without giving the Ag17O
+ ion, which indicates that it can be

molecular adsorption. But in the case of Ag17H4O3
+ and

Ag17H4O4
+, they go through an intermediate, Ag17O2

+ to Ag17
+.

From these results, we see that Ag17O
+ and Ag17O3

+ are not

formed as intermediates during the fragmentation of

Ag17H4O4
+, which confirms that Ag17H4O4

+ is formed due to

the adsorption of two molecular oxygens. As reported for Ag2
+,

the molecular adsorption peaks were transformed to atomic

adsorption peaks by increasing the temperature from 50 K to

130 K.45 But for Ag17
+, molecular oxygen attachments are seen

even at higher temperature. The temperature at which mole-

cular oxygen will dissociate to give atomic oxygen can be

varied by the adsorption site or the nano-facet and the pres-

ence of defects.52 Though it is very difficult to interpret, we

can assume that our experimental temperature may be lower

than the transition temperature needed for adsorbed mole-

cular oxygen on Ag17
+ to dissociate.

During the ion/molecule reactions, from Figs. 3 and 4, it

was noted that the ions labelled Ag17(H2O)2O2
+ and Ag17H4O4

+

have the same elemental composition although their for-

mation methods were different. The first one was prepared by

increasing the distance between the heating tube and the

mass spectrometer inlet and the second one was prepared by

the reaction with oxygen gas exclusively. The intensities of

Ag17(H2O)2O2
+ and Ag17H4O4

+ were of the order of 101 and 100,

respectively. To get a clearer idea of their structures, we have

done CID experiments at the same collision energy, which

showed different results for each of them (Fig. S18†). From

these results, we conclude that though their composition is

the same, their structures are different. In two tables (Tables

S22 and S23†) we have summarized the experimental and cal-

culated masses of the assigned clusters observed.

In order to explore the possibility of using the products of

electrospray, we have collected the products at heating tube

temperatures of 250 °C and 350 °C, on surfaces held under

ambient conditions. The collected products were dispersed in

MeOH and CDCl3 to perform ESI mass spectrometry and NMR

spectroscopy, respectively. Note that MS and NMR studies were

conducted after centrifugation to avoid experimental artefacts.

No features of hydride protected or NCs were observed in both

ESI mass spectra and NMR spectra indicating that the clusters

have undergone aggregation. TEM analysis of the products

(without centrifugation) confirmed this and the data were

compared with that of the [Ag18H16(TPP)10]
2+ cluster. The

parent cluster shows an average particle size 1.68 ± 0.19 nm,

whereas the collected electrosprayed products (both at 250 °C

and 350 °C of the heating tube) showed only nanoparticles of

variable sizes (Fig. S19†). The images suggest that the bare

clusters aggregate on the collected surfaces. This leads to poor

extraction in solution, unlike organic reaction products.53 Soft

landing on suitable substrates may help their collection

without aggregation.54

To understand the O2 resistant reactivity of Ag18H
+, we used

first-principles theoretical methods and investigated the geo-

metric and electronic structures of Ag17
+ and Ag18H

+. As men-

tioned previously, metal clusters with large HOMO–LUMO

gaps tend to be resistant to reactions with O2, while clusters

with unpaired electrons or small HOMO–LUMO gaps are

highly reactive with O2. In the present case, both Ag17
+ and

Ag18H
+ have an even number of electrons corresponding to 16

and 18 valence electrons. Ag17
+ is found to have an icosahedral

core with a 4 atom cap structure decorating the icosahedral

core (Fig. 5(A)). The HOMO–LUMO gap of Ag17
+ is found to be

0.52 eV, which is a relatively low value, consistent with the

cluster being reactive with O2. Only one isomer within 0.2 eV

of the lowest energy structure was found, and it also had a low

HOMO–LUMO gap of 0.46 eV. Time-dependent density func-

tional theory, TD-DFT, was used to confirm the accuracy of the

HOMO–LUMO gaps, and we find that the singlet excitation

energy for Ag17
+ is 0.47 eV, and the triplet excitation energy is

0.49 eV. Our previous studies on a variety of clusters indicate

that metal clusters are resistant to the O2 reaction when the

HOMO–LUMO gaps are typically around or greater than 1 eV

(Fig. S20†).

Ag18H
+ is found to have an oblate structure with a HOMO–

LUMO gap of 0.99 eV (Fig. 5(B)), large enough to expect the

Fig. 5 Structure and the HOMO–LUMO gap of (A) Ag17
+ and (B) Ag18H

+

clusters. (C) The electronic structure of Ag18H
+. The electronic shell

structure is |1S2|1P6|1D8 2S/1D2||2S/1D2|1F14|, with the 1Dz
2 and 2S orbi-

tals hybridizing.
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cluster to be resistant to O2 etching. Alternative structures and

their energetics are given in Fig. S21.† TD-DFT finds that the

excitation energy and triplet energy for the cluster are 0.94 eV,

and the triplet excitation energy is 0.96 eV. The H binding

energy is 2.26 eV which is approximately equal to the binding

energy per atom of H2, and the ionization potential of Ag18H
+

is a relatively low value of 5.25 eV. Each Ag atom provides one

valence electron, as does the H atom, so the cluster may be

thought of as having 18 valence electrons. The nearest closed

electronic shell for silver is expected to be at 20 valence elec-

trons. The relatively large HOMO–LUMO gap may be explained

by the oblate structure of the cluster resulting in a splitting of

the 1D orbitals giving an electronic structure of |1S2|1P6|1D8

1D/2S2||1D/2S2|1F14|, as shown in Fig. 5(C). The Ag 4d states

(90 states) are shown by the grey region and the double line

separates the occupied and unoccupied states. The 1Dz
2 and

the 2S orbitals have the same symmetry, so they hybridize and

split due to the oblate structure pushing up in energy the orbi-

tals with more nodes along the compressed axis.55 The oblate

distortion is seen in many of the low energy isomers, with the

isomers having HOMO–LUMO gaps between 0.70 and 1.10 eV.

The similar structure of the silver cores results in similar elec-

tronic structures in the different isomers, so they may also

show enhanced resistance to O2 reactivity.

Conclusions

We conclude that naked metal cluster ions can be formed

outside a mass spectrometer starting from ligand protected,

atomically precise clusters prepared in solution. The reactivity

of these NCs to oxygen shows selectivity, which depends on

their HOMO–LUMO gaps. It is likely that atmospheric gas

phase NCs can be used as reagents and catalysts. They may be

deposited on a suitable support to create useful materials.

Again the oxidized silver clusters can also be used as an

oxidizing agent to oxidize CO or NO2. We have studied

various phosphine protected silver clusters ([Ag18H16(TPP)10]
2+

and [Ag25H22(DPPE)8]
2+ (DPPE = 1,2-bis(diphenylphosphino)

ethane)) and thiolate protected silver clusters

([Ag25(DMBT)18]
3− (DMBT = 2,4-dimethylbenzenethiol),

[Ag44(FTP)30]
4− (FTP = 4-fluorothiophenol) and

[Ag59(DCBT)32]
3− (DCBT = 2,5-dichlorobenzenethiol)), and gold

clusters ([Au25(PET)18]
− (PET = 2-phenylethanethiol)) available

in our laboratory.6,7,28 From all of these experiments, we con-

clude that [Ag18H16(TPP)10]
2+ alone forms silver NCs outside

the mass spectrometer.
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Supporting information 1  
 

Photograph of the instrumental set-up:  

 

 
S1: Photograph of the instrumental set-up used for the creation of naked cluster ions. 
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Supporting information 2 

 

Characterization of [Ag18H16(TPP)10]2+ cluster: 

 
Fig. S2 (A) UV-vis absorption spectrum of [Ag18H16(TPP)10]

2+ cluster in MeOH showing characteristic 

absorption features. (B) ESI mass spectrum of the cluster in positive mode (using the G2-Si) is showing 

a sharp peak at m/z 2290 which is assigned as [Ag18H16(TPP)10]
2+. Other small peaks separated by m/z 

131 are due to PPh3 loss which are shown by asterisks. (C) Peak at m/z 2290 is expanded, which is 

matching well with the calculated isotope pattern of [Ag18H16(TPP)10]
2+.  
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Supporting information 3 

 

Characterization of [Ag18D16(TPP)10]2+ cluster: 

 

 
Fig. S3 ESI mass spectra of [Ag18H16(TPP)10]

2+ and [Ag18D16(TPP)10]
2+ cluster ions (using the G2-Si). 

The mass shift is due to the exchange of hydride ions with deuteride ions. In [Ag18D16(TPP)10]
2+, 100% 

exchange of hydrogen with deuterium was not there due to the presence of non-deutereted solvents in 

the synthesis.  
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Comparison between the experimental and the calculated spectra: 

 
Fig. S4 Experimental mass spectra of Ag17H14

+, Ag17
+, Ag18H13

+ and Ag18H
+ ions match well with the 

calculated isotopic patterns. 
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Full range ESI mass spectra of [Ag18H16(TPP)10]2+ cluster during heating: 

 

 
Fig. S5 Full range ESI mass spectra of [Ag18H16(TPP)10]

2+ cluster with varying the heating tube 

temperature from 250  ̊C to 350 ̊C at CV and TV of 45 V and 100 V, respectively. At 250 ̊C, Ag17H14
+ 

and Ag18H13
+ were detected and at 300 ̊C, Ag17

+ and Ag18H
+ were seen along with their hydride clusters. 

Finally, at 350 ̊C only Ag17
+ and Ag18H

+ were seen without mass selection. At lower mass region, there 

were oxidation peaks of [Ag(TPP)]+, [Ag(TPP)2]
+ and TPP+. 
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Formation of Ag17
+ from both Ag17H14

+ and Ag17D14
+: 

 
Fig. S6 ESI mass spectra of Ag17H14

+ and Ag17D14
+ starting from [Ag18H16(TPP)10]

2+ and 

[Ag18D16(TPP)10]
2+, respectively. In the spectrum of Ag17D14

+, the peaks shown by asterisks (35%) are 

arising due to the presence of hydrogen, which are coming due to the partial isotope exchange 

(principally due to Ag17D13H
+), due to the presence of non-deuterated solvents.  Ag17H14

+ and Ag17D14
+ 

are both converted to Ag17
+ at 350 ̊C. 
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Comparision of ESI mass spectra of [Ag18H16(TPP)10]2+ cluster during heating at 

different capillary and tube lens voltage: 

 

 
Fig. S7 ESI mass spectra of [Ag18H16(TPP)10]

2+ cluster with varying the heating tube temperature at CV 

and TV of 45 V and 100 V (left) and 140 V and 240 V (right). These two sets of CV and TV give 

different results at different temperatures of heating tube which is mainly due to the in-source 

fragmentation at higher CV and TV. Finally at 350 ̊C, at CV and TV of 45 V and 100 V, only Ag17
+ and 

Ag18H
+ were seen without mass selection, whereas at CV and TV of 140 V and 240 V, naked clusters 

along with smaller core sizes appear due to fragmentation. The weak features shown by pink triangles 

are due to [Agx(TPP)y]
+ clusters. Note the difference in intensities of odd and even numbered clusters. 
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Full range ESI mass spectra of [Ag18H16(TPP)10]2+ cluster during heating at higher 

capillary and tube lens voltage: 

 

 

Fig. S8 Full range ESI mass spectra of [Ag18H16(TPP)10]
2+ cluster with varying heating tube 

temperature from room temperature to 350 ̊C at CV and TV of 140 V and 240V. At room temperature, 

Ag17H14
+ was detected along with some low mass region peaks. At 250 ̊C, Ag11

+, Ag13
+, Ag15

+, Ag16
+, 

Ag17
+ and Ag18H

+ were seen. Finally at 350 ̊C, all the naked clusters of silver along with Ag17
+ and 

Ag18H
+ were detected. 
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Ion chronograms of selected ions: 

 

Fig. S9 Ion chronograms of selected ions during the formation of naked clusters. At time zero the 

temperature was 250 ̊C and there were only existence of Ag17H14
+ and Ag18H13

+. Then slowly 

temperature was raised to 350 ̊C over a few minutes, which results the appearance of Ag17
+ and Ag18H

+. 
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MS2 for Ag17
+, Ag17H14

+ and Ag18H+ ions: 
 

 

Fig. S10 MS2 for (A) Ag17
+, (B) Ag17H14

+, (C) Ag18H
+ ions and the isolation widths are m/z 10, 10 and 

8, respectively centered at the middle of the isotopic clusters. The collision energies used for the Ag17
+, 

Ag17H14
+ and Ag18H

+ ions are 37, 17 and 24 in instrumental units, respectively. Due to higher collision 

energy, Ag17
+ breaks into smaller sized naked clusters whereas the hydrides of silver ions give back the 

metallic core, Ag17
+. RA refers to relative abundance. 
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Thermal dissociation of thiolate protected cluster with the same experimental 

conditions: 
 

 

Fig. S11 ESI mass spectra of [Ag25(DMBT)18]
3- cluster at different temperatures (same conditions like 

before) after electrospraying the cluster solution. The thermal dissociation results in [AgmLn]
-1 but not 

the naked cluster. Note that these clusters are thiolate protected, for them the mass spectra show intense 

features till the mass limit of the instrument (m/z 4000). 
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Effect of distance between the heating tube and the ESI source: 

Fig. S12 ESI mass spectra of Ag17
+ with varying distances (ΔY) between the heating tube and ESI 

source keeping the constant 5 mm distance between the heating tube and inlet. Here, with increasing ΔY, 

H2O and O2 addition peaks of Ag17
+ appear along with the Ag17H14

+ peak. At last, only Ag17H14
+ peak 

appears due to the decreasing temperature, as more air flows through the heating tube. 
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Photograph of the instrumental set-up and diagram used for ion/molecule 

reactions: 

 
(A)  

 
(B) 

 
S13: (A) Photograph and (B) schematic diagram of the instrumental set-up used for ion/molecule 

reactions of naked cluster ions with oxygen.  
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Comparison of oxygen addition reaction of naked clusters with CD3OD as solvent: 

 

 

 
Fig. S14 ESI mass spectra of Ag17

+ and Ag18H
+ ion clusters after reaction with oxygen (O2) gas in 

presence of CD3OD and CH3OH as the two different solvents. There were no shifts for the Ag17H4Ox
+ 

and Ag18H3Oy
+ peaks in the case of deuterated and non-deuterated methanol as the solvents. 
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Comparison of oxygen addition reaction of naked clusters created from 

[Ag18H16(TPP)10]2+ and [Ag18D16(TPP)10]2+: 

 

Fig. S15 (A) ESI mass spectra of Ag17
+, Ag18H

+ (green) and Ag17
+ and Ag18D

+ (red) after reaction with 

oxygen (O2) gas. (B) Magnified view of the isotopic separation of Ag18H3Oy
+, generated from both 

Ag18H
+ (green) and Ag18D

+ (red). Top and bottom spectra in each case were generated from 

[Ag18D16(TPP)10]
2+ and [Ag18H16(TPP)10]

2+, respectively. MS/MS of oxygen added peaks of Ag18H/D+ 

could not be performed due to poor intensity. 
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Comparison of reactivity between Ag17
+ and Ag18H+ ions with oxygen: 

 

 

Fig. S16 Relative intensities of Ag17
+ and Ag18H

+ as function of oxygen flow rate which shows the 

faster reactivity of Ag17
+ with oxygen compared to the Ag18H

+. 
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MS2 of Ag17H4O+, Ag17H4O2
+, Ag17H4O3

+ and Ag17H4O4
+ ions: 

 

 
Fig. S17 MS2 of (A) Ag17H4O

+, (B) Ag17H4O2
+, (C) Ag17H4O3

+ and (D) Ag17H4O4
+ and the isolation 

widths are m/z 5, 4.5, 4 and 3, respectively centered at the middle of the isotopic clusters. The collision 

energies used for Ag17H4O
+, Ag17H4O2

+, Ag17H4O3
+ and Ag17H4O4

+ are 28, 50, 28 and 50 in 

instrumental units, respectively. For all these cases, due to collisional activation, there is oxygen 

detachment which results in the parent Ag17
+ cluster. RA refers to relative abundance.  
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Comparison of MS2 results of Ag17(H2O)2O2
+ and Ag17H4O4

+ ions: 
 

 

 

 

Fig. S18 MS2 spectra of (A) Ag17(H2O)2O2
+ and (B) Ag17H4O4

+ at the collision energy of 50 in 

instrumental units. The isolation widths were m/z 5 and 3, respectively centered at the middle of the 

isotopic clusters. RA refers to relative abundance. 
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TEM images of [Ag18H16(TPP)10]2+ cluster and the electrosprayed products 

collected: 

Fig. 19 (A) TEM image of [Ag18H16(TPP)10]
2+ cluster before electrospray. Particle distribution shows an 

average size of 1.68 ± 0.19 nm for the nanoclusters. Lattice spacing of 0.24 nm of d(111) of plane of 

silver is marked in the inset. (B) EDS spectrum of cluster confirms the composition. (C) TEM image of 

the collected electrosprayed product of [Ag18H16(TPP)10]
2+ cluster at the heating tube temperature of 

350 ̊C. In inset, lattice spacing of 0.24 nm is marked which confirmed the d(111) plane of silver. (D) EDS 

spectrum of the collected product at heating tube temperature of 350 ̊C. 

 

The products of electrospray were collected using a set-up as shown below. 
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The calculated structures of Ag15
+, Ag17

+, Ag18
+, and Ag18H+ ions: 

 

 

Fig. S20 The structure and HOMO- LUMO gaps of Ag15
+, Ag17

+, Ag18
+ and Ag18H

+. Ag15
+ was found 

to be resistant to O2 etching due to very high HOMO-LUMO gap. 
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Isomers of Ag18H+ and their energies: 
 

 

Fig. S21 The structures, relative energies and HOMO-LUMO gaps of the lowest energy isomers for 

Ag18H
+.  
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Table S22 

Experimental and calculated masses measured with the LTQ: 
The most abundant peak of the isotopic cluster is used to define the m/z value. 
 

 

*Peak is seen with two hydrogens losses.  

Experimental 

m/z 

Calculated 

m/z 

Assignment [Agm(PPh3)n(PPh2)oHpOq(H2O)r]
z+ 

Ag 

(m) 

PPh3 

(n) 

PPh2 

(o) 

H  

(p) 

O 

(q) 

H2O 

(r) 

Charge 

(z) 
183.00 182.95   1*    1 

262.17 262.09  1     1 

294.08 294.08  1   2  1 

297.17 297.10  1  1 1 1 1 

386.83 387.01 1 1  2 1  1 

400.83 400.99 1 1   2  1 

631.17 631.09 1 2     1 

647.17 647.08 1 2   1  1 

1185.92 1185.95 11      1 

1294.75 1294.86 12      1 

1401.67 1401.76 13      1 

1454.08 1454.09 11 1  6   1 

1510.50 1510.67 14      1 

1521.67 1521.75 14   10   1 

1617.42 1617.57 15      1 

1726.33 1726.48 16      1 

1737.58 1737.56 16   11   1 

1833.42 1833.38 17      1 

1847.50 1847.49 17   14   1 

1853.42 1853.41 17   4 1  1 

1867.33 1867.39 17    1 1 1 

1869.42 1869.40 17   4 2  1 

1885.33 1885.40 17   4 3  1 

1901.33 1901.39 17    2 2 1 

1901.42 1901.39 17   4 4  1 

1929.33 1929.35 17    6  1 

1943.42 1943.30 18   1   1 

1955.50 1955.39 18   13   1 

1961.25 1961.31 18   3 1  1 

1977.33 1977.30 18   3 2  1 

1993.33 1993.30 18   3 3  1 
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Table S23 

Experimental and calculated masses measured using the G2-Si: 
The most abundant peak of the isotopic cluster is used to define the m/z value. 
 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Experimental 

m/z 

Calculated 

m/z 

Assignment [Agm(PPh3)nHo]
z+ 

Ag  

(m) 

PPh3  

(n) 

H  

(o) 

Charge 

(z) 
2290.1587 2290.2152 18 10 16 2 

2159.3291 2159.6199 18 9 16 2 

2028.3219 2028.5740 18 8 16 2 

1897.3425 1897.5281 18 7 16 2 

1765.8406 1765.9827 18 6 16 2 
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ABSTRACT: We describe an ambient ion-based method to
create free-standing metal nanosheets, which in turn are
composed of nanoparticles of the corresponding metal. These
nanoparticle-nanosheets (NP-NSs) were formed by the
electrospray deposition (ESD) of metal ions on a liquid−air
interface leading to nanoparticles that self-organize under the
influence of electrohydrodynamic flows, driven by the electric
field induced by the applied potential. Such a two-dimensional
organization of noble metals is similar to the assembly of
molecules at liquid−air interface and has the possibility of
creating a category of new materials useful for diverse applications. Enhanced catalytic activity of the formed NP-NSs for
Suzuki−Miyaura coupling reaction was demonstrated, which was attributed to their large surface-to-volume ratios.

1. INTRODUCTION

Molecular interactions at liquid−air interfaces have been
investigated from the times of Agnes Pockels.1−3 Structures
assembled at liquid−air interfaces and subsequently transferred
to solid surfaces have contributed to the understanding of two-
dimensional (2D) films of diverse materials.4−16 While stable
molecules and particles arrange at the interface due to
surfactancy, it is possible to create nanostructures at the
interface directly, starting from atomic precursors. A new
methodology introduced recently to synthesize metal NPs on
solid surfaces by ambient electrolytic spray17,18 as well as
electrospray19 can be adapted to liquid surfaces leading to
synthesis and assembly simultaneously without the use of
reducing agents. Electrospray has been used earlier to assemble
polymer beads at liquid surfaces.20 Superiority of electrolytic
spray (direct ionization of noble metals from the corresponsing
electrodes by electrochemical corrosion) and electrospray
(ionization of metal ions from its precursor salts) to make
metal NPs over previous methods21−24 lies in the fact that they
do not involve any components other than the metal
precursors. This ambient and direct method of synthesis is
less expensive in comparison to processes like physical vapor
deposition (PVD) (used for synthesis of metal NPs)22,25 as no
sophisticated instrumentation is used. Most important
advantage of this method is that it can be performed at
room temperature in air. On the other hand, a technique like
PVD, a well-studied technique for creating diverse variety of

thin films, can be performed in vacuum at elevated temper-
atures but has more precision (in terms of thickness control)
over this ambient technique. Ambient electrospray deposition
(ESD), being a very new technique for materials synthesis,
offers new possibilities in terms of easy manipulation of
concentrations, variation of mixtures to create alloys,
incorporation of soluble precursors, etc. Parameters like
deposition rate, deposition time, distance from the nESI tip
to the collector surface, etc. have similarities with PVD
operations. Atmospheric processing offers various advantages
in the utilization of the film as in the case of catalysis. Along
with several advantages, the method comes with a disadvantage
of lack of precise control over the thickness of the 2D sheets.
Controlling ionization efficiency, nature of ions formed, purity
of the ions, etc., can cause limitations in the film deposited.
The presence of an electrical double layer at the liquid−air
interface and its mobility in response to moderate electric fields
can drive directed motion at both the surface and the bulk of
the liquid which, in turn, can guide suspended NPs into
ordered assemblies.
With this objective, we performed a series of experiments by

which NPs of Pd were synthesized, without any reducing
agent, on the surface of a water reservoir which then self-
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assembled to form nanoparticle-nanosheets (NP-NSs). Visual-
ization of the surface and bulk motion of the liquid, using
colored dyes, suggested that fluid flow is the principal
mechanism underlying this spontaneous assembly, which has
been modeled below. The resulting free-standing NP-NS was
used for applications such as heterogeneous catalysis for C−C
bond formation. Pd is well-known as a catalyst for C−C bond
formation. Here we show enhanced activity of the 2D NP-NSs
due to their high active surface area. The simplicity and
versatility of this methodology, which allows for diverse
precursors and varying liquids, opens up the possibility of
creating a rich variety of nanoscale materials for studying novel
physicochemical phenomena.

2. EXPERIMENTAL DETAILS

In all our deposition experiments, electrospray deposition was
used. Electrospray deposition experiments were performed
using a homemade nanoelectrospray (nESI) setup. A
borosilicate glass capillary of 1.5 mm outer diameter and
0.86 mm inner diameter was pulled into two parts leaving an
opening of 15−20 μm, at the tip. These microtips, filled with
the precursor solution, were used as the ion source. A positive
DC potential of 1.5−2.5 kV was applied through a platinum
(Pt) wire electrode to generate the electrospray. The Pt wire
was immersed into the precursor solution. The electrospray
plume, ejected from the tip of the glass capillary, was collected
over a grounded liquid surface (deionized water (DI) water
taken in a 1 mL plastic vial) to synthesize NP-NSs. A copper
strip stuck on the inside wall of the vial was connected to the
ground through a picoammeter; hence the copper strip works
as the ground electrode. 5 mM solutions of PdCl2, Au(OAc)3
in acetonitrile and AgOAc in water were used as precursors for
the respective metals. In the cases of Pd and Au, DI water was
used as the deposition surface, and in the case of Ag, it was
changed to ethylene glycol (EG). We have deposited Pd and
Au on water as the precursor salts are insoluble in water. In the
cases of Ag and Ni, the liquid was changed from water to
ethylene glycol (EG) to ensure reduced solubility of AgOAc
and Ni(II) acetate tetrahydrate, used as the precursors for Ag
and Ni, respectively. In contrast, when water was used as a
deposition substrate, Ag NPs did not form the nanosheet. The
liquid surface was grounded through a picoammeter to
measure the deposition current. All deposition experiments
were performed at a typical deposition current of 60−70 nA.
After a certain time of deposition, a thin layer was seen floating
on the liquid surface, which was found to be a metal sheet
made of NPs. As we used nESI for deposition for all our
experiments, spreading of solvent may not have much role in
the observed process. In the case of nESI, the size of droplets is
very small. Hence, when they travel a distance of around 10
mm from the source to deposit on the liquid surface, most of
the solvent evaporates.

3. RESULTS AND DISCUSSION

Experiments were conducted as shown in Figure 1A, wherein a
nanoelectrospray ion (nESI) source gently deposits ions (at
60−70 nA) on a grounded liquid surface. Experimental details
of the methodology are described in the section Experimental
Details and Supporting Information. A schematic representa-
tion of the experimental setup with complete dimensional
details is shown in Figure S1, Supporting Information. At first,
we collected the mass spectrum (Figure 1B) from an

electrosprayed solution of PdCl2 in acetonitrile (AcN). Peaks
corresponding to Pd+ and solvated Pd+ ions such as
[Pd(AcN)]+, [Pd(AcN)(H2O)]+, and [Pd(AcN)2]

+ with
their characteristic isotopic patterns confirm that the droplets
generated in electrospray contain Pd in its +1 state.
Electrospray, being reducing in nature, converts Pd(II) to
Pd(I) within the charged droplets (Figure 1B). These Pd+ ions
along with the counteranions (Cl− in this case) were deposited
on a grounded water surface. The spray plume also contains
salt clusters (Figure S2), but the major species are metal ions
and their solvated ions. The counteranions go into the water
and the metal ions get reduced to form the NPs (discussed in
detail below). A copper strip was attached to the wall of the
container and it was grounded through a picoammeter. In the
course of deposition, Pd+ ions got reduced to Pd(0) by taking
electrons from the grounded electrode. Figure 1C shows an
optical photograph of the deposition process. A green laser
pointer was shone on the spray plume for its better
visualization. After 1 h of deposition at a deposition current
40 nA, an orange colored film was seen floating on water. This
film was collected on different substrates by scooping it from
water and was characterized using various techniques. Figure
1D shows a TEM image of clean Pd NP-NSs. Detailed TEM
imaging was performed to prove that the sheet was made of Pd
NPs. Figure 1E shows a TEM image of the as-synthesized Pd
NP-NSs, and inset shows a high-resolution transmission
electron microscopic (HRTEM) image of the NPs present in
the sheet, respectively. Figure 1E clearly shows the presence of
monodisperse Pd NPs in the sheet. The average size of Pd NPs
was around 4 nm. Inset of Figure 1E shows a size distribution
histogram for the NPs. The lattice distance of these NPs

Figure 1. (A) Schematic of the electrospray deposition of PdCl2 on
water surface, (B) mass spectrum of PdCl2 solution in acetonitrile,
collected using nESI source, and (C) optical photograph of
electrospray deposition at air−water interface. The electrospray was
visualized using a green laser pointer showing scattering from the
droplets. Liquid was grounded by a metal clip. (D, E) TEM images of
the formed Pd NP-NS collected from the liquid surface after washing
with water, at different magnifications. Inset of (E) shows HRTEM
image of Pd sheet showing that it is made of nearly uniform crystalline
Pd NPs and a size distribution histogram for the Pd NPs.
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matches with the (111) plane of Pd, proving the metallic
nature of the Pd NPs. The deposited Pd ions were neutralized
at the interface and aggregated to form Pd NPs.
Monodispersity of the NPs suggests that the uniformity of

the droplets has a significant role in controlling the particle size
because the uniform droplets may contain identical number of
metal ions, which in turn make the NPs after reduction. The
NPs were assumed to be born as soon as the charged droplets,
containing similar number of ions, impacted the water surface.
We can calculate the number of atoms present in a 4 nm Pd
NP and correlate that to the droplet size. From the literature of
size distribution of electrosprayed droplets, we know that in
the case of acetonitrile, the charged droplets are approximately
700 nm in diameter. These droplets shrink (within 3.5 ms) to
100 nm size while traveling in air.26 In our case, we assume the
droplets that reach the surface of the water after 10 mm travel
in air are 250 nm in size. Hence the volume of the droplet is
8.1 × 10−15 mL. The number of Pd ions present in the droplet
considering the concentration of the Pd solution (5 mM) is
24 486. The number of atoms present in a 4 nm Pd NP is
around 26 000 (considering 137 pm as the metallic radius of
Pd). These two numbers are close enough to conclude that the
droplet size is a very important factor for the monodispersity of
the NPs, although further efforts are needed to verify this
aspect, and we are continuing to investigate this. We
performed other measurements to understand the material
better.
Energy dispersive spectroscopic (EDS) analysis of the same

shows the presence of only Pd in the sheet (Figure 2A). A
detailed EDS spectrum is presented in Figure S3, where no
impurities are detected. Hence we speculate that the chloride
ions (counterpart of the precursor) go into the water reservoir.
This was proved by measuring the conductivity of the water
with respect to deposition time (Figure S4); the plot shows a

linear enhancement. Figure 2B shows the X-ray photoelectron
spectrum (XPS) of Pd NP-NSs with peaks due to Pd 3d5/2
(335.4 eV) and Pd 3d3/2 (340.7 eV), which support the
presence of Pd(0). The XPS spectrum does not show the
presence of any other species like chlorine, proving that these
particles are unprotected. For the XPS study, more material
was collected on the sample plate by collecting the NP-NS
multiple times. EDS spectrum collected from the Pd NP-NSs
(Figure S3) shows that the NSs are made of 100% Pd. There
are no organic substances present as protecting species. Hence,
we believe that the NPs are bare metal particles. We see the
presence of small amounts of oxygen in EDS and a weak
feature due to Pd2+ in XPS. This surface oxide may be the
bridge for the NPs to form NSs, along with van der Waals
forces. Figure 2C shows the UV−vis spectra of the Pd NP-NSs
(red trace, solid state UV−vis spectrum of Pd NP-NS, coated
on a quartz coverslip), the water on which the deposition
happened (black trace), and the precursor PdCl2 solution
(blue trace).
The difference between the blue and red traces clearly

proves that the salt solution has transformed to metal NPs
upon ESD, at room temperature. The hump near 300 nm is a
characteristic feature of Pd NPs due to the plasmonic
excitation, which occurs around 340 nm for naked Pd NPs
in a pure dispersion in toluene (0.2 mg/mL).27 The UV−vis
spectrum of the water after deposition (black trace) also shows
the same feature corresponding to Pd NPs. This implies that
some portion of Pd NPs goes into the water due to the
generated flow field in water, whereas most of them stay at the
interface and arrange to form Pd NP-NSs. Quantitative analysis
shows that approximately 85% of the Pd comes at the surface.
This metallic sheet can be made over a large area; Figure S5A
shows a TEM image of such a NP-NS over an area of 80 μm2.
The image shows the presence of excess Pd on the sheet, due

Figure 2. (A) EDS mapping and spectrum of the Pad NP-NSs, showing the presence of only Pd, (B) X-ray photoelectron spectrum showing that
Pd is in its zero valence state with slight contribution from a surface oxide layer, (C) UV−vis spectra of Pd NP-NS, water after Pd deposition and
PdCl2 in ACN. For the Pd sheet, as there is scattering, the Y axis may be taken as extinction. (D, E) AFM images of the Pd NP-NSs and (F) height
profile taken across the red line in (E). 3D views are shown to illustrate the roughness. The image was taken deliberately by including a crack in the
film to measure the film thickness. The film was taken on a silicon wafer.
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to longer deposition time, which can be removed by washing
with deionized (DI) water. The sheets can be scooped out of
the liquid surface with a spatula or coverslip or similar
supports. After the ESD synthesis, the as-synthesized Pd NP-
NSs were collected and washed with DI water by taking them
in an Eppendorf vial and shaking the vial manually. Figure S5B
shows the TEM image of the same sheet after washing. In this
case, we see very clean sheets of Pd made of Pd NPs. The sheet
was broken into small parts after washing, retaining their
morphology, proving the stability of these NP-NSs. When the
film thickness is large, the film could resist mechanical damage.
Control experiments were performed for better understanding
the phenomena as will be discussed below. Here, we speculate
that the electron transfer from the grounded electrode to the
metal ions was assisted by the hydroxyl ions (OH−). High
mobility of the OH− ions resulted in fast transfer of electrons,
leading to the formation of uniform Pd NPs at the water
surface. OH− ions are also responsible for the formation of a
mobile electrical double layer which drives an electro-
hydrodynamic flow at both the surface and the bulk of water.
The Pd NPs move in the flow field (see below) and arrange

themselves to form a thin nanosheet at the air−water interface.
A quantitative theory of this phenomenon is provided below.
Atomic force microscopy (AFM) was performed on the Pd
NP-NSs to understand the thickness. Figure 2D and Figure 2E
show the AFM images of the Pd NP-NSs, in 3D and 2D views,
respectively. Figure 2F shows a height profile of a Pd NP-NS
showing an average thickness of 26 nm and a roughness of ±12
nm. The thickness presented above is calculated from the AFM
image. In a typical thickness of 26 nm, the NP-NSs contain
approximately four monolayers. However, the thickness of the
layers formed on the liquid surface may be different as the film
may get modified during the process of sample preparation.
Although the assembly of the NPs is not highly ordered so

that it can be named as hexagonal assembly, deposition at a
very low deposition current, i.e., a slow deposition rate, leads to
a relatively better-ordered structure, whereas a fast deposition
leads to an increased disorder. Figure S6A and Figure S6B
show TEM images of Pd NP-NSs synthesized by slow (30 nA)
and fast (80 nA) ESD conditions, respectively. Such a current

can be carried by the residual OH− ions present (6.023 × 1016

ions/L) in neutral water. A control experiment was performed
to show the role of OH−. ESD of acetonitrile solution of PdCl2
was performed under the same conditions. In this case the
deposition was over acidic pH (pH 4) and no NP-NSs were
observed (Figure S7). At low pH due to the lack of OH− ions,
the precursor salt did not reduce completely to form Pd NPs.
Hence the metal ions did not neutralized completely and as a
result they combined with their counterions and remained as
salt after deposition, on top of the liquid which can be seen in
the TEM image and EDS spectrum in Figure S7A, although
part of it was reduced to form crystalline NPs as shown in
Figure S7B. Due to the salt deposition, free movement of the
bare NPs was hindered leading to aggregation instead of 2D
assembly of NSs. Free-standing metal NP-NSs were made
using other metals also. Parts A, B, and C of Figure S8 show
the TEM images of NP-NSs made of silver, gold, and nickel,
respectively. In the case of gold, an acetonitrile solution of
Au(III) acetate was electrosprayed on water. Just like the case
of Pd, formation of a thin film was seen at the air−water
interface. The thin film was collected on a TEM grid for
characterization. The more common HAuCl4 salt was not
suitable as it exists as H+ and AuCl4

− in solution and does not
form NPs by this process. From experiments discussed in the
Supporting Information, we know that the solubility of the
precursor salt, dispersibility of the formed NPs, and surface
tension of the liquid substrate play crucial roles in the NP-NS
formation. Ag NP-NSs were synthesized using other silver
precursors like silver nitrate and silver perchlorate (Figure S9).
ESD was also performed with a mixture of precursors to

make bimetallic NP-NSs. In this experiment, mixed precursor
solutions of two different metals (Ag−Pd and Au−Pd) were
electrospray deposited on top of the water surface. 10 mM
solutions of silver acetate (in water), palladium chloride (in
ACN), and 5 mM solution of gold acetate (in ACN) were used
as precursors. All other experimental parameters were identical
to the previous experiments. Figure S10A and Figure S10B
show the TEM images taken after ESD of Au−Pd and Ag−Pd
mixtures, respectively. It is evident from the TEM images that
the metal NPs were assembled and phase separated. The

Figure 3. (A) Electrospray deposition setup. (B) Advection of the dye by the flow when the spray is present. (C) Cessation of flow, with the dye
falling vertically, when the spray is absent. (D) Resumption of the advection as the spray is again turned on and (E) circulation of the dye as it is
carried along by the fluid streamlines. (F) Streamlines of a theoretically computed flow which compares well with circulation seen in (E).
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mobilities of different ions may play crucial roles in separating
them. EDS mapping (Figure S10C−F) images clearly show
that the NPs aggregated separately, when deposited from a
mixed precursor solution. It appears that the kinetics of
reduction of different metals by this method is different which
results in phase separation than alloying.
The above experimental results demonstrate that NP-NS

formation is robust against alterations of metal in the
electrospray and the liquid on whose surface the spray falls.
Thus, generic physical mechanisms rather than specific
chemical mechanisms must be at play, which leads us to the
following conjecture. Spray deposition creates additional ionic
species in the liquid, a fraction of which are adsorbed at the
liquid−air interface, producing a strongly charged electrical
double layer.28 It is known, for instance, that such a double
layer forms at room temperature at the air−water interface
with a negative ζ-potential of a few tens of millivolts. The
tangential electric field at the liquid−air interface provides an
electromotive force on the double layer, setting it in motion
along the electric field if the ζ-potential is positive and opposite
to it if the ζ-potential is negative. Viscous stresses in the liquid
set adjacent fluid layers into motion which then develops into a
steady-state fluid flow with a circulatory character, the latter
property being a consequence of finite compressibility and
container volume. The flow can continuously advect NPs
dispersed in the bulk of the liquid to the liquid−air interface,
and its surface component can guide NPs to assemble into
packed structures.
To test the validity of this conjecture, we visualize the

surface and bulk flow in the liquid both in the presence and in
the absence of electrospray, as shown in Figure 3. The flow
experiment was shown in a square shaped container for the
following two reasons: (i) calculations were performed
assuming a square shape container as the collector for ESD
and (ii) to prove that the shape of the container does not have
any effect in the formation of the NSs. We maintained an
identical distance between the center of the spray and the
ground electrode in both the cases. The experimental setup is
shown in panel A. In the presence of electrospray, the dye does
not fall vertically, as would be expected, but is advected
tangential to the liquid−air interface; see panel B. In contrast,
when the spray is absent by removing the ground electrode, the
dye falls vertically under gravity, with no detectable tangential
convection; see panel C. The tangential convection resumes
when the spray is restored and the process can be repeated at
will with completely predictable results; see panels E and F.
The general circulatory pattern of the bulk fluid flow reveals
itself once the dye is transported along the fluid streamlines,
given a sufficient duration of spraying (see video S1 provided
in Supporting Information). We have also shown the flow of
the liquid at the surface using both experimental and
theoretical surface flow. As shown in the Figure S11 (and in
video S2), the combined effect of electrospray and tangential
electric field from the electrode leads to a convective flow field
in which the particles are driven to the edge of the container
(opposite the electrode). The electrohydrodynamic flow brings
the particles within the range of the short-range attraction and
packs the particles into a 2D sheet.29 Once the particles are
packed to form the 2D sheet, the film formed is stabilized by a
tiny oxide layer present between the particles. This is the
reason for the particles not to fall apart once the flow is off.
Figure 4 shows the results of a theoretical computation of

these streamlines, which is in excellent qualitative agreement

with the experiment. We now outline the quantitative aspects
of the electrohydrodynamic computation that yields the
streamlines. The basis of our computations is the electro-
hydrodynamic system of equations first proposed by Taylor
and Melcher,30 where conservation of fluid momentum and
electric charge are combined with constitutive equations for
the mechanical and electrical stress, assuming that the fluid is
mechanically Newtonian (viscosity η) and electrically a linear
dielectric (permittivity ϵ) and an ohmic conductor (con-
ductivity σ).
In the regime of slow viscous flow relevant to the present

experiment, this implies

T T( ) 0m e∇· + = (1)

where Tij
m = −pδij + ηijkl∇kvl and Tij

e = ϵEiEj −
1/2ϵE

2δij are,
respectively, Cartesian components of the mechanical and
electrical stress tensors, vi and Ei are the Cartesian components
of the fluid flow. The fluid flow is assumed to be
incompressible, ∇·v = 0, and the electric field is assumed to
be irrotational, ∇ × E = 0. With the constitutive equations, D
= ϵE, for the displacement D and J = σE for the current density
J, the electric charge distribution ρ obeys the Maxwell and
continuity equations

D ρ∇· = (2)

J v( ) 0tρ ρ∂ + ∇· + = (3)

and the above three coupled systems of equations, when
supplemented by interfacial boundary conditions, determine
the fluid flow, electric field, and charge distribution.
We solve the above equations in a rectangular channel of

square cross section whose length is much greater its width H.
We assume the limit in which the charge relaxation time τ = ϵ/
σ (∼10−5 s for water) and the flow time scale τ′ = ηH/γ
(∼10−4 s for water, where γ is the surface tension) are both
rapid compared to the remaining time scales so that the bulk is
electroneutral and all free charges are confined to the interface.

Figure 4. Theoretically computed streamlines of electrohydrodynamic
flow in long channel whose cross section is a square of sides H. The
spray from the cone above deposits charges at the air−liquid interface
which are then set into motion by the tangential electric field. For a
negative interfacial ζ-potential, the resulting flow puts NS away from
the ground electrode. The bulk fluid, though electrically neutral, is set
into motion due to viscous stresses. The combined action of the
surface and bulk flow guides the nanoparticles into ordered aggregates
at the edge of the channel opposite the electrode.
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We assume a constant tangential electric field and a Gaussian
free charge density profile ρ(r) ∼ exp[−r2/(2a2)] where a is
the characteristic width. We ensure that the ratio a/H matches
experiment. Then, the fluid flow can be expressed as an integral
over all boundaries as

S Sv r G r r f r K r r nv r( ) ( , ) ( ) d ( , ) ( ) dS S∫ ∫= ′ · ′ + ′ · ′

(4)

where fS = ρE is the interfacial force density, vS is the interfacial
velocity, G is a Green’s function of Stokes flow, and K is its
associated stress tensor. The integral can be completed
following procedures outlined in the Supporting Information,
and the streamlines of the flow can be numerically computed.
The result of the above computation is shown in Figure 4. The
circulatory streamlines are clearly visible in both the bulk and
surface flows which are, as explained above, central to the
mechanism of self-assembly of NPs.
Pd in its zero oxidation state is very well-known for

catalyzing C−C bond formation reactions. Hence, the catalytic
activity of the synthesized Pd NP-NS was tested for the
Suzuki−Miyaura coupling reaction. For this, the as-synthesized
Pd NP-NSs were taken on quartz coverslips and dipped into a
reaction mixture of a boronic acid and an organohalide. An
aqueous solution of Na2CO3 was added to the reaction mixture
to make it basic in nature. After the addition of the catalyst, the
reaction mixture was stirred in a round-bottom flask at room
temperature and the product was analyzed using mass
spectrometry.
Figure 5 shows a mass spectrum of the reaction mixture

containing 4-bromophenol (reactant I) and 4-tolylboronic acid

(reactant II) in the presence of Pd NP-NS (0.02 mg) catalyst
after 30 min of stirring. Intense peak at m/z 183 in the mass
spectrum corresponds to the reaction product, i.e., 4′-
methyl[1,1′-biphenyl]-4-ol (III). The inset shows the molec-
ular structures of the reactants and the product. The mass
spectrum also shows two peaks for II at m/z 171 and 173, due
to the equal abundance of the isotopes of Br. Sodium bromide
(NaBr) is a byproduct in this reaction leading to the presence
of peaks corresponding to bromide ion (Br−) in the mass
spectrum (peaks at m/z 79 Br− and 81 Br−).
Control experiments were performed to prove that the Pd

NP-NS catalyst is essential for the coupling reaction. The mass
spectrum (Figure S12A) collected from a mixture of the same

reactants, without a catalyst, after 30 min did not show any
peak other than the reactants. A comparative study was also
carried out to estimate the efficiency of our catalyst. In this
experiment, commercially available tetrakis(triphenyl-
phosphine)palladium(0) was used as the catalyst (1 mg) for
one set of reaction (reaction mixture X). In the other set
(reaction mixture Y), Pd NP-NS was used as the catalyst. All
the other parameters such as the concentration of the
reactants, solvent, temperature and reaction time were kept
constant in both the cases. Figure S12B and S12C show the
mass spectrum collected from the reaction mixtures X and Y,
respectively, after 30 min of stirring. The efficiency (calculated
considering only the metal percentage in both the cases) of Pd
NP-NS catalyst was approximately 23 times higher than the
commercial catalyst. The 2D nature and surface roughness
exposing more catalytically active sites may be attributed as the
main reason for higher efficiency. From the AFM data (Figure
2D and Figure 2E) it is also evident that the surface of the NP-
NSs is highly rough. It was tested for C−C coupling reactions
for various boronic acids and organic halides (see Table S1,
Figure S13, and S14). UV−vis spectroscopy also supports the
C−C bond formation showing a broad hump around 450 nm
(the red trace in Figure S15), a characteristic feature of
biphenyl compounds. All the data presented here prove that
the Pd NP-NSs are more efficient catalysts for Suzuki−Miyaura
coupling reaction. Stability and reusability of the catalyst were
also checked using UV−vis spectroscopy and TEM imaging. A
detailed description of this is given in the Supporting
Information (Figure S16).

4. CONCLUSIONS

In summary, we report an ambient ion based method of
making free-standing 2D metal sheets made of bare NPs, at the
liquid−air interface. An electrohydrodynamic flow field was
generated by ESD on the liquid surface, which in turn assisted
the assembly of the NPs. This is the first report of generating
such a flow field in fluids using ESD. The NP-NSs were made
under ambient conditions at room temperature from metal salt
precursors. We showed that such sheets can be made of
different elements such as Pd, Au, Ag, and Ni. Synthesized 2D
NP-NSs were used as efficient and reusable heterogeneous
catalysts for C−C bond formation reactions. The methodology
suggested can be used for organized nanoscale films of metals
under ambient conditions. The structure and composition of
the assemblies can be varied easily to obtain new properties.
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Experimental Details 

Materials: All the chemicals used for the experiments were commercially available and were used 

without any purification. Palladium(II) chloride (PdCl2), Silver acetate (AgOAc), gold(III) acetate 

(Au(OAc)3) and tetrakis(triphenylphosphene) palladium(0) were purchased from Sigma Aldrich, India. 

4-Methylphenylboronic acid, benzboronic acid, 4-bromophenol, 4-bromobenzoic acid, 4-bromoaniline, 

4-iodophenol and 4-iodobenzoic acid were purchased from Avra Synthesis Pvt. Ltd. Hyderabad, India. 

HPLC grade acetonitrile (Sigma Aldrich, India) was used as solvent for all spray synthesis. A mixture 

of ethanol and locally available deionized water was used as the solvent for all the coupling reactions. 

Ethanol was purchased from Jiangsu Huaxi International Trade Co., Ltd., China. 

Instruments: For all experiments, nanospray emitters were made using a micropipette puller (P-97) 

purchased from Sutter instrument, USA. Mass spectra were collected using an ion trap LTQ XL 

(Thermo Scientific, San Jose, California) mass spectrometer. For all mass spectrometry experiments, 

the spectrum was acquired both in positive and negative ion modes depending upon the functional 

groups of the compounds, in the mass range of m/z 50 to 500 under the following conditions: source 

voltage 3-5 kV, positive and negative (depending upon the analyte), capillary temperature 150˚C, 

capillary voltage ±45 V and tube lens voltage ±100 V, ± V are needed for positive and negative modes, 

respectively. Transmission electron microscopy (TEM) and high-resolution transmission electron 

microscopy (HRTEM) were performed using an accelerating voltage of 200 kV on a JEOL 3010, 300 

kV instrument equipped with a UHR polepiece. A Gatan 794 multiscan CCD camera was used for 

image acquisition. EDS spectra were collected on Oxford Semi STEM system housed on the TEM. 

Samples were taken onto 300-mesh, carbon coated copper grids (spi Supplies, 3530C- MB) by scooping 

it from the liquid surface and drying under ambient conditions before examining in TEM. X-ray 

photoelectron spectroscopic (XPS) measurements were conducted using an Omicron ESCA probe 
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spectrometer with polychromatic MgKα X-rays (hν=1253.6 eV). Ultraviolet-visible (UV-Vis) spectra 

were measured with a PerkinElmer Lambda 25 instrument in the wavelength range of 200–1100 nm. 

HV
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10 mm

10 mm

10-20 µm

1.5-2 .5 kV

A
60-70 nA

Pt wire electrode

 

Figure S1. Schematic representation of the experimental set-up with dimensional details. 
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Figure S2. Mass spectrum collected from nESI of PdCl2 showing the presence of salt clusters. 
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Figure S3. Detailed TEM EDS spectrum of Pd NP-NSs. Peaks due to C and Cu are from the TEM grid. 
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Figure S4. Plot of conductivity of the water, on which deposition happened, vs deposition time, 

showing linear enhancement in conductivity. 
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Figure S5. A) TEM image of as-synthesized Pd NP-NS over 80 µm
2 

area, B) Pd NP-NS after washing 

with DI water. 
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Figure S6. A and B show TEM image of Pd NP-NS synthesized by slow (30 nA) and fast (80 nA) 

electrospray deposition, respectively. Some particles are marked to show the regularity. 

 



S7 

 

0.2 µm 5 nm

A B

3 6 9 12

 

Pd
Cl Cu

Cu

keV

 

Figure S7. A) TEM images of Pd NPs formed after electrospray deposition of PdCl2 on formic acid 

solution. In this case, sheet formation was not observed. EDS spectrum shows salt deposition. B) Part of 

the NPs are composed of metallic Pd as shown by the lattice planes (Pd). 
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Figure S8. A, B and C) TEM images of NP-NSs made of silver, gold and nickel, respectively. 
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Figure S9. TEM image of silver NP-NS made from A) silver perchlorate and B) silver nitrate. 
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Figure S10. A) TEM image of Au-Pd NP-NS, B) TEM image of Ag-Pd NP-NS showing phase 

separated metal NPs. C-F) TEM EDS mapping of elements showing that the metal NPs aggregated 

themselves separately rather than making an alloy. 
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Figure S11. A) Dye visualization of the surface flow, B) theoretical streamlines showing the liquid flow 

at the surface. This surface flow drives nanoparticles away from the cathode and towards the opposite 

wall, while bulk flow recirculates the particles to the surface. The result is the growth of  NS at the 

surface of the container. 
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Figure S12. A) Mass spectrum collected from the reaction mixture of p-tolylboronic acid and p-

bromophenol without catalyst, B) with 1.3 mg commercial catalyst, and C) with Pd NP-NS catalyst. 

Mass spectrum collected from the reaction mixture of commercial catalyst showed a few orders of 

magnitude less intense peak at m/z 183 (the reaction product) as compared to the reaction mixture where 

Pd NP-NSs were used as catalyst (Figure S11). Hence, it is clear that Pd NP-NS showed higher catalytic 

efficiency than the commercially available Pd(0) catalyst. 
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Table S1. Structures of reactants and products. 
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Table S1 shows the chemical structures of reactants, products and m/z values of the product for all the 

entries. Figures S11 (serial number 2-5 above) and S12 (serial number 6-10 above) show mass spectra 

collected from the different reaction mixtures. 
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Figure S13. Mass spectrum collected from the reaction mixtures (serial no. 2-5) mentioned in Table S1. 
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Figure S14. Mass spectrum collected from the reaction mixtures (serial no. 6-10) mentioned in Table 

S1. 
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Figure S15. UV-Vis spectrum collected for the reactants and product. The black and blue traces are 

UV-Vis spectra of 4-iodophenol and 4-tolylphenylboronic acid, respectively. 
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Figure S16. A) UV-Vis spectra of Pd NP-NS before and after the catalysis reaction, showing that 

catalysis does not change the nature of the sheet; inset shows a schematic representation of the catalysis 

experiment with minimal leaching of the PD NPs into the reaction mixture. B) Intensity (absolute 

intensity of the product in mass spectrum) vs number of cycles for the same catalyst, showing that after 

6 cycles also 81% of the catalytic activity was restored, C and D) TEM images of the Pd NP-NS after 

reaction showing that the nature of the sheet remains almost unchanged, inset in D shows the EDS 

spectrum taken from the same. 

 

Reusability of the catalyst: Figure S14A shows the solid state UV-Vis spectrum of Pd NP-NS before 

and after catalysis. The spectrum was identical in both the cases. A small decrease in the intensity can 

be due to the loss of a small portion of Pd NP-NS while washing. Reusability of the catalyst was also 

checked. Figure S14B shows a plot of the absolute intensity of the product formed when the same 

catalyst was used again for a particular coupling reaction. Efficiency of the catalyst can be calculated 

taking the absolute intensity of the peak, in the mass spectrum, corresponding to the product. It proves 
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that after 6 cycles of catalysis reaction, about 81% of the catalytic activity was retained. Figure 5C and 

D show TEM images of the Pd NP-NSs after the reaction, proving that the NPs are intact and are 

similar in size. EDS spectrum of the Pd NP-NS after the reaction exhibits only Pd. These data prove that 

the Pd NP-NS act as a catalyst for the coupling reactions and the same catalyst can be reused for many 

reactions. 

Theoretical details: In this section, we detail the theoretical method for obtaining the 

electrohydrodynamic flow described in the main text. In the experiment, free charged ions are sprayed 

using electrospray at the air-water interface of a container with an electrode on its surface. The 

electrospray of charges leads to a free charge density ρ on the interface between the two surfaces. The 

net current density at the air-water interface, in presence of flow v, is given as 

J’ = ıE + ρv     (1)  

where ı is the conductivity of the liquid and E is the electric field intensity. In a homogeneous and 

incompressible fluid ı and ϵ are constant and ∇⋅v = 0. Using the continuity equation, given in the main 

text, we have 

(∂t + v⋅∇)ρ +  ρ = 0    (2)  

This sets a relaxation time scale Ĳ = ϵ ⁄ ı. The relaxation time in a fluid when surface charges is then 

obtained using the ratio of the dielectric constant and the conductivity
1
. This has been used to estimate 

time scales in the main text. The estimated time scale is much faster than the remaining time scales and 

thus we conclude that there is electrohydrodynamic coupling only at the interface and not in the bulk.  

The interfacial force density f
S
 can be obtained from the electrical stress tensor Tij

e
= �EiEj-1/2ϵE2δij as 
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f
S = ∇⋅Te = ρE − 0.5E

2 ∇ϵ   (3)  

Here we have used the Maxwell equation ∇⋅D = ρ,  where D = ϵE is the electric displacement vector, to 

obtain the above expression of interfacial force density. For a homogeneous system, ϵ is constant, and 

the second term in the above equation goes to zero. The expression of the interfacial force density f
S
 on 

the interface is then given as 

f
S = ρE      (4)  

We now use the above expression for the interfacial force density to obtain the fluid flow. The fluid 

flow v is obtained from the solution of the Stokes equation 

∇⋅v = 0,   ∇⋅Tm = 0    (5)   
where T

m =  − pI + η(∇v + (∇v)
T
) is the fluid stress, p is the fluid pressure and η is the viscosity of the 

fluid. The above is then solved in a rectangular geometry of fluid flow, where the flow satisfies the no-

slip condition on the two side walls and the bottom wall of a long rectangular container.  

The boundary integral representation of the Stokes equation has been used to determine the flow
2
. The 

explicit expression of the boundary integral representation of Stokes flow has been given in Eq.(4) of 

the main text. This is given in terms of a Green’s function G which vanishes at the container walls. 

Then, the integral has contributions only from the interface. We assume a constant tangential electric 

field E and a Gaussian free charge density profile ρ at the interface. Finally, we neglect the second term 

of the integral, in Eq.(4) of the main text, as it is sub-dominant compared to the first term. With these 

assumptions, the integral can be completed and the streamlines of the flow can be numerically 

computed. The approximate solution of the flow at any point r in the bulk is then given as 
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v(r)  = ∫G(r, r′
)⋅fS

(r
′
)dS ≂∑jG(r, Rj)⋅(Qexp( − r2 ⁄ 2a

2
) E) (6)  

Here f
S
(r) = ρE is the interfacial force density obtained in Equation 4. The integration is completed by 

considering the fact that the density of the charges can be written as ρ(r) = ∑jQδ(r − Rj)exp( − r2 ⁄ 2a
2
), 

where a is the characteristic width and Q is the strength of charge. We ensure that the ratio a ⁄ H is 

consistent with the experiment. The Green’s function G is obtained from the series sum of the Lorentz-

Blake tensor
3
 about the side walls. The Lorentz-Blake tensor ensures no-slip condition at the bottom 

wall by construction, while the boundary condition at side walls is implemented by the series sum of the 

Lorentz-Blake tensor. The resulting flow expression is then computed numerically from Equation 6 to 

obtain the streamlines in Figure 3 of the main text. 

Video of electrohydrodynamic fluid flow visualization: 

Video S1. Electrohydrodynamic fluid flow, visualized using a dye (Rhodamine 6g) in a rectangular 

container. The file presents theoretical aspects in the beginning followed by a video of the experiment. 

Video S2. Electrohydrodynamic fluid flow at the surface of the liquid, visualized using a dye 

(Rhodamine 6g) under UV light in a circular container.  
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ABSTRACT: A detailed examination of collision cross sections (CCSs)
coupled with computational methods has revealed new insights into some of
the key questions centered around curcumin, one of the most intensively
studied natural therapeutic agents. In this study, we have distinguished the
structures and conformers of the well-known enol and the far more elusive
keto form of curcumin by using ion mobility mass spectrometry (IM MS).
The values of the theoretically predicted isomers were compared with the
experimental CCS values to confirm their structures. We have identified a
bent structure for the keto form and the degree of bending was estimated.
Using IM MS, we have also shown that ESI MS reflects the solution phase
structures and their relative populations, in this case. Piperine, a naturally
occurring heterocyclic compound, is known to increase the bioavailability of
curcumin. However, it is still not clearly understood which tautomeric form
of curcumin is better stabilized by it. We have identified preferential stabilization of the enol form in the presence of piperine
using IM MS. Cyclodextrins (CDs) are used as well-known carriers in the pharmaceutical industry for increasing the stability,
solubility, bioavailability, and tolerability of curcumin. However, the crystal structures of supramolecular complexes of
curcumin∩CD are unknown. We have determined the structures of different isomers of curcumin∩CD (α- and β-CD)
complexes by comparing the CCSs of theoretically predicted structures with the experimentally obtained CCSs, which will
further help in understanding the specific role of the structures involved in different biological activities.

M any of the chemical and pharmacological details of
curcumin, one of the most intensely investigated

biomolecules with long history, are still unknown. The
molecule even now is the subject of over 1400 publications
annually.1 It is known that two tautomeric forms of curcumin,
namely, keto and enol, exist in solution,2 and they have been
detected by various tools such as nuclear magnetic resonance
spectroscopy (NMR).2 The crystal structure of the enol form
and its planar conformation can be deduced from X-ray
diffraction,3 while the conformation of the keto form is known
with much less certainty due to the lack of single crystal data,
excepting that of a cocrystal with 4,4′-bipyridine-N,N′-dioxide,
which shows a planar keto structure.4 This might be due to
inherent structural asymmetries in the keto isomer arising from
conformational freedom around the keto −C−(CO)−C−
(CO)−C− bonds, which inhibits crystallization. The solution
phase structure of curcumin is also of great importance due to
its biological5−8 and pharmacological activities including
antitumor,9 antioxidant,10,11 anti-inflammatory,12,13 anti-
HIV14 (human immunodeficiency virus), anti-Alz-
heimer’s,15−17 anticancer,18,19 antihepatotoxic,20 and cardio-

vascular protection activities.21 The keto form is important in
certain biochemical reactions and biological activities. The
“NADPH-dependent curcumin/dihydrocurcumin reductase”
enzyme acts on the keto form of curcumin to form
tetrahydrocurcumin,22 whereas the enol is the active form for
the control of Alzheimer’s disease.23 Furthermore, it is also
very difficult to detect the conformation of the keto form from
NMR data in the solution phase. Simple isolation of these
species and their quantitation will be useful from many
perspectives as both these forms are different in biological
activity.
The possible conformational keto isomers have so far been

predicted only theoretically,24,25 by comparative energy
analysis of different conformers obtained using various
approaches such as force-field conformer searches, molecular
dynamics and density functional theory (DFT). However,
these predicted keto structures24 have not been verified
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experimentally and this represents a gap which we will address
in this Article.
The bioavailability of curcumin is known to be enhanced by

the presence of molecules such as piperine.26,27 An under-
standing of the preferential stabilization of the two forms by
different molecules will help in formulating curcumin. There
have been reports that curcumin gets transported across the
blood−brain barrier (BBB).16,28−30 Its enhanced delivery into
the brain is of importance to neurological diseases such as
Alzheimer’s.7,16,17,23,31−33

A major problem in curcumin-based drugs is the low
solubility of the molecule in an aqueous medium. An obvious
choice to enhance solubility is cyclodextrins (CDs) and β-CD
has been used extensively in medical formulations. However,
the preferential stabilization of the keto−enol forms of
curcumin is unclear from spectroscopy. Crystal structures of
these supramolecular complexes are unknown.34−37

A combination of ion mobility mass spectrometry,
theoretical calculations including molecular docking and CCS
calculations can reveal the structures of these complexes. In
this Article, we propose the structures and conformations of
the well-known enol and the far more elusive keto form of
curcumin by using ion mobility mass spectrometry (IM MS).
The CCS values measured from IM MS are compared with the
calculated CCS values of the theoretically predicted isomers,
confirming the structures. We identify the degree of bending of
the keto tautomer using this method. We show that IM MS
manifests the tautomers of curcumin and represents their
solution phase populations, in this case. We show that the enol
form of curcumin is selectively enhanced in the presence of
piperine. The structures of keto∩CD and enol∩CD (the ∩

symbol refers to partial encapsulation, A encapsulated in B is
denoted as A∩B.)38 are elucidated by using IM MS. The

experimental observations are fully supported by DFT, CCS,
and molecular docking studies.

■ EXPERIMENTAL SECTION

Instrumentation. Mass Spectral Measurements. All mass
spectrometric measurements were conducted using a Waters
Synapt G2Si High Definition Mass Spectrometer equipped
with electrospray ionization (ESI) and ion mobility (IM)
separation techniques. All the samples were analyzed in
negative ESI mode. More details about the measurements
are given in Supporting Information (SI).

■ RESULTS AND DISCUSSION

Separation of Keto−Enol Forms of Curcumin by IM
MS. Curcumin is a β-diketone system, which shows
tautomerism between keto and enol forms. However, because
of rapid interconvertibility of the tautomers, separation and
complete characterization of the individual keto and enol forms
remain challenging. Ion mobility mass spectrometry (IM MS)
has power to separate ions not only by m/z ratio but also by
their shape.39−45 It has the capability to separate isomers
depending on the difference in their collision cross sections
while passing through a buffer gas (as for example N2 and He)
in the mobility cell under the influence of a weak electric field.
Curcumin solution (0.05 mM in methanol) was directly
electrosprayed for the IM MS measurement. In the negative
ion mode, the peak corresponding to [M−H]− (deprotonated
form) was detected at m/z 367 along with its isotopologues
368 and 369. The molecule was ionized by losing a proton
from the phenolic −OH. IM MS experiments were performed
on the deprotonated form [M−H]−. Two well-separated peaks
were observed at 5.72 and 4.92 ms, as shown in Figure 1B. The
highest intense peak came at 5.72 ms, whereas the weaker one
arrived at 4.92 ms in the drift scale bar (Figure 1B). Two peaks

Figure 1. (A) Schematic representation of deprotonated keto−enol tautomers of curcumin. (B) Drift time profile of curcumin (m/z = 367)
showing the two isomeric species with drift times of 4.92 and 5.72 ms, with CCS values, 196.0 and 211.0 Å2, respectively. (C) Relative peak
intensities of isotopologues of keto and enol tautomers of curcumin, which are matching with the calculated relative peak intensities of
isotopologues.
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in the mobilogram represent the tautomeric nature of ionized
curcumin. The corresponding species have the same chemical
formula because the relative intensities of all the isotopologues
are the same (see Figure 1C). The corresponding collision
cross sections (CCSs) were 196.0 and 211.0 Å2, respectively
(Figure 1B).
CID of Keto−Enol Forms of Curcumin in the Transfer

Cell. To get more insight into the structure of the isomers,
collision-induced dissociation (CID) was performed. The
spectrometer has two collision cells; trap CID (situated before
IMS) and transfer CID (located after IMS). Transfer CID was
used to carry out fragmentation after ion mobility separation.46

This enables us to fragment both the tautomers individually.
The m/z values, 149, 175, 191, and 217 were the fragmented
species from the 4.92 ms tautomer (Figure S1A). The peaks at
m/z 175 and 191 were specific to the keto form of
curcumin.47,48 The 5.72 ms tautomer fragmented and gave
peaks at m/z 134, 149, 173, and 217 (Figure S1B).47,48 The
characteristic fragment of enol appeared at m/z 173.
Intensity ratio of the peaks gave an equilibrium constant of

4.5 for the enol−keto equilibrium (Figure S6), which is
comparable with the solution phase.49 Deprotonation from
both the forms did not affect the equilibrium constant. More
details are discussed later.
DFT and CCS Calculations of Different Structures of

Curcumin. We generated four curcumin conformers (two for
enol and two for keto) from our conformer searches and
subsequent DFT optimization. The two enol conformers
abbreviated as (CE1−H)− and (CE2−H)− and are shown in
Figure 2A and B. We also generated two keto conformers

labeled (CK1−H)− and (CK2−H)−, which are shown in
Figures 2C and D. The letters C in the conformer names
indicates the cis configurations about the −C−(CO)−C−
(CO)−C− bonds, followed by E or K to indicate enol or
keto. The more details on the naming of keto−enol tautomers
are given in Figure S2. The numbers 1 or 2 indicate the energy
rank for the same type of cis configurations so that (CE1−H)−

was the lowest energy cis-enol tautomer and (CK1−H)− was
the lowest energy cis-keto tautomer. Among the enol
conformers, the energetic ordering was (CE1−H)− < (CE2−

H)− (+0.002 a.u), where the energy relative to the (CE1−H)−

is given in brackets. (CE1−H)− was the most stable tautomer
and the energy difference between (CE1−H)− and (CE2−H)−

is very small (0.002 a.u) as they were quite similar in structure
apart from the spatial position of the −OMe group, which was
cis with respect to the keto−enolic group in the case of (CE1−
H)− and trans in the case of (CE2−H)−.
All of the enol tautomers were planar while the two keto

structures were bent about the diketone group in varying
degrees. It is convenient to introduce a bending angle to
characterize the degree of this bending, rather than specify all
the relevant dihedral angles in the seven-carbon chain bridging
the two phenyl groups. The degree of bending of the seven
carbon chain about its central carbon atom in the diketone
group may be defined as the angle ACB, where C central
carbon atom and A and B are the two carbon atoms located in
the benzene rings which bond to the end atoms of the seven
carbon chain, as shown in Figure S4. The bending angles of the
(CK1−H)−, and (CK2−H)− conformers were 75° and 65°,
respectively. The relative stability of the keto conformers was
indicated by their energetic ordering, (CK1−H)− < (CK2−
H)− (+0.004 a.u), where the difference between the conformer
energy and (CK1−H)− energy is given in brackets. The L- and
U-shaped conformations for the keto, (CK1−H)− and (CK2−
H)−, respectively (Figures 2C and D) were stabilized by weak
intramolecular interactions, such as π−π interactions and van
der Waals interactions between atoms in the seven-carbon
chain and between the two benzene rings and their −O and
−OMe functional groups, all of which contribute to lowering
of the total energy. Because of these interactions, (CK2−H)−

was more bent compared to both (CK1−H)−.
The experimental difference in drift time reflected the planar

enol and the L-shaped bent keto structures. The latter is more
compact and it has a shorter drift time. The calculated CCSs of
213.0 Å2 for (CE1−H)− and 198.8 Å2 for (CK1−H)− matched
well with our experimental result of 211.0 and 196.0 Å2, for
enol and keto, respectively (Table S1), which confirms that the
enol form had a planar structure, and keto form has a bent
structure with a bending angle of 75°. Hence, using this
combined structural and energetic study along with a
comparison of the CCS values with the experiment, we have
confirmed the well-known structure of enol, and the likely
candidate of the keto tautomer, including its degree of
bending. We note that (CE1−H)− and (CE2−H)− were
close in energy and have similar CCS values. Therefore, it is
likely that they both are coexisting. However, for the keto form,
though all the structures are similar in energy (shown in Table
S1), their CCS values are widely different and therefore it is
likely that only (CK1−H)− exists. The energy differences are
in fact insignificant when the computational errors and the
effective temperature of the ion mobility cell are considered.

Correlation between Solution- and Gas-Phase Struc-
tures of Curcumin. In solution, the enol form is stabilized by
intramolecular H-bonding, while the keto form is stabilized by
intermolecular H-bonding with the solvent.49 In nonpolar
solvents, populations of the enol form will be more compared
to keto form. Reverse is the true for polar solvents.49 In our IM
MS study also same thing has happened. With change of
solvent, from nonpolar to polar, the intensity of both the peaks
changed drastically (Figure S5). With the increase of polarity
of the solvent (from hexane to 1:1 methanol−water mixture),
the intensity of the keto form was enhanced compared to the
enol form. In a protic solvent, the keto form is enhanced

Figure 2. DFT optimized structures of deprotonated keto and enol
tautomers of curcumin with their total energies and theoretically
calculated CCS values. Here, CE and CK represent cis-enol and -keto,
respectively. Panels A and B show different types of enol tautomers
like (CE1−H)− and (CE2−H)−, respectively, with optimized energies
and CCS values. Panels C and D indicate the different types of keto
tautomers like (CK1−H)− and (CK2−H)−, respectively, with
optimized energies and CCS values.
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because intermolecular hydrogen bonding with the solvent will
be preferred compared to the intramolecular H-bonding. From
the data presented in Figure S5, it is clear that the solution
phase population is reflected in the gas phase, in this case.
Condition of the ESI source of the instrument has great
influence on the abundance of tautomers.50,51 To establish the
solution and gas phase correlation and to support the structural
information, three source parameters were varied while a few
others were kept constant.50,52 Results are presented as
follows: (1) The Synapt G2Si has a probe adjuster, through
which the distance of the spraying position of the capillary to
the cone orifice can be varied from 5 to 9 mm (Figure 3A).
The ratio of the two tautomeric forms displays dramatic
change in intensity with the variation of probe distance. In a
very recent report, Xia et al. has shown that changing the probe
position, desolvation temperature, capillary voltage, sample
infusion flow rate and cone voltage, the relative populations of
the tautomers can be changed in the case of p-hydroxybenzoic
acid.50 When the probe tip is close to the cone aperture, that is,
under high field conditions, ions can preserve their solution
based ionic structures. But when the distance between the
spray needle and the entrance orifice is more, that is, under low
field condition, gas phase ion population is enhanced. This
phenomenon can be justified by charge ion evaporation and
charge residue models. In our IM MS study, when the sprayer
capillary was kept away from the cone orifice, the enol form
was enhanced and the keto form was drastically reduced
(Figure 3B). Therefore, with the increase in probe distance,
the enol form got enhanced, which is more stable in the gas
phase. As the probe distance is increased, the ions are going
more into the gas phase as solvent evaporation is facilitated.
But the drift time of both the tautomers, that is, their CCS
values remains constant with the change of probe distance,
which suggests that the structures of the two forms remain the
same as in the solution state in this case.
(2) Temperature of the atmospheric pressure ion source also

impacts the relative ratio of the tautomer populations. In our
mass spectrometer, the temperature of the enclosed spray
chamber is influenced mainly by the desolvation-gas temper-

ature (DT). To measure the effect of temperature on both the
tautomeric forms, DT was varied from 40 to 600 °C (Figure
S6A). With the increase of DT, the intensity of the keto form
was enhanced (Figure S6B). Disruption of the enolic hydrogen
bond with increase of temperature favored the shifting of the
equilibrium toward the keto form. The same phenomenon has
happened in solution phase.49 The drift time values of the keto
and enol forms did not change with the increase of
temperature, which suggests that the same structures are
retained in the gas phase, which are also the solution phase
structures. The ratio of enol/keto forms was 4.5 (equilibrium
constant) at a desolvation temperature of 40 °C and probe
distance of 6 mm, which is comparable with the solution phase
data from previous literature.49

(3) We observed that the cone voltage had a great influence
on the tautomeric ratio (Figure S7). As the cone voltage was
raised, gaseous ions experienced acceleration in this region,
collided with the background gases and underwent fragmenta-
tion.53−55 When the cone voltage was high, the keto form was
favored and the reverse was true when the cone voltage was
low. This can be because of the breakage of enolic hydrogen
bond, and hence the conversions into the keto form. We have
also performed the cone voltage study to see the different rates
of insource fragmentation for the two tautomers. But, no
additional change in fragmentation was seen with the increase
of cone voltage. This is shown in Figure S8. This study
supports the breakage of hydrogen bond with the increase of
cone voltage, which results in conversion of enol to keto form.
In summary, variation of source parameters supported the

correlation between gas phase and solution phase structures in
this case. However, we are aware of the issues involved in the
generalization of such studies. Therefore, we have limited the
discussions of ESI MS data being reflective of solution phase
structures to the present studies.

Comparison with the Solution Phase. Further, to
confirm the solution phase tautomerism, we separated the
keto−enol forms by ultraperformance liquid chromatography
(UPLC) (Figure 4A). After the two tautomers were separated
using UPLC, fragmentation (CID) of both the tautomeric

Figure 3. (A) Plot of the natural logarithm of keto/enol peak intensity ratios against different probe distances from 5 to 9 mm. (B) With the
increase in probe distance, enol form enhances in intensity. The two structures are shown in panel A. A schematic representation of the probe
distance parameter is illustrated in panel A.
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species was performed (Figure S9B). Here, the fragmentation
pattern of each tautomer was matched with the CID data of
ESI IM MS. This study further reinforced that the solution
phase tautomeric structure of curcumin is retained in the gas
phase in this case.
Interaction of Curcumin with Piperine. Piperine is a

naturally occurring heterocyclic compound found in all forms
of pepper (black, white, and green), and this molecule is
responsible for its pungency and heat. Dietary polyphenols like
piperine and curcumin have been studied for their effect on
prevention of breast cancer.56,57 Mammosphere formation58 is
a marker of breast cancer cell lines. Curcumin and black
pepper compounds both inhibited mammosphere formation.
They did not also cause any toxicity, therefore showing that

curcumin, piperine, or piperine−curcumin adduct could be
possible cancer preventive agents. On the other hand, piperine
enhances the bioavailability of curcumin. However, it is still
not clearly understood that which tautomeric form of
curcumin is better stabilized by it. Ion mobility mass
spectrometry showed that with the increase of the concen-
tration of piperine, the intensity of the enol form was enhanced
and the population of keto form was decreased (Figure 5A).
This shows that with the use of piperine, one can selectively
enhance the enol form. The supramolecular adduct of
curcumin−piperine was detected in ESI MS (Figure S10).
The preferential stabilization of the enol form in the adduct
and its enhanced population in solution in the presence of
piperine was reflected in the IM MS measurement. To
understand the mechanism of the enhancement of the enol
form, a DFT study was performed. We took four lowest energy
tautomers: 2 enols [(CE1−H)− and (CE2−H)−] and 2 ketos
[(CK1−H)− and (CK2−H)−]. Each tautomer was interacted
with piperine considering the different possibilities of hydrogen
bonds and π−π interactions. The optimized geometries are
shown in Figures S11−S15 and the calculated relative energies
are listed in Table S2. Among the lowest energy structures of
the complexes of each tautomer of curcumin with piperine
(Table S4), the difference in the energies of the complexes
with (CE1−H)− (−23.51 kcal/mol) and (CE2−H)− (−20.60
kcal/mol) is marginal as the complexes are stabilized through
similar π−π stacking interaction. The complex of (CK1−H)−

with piperine is stabilized by both hydrogen bonding and π−π

stacking interactions between six-membered rings of piperine
and aliphatic double bond of curcumin. These interactions are
absent in the case of (CK2−H)−. Because of this, the
interaction energy is more negative for (CK1−H)− (−23.08
kcal/mol) than for (CK2−H)− (−22.18 kcal/mol) (Table S4).
However, the complexes of piperine with enol form of
curcumin are more stable than that of the keto form, with
respect to the total energy.

Figure 4. (A) UPLC separated keto enol tautomers of curcumin. (B)
Relative peak intensities of isotopologues of keto and enol tautomers
of curcumin, which are matching with the calculated peak intensities
of isotopologues.

Figure 5. (A) Shift of the keto−enol equilibrium toward the enol form with increase in piperine concentration in the solution. (B and C) DFT
optimized lowest energy structures of CE1−piperine and CK1−piperine complexes, respectively. Green color is used for keto and enol tautomers of
curcumin.
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The large difference in the energies of the enol (E(CE1−H)
− =

−1263.389 au) and keto (E(CK1−H)
− = −1263.386 au) forms of

curcumin is also preserved during their complexation with
piperine. Further, similar trend was observed for the proton
added forms of the respective species (see Table S3). The
interaction energy of CE1 is marginally higher than CK1
(Figure 5B and C).
Determination of Structures of Curcumin∩Cyclodex-

trin Complexes. Cyclodextrins (CDs) are cyclic oligosac-
charides with a lipophilic central cavity and hydrophilic outer
surface. Hydrophilic drug/CD complexes are synthesized by
the inclusion of lipophilic drug moieties in the central CD
cavity. While the guest molecule is safeguarded by the
lipophilic cavity from the aqueous environment, the polar
outer surface of the CD molecule furnishes the solubilizing
effect. CDs have been used frequently as solubilizing,
stabilizing, and drug delivery agents in pharmaceutical
preparations for enhancing the bioavailability of the drug.59

We predicted the structures of the isomers of curcumin∩CD
complexes using molecular docking and then applied the
projection approximation (PA) method60 to compute their
CCS values and compared them with the experimental values
obtained from IMS MS to confirm the structures.
A mixture of curcumin and β-CD was infused through a

standard electrospray ion source into the spectrometer at a
concentration of ∼0.05 mM (water/methanol, 1:1). The
negative ion peak at m/z 1317 (2:1 β-CD:curcumin inclusion
complex) was selected and passed through the ion mobility
cell. Two distinct isomeric peaks were detected with the drift

time values of 8.69 and 9.13 ms, respectively (Figure 6A). The
CCS values of the two peaks were 402.0 and 418.0 Å2,
respectively. To get more information about the structure, CID
fragmentation was performed in the transfer cell. We
selectively fragmented both the isomers. At a collision energy
4 V, β-CD loss was observed from the 9.13 ms drift time
isomer, while the other isomer with drift time of 8.69 ms did
not fragment at that energy. This suggested that the latter
isomer is slightly more stable compared to the former. Further
increase of collision energy gave rise to the curcumin molecular
ion peak and the sequential loss of 162 from CD (Figure
6B(ii)). This loss is due to the glucopyranose unit, typical
signature of the CD.61 Upon expanding the mass range of m/z
150−230 for both the isomers, we find that the peaks at m/z
173 and 175 are, respectively the fragmented species from the
isomers at drift times of 9.13 and 8.69 ms (Figure 6B(iii)).
This confirmed that the isomers were derived from the enol
and keto tautomers of curcumin, respectively. We expanded
our study to the α-CD−curcumin complex. In this case, the 1:1
inclusion complex (α-CD:curcumin) was chosen and trans-
ferred through the ion mobility cell. Here also, two isomeric
peaks were detected. The corresponding CCS and drift time
values were 252.0 and 259.0 Å2 and 6.89 and 7.55 ms,
respectively (Figure 6C). The CCS values of the curcu-
min∩CD complexes provide additional verification of the bent
structure of keto as a planar keto form will show identical CCS
value as that of the enol.

Molecular Docking Study of Curcumin∩Cyclodextrin
Complexes. Molecular docking simulations of curcumin

Figure 6. (A) Drift time profile of curcumin-β-cyclodextrin (1:2) inclusion complex; two peaks are indicating the isomeric structures. (B) (i and ii)
MSMS fragmentation at transfer CID cell of both the isomeric peaks 1 and 2 shown in panel A, with different collision energies, 4 and 65 V,
respectively. (iii) Expanded view of the m/z region 150−230, shown in panel ii as a box. (C) Two isomeric species of the α-cyclodextrin-curcumin
(1:1) complex.
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tautomers, CE1 and CK1 with α- and β-CD monomers and β-
CD dimers were used to determine the structures of their
inclusion complexes, using the Autodock 4.2 and AutoDock
Tools programs. The interactions are basically vdW, hydrogen
bonding, electrostatic, and hydrophobic in nature, and
therefore, a force field with these terms as implemented in
the Autodock program was appropriate. As our primary
objective was to determine the structures of the complexes by
comparing their calculated CCS values with the experiment,
we did not perform any DFT calculations.62−65 This is
reasonable since the majority of the interactions are non-
covalent. The docking search was designed to perform global
optimization (GO) for the two-molecule problem with a single
curcumin (lowest energy enol CE1 and keto CK1) as the
“ligand” and α-CD as the “receptor”. We obtained ten lowest
energy isomers for CE1∩α-CD complex with the CE1
stabilized inside the cavity of CD. The structures were
identical with slight changes in the orientation of CE1 and
showed similar binding energies (BEs) in the range of −6.55 to
−6.46 kcal/mol. Docking studies on CK1∩α-CD complex also
gave ten lowest energy structures with the BEs in the range of
−6.32 to −6.30 kcal/mol. The CCS values of the structures
with lowest BE for CE1∩α-CD (246.0 Å2) and for CK1∩α-CD
(243.0 Å2) matched closely with the experimental data (Figure
6C) as shown in the Figures 7A and B. The Autodock 4.2

program cannot simultaneously carry out the GO problem for
three molecules. Hence for the case of 2:1 β-CD:curcumin
complexes, we followed different procedures to obtain an
approximate solution to the three molecules GO problem:
(1) We first docked the curcumin tautomer (CE1 and CK1

separately as the “ligand”) with one β-CD as the “receptor”
(Figure S18). Then, taking its newly docked lowest energy
structure (Figure S18) as the “receptor”, we subsequently
docked the second β-CD as the “ligand” (Figure S19).
(2) In another approach, various initial configurations of the

two β-CD molecules were considered by arranging them in
HH configuration (H stands for head, see molecular docking in
SI), with different separations [4 (Figure S20B), 5 (Figure

7C), and 6 Å (Figure S20A) for CE1∩dimer β-CD] and angles
[θ = 30° (Figure S21A), 40° (Figure 7D), and 65° (Figure
S21B) for CK1∩dimer β-CD] between their central axis of
rotation. Now, this double CD system was treat as the
“receptor” molecule and the curcumin molecule (CE1 and
CK1 separately) as the “ligand”. Additional details are included
in SI. The lowest energy structures of the complexes were
obtained from the second approach for the three molecule GO
problem. The structures of CE1∩dimer β-CD resembled a
dumbbell with a separation of 5 Å between the two CDs, with
a BE of −7.03 kcal/mol and with the calculated CCS value of
411.0 Å2 (Figure 7C). In the lowest energy structure of
CK1∩dimer β-CD, one end of the L-shaped keto form (CK1)
was encapsulated between the two CDs lying at an angle of 40°
and the other end of the keto was protruding outward from the
gap. This structure showed a BE of −8.58 kcal/mol and
calculated CCS value of 390.0 Å2 (Figure 7D). The calculated
CCS values of the lowest energy structures were in close
agreement with the experimental CCS values (Tables S5 and
S6), which supported the proposed structures of the inclusion
complexes.

■ CONCLUSION

Our study shows that the two structural forms of curcumin,
namely, keto and enol forms can be isolated in the gas phase.
The gas phase populations represent the solution phase
populations in this case. We found a new bent keto structure
by ion mobility studies and verified its structure including its
degree of bending, by simulations. The enol form can be
selectively stabilized by the presence of piperine. Both the
forms can be complexed with cyclodextrin, although there is a
slight preference for the keto form for the β-CD dimer. The IM
MS experiments and theoretical calculations that were
performed by docking studies have enabled us to obtain
exhaustive structural information about the curcumin and
curcumin∩CD complexes which could not be unambiguously
characterized through standard methods such as X-ray
crystallography and NMR. We could predict the actual
structure of curcumin∩CD inclusion complexes with the help
of IM MS measurements and theoretical CCS calculations.
This study shows the application of IM MS to identify the
structural details of commonly used natural products. Insights
from the studies such as the stabilization of enol by piperine
will be of immediate value to the medical community as the
enol form is active toward the Alzheimer’s disease.
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Experimental methods 

Chemicals 

Curcumin (C21H20O6, 94% pure), piperine (C17H19NO3, 97% pure), α+cyclodextrin (C36H60O30, 

98% pure), and β+ cyclodextrin (C42H70O35, 97%) were obtained from Sigma+Aldrich. Methanol 

(99.9 % pure), Hexane (97% pure), DMSO (99.9% pure) and milli Q water were used throughout 

the experiment. 

Instrumentation 

All mass spectrometric measurements were conducted using a Waters Synapt G2Si High 

Definition Mass Spectrometer equipped with electrospray ionization (ESI) and ion mobility (IM) 

separation. All the samples were analyzed in negative ESI mode. The instrument was calibrated 

using sodium formate (m/z 20−1500) as a calibrant for the low mass range. For IMS 

measurements, the ions of interest were selected by a quadrupole mass filter and passed through 

the IMS cell for isomer separation where nitrogen was used as a buffer gas. Typical experimental 

parameters were: disolvation gas temperature, for temperature dependent, study it was varied 

from 40 to 600 °C ; capillary voltage, 3 kV; sample cone, 0 V; source offset, 0 V; trap collision 

energy, 2 V; trap gas flow, 2 mL/min; helium cell gas flow, 180 mL/min; IMS gas flow, 80 

mL/min; trap DC bias, 40 V; IMS wave height, 40 V and IMS wave velocity, 750 m/s. The 

collision voltage in the transfer cell was raised until fragmentations were seen properly (4+60 

V).The concentration of the sample was 0.05 mM and it was infused at a flow rate of 10 

µL/mins. 

Parameters for cyclodextrin+curcumin inclusion complexes: Capillary voltage, 3 kV; sample 

cone, 20 V; source offset, 20 V; trap collision energy, 2 V; trap gas flow, 2 mL/min; helium cell 

gas flow, 180 mL/min; IMS gas flow, 80 mL/min; trap DC bias, 40 V; IMS wave height, 40 V; 

IMS wave velocity, 400 m/s. 

We used the recent literature on negative ion mode traveling wave ion mobility mass 

spectrometry calibrations.1 Polyalanine was used as a calibrant. We compared the CCS values of 

Leucine encephalin with a reported paper.1 Then we carried out the experiments. 

UPLC Separation Method 

Standard curcumin solutions (0.05 mM in methanol) were prepared. The UPLC instrument is 

ACQUITY from Waters. An ACQUITY UPLC BEH C18 1.7 µ column was kept at 40 °C. The 
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mobile phase was water/acetonitrile (50/50). The flow rate of the mobile phase was set at 

0.5 mL/min. Mass spectrometry data were collected using a Waters Synapt G2Si High Definition 

Mass Spectrometer equipped with electrospray ionization (ESI) in the negative ion mode. The 

capillary voltage was 3.0 kV for negative ion detection. MS/MS fragmentation spectra of 

curcumin were acquired with the precursor ion, m/z 367. 

ESI MS for curcumin&piperine interactions 

The ESI MS for curcumin piperine interactions has been performed in ethanol. 

Computational methods 

Initial geometries of the curcumin was taken from the PDB files (enol), cif files (enol) 2+5 in the 

literature, and also built from their structural formulae using Avogadro software.6 Since only the 

enol form has been crystallized, we built the keto structure by modifying the enol group by 

moving the H atom and the initial keto geometry was supported by a co+crystal structure.6 First, 

we carried out a conformational isomer search on the enol and keto forms of curcumin using a 

genetic algorithm and weighted rotor searches using Avogadro. The parameters of the genetic 

algorithm were, Children=10, Mutability=10, and Convergence=50 Scoring method=Energy. We 

used an MMFF94 force field. All the structures were modeled by utilizing Avogadro software 

packages6 and the visualizations presented were created using Visual Molecular Dynamics 

(VMD) software.7 The crystal structures of alpha+CD8 and beta+CD9 were taken from PDB files. 

The enol form was unchanged in this search due to the closed hydrogen bond. The input 

geometries for the keto conformer search were two different enol isomers which are known from 

their crystal structures and are distinguished by opposite positions of the +OH with respect to the 

+OMe group on both ends of the molecule.  

We found that the keto form bends into many conformations, and we classified those by the 

degree and angle of bending. We generated several isomers using different random seeds. A 

conformer search was carried out using a genetic algorithm in Avogadro to obtain a few different 

keto isomers which were distinguished by the degree of bending. 

DFT geometry optimization for all these isomer structures was carried out using the B3LYP 

functional and the 6+311++G(d,p) basis set, as implemented in the NWChem program.10 We 

used the deprotonation site at one of the phenolic +OH form (Figure S3) groups for both the keto+

enolic and diketone forms. For the enol form, the deprotonation at the phenolic +OH is 
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energetically preferred to that at the enolic +OH, as it does not involve the breakage of the 

intramolecular keto+enolic hydrogen bond. 

Electrostatic charges (ESP charges), which are known to yield more accurate CCS values than 

Mulliken partial charges, for the optimized structures were calculated by fitting to the 

electrostatic potential calculated using DFT as above with the Merz+Singh+Kollman scheme as 

implemented in NWChem.10  These ESP charges were applied for the estimation of theoretical 

CCSs using the trajectory method (TM) as implemented in the MOBCAL program11+13 in its 

modified version for N2 gas.13  

The trajectory method (TM) in Mobcal is quite CPU intensive as it runs in serial mode and we 

restricted its use to only the isomers of curcumin alone, and for the larger curcumin+cyclodextrin 

complexes we employed the Projection Approximation (PA) method in Mobcal which is known 

to give accurate values in the size range of molecules of our interest.  

A molecular docking14 study using Autodock 4.2 was applied to build the curcumin∩CD 

inclusion complexes. 

 

Computational methods for curcumin&piperine interactions: 

Piperine and curcumin have aromatic six+membered rings and hydrogen bond donors and 

acceptors. Thus they can interact through hydrogen bond and π+π stacking interactions. We have 

interacted piperine with the each isomer of curcumin through hydrogen bond and π+π stacking 

interactions. The different possible geometries were optimized using density functional theory 

calculations. Previous literature showed that Minnesota functionals are suitable for the 

description of non+covalent interactions.15,16 All the geometries were optimized using the M06+

2X/6+31G* level of theory. The vibrational analysis revealed that the optimized geometries were 

corresponding to true minima on the potential energy surface.  All the calculations were 

performed with the help of GAUSSIAN 09 software. 

 

Molecular docking study 

We assigned Gasteiger charges to all atoms by following the procedure as implemented in 

Autodock. For simplicity, we neglected torsional freedom on all molecules which would also 

result in the glucopyranose units being rotated with respect to each other. The free energies of 

binding were calculated by summing the intermolecular and internal and torsional terms and 
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subtracting the unbound energy which is a calculation that is performed within the Autodock 

program. The size of the search space in which the curcumin isomer (keto/enol) was to be moved 

was a cube with a side of length of 126 points with point spacing of 0.375 Å. α+CD is the 

smallest CD consisting of six glucopyranose units and β+CD consists of seven glucopyranose 

units. The CD molecule consisting of the ring of glucopyranose units has a wide rim known as 

the head (H) to which the secondary OH groups are bonded and the tail which is a narrower rim 

to which primary OH groups are added. Head+head orientation in CD dimer was found as the 

most stable in MD compared to head+tail and tail+tail, as a result of the larger number of 

intermolecular hydrogen bonds.17 During the docking simulations, in the monomer complexes, 

the curcumin isomers (CE1 and CK1) were taken as the “ligand” i.e. the movable molecule 

whose degrees of freedom would be varied and CDs (α+ and β+) as the “receptor” which was the 

fixed and completely rigid central molecule. 
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Figure S1. CID mass spectra and fragmentation patterns of isomeric forms of curcumin in transfer CID; 
A) keto form and B) enol form. Note the encircled peaks in A and in B, which are the characteristic 
fragmentation patterns of keto and enol forms, respectively. 
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Figure S3. DFT optimized EDP (CE2+H)+ structure, where EDP stands for enol deprotonation.  

Figure S2. Schematic representation of cis keto+enol forms of curcumin.  
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Table S1. Experimental and theoretical CCS values 

  

 

 

Possible isomers 

 

 

Energy (in a.u.) 

 

Calculated CCS by TM ( Å2) 

 

Exp. CCS ( Å2) 

(CE1+H)+ +1263.389 213.0  

(CE2+H)+ +1263.387 213.5 211.0 

(CK1+H)+ +1263.386  198.8  

(CK2+H)+ +1263.382  188.0 196.0 

Figure S4. A) & B) Bending angles of (CK1+H)+ & (CK2+H)+ 75º & 65º, respectively. 

* The isomer labels imply the follows: C, ���; E and K, enol and keto. 
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Figure S5. Solvent dependent study of keto+enol isomers. Keeping the concentration of curcumin 

constant, solvents were changed from non+polar to polar (hexane to methanol/water). With the increase 

of polarity, the keto form is enhanced. 
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Figure S6. A) Plot of the natural logarithm of keto/enol peak intensity ratios against different 
disolvation temperatures from 40 to 600 °C. B) With the increase of disolvation temperature, the keto 
form is enhanced. The lowest energy enol and keto structures are also shown in A). 
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Figure S7. A) Plot of the natural logarithm of keto/enol peak intensity ratios against the 

different cone voltages, from 15 V to 90 V. B) With the increase in cone voltage, the enol form 

decreases. 
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Figure S8. Cone voltage+dependent fragmentation study. No additional change in fragmentation was 
seen with the increase of cone voltage. 
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Figure S9. A) UPLC separated keto enol tautomers of curcumin. B) The MSMS fragmentation of the 
keto (i) and enol (ii) forms of curcumin. Tautomer specific peaks are encircled. 
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Figure S10. ESI MS of supramolecular adducts of curcumin+piperine complex in ethanol.  Inset of the 
mass spectrum showing that the peak intensities of the isotopologues of the calculated and 
experimental are matching. 
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Figure S11. DFT optimized structures of deprotonated (CE1+H)++piperine interactions. 

Different possibilities of structural combination between deprotonated (CE1+H)+ and piperine 

are shown in A)+E). Among all E) is the lowest energy structure. 
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Figure S12. DFT optimized structures of deprotonated (CE2+H)++piperine interactions. 

Different possibilities of structural combination between deprotonated (CE2+H)+ and piperine 

are shown in A)+F). Among all E) is the lowest energy structure. 
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Figure S13. DFT optimized structures of deprotonated (CK1+H)++piperine interactions. 

Different possibilities of structural combination between deprotonated (CK1+H)+ and piperine 

are shown in A)+D). Among all D) is the lowest energy structure. 
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Figure S14. DFT optimized structures of deprotonated (CK2+H)++piperine interactions. 

Different possibilities of structural combination between deprotonated (CK2+H)+ and piperine 

are shown in A)+E). Among all E) is the lowest energy structure. 
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Table S2. Relative energies of the (curcumin H)++piprine complexes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table S3. Most stable curcumin (without proton loss)+piperine complexes with their interaction 

energies. 

 

 

 

 

 

Deprotonated 
forms of 
curcumin 

Different conformers of 
curcumin+piperine complexes 

Relative energy 
(kcal/mol) 

(CE1+H)+ (CE1+H)++piperine 1 20.99 
(CE1+H)+ (CE1+H)++piperine 2  2.77 
(CE1+H)+ (CE1+H)++piperine 3  0.69 
(CE1+H)+ (CE1+H)++piperine 4 20.99 
(CE1+H)+ (CE1+H)++piperine 5  0.00 

   
(CE2+H)+ (CE2+H)++piperine 1 17.76 
(CE2+H)+ (CE2+H)++piperine 2 18.91 
(CE2+H)+ (CE2+H)++piperine 3 12.68 
(CE2+H)+ (CE2+H)++piperine 4 17.30 
(CE2+H)+ (CE2+H)++piperine 5   0.00 
(CE2+H)+ (CE2+H)++piperine 6  3.23 

   
(CK1+H)+ (CK1+H)++piperine 1 15.22 
(CK1+H)+ (CK1+H)++piperine 2  8.76 
(CK1+H)+ (CK1+H)++piperine 3 10.83 
(CK1+H)+ (CK1+H)++piperine 4   0.00 

   
(CK2+H)+ (CK2+H)++piperine 1 14.76 
(CK2+H)+ (CK2+H)++piperine 2  8.07 
(CK2+H)+ (CK2+H)++piperine 3  3.46 
(CK2+H)+ (CK2+H)++piperine 4  3.23 
(CK2+H)+ (CK2+H)++piperine 5  0.00 

 
Curcumin+piperine complexes 

 
Interaction energy 

(kcal/mol) 

CE1+piperine 5 +23.74 

CE2+piperine 5 +21.95 

CK1+piperine 4 +22.43 

CK2+piperine 5 +18.10 
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Table S4. Most stable curcumin deprotonated+piperine complexes with their interaction energies. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
(Curcumin+H)++piperine 

complexes 

 
Interaction energy 

(kcal/mol) 

(CE1+H)++piperine 5 +23.51 

(CE2+H)++piperine 5 +20.60 

(CK1+H)++piperine 4 +23.08 

(CK2+H)++piperine 5 +22.18 

Figure S15. DFT optimized lowest energy structures of A) CE1+piperine, B) CE2+piperine, C) 

CK1+piperine and D) CK2+piperine, respectively.  
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Figure S16. Drift time profile of curcumin+β+cyclodextrin (1:2) inclusion complex; two peaks are 
indicating the isomeric structures. Inset of drift time profile represents the relative peak intensities of 
isotopologues of keto and enol inclusion complexes of curcumin which are matching with the calculated 
peak intensities of the isotopologues. 
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Figure S17. Drift time profile of curcumin+α+cyclodextrin (1:1) inclusion complex; two peaks are 
indicating the isomeric structures. Inset of drift time profile represents the relative peak intensities of 
isotopologues of keto and enol inclusion complexes of curcumin which are matching with the calculated 
peak intensities of the isotopologues. 

 

 

 

 

 

 

 

 

1338 1340 1342 1344
�

1338 1340 1342 1344
�

1338 1340 1342 1344
�

Isomer1

Isomer2

m/z

Calculated

4 6 8 10 12
�

enolketo

Drift time (ms)

α)CD(Curcumin ) H))

259.0 Å2252.0 Å2



S25 

 

 

  

 

 

 

 

Figure S18. A) & B) CE1 and CK1 docked β+cyclodextrin structures, respectively with binding 

energies. 

Figure S19. A) & B) Docking of β+cyclodextrin+CE1 and β+cyclodextrin+CK1,respectively with 

second β+cyclodextrin. Binding energies and CCS values are given below the structures. 
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Figure S20. CE1 docked β+cyclodextrin dimer structures. A) & B) The two β+cyclodextrin 

dimers were kept apart at 6Å and 4Å, respectively. The binding energies, distances and CCS 

values are provided below each structure.  

Figure S21. CK1 docked β+cyclodextrin dimer structure. A) and B) The two β+cyclodextrin 

dimers were kept apart at different angles 30° and 65°, respectively. The binding energies, 

angles between the two cyclodextrin and CCS values are given below each structure.  
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Table S5. CE1+docked β+cyclodextrin dimers with binding energies and CCS values, which are shown 
for different separation distances of the CD dimers. 

 

Distance between 
two  β+cyclodextrins 

(Å2) 

 

Binding energy of 
lowest energy 

conformer (kcal/mol) 

 

Calculated CCS 
value of lowest 

energy conformer 
(Å2) 

 

Exp. CCS 
values (Å2) 

4 +6.99 396.0  

5 +7.01 411.0 418.0 

6 +6.97 430.0  

 Table S6. CK1 docked β+cyclodextrin dimer with binding energy and CCS values. 

 

Angle between two  
β+cyclodextrins 

 

Binding energy of 
lowest energy 

conformer 
(kcal/mol) 

 

Calculated CCS 
value of lowest 

energy conformer 
(Å2) 

 

Exp. CCS 
values (Å2) 

30° +8.34 374.0  

40° +8.58 390.0 402.0 

65° +7.23 414.0  
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This is due to the fact that at any given 
moment, the earth’s atmosphere contains 
an astounding 37.5 million billion gallons 
of water as vapor,[2] and an efficient device 
to capture a fraction of this water vapor, in 
a cost-effective way would help solve the 
water crisis.

Over the period of human existence, it 
has become apparent that biomimicking 
is the most efficient way to tackle such 
problems. When we look into nature, 
there are organisms, which in the course 
of evolution have acquired physical traits 
that enabled them to capture atmos-
pheric water, even in the most arid cor-
ners of our planet. One such example 
is the Stenocara beetle of Namib Desert 
which capture water on its hardened fore-
wings.[3] Electron microscopic images of 
these have revealed unique array of hydro-
philic regions distributed on a superhydro-
phobic background,[4] creating a surface 

energy gradient, which facilitates efficient condensation and 
transportation of atmospheric water. Another such example is 
spider silk, which shows unique periodic spindle-knot struc-
ture when wetted and efficiently collects water from atmos-
phere through the combination of surface energy gradient and 
Laplace pressure difference. Other inspirations from nature 
are some cactaceae species which live in arid environments 
and are extremely drought-tolerant.[5] These species are shown 
to have structures with spines and trichomes which enable 
them to condense humidity efficiently from the atmosphere. 
Grasslands are also examples of natural atmospheric water har-
vesters. Hence, micro/nanostructuring of the water-collecting 
surface plays a critical role in determining the efficiency of 
water capture. With the advancement of nanotechnology, sig-
nificant efforts have been directed toward fabricating surfaces 
with similar morphological features and chemical patterning to 
enable efficient water capture.[6,7] However, these natural and 
nature-mimicked surfaces collect atmospheric water in the 
form of dew/fog and require the temperature to drop below the 
dew point to cause condensation. For building a practical and 
round-the-clock operating atmospheric water generator, it is 
important to cool the condensing surfaces and the surrounding 
air efficiently, with minimum energy input. Heat transfer effi-
ciency of the condensing surface material is as important as 
the water transfer efficiency for creating a viable radiative con-
denser. Although many biomimetic, patterned surfaces have 
been made for fog collection, inspired by active condensing 

Water scarcity is one of the most alarming problems of the planet. An 

ambient ion based method is developed to make hydrophilic-hydrophobic 

patterned silver nanowires (NWs) as humidity harvesters of unprecedented 

efficiency. Such water harvesters are developed by two-step surface 

modification of the as-synthesized NWs (known from a report earlier) using 

electrospray. These patterned NWs of ≈20 µm length and ≈200 nm width 

grown over a relatively large area (2 × 2 cm2) exhibit atmospheric water 

capture (AWC) efficiency of 56.6 L m−2 d−1, the highest reported so far. 

The whole fabrication process of the surface is performed under ambient 

conditions with a home-built nanoelectrospray ion source, without the help 

of any sophisticated instrumentation. The synthesized material combines 

and mimics two exciting examples of AWC in nature, which are cactae and 

Namib Desert beetles, which utilize AWC for their living. It is believed that 

the combination of the special features of the above two natural species helps 

to achieve the highest water capture efficiency reported till date. A working 

prototype using this surface for AWC is also fabricated.
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Water Harvesting

Availability of clean fresh water is one of the measures of devel-
opment of a society. However, water resources have become 
severely depleted or highly polluted due to the demands of 
rapid economic growth as well as poor management in most 
parts of the planet. This has resulted in water scarcity to be one 
of the gravest social risks of the modern world while it was con-
sidered to be an environmental risk a few years ago.[1] Around 
1.2 billion people, or almost one-fifth of the world’s popula-
tion already live in areas with water shortage, and another  
500 million more people are being pushed to this situation. By the 
year 2025, 1.8 billion people will be living in regions with sheer  
water paucity, and two-thirds of the world’s population could 
be living in water-stressed circumstances. Atmospheric water 
capture is being considered as a possible solution for providing 
clean water to people living in those areas, for sometime now. 
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surfaces found in nature,[7,8] most of these make use of poly-
mers or polymer-hybrids, which might not be best suited for 
radiative condensers due to their poor heat-transfer efficiencies.

Metallic nanostructures are of great interest in recent research 
due to their excellent electrical and thermal conductivity.[9–11] 
The enhanced electric field around these structures makes 
them potential substrates for surface-enhanced Raman spec-
troscopy (SERS)[10,12] enabling sensing of various biological 
and nonbiological compounds present in water.[13] Apart from 
these, metallic nanostructures exhibit interesting mechanical 
properties,[14] while maintaining high degree of porosity,[15] 
ordered arrays,[16] and many more. Even though such nanostruc-
tures have potential applications in different areas, it has been 
difficult to synthesize them over large areas for commercial 
applications. Several methods have been developed to create pat-
terned nanostructures which include chemical[17] and physical[18] 
vapor deposition, plasma chemical method,[19] spray pyrolysis,[20] 
etc. They can also be synthesized using photolithography[21] or 
electron beam lithography[9,22] as top-down approaches. Template 
mediation[23] and self-assembly are also used for making desired 
nanostructures. However, all these methods need special condi-
tions like vacuum, high temperature, templates, etc. Ambient, 
solution state techniques to create well-defined metallic nano-
structures over large areas are still limited. In an earlier report 
from our group, long (80 µm) nanowire (NW) arrays were made 
through electrospray ionization-induced creation and deposition 
of Ag nanoparticles (NPs), under ambient conditions.[24] These 
wires could be grown over several cm2 areas to make a metallic 
grassland like morphology. In this report, we have shown 
growth of these structures over 4 cm2 area; however, they can 
also be grown over several tens of cm2 area using a program-
mable moving stage.

Here, we report the creation of a hydrophilic-hydrophobic 
patterned humidity-collecting surface as an efficient radiative 
atmospheric water capture device, by chemical modification of 
the metallic grasslands through electrospray deposition (ESD). 
While the use of NW arrays maximize the available surface 
area for water condensation, chemical modification of the NW 
surface helps with the quick transfer of the condensed water 
and regeneration of active sites for further condensation to 
happen. The surface modification strategy also improved the 
mechanical strength and stability of the NWs in water. In the 
design of the surface, we have successfully fabricated surfaces  
which mimic the hairy structures of cactae which in turn 

have hydrophilic-hydrophobic patterns resembling the wings 
of Stenocara beetles along with superior heat transfer capa-
bilities of metallic nanostructures. A combination of all these 
effects led to high water capture efficiency (56.6 L d−1 m−2) at a 
prototype-scale. Although we have used Ag NWs reported pre-
viously[24] as the initial building block of our patterned NWs, 
the present work focuses on a method of creating hydrophilic-
hydrophobic patterned NWs using two simple steps, which 
mimic the above mentioned examples from nature and com-
bine their special features to achieve highest water capture effi-
ciency reported till date.

Hydrophilic-hydrophobic patterned Ag NWs were fabricated 
using ESD at room temperature in air. A schematic representa-
tion of the ESD process along with the dimensional descriptions 
is shown in Figure S1 (Supporting Information). As the growth 
of unpatterned NWs was described previously,[24] we present 
only the essential aspects here. A detailed description of the 
synthesis and characterization (electron microscopy, elemental 
analysis) of the Ag NWs on an empty transmission electron 
microscopy (TEM) grid, which form the core of the patterned 
NWs, is given in the Supporting Information (Figures S2–S8, 
Supporting Information). For all our AWC experiments, we 
have selected stainless steel (SS) wire mesh as the substrate to 
create a cost-effective substrate for the application. Figure S9a,b 
(Supporting Information) shows scanning electron microscopy 
(SEM) images of the Ag NWs grown on an empty TEM grid 
and SS wire mesh, respectively, proving identical morphology 
of the NWs on both the surfaces. Hence, for all our water cap-
ture experiments, we used the hydrophilic-hydrophobic pat-
terned Ag NWs grown on SS wire meshes (50 µm). Use of a 
larger mesh size would reduce the active area for water conden-
sation because of the reduction of number of wires (on which 
the Ag NWs are grown) in a specified area. On the other hand, 
use of a lower mesh size would increase the number of wires 
(on which the Ag NWs are grown) but it would also reduce 
the active surface area by affecting the size of the Ag NWs. 
The Ag NWs grown on a reduced mesh size SS wire mesh were 
smaller in size because of the coulombic repulsion between the 
growing NWs. We have also compared the growth of these NWs 
on top of meshes of different shapes.

Figure 1a shows a SEM image of the as-synthesized Ag NWs 
on a SS wire mesh using ESD. It shows an arrangement of 
1D NWs, which upon extension will resemble a grassland-like 
structure. This can be created over a larger area of the order of 

Adv. Mater. Interfaces 2018, 1800667

Figure 1. Electron microscopic characterization of the hydrophilic-hydrophobic patterned Ag NWs. a) SEM image of the as-synthesized Ag NWs on 
a 50 µm SS wire mesh, b) SEM image of similar NWs after fluorothiol coating. Difference in contrast is due to the organic content. c) TEM image of 
the FT-coated Ag NWs, showing the intact morphology of the material, EDS spectrum (inset) showing presence of F, S, and Ag. Cu is due to the grid.
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4 cm2. Figure S10 (Supporting Information) shows a large-area 
SEM image (300 µm2) of the Ag NWs on a TEM grid. These 
metallic NWs were the core of the patterned NWs with specific 
hydrophilic regions on a hydrophobic background. Fabrication 
of the patterned NWs was designed by successive ESD pro-
cesses, as explained below.

At first, as-synthesized Ag NWs were subjected to 
an electrospray coating of a fluorothiol (FT), namely, 
3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-heptadecafluoro-1-de-
canethiol. A solution in dichloromethane (DCM) and acetoni-
trile (AcN) mixture was used for ESD of FT. This made the Ag 
NWs superhydrophobic in nature by the formation of a chem-
ical bond between Ag and the thiol group, of the FT. Metal–
sulfur bond is strong and is the basis of one class of self-assem-
bled monolayers.[25] Figure 1b shows a SEM image of FT-coated 
Ag NWs. The change in contrast (with the image in Figure 1a) is 
due to the coating of a nonconducting layer of FT on the metal. 
To prove the superhydrophobic nature of the surface, the con-
tact angle of a water droplet on it was measured. Surface energy 
of the FT-coated surface was so low that a water droplet did not 
stand static on the surface. Figure S11 (Supporting Informa-
tion) shows images of a water droplet rolling on the FT-coated 
Ag NWs. No pinning of the droplet was observed, proving the 
superhydrophobicity of the surface. Figure S12a–c (Supporting 
Information) shows optical images of a water droplet bouncing 
off from the FT-coated Ag brush substrate while another water 
droplet is stranded on the bare stainless steel wire mesh. This 
proves that the FT coating on the Ag brushes made them supe-
rhydrophobic in nature. Figure S12d (Supporting Information) 
shows contact angle measurement of a water droplet on stain-
less steel wire mesh before (normal wire mesh) and after modi-
fication (FT-coated Ag NWs). Contact angle of the water droplet 
was measured to be ≥125° in the case of normal mesh indi-
cating that the normal stainless steel surface is hydrophobic 
(90° < θc < 150°). Measurement of resting contact angle was not 
possible for the superhydrophobic surface as it was too slippery 
for the droplet to sit on it. Hence, the contact angle was meas-
ured when the water droplet was touching the surface. A meas-
urement of advancing and receding contact angles (173° and 
166°, respectively) was also performed (Figure S13, Supporting 
Information). The contact angle hysteresis (173°–166° = 7°), 
is within the desired 10° for good superhydrophobicity. These 
measurements prove the superhydrophobic nature of the Ag 
NWs after FT coating. Roughness due to the presence of NWs 
also plays a significant role in acquiring superhydrophobicity. 
Control experiments were performed with normal stainless 
steel wire mesh and using the same sprayed with FT. It was 
seen that water droplets did not bounce off from the normal 
stainless steel mesh but wetted it instead, shown in Figure S14a 
(Supporting Information), clearly indicating that it was not 
superhydrophobic. Then FT was sprayed on the stainless steel 
mesh and the same experiment was repeated, images of which 
are shown in Figure S14b (Supporting Information). Here also 
the droplets did not bounce off and got stuck to the surface. 
However, when sprayed over by FT, the stainless steel mesh 
surface becomes hydrophobic to some extent. Hence, the pres-
ence of Ag NWs, providing surface roughness in nm scale, was 
essential to make it superhydrophobic. ESD is a gentle process; 
hence, it does not harm the morphology of the as-synthesized 

nanobrushes. This was the prime reason for us to choose ESD 
of FT over Ag NWs. Other procedures of FT coating, such 
as spray coating with a mechanical sprayer were not useful. 
Although the spray-coated surface became superhydrophobic, it 
destroyed the morphology of the NWs (Figure S15, Supporting 
Information). To optimize the ESD time for FT coating, a time-
dependent ESD experiment was performed (spray time of 2, 4, 
6, 8, and 10 min) on five different spots containing identical 
Ag NWs. It was observed that each spot became superhydro-
phobic proving that ESD of FT for 2 min was enough to make 
the surface superhydrophobic. However, these FT-coated NWs 
lost their morphology when subjected to water wash. In view of 
that we have enhanced the ESD time of FT to 20 min at a rate 
of 20 nA deposition current. In this case, the FT-coated NWs 
retained their morphology after water wash. This indicates 
that ESD of FT also has a role in imparting stability to the Ag 
nanobrushes by AgS bond formation (there is another aspect 
how ESD of FT provides stability to the Ag NWs which will be 
discussed at the end of this paragraph). Hence, for all other 
experiments, the above mentioned time and rate of ESD was 
taken as optimum. Figure 1c shows a TEM image of the FT-
coated Ag NWs. Inset in Figure 1c shows an energy-dispersive 
spectrum (EDS) taken from these NWs showing the presence 
of all the expected elements (Ag, S, and F).

From our data we know that our Ag NWs are made by an 
organization of NPs. During the ESD of FT on Ag NWs, the 
NPs constituting the NWs coalesce with each other, making 
a solid metallic core inside. Figure S16 (Supporting Informa-
tion) shows the TEM images of the Ag NWs before and after FT 
coating. From these images, we can easily compare and come to 
a conclusion that the NPs in the FT-coated Ag NWs are fused, 
providing a solid core on which the superhydrophobic coating 
of FT is formed. This solid metallic core gives strength to the 
NWs, making them more resistant toward mechanical strain.

In the second step, we have performed ESD of AgOAc 
(aqueous solution, 10 × 10−3 M) over the superhydrophobic 
NWs to create Ag NP decorated NWs. These bare Ag NPs act as 
hydrophilic protrusions on the superhydrophobic NWs. In the 
following paragraph, we describe the structure of our material 
using electron microscopic images. The contact angle of a water 
droplet was measured after creating the hydrophilic zones. 
Figure S17 (Supporting Information) shows that the contact 
angle of a water droplet was 152°. Reduction of the contact 
angle, with respect to the superhydrophobic NWs, proves the 
presence of hydrophilic protrusions.

In Figure 2, we represent our material and compare it with 
the examples available in nature. Figure 2a shows a cartoon of 
a cactus with water droplets on the trichomes. Figure 2b shows 
a schematic of the cactus showing that its sharp spines and tri-
chomes are responsible for water capture. Figure 2c shows a 
TEM image of our material which resembles the hairy structure 
of a cactus although the scales shown are different. Figure 2d 
shows a cartoon of a Stenocara beetle and the hydrophobic-
hydrophilic patterning of the wings (Figure 2e). Figures 2f,g 
show a schematic of the synthesized hydrophilic-hydrophobic 
patterned Ag NW and a TEM image of the same with three 
distinct regions: (i) the Ag-core, (ii) hydrophobic coating on the 
Ag-core, and (iii) tiny hydrophilic regions (Ag NPs, see below 
for its synthesis) on the hydrophobic background. Ag core gives 

Adv. Mater. Interfaces 2018, 1800667
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the strength to the brushes, while the FT coating creates the 
hydrophobic background. Subsequent ESD of Ag on this FT-
coated surface resulted in Ag NPs decoration all over the NWs. 
These Ag NPs, embedded in the FT layer, act as hydrophilic 
zones, known to be responsible for the condensation of atmos-
pheric water. A schematic illustration of atmospheric water cap-
ture by these hydrophilic-hydrophobic patterned NWs is shown 
in Figure 2f.

A 2 cm × 2 cm SS wire mesh covered by these patterned 
NWs was created and used for water capture experiments 
described in the following sections. Evaluation of humidity 
condensation was performed using this surface mounted on 
a Peltier cooler, which was then videographed (Video S1, Sup-
porting Information) using a microscope. Two experiments, 
one control (with normal stainless steel mesh) and another 
with the prepared surface, were performed to test the effi-
ciency of the nanostructured material for atmospheric water 
capture. In both the experiments, the surface being examined 
was carefully mounted on a Peltier cooler, using silver paste as 
glue, so that it remained in adequate contact with the cooling 
stage. The entire arrangement was placed atop the viewing 
stage of an inverted fluorescence microscope (Leica), in a con-
trolled room with 40% relative humidity and 28 °C tempera-
ture (the dew point at this condition ≈13 °C). An arrangement 
was made for illumination of the surface being examined, for 
the purpose of microscopy. Time-lapse optical microscopy of 
the stainless steel mesh as well as the prepared surface upon 
exposure to cool humid air was performed to monitor droplet 

nucleation and condensation. The temperature of the surface 
under examination was maintained at 12 °C, measured with a 
thermocouple. Figure S18a,b (Supporting Information) shows 
the optical images of a normal stainless steel wire mesh 
after 60 and 120 s of collection, respectively. Condensation 
of water droplets was seen on the wire mesh. Figure S18c,d 
(Supporting Information) shows the optical images of con-
densation of water on the stainless steel wire mesh containing 
superhydrophobic Ag NWs with hydrophilic protrusions. It is 
seen that the amount of water captured in this case is much 
larger in comparison to a normal wire mesh. In a time span of 
2 min, a volume of 2.6 × 10−6 L water was captured (approxi-
mately calculated from the number of droplets considering 
them to be spheres, ≈1.3 × 10−8 L of water was captured over 
the normal SS wire mesh) on the brushes, even though the 
humidity was less and no water vapor was forcefully passed 
over the surface during the experiment. The video clearly 
shows nucleation of tiny water droplets on the patterned 
NWs followed by fusion of them to bigger droplets. Once the 
droplet is larger in size, it rolls off the surface because of its 
superhydrophobic nature.

Transport of the condensed water is a crucial criterion of any 
atmospheric water capture material. Hence, we calculated the 
water collection rate of the surface on a 2 × 2 cm2 area con-
sidering all the parameters like, condensation rate, transport of 
the collected water, etc. Figure 3a shows an optical photograph 
of the total setup where the hydrophilic-hydrophobic patterned 
NWs containing SS wire mesh was firmly mounted (the black 
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Figure 2. Graphical demonstration of the natural species with atmospheric water-harvesting capabilities, illustration of their special properties and 
comparison with our material. a) Graphical representation of a cactus, b) illustration of hairy structure of cactus, c) TEM image of a single Ag 
NW showing similar hairy structures resembling the cactus, d) graphical representation of a Stenocara beetle collecting water from atmosphere, 
e) schematic representation of hydrophobic-hydrophilic patterning of their wings, f) illustration of our superhydrophobic-hydrophilic patterned Ag NW 
showing a solid Ag core, a superhydrophobic coating on the core, and hydrophilic regions (Ag NPs) on the superhydrophobic background, and g) TEM 
image of a single Ag NW showing all three regions.
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square surface) on a Peltier cooler, using a carbon tape. Carbon 
tape was used in this case, instead of silver paste, for better 
transport of the collected water. Inset of Figure 3a shows a 
photograph of the surface. A 12 V DC fan was used for cooling 
the hot side of the Peltier cooler. Temperature of the surface 
was measured and kept constant (7.5 °C) during the experi-
ment. The above experiment was performed inside an air-
conditioned room where the relative humidity was 48% and the 
ambient temperature was 26 °C. There was no forced airflow. 
Figure 3b shows the formation of water droplets on the hydro-
philic-hydrophobic patterned nanobrushes, just after switching 
on the Peltier cooler. Figure 3c shows an optical microscopic 
image of the surface at 100× magnification, clearly showing the 
accumulated droplets on it. In the above experiment, 3.75 mL 
of water was collected in 13 h. If we convert the water collection 
to L d m−2 area, it comes to 7.9 L. Figure 3d shows an optical 
photograph of the collected water in a 2 mL vial. Control experi-
ments were performed to compare the water capture efficiency 
of the hydrophilic-hydrophobic patterned NWs with as-synthe-
sized Ag NWs and hydrophilic Ag NWs. Although the parent 
surfaces without chemical functionalization were unstable 
during water capture experiments, we made the structures 
stable by exposing them to 4-mercaptobenzoic acid. In addi-
tion to enhanced stability during water capture, this function-
alization made the surface hydrophilic. Such surfaces showed a 

water capture efficiency of 4.3 L d−1 under the same conditions 
as before.

For the next set of experiments, we designed a prototype 
to evaluate the water capture efficiency of the surface in pres-
ence of air flow. Figure 4a shows a schematic of the prototype. 
In these experiments, a 12V DC (air flow speed of 2.55 m s−1 
volume 103–105 cfm) fan was used to blow atmospheric air 
toward the cold hydrophilic-hydrophobic patterned surface. 
Two sets of experiments were performed with this proto-
type: (i) inside an air-conditioned room (at lower humidity) 
(Figure 4b shows an optical photograph of the setup), and 
(ii) outside the lab, under ambient conditions (Figure 4c shows 
a photograph). Conditions and data collected from these experi-
ments are described here. In the first set of experiments, sur-
face temperature and average relative humidity were 8 °C 
and 58%, respectively. The water collection efficiency was 
26.8 L d−1 m−2. In the second set of experiments, the temper-
ature of the surface was kept the same and average relative 
humidity was ≈87%. In this case, the water collection efficiency 
was 56.5 L d−1 m−2. This is the highest water collection reported 
till date by any surface. The high efficiency of water collection 
can be attributed to the combination of cactus effect as well as 
hydrophilic-hydrophobic patterning. Water droplets start nucle-
ating on the hydrophilic regions and as they grow larger in size, 
they start to roll off from the surface, generating fresh surface 
for collection.

For long-term use of the substrate, stability of the brushes 
is an important aspect. Reusability and the morphology of 
the surface were checked after the water capture experiment. 
Figures S19a,b (Supporting Information) show SEM images 
of the hydrophilic-hydrophobic patterned Ag nanobrushes 
after five cycles of water capture. The images show that the 
morphology of the brushes is almost intact after the experi-
ment. Figures S19c,d (Supporting Information), respectively, 
show contact angle measurements of a water droplet on the 
substrate before and after the water capture experiment. The 
contact angle was found to be the same in both the cases, 
proving that the nature of the surface is the same after dew 
collection.

An ambient solution-state method of creating hydrophilic-
hydrophobic patterned 1D Ag NWs, using electrospray deposi-
tion in three simple steps, is presented. The whole synthesis 
including the Ag NWs (the core of the patterned NWs) was per-
formed at room temperature without the help of any sophisti-
cated instrumentation. This method of synthesis enabled us to 
create a material that could mimic two efficient natural atmos-
pheric water harvesters. Combination of hydrophilic patterns 
on a superhydrophobic background along with hairy struc-
tures of the Ag NWs led to highest water capture efficiency, 
reported till date. We also built a prototype and tested its water 
capture efficiency under various conditions. At ≈87% relative 
humidity, our material showed a water capture efficiency of 
56.5 L d−1 m−2.

Experimental Section

For all experiments, nanospray emitters were made using a micropipette 
puller (P-97) purchased from Sutter Instrument, USA. To confirm the 
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Figure 3. Optical and microscopic photographs of the condensed water 
droplets on a 2 × 2 cm2 area. a) Optical photograph of the water collection 
setup. Inset shows a photograph of the hydrophilic-hydrophobic patterned 
surface over a 2 × 2 cm2 area. Each ESD results in a 5 mm dia dark 
colored disk indicating the growth of NWs. This process was repeated 
multiple times to cover the 2 × 2 cm2 area. b) Zoomed optical photograph 
of the surface after switching on the Peltier cooler showing condensed 
water droplets on it and dripping of water at the bottom of the surface. 
c) Optical photograph (at a 100× magnification) of the Ag NWs with 
condensed water droplets. d) Optical photograph of the collected water 
in a 2 mL vial.
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presence of solvated Ag+ ions, mass spectra were collected using an 
ion trap LTQ XL (Thermo Scientific, San Jose, CA) mass spectrometer. 
Indium tin oxide-coated glass slides (Toshniwal brothers (SR) Pvt. Ltd., 
India) was the usual deposition substrate. Locally available stainless 
steel wire mesh was used as a surface to grow the Ag NWs. All TEM 
measurements were performed using a JEOL 3010 (JEOL Japan) 
transmission electron microscope. Copper TEM grids were purchased 
from SPI Supplies. A FEI Quanta 100 instrument with tungsten filament 
source was used for SEM imaging. EDS analyses were performed with 
an attachment on the SEM instrument. Contact angle and contact angle 
hysteresis (CAH) of water droplet on the different coated substrates were 
measured using a Holmarc contact angle meter. Optical photographs of 
water droplets condensed over the hydrophilic-hydrophobic patterned Ag 
NWs and normal SS mesh was performed using a 100× objective fitted 
to a Leica DFC365 FX microscope. Optical photographs of the surface, 
prototype, and water droplets bouncing off the surface were captured 
using a Nikon D5100 camera using an 18–55 mm lens. Videos were also 
captured using the same camera.

Supporting Information

Supporting Information is available from the Wiley Online Library or 
from the author.
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Synthesis and characterization of Ag NWs 

For electrospray deposition, a homemade nanoelectrospray (nESI) source was made by 

pulling a borosilicate glass capillary (0.86 mm inner diameter, 1.5 mm outer diameter, and 10 

cm length) into two. The pulling was performed in a controlled fashion in order to achieve an 

inner diameter of approximately 15 µm at the tip. These tips were used as nESI sources in all 

our deposition experiments. For the elrctrospray process, a nESI tip was filled with a 10 mM 

aqueous solution of silver acetate (AgOAc) using a micro injector and a potential in the range 

of 2-2.5 kV was applied to it through a platinum wire (0.1 mm diameter, Sigma Aldrich) 

electrode. In all the experiments, the home-built nanoelectrospray (nESI) source was used to 

deliver charged droplets of aqueous AgOAc solution onto a conductive stainless steel wire 

mesh placed on top of an indium tin oxide (ITO) coated glass collector. In case of 

transmission electron microscopy (TEM) measurement, the droplets were collected on an 

empty (without carbon coating) TEM grid. The wire mesh or the empty TEM grid acts as a 

static mask between the ITO slide and the spray plume. The ITO slide was grounded through 

a picoammeter to measure the deposition current. Pt wire was used as an electrode due to its 

inert nature towards other reagents. A plume of charged droplets containing solvated silver 

ions like Ag(H2O)
+ 

and Ag(H2O)2
+
 was ejected from the nESI tip, as confirmed by mass 

spectrometry. Figure S1 shows a schematic representation of the experimental set up with 

dimensional details. Figure S2 show a mass spectrum collected from electrospray of AgOAc 

solution.  

 

Figure S1. Schematic representation of the ESD set up. Representation of the dimensional 

details. 
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Figure S2. Mass spectrum collected from an aqueous solution of Ag(OAc). 

 

In the course of electrospray deposition, a black circular spot (typical diameter 2-5 mm 

depending on the distance between the nESI tip and the collector) due to the incoming spray 

plume appeared on the mask (SS wire mesh/empty TEM grid) itself. These were taken for 

further characterization. Deposition time can be varied to control the sizes of the NWs. For 

our experiments we have used NWs made by 6h deposition at a rate of 100-110 nA deposition 

current. 

 

Figure S3. TEM images of as-synthesized Ag NWs. TEM images of it at different 

magnifications. 

Electron microscopy imaging was peformed to understand the black spot on the mask. TEM 

imaging of the grid revealed an unusual brush-like growth of nanowires, with a head on 

stacking of bare Ag NPs comprising each nanowire. Figure S3a and b show TEM images of 

such nanowires at different magnifications. The higher magnification image in Figure S3b 

clearly shows that the Ag nanobrushes have a linear morphology, some of them somewhat 
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bent. The growth in each Ag NW is shown to be one-dimensional and not dendritic although 

the electron beam induced adhesion of the wires is possible; they are clearly not branched. 

These brush-like growth was only seen on the mask. On the other hand, the ITO collector 

below the mask collected Ag NPs. Figure S4a and b show TEM images of the Ag NPs formed 

on the collector while deposition. In this case, a carbon coated TEM grid was used as the 

collector instead of an ITO slide.  

 

Figure S4. TEM images of Ag NPs. a) and b) TEM images of Ag NPs formed on the collector 

during electrospray deposition. 

Detailed investigation revealed that the Ag NWs are typically assembled in small groups 

(nanobristles) and these in turn are arranged on the surface to create a nanobrush. A single 

nanobristle is actually a braid of several NWs which in turn possesses pearl-necklace type 

morphology. Figure S5a shows a TEM image of a nanobristle of the synthesized nanobrushes. 

From the image it is clearly seen that each bristle is a braid of several thinner nanowires. 

Figure S5b shows higher magnification TEM image taken from a single NW. Head on 

arrangement of the Ag NPs leading to pearl-necklace morphology is clearly seen.  

 

Figure S5. TEM images of a single NW. a) single bristle of the Ag nanobrush, b) single 

building block of a bristle showing pearl-necklace type morphology. 
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The above data prove that the deposition of solvated metal ions results in neutralization, 

aggregation and orientation to form 1D nanostructures. 

Careful investigation of the TEM data tell us further interesting facts. A TEM image of a 

single square of the empty TEM grid (Figure S6a) shows uniform assembly of bristles 

protruding out from the edges. The bristles appear apparently continuous in low magnification 

(Figure S6a), but upon closer inspection, they have a rough surface beacuse of the braiding of 

invidual NWs (Figure S6b). Figure S7 shows a high resolution transmission electron 

microscopy (HRTEM) image from the tip of a NW showing crystalline NPs in the NWs. The 

measured Ag (111) lattice spacing and energy dispersive sectroscopy (EDS) (Figure S8) 

confirm the presence of crystalline AgNPs. 

 

Figure S6. One dimensional nature of the Ag NWs. a) TEM image of a single square of an 

empty TEM grid, b) higher magnification image of the nanobristles showing the surface 

roughness. 

 

Figure S7. Crystallinity of the Ag NPs. High resolution transmission electron microscopy 

(HRTEM) image of a tip of a nanobristle showing the presence of crystalline Ag NPs. 
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Figure S8. Elemental analyusis. SEM EDS spectrum collected from the Ag nanobrushes.  

TEM images may imply that the NW structures are formed only at the edges of the square 

apertures of the mesh. But that is not the case. For better understanding of the nanobrush 

growth, SEM analysis was performed on the circular spot (~1.5-2.5 mm in diameter, 

depending upon the distance of the collector surface from the spray emitter) on the mask. 

Figure S9a and b show SEM images taken for Ag nanobrushes grown on an empty TEM grid 

and a SS wire mesh, respectively. 

 

 

 

Figure S9. SEM images of the as-synthesized Ag NWs. SEM image of it grown on a) empty 

TEM grid, b) SS wire mesh. 

SEM images show that the growth of the Ag nanobrushes are extended all over the grid/SS 

wire mesh providing a grassland like morphology. Conducting mesh is essential for the 
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growth. Control experiments were performed to prove that the size and shape of the mesh do 

not effect the growth. On the other hand, a conducting mesh as mask is the essential criteria 

for the NWs growth.   

 

Figure S10. Large area image. SEM image of the AgNWs grown over a large area. 

 

 

Figure S11. Droplet pinning experiment. Images of a water droplet rolling on the FT-coated 

Ag brushes. No pinning of the droplet was observed, proving the superhydrophobicity of the 

surface. 
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Figure S12. Proof of superhydrophobicity. a-c) Optical images of a water droplet bouncing off 

from the FT coated Ag brush substrate while another water droplet is stranded on the bare 

stainless steel wire mesh. d) Contact angle measurement on the superhydrophobic Ag 

nanobrushes. 

 

Figure S13. Advancing and receding angle. Measurement of a) advancement and b) receding 

contact angle of a water droplet on the superhydrophobic nanobrushes. The drop had to be 

held by touching it with a pipette tip. 
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Figure S14. Control experiments. a) Optical image of water droplets on normal SS wire mesh, 

b) optical image of water droplet sticking on a FT-coated SS wire mesh. Here also the 

droplets did not bounce off and got stuck to the surface. However, when it was sprayed with 

FT, the stainless steel mesh surface became hydrophobic to some extent. 

 

Figure S15. Control experiment. SEM image showing that the morphology of the Ag NWs 

was destroyed after spray coating of FT with a commercial sprayer. 

 

Figure S16. TEM images of the surface modified Ag NWs. TEM images of the Ag NWs a) 

before and b) after FT coating on the Ag NWs. 

a bNormal SS wire mesh Only FT coated SS wire mesh

5 µm

a b

20 nm 20 nm
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Proof of superhydrophobicity: To confirm the surface energy of the modified surface, the 

wettability was studied with static and dynamic contact angle measurements. The surface 

energy of the FT modified Ag nanobrushes is so low that water droplet did not stick on to it. 

The water droplets rolls off (no pinning) easily (Figure S11). To understand the wetting 

property in detail, contact angle hysteresis (CAH) was measured through dynamic CA 

experiment and shown in Figure S13. Static contact angle (CA) of water drop was measured 

before and after the experiment to check the change in wettability of the surface. For both the 

cases, CA was observed to be greater than 170 ° (Figure S19 c and d). This can relate with the 

stability and durability of the modified brushes. 

 

 

Figure S17. Contact angle measurement after the creation of hydrophilic zones over the super 

hydrophobic NWs. 

 

Figure S18. Optical microscopic images of water droplet condensed on the surface. a) and b) 

Optical images of a normal stainless steel wire mesh after 60 and 120 seconds of cooling, 

respectively. Condensation of water droplets was seen on the wire mesh. c) and d) Optical 

images of condensation of water on the stainless steel wire mesh containing superhydrophobic 

Ag nanobrush with hydrophilic protrusions. It is seen that the amount of water captured in this 

case is much larger in comparison to the normal wire mesh. 

1520

t= 120 st= 60 s

t= 60 s t= 120 s

a b

c d

100 µm

100 µm100 µm

100 µm
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Figure S19. Test of stability of the surface. a) and b) SEM images of the superhydrophobic 

brushes after 5 cycles of water capture experiment, showing the morphology is intact, c) and 

d) contact angle of a water droplet on the same showing that the superhydrophobic nature of 

the surface is largely unchanged during the water capture experiments. 

 

Video S1. Atmospheric water capture by the hydrophilic-hydrophobic patterned NWs under 

an optical microscope.  

 

Video S2. Atmospheric water capture on a hydrophilic-hydrophobic patterned area (4 cm
2
) 

using our prototype. The white spots seen in the video are due to the residue of the silver paste 

used for contact between the surface and the Peltier cooler. In subsequent experiments, we 

changed this to carbon take for better water transport. 
 
 

 

 

 

 
 

Before AfterCA ≥ 170˚ CA ≥ 170˚ 

A B

C D

50 µm 5 µm
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ABSTRACT: The present study is targeted toward understanding the
interaction between important and technologically relevant poly-
morphs of iron oxides/oxyhydroxides with arsenic species at neutral
pH. The existence of various arsenic (As) species in solution was
verified by Raman measurements. Their species-dependent adsorption
on the affordable arsenic removal media, confined metastable 2-line
ferrihydrite (CM2LF) was investigated. The results were compared
with common adsorption media, hematite (α-Fe2O3) and magnetite
(Fe3O4). X-ray photoelectron spectroscopy was used to investigate the
changes in the core levels of Fe 2p and As 3d resulting from the uptake
of arsenic species. Binding of various As species with CM2LF was
confirmed by FTIR studies. Raman adsorption data were found to fit a
pseudo-second-order model. Results of this study show the synthesized nanocomposite of CM2LF to be very effective for the
removal of As(III) and As(V) species in comparison to various materials at neutral pH. A model for the adsorption of As(III)
and As(V) species in water on a ferrihydrite particle was developed. This accounted for the large uptake capacity.

KEYWORDS: Arsenic species, Uptake capacity, CM2LF, Hematite, Magnetite, Adsorption mechanism

■ INTRODUCTION

Arsenic is one of the major contaminants in drinking water in
many parts of the world. Various parts of India, Bangladesh,
Cambodia, South Africa, Argentina, United States, and other
countries have arsenic in the groundwater to an extent more
than the permissible limit, namely 10 μg L−1 (10 ppb)
prescribed by the World Health Organization (WHO).1,2

Arsenic and its associated problems are still a great threat to
human health, although arsenic in water was first reported by
Benjamin Martin way back in 1759.3 Arsenic occurs in natural
waters as either arsenite (As(III)) or arsenate (As(V)).4 Both
forms of arsenic have strong affinity for iron oxide/
oxyhydroxide surfaces near neutral pH.5,6 The speciation of
arsenic is an important aspect for understanding its mobility,
bioavailability, and toxicity in groundwater.7 A comprehensive
solution for arsenic contamination was not evident as efforts
made previously have faced various challenges. Arsenic in the
environment has been addressed in various ways in terms of
technology, and all of them have certain limitations.8

In this context, there is a need to explore the use of
nanomaterials for arsenic mitigation due to their large surface
area and enhanced surface reactivity. In the past decade,
various nanostructured composites have been used to remove
arsenic from water, namely, graphene oxide−MnFe2O4 nano-
hybrids,9 Fe−Cu binary oxides,10 nanocrystalline TiO2,

3,11,12

superparamagnetic Mg0.27Fe2.5O4,
13 GO−ZrO(OH)2 nano-

composites,14 GNP/Fe−Mg oxide,15 etc. Recently, researchers
have looked at several bioadsorbents like Eichhornia crassipes
which are locally available. Powders of the roots of Eichhornia
crassipes, possessing multiple functional groups (−OH, −NH2,
and −COOH) on the surface, were used for the potential
removal of arsenic species from wastewater.16

However, to know the exact binding mechanism of different
arsenic species on the surfaces, various spectroscopic studies
are required such as Raman spectroscopy, Fourier-transform
infrared spectroscopy (FTIR), and X-ray photoelectron
spectroscopy (XPS). These studies too have limitations due
to the difficulty in understanding adsorbed species in water and
the mode of complexation onto the surfaces. To understand
the complexation of arsenic onto oxides, some efforts have
been made by Gustafsson et al.17 using computational
methods. Authors have used the Diffuse Layer Model
(DLM)18 and Three-Plane CD-MUSIC Model (TPCD)19 to
account for the data. It has been seen that at different pH
conditions, both As(III) and As(V) exist as different
species.20,21 These species bind on different adsorbents
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differently,22−25 which also depend on the concentration of the
species.23,26

Adsorption of As(III) and As(V) on amorphous aluminum
and iron oxides using vibrational spectroscopy was investigated
by Goldberg et al.20 According to the report, Al−O−As
stretching frequency appeared between 844 to 865 cm−1 for
pH 5−9, while Fe−O−As frequency was observed between
817 to 824 cm−1 for pH 5−10.5. Arsenate forms inner sphere
complexes on both amorphous Al and Fe oxides, while As(III)
forms inner and outer sphere complexes on amorphous Fe
oxide and only outer sphere complexes on amorphous Al
oxide. Arsenic speciation in the aqueous phase was studied in
detail using Raman spectroscopy by Müller et al.21 They
studied the binding mechanism of As(III) and As(V) on 2-line
ferrihydrite, goethite, hematite, and feroxyhyte using Raman
and diffuse reflectance infrared Fourier-transform (DRIFT)
spectroscopy. In solution phase, As(III) and As(V) showed
various Raman features. However, the As(III/V) adsorbed
samples of ferrihydrite and feroxyhyte showed Raman feature
of Fe−O−As as a broad band, centered around 840 cm−1 at
pH 5.5 and 9. In the case of As(V), this band was more intense
and better resolved than As(III). To know the oxidation state
of As, extended X-ray absorption fine structure (EXAFS)
spectroscopy was performed which confirmed that no change
occurred in the oxidation state of As(III) and As(V) after
adsorption. EXAFS and X-ray absorption near edge structure
(XANES) spectroscopy studies were widely used to know the
mode of complexation of arsenic species on iron oxide/
oxyhydroxide.
Wang et al.22 investigated the surface speciation of As(III)

and As(V) on green rust by EXAFS and XANES spectros-
copies. They found polymeric species of As(III) on the surface
of green rust. Bhandari et al.27 studied the effect of light on
ferrihydrite with As(III) at pH 5 using XANES and attenuated
total reflection-FTIR (ATR-FTIR) spectroscopy. They ob-
served the oxidation of As(III) which was bound to the surface
of ferrihydrite. During the adsorption process, the release of
Fe(II) ions into solution from ferrihydrite was noticed.
Nguema et al.28 performed As(III) sorption with 2-line
ferrihydrite, hematite, goethite and lepidocrocite using
EXAFS and XANES spectroscopies. They found bidentate
binuclear corner sharing (2C) complexes in all cases but
bidentate mononuclear edge sharing (2E) complexes addition-
ally for ferrihydrite and hematite. In the environment, the
known polymorphs of iron oxides/hydroxides/oxyhydroxides
are about sixteen.29 Hematite (α-Fe2O3), magnetite (Fe3O4),
goethite (α-FeOOH), and ferrihydrite (Fe2O3·0.5H2O) are the
commonly available polymorphs and are used for various
industrial and scientific applications. Hematite (HEM),
magnetite (MAG), and ferrihydrite (Fh)-based materials
were used extensively in water purification for the removal of
heavy metal ions (Pb and As).30−32 Higher surface area of iron
oxides favors larger adsorption capacity for arsenate.33 Iron
oxide nanoparticles are also effective for the removal of other
metals such as V, Cr, Co, Mn, Se, Mo, Cd, Sb, Tl, Th, and U.34

Use of nanoadsorbents for the removal of heavy metal ions
from water is particularly attractive as they can be altered
suitably to achieve greater surface area and stronger binding
capacity. Magnetite nanoparticles have certain advantages due
to their superparamagnetic properties, ease of preparation, and
biocompatibility. However, agglomeration and the loss of
magnetic strength over time resulting from auto-oxidation
limits the commercial application of bare iron oxide nano-

particles.35,36 We had introduced a low cost engineered
nanomaterial, named as confined metastable 2-line ferrihydrite
(CM2LF), having a high adsorption capacity of 100 mg/g37 as
a solution for arsenic contamination in drinking water.
Detailed characterization, comparison with other materials,
batch and cartridge studies, mechanical properties, regener-
ation, reuse, and post adsorption characterization have been
reported earlier by Kumar et al.37 The material has been
implemented in various parts of West Bengal, Uttar Pradesh,
Karnataka, and Punjab states of India for arsenic removal with
continuous monitoring, and the technology has reached over
600 000 people now.
Present work mainly focuses on the adsorption kinetics of

common As species (H3AsO3, H2AsO4
1−, and HAsO4

2−)
which exist at pH 7. The oxidation state of iron in CM2LF,
MAG, and HEM upon complexation with As species was
studied using XPS. The mode of adsorption of various species
on these adsorbents was studied using FTIR spectroscopy.
Based on these, a mechanistic model of complexation on
nanoscale materials was developed.

■ EXPERIMENTAL SECTION

Stock solutions of 100 mM As(III) and As(V) were prepared using
NaAsO2 and Na2HAsO4·7H2O, respectively. A combination of
As(III) and As(V) is referred to as As(mix). A stock solution of
100 mM As(mix) solution was prepared by mixing equimolar
amounts of NaAsO2 and Na2HAsO4·7H2O. The pH of the stock
solutions was adjusted to 7 by adding diluted HCl and diluted NaOH,
whenever necessary.

Further, 200 mg of the material (CM2LF/MAG/HEM) was added
to 150 mL of arsenic stock solution (As(III)/As(V)/As(mix)) in a
250 mL polypropylene conical flask. The flask was kept in an orbital
shaker for 24 h, until an adsorption equilibrium was reached. The
solution was centrifuged and the residue (i.e., the arsenic adsorbed
material) was washed several times with deionized water to remove
unreacted arsenic species from the surface of the material.
Subsequently, the cleaned residue was dried at room temperature
and a pellet was made using an IR pelletizer. The pellet was kept in a
vacuum desiccator for 48 h for complete drying and also to protect it
from the surrounding environment, before performing XPS and IR
measurements.

To understand the adsorption kinetics of arsenic, Raman
measurements were performed. For this, 3−7 g of the material
(CM2LF/MAG/HEM) was added to 40−50 mM of 150 mL of
arsenic (As(III)/As(V)/As(mix)) solutions in a 250 mL polypropy-
lene conical flask. The solution was kept in an orbital shaker, and 1
mL of the solution was collected at various time intervals at 5, 10, 15,
20, 40, 60, 90, and 120 min, respectively. The solutions were
subjected to centrifugation, immediately after collecting them. The
material if any, separated as residue, was discarded and Raman
measurements were performed using the supernatant.

In this work, each material, viz., CM2LF/MAG/HEM has been
investigated thoroughly for interaction with As(III), As(V), and
As(mix), respectively.

Materials. Sodium arsenite (NaAsO2) and disodium hydrogen
arsenate (Na2HAsO4·7H2O) were purchased from SD Fine
Chemicals Limited. Hematite (α-Fe2O3) was purchased from Merck
Chemicals Pvt. Ltd., India. Magnetite (Fe3O4) was purchased from
Alfa Aesar (A Johnson Matthey Company, USA). Sodium hydroxide
(NaOH) was purchased from Rankem Glasswares and Chemicals Pvt.
Ltd., India. Hydrochloric acid (HCl) was purchased from Merck Life
Science Pvt. Ltd., India. All chemicals were of analytical grade and
were used without further purification. Deionized (DI) water was
used throughout the experiments.

Instrumentation. HRTEM images of the sample were obtained
with JEM 3010 (JEOL, Japan) operating at 200 kV (to reduce beam
induced damage) with an ultrahigh-resolution polepiece. Samples for
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HRTEM studies were prepared by dropping the dispersion on
amorphous carbon films supported on a copper grid and subsequent
drying. XPS measurements were done using an ESCA Probe TPD
spectrometer of Omicron Nanotechnology. Polychromatic Al Kα was
used as the X-ray source (hν = 1486.6 eV). Samples were mounted as
pellets on a carbon tape, supported on the sample stub. Constant
analyzer energy of 20 eV was used for the measurements. Binding
energy was calibrated with respect to C 1s at 284.8 eV. All the XPS
spectra were deconvoluted using CasaXPS software. Raman spectros-
copy was performed using CRM Alpha 300 S microRaman
spectrometer of WiTec GmbH (Germany). A glass slide with a
cavity (which can hold 100 μL of the sample solution) was mounted
on the piezoelectric scan stage of the setup. The spectra were
collected at 633 nm laser excitation where a long band-pass filter,
placed in the path of signal effectively cuts off the Rayleigh scattering.
The signal was then dispersed using a 600 grooves per mm grating,
and the dispersed light was collected by a Peltier-cooled charge
coupled device. The other parameters of the instrument were kept as
integration time, 70 s and accumulation, once. The background
subtraction of spectrum was done using a second-order polynomial.
All the Raman spectra were deconvoluted using OriginPro 9.0
software. A PerkinElmer FTIR spectrometer was used to measure the
infrared spectra. The spectrometer resolution was kept at 4 cm−1.
Identification of the phase(s) of CM2LF sample was carried out by
XRD (Bruker AXS, D8 Discover, USA) using the Cu Kα radiation at
λ = 1.5418 Å. Various model building softwares were used to build the
structures. The rectangular slab, nanosphere, and cube were built by
using VESTA and Avogadro 1.2.0 software.

■ RESULTS AND DISCUSSION

Figure 1A shows a TEM image of CM2LF. It appears largely
amorphous and continues to remain the same at ambient
conditions even after extensive interaction with As(III) and
As(V) spiked water. Upon continuous electron beam
irradiation, lattice planes are seen under HRTEM due to
beam induced crystallization (Figure 1B). Figure S9 shows the
XRD data of CM2LF. It shows the 2-line ferrihydrite phase
with characteristic features at 35.5° and 62.3° corresponding to
the (110) and (115) planes. The observed lattice planes are in
agreement with the Cambridge Crystallographic Database
(CCD) (JCPDS, 46-1315).37−39

To understand the degree of protonation, polymerization,
and speciation of As(III) and As(V) oxides40 at room
temperature, Raman spectra were measured at pH 7 (Figure
2Aa,Ab). As(III) in solution has two vibrational features at 703
and 656 cm−1 (Figure 2Aa) which correspond to the A1 and E
modes of H3AsO3 (C3v symmetry when all OH groups are
equivalent). The peak at 703 cm−1 corresponds to symmetric
stretching (A1) while the other peak at 656 cm−1 represents

the asymmetric stretching (E) of As−OH,21 respectively.
As(V) in solution shows four vibrational features (after
deconvolution) at 873, 837, 745, and 698 cm−1 (Figure
2Ab). To understand the kind of speciation of As(III) and
As(V) in the aqueous phase, we have performed the studies by
varying pH, according to the pKa value of their corresponding
acids, and the data are shown in the Supporting Information,
Figure S1. As(V) in solution exists as H2AsO4

1− and HAsO4
2−

species in the pH window of 5−9, as reported.37,20,21 Species
H2AsO4

1− and HAsO4
2− belong to C2v (when the OH groups

are equivalent) and C3v (when the OH group is considered as a
moiety) point groups, respectively. C2v has four vibrational
modes, viz., A1, A2, B1, and B2 while C3v has two vibrational
modes, viz., A1 and E which are Raman active. The vibrational
modes of the species H2AsO4

1− and HAsO4
2− were discussed

by Müller et al.21 As(V) solution was made at pH 5 and pH 9,
separately. At pH 9, it shows two features at 830 and 699 cm−1

(Figure 2Ba) whereas at pH 5, they were observed at 877 and
744 cm−1 (Figure 2Bb). The higher frequency peaks of the
spectra (at 830 and 877 cm−1) correspond to the symmetric
stretching of AsO, while the lower frequency peaks (699 and
744 cm−1) represent the symmetric stretching of As−OH,
respectively. With this explanation, we can assign the Figure

Figure 1. (A) HRTEM image of the 2-line ferrrihydrite composite (CM2LF). (B) Lattice resolved image of part A.

Figure 2. Raman spectra of aqueous arsenite and arsenate species. (A)
Data at pH 7 for (a) As(III), (b) As(V), and (c) As(mix). Expanded
view of As(V) showing different species at other pH values. (B) Most
of the As(V) is in the form of (a) HAsO4

2− at pH 9 and as (b)
H2AsO4

1− at pH 5. Data have been fitted with their components.

ACS Sustainable Chemistry & Engineering Research Article

DOI: 10.1021/acssuschemeng.8b01217
ACS Sustainable Chem. Eng. 2018, 6, 9990−10000

9992

http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.8b01217/suppl_file/sc8b01217_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.8b01217/suppl_file/sc8b01217_si_001.pdf
http://dx.doi.org/10.1021/acssuschemeng.8b01217


2Ab vibrational frequencies 837, 698 and 873, 745 cm−1 to
HAsO4

2− and H2AsO4
1−, respectively. In the case of As(mix)

in solution, at pH 7, the observed six vibrational features (after
deconvolution) are almost close to the vibrational frequencies
of the individual As(III) and As(V) species (H3AsO3,
HAsO4

2−, and H2AsO4
1−) as discussed earlier. We did not

see any additional features which also confirm that there are no
adducts between As(III) and As(V) in solution as a result of
mixing. Further details about As−O or As−OH stretching
frequencies of arsenic oxides are discussed in Goldberg et al.20

The adsorption kinetics of various arsenic species in solution
at pH 7 was studied for different materials, CM2LF, MAG, and
HEM. The intensities of As(III), As(V), and As(mix) species
decreased upon interaction with CM2LF with time, as shown
in Figure 3. Similar decay in intensities of the arsenic species is
seen in the case of MAG and HEM as shown in the Supporting
Information, Figures S2 and S3, respectively. The data suggest
that upon interaction with CM2LF, MAG, and HEM, the
arsenic species in solution remained the same. Area under the
peaks correspond to concentration in solution, and the data
suggest that equilibrium is reached in 20 min as shown in
Figure S4. The kinetic graphs in Figure S4A,B follow a pseudo-
second-order expression. The similar data for MAG and HEM

are shown in Figures S5 and S6, respectively. We observed that
the concentration of As(III) and As(V) in solution reduced
faster for CM2LF but not for MAG and HEM. Appropriate
analyses of the data are presented in the Supporting
Information.
Raman measurements of various concentrations of As(III)

and As(V) are shown in the Supporting Information, Figure
S7A,B, respectively. The correlation between the area under
the peak and the concentration of As(III) and As(V) solutions
are shown in Figure S7C,D, respectively. To understand the
adsorption kinetics and uptake capacity, we plotted t/qt versus
t (Figure 4); the rate constants (k) and adsorption capacity
(qe) of all the materials were calculated using the slopes and
intercepts of the plots. The results are tabulated in Table 1.
Similar adsorption models for the uptake of arsenic have been
reported earlier.9,30,41

The obtained rate constants for CM2LF and HEM are equal
for As(III) adsorption but less for MAG (Table 1). We assume
that this may due to the difference in availability of surface
−O−/−OH groups on all three materials. While in the case of
As(V), MAG shows faster kinetics in comparison to CM2LF
and HEM, even though it shows less uptake of As(V). As we
know that As(V) in solution exists as H2AsO4

1− and HAsO4
2−

Figure 3. Time dependent Raman spectra of the interaction of CM2LF with (A) As(III), (B) As(V), and (C) As(mix).

Figure 4. Pseudo-second-order kinetics graph for (A) CM2LF, (B) MAG, and (C) HEM, where plots a, b, and c represent As(III), As(V), and
As(mix) removal, respectively. The unit of qe and qt is mg/g. The qt of each data point was evaluated using eq 3 of Supporting Information 4.
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at pH 7, we were interested to know which species will have
faster kinetics toward iron oxides/oxyhydroxides. Data of
Table 1 reveal that H2AsO4

1− shows higher rate constant than
HAsO4

2− for CM2LF, MAG, and HEM at pH 7 irrespective of
their different surface structures. Further studies were
conducted using As(mix) and As(V), which showed higher

rate constant than As(III). Thus, As(V) interaction with all the
materials is faster in comparison to As(III) due to the
difference in the species in the solution phase. As(V) shows
faster adsorption kinetics as compared to As(III). It is due to
As(V) (H2AsO4

1−/HAsO4
2−) possessing more polarizable

hydration sphere than As(III) (H3AsO3). Nucleophilicity

Table 1. Adsorption Data in Terms of Initial Rates, Rate Constants, and Uptake of As at Equilibrium

adsorbate 150 mL adsorbent (g) species pH 7 qe (mg/g) ± 5% k (min(mg/g))−1± 5% initial rate h = kqe
2
± 10% R2

50 mM As(III)

CM2LF : 3 g H3AsO3 222 1.5 × 10−3 74 0.99

MAG : 3 g H3AsO3 165 0.4 × 10−3 11 0.99

HEM : 3 g H3AsO3 85 1.5 × 10−3 11 0.99

40 mM As(V)

CM2LF : 7 g

HxAsO4
y− 109 5.0 × 10−3 59 0.99

H2AsO4
1− 32 60.0 × 10−3 61 0.99

HAsO4
2− 76 20.0 × 10−3 115 0.99

MAG : 7 g

HxAsO4
y− 45 19.0 × 10−3 38 0.98

H2AsO4
1− 21 25.0 × 10−3 11 0.98

HAsO4
2− 24 17.0 × 10−3 10 0.98

HEM : 7 g

HxAsO4
y− 77 2.0 × 10−3 12 0.98

H2AsO4
1− 24 12.0 × 10−3 7 0.98

HAsO4
2− 53 4.5 × 10−3 13 0.98

50 mM As(mix)

CM2LF : 5 g

As(mix) 200 3.0 × 10−3 120 0.99

H3AsO3 125 7.0 × 10−3 109 0.99

HxAsO4
y− 76 8.5 × 10−3 49 0.99

MAG : 5 g

As(mix) 89 4.0 × 10−3 32 0.99

H3AsO3 25 5.0 × 10‑3 31 0.95

HxAsO4
y− 64 12.0 × 10−3 49 0.99

HEM : 5 g

As(mix) 52 13.0 × 10−3 35 0.99

H3AsO3 32 13.0 × 10−3 13 0.99

HxAsO4
y− 20 40.0 × 10−3 16 0.97

Figure 5. A model of As complexes with Fe2O10H8 cluster. Path a, As(III) complexes and path b, As(V) complexes. OSC, outer sphere complexes
(x, y, and z). ISC, inner sphere complexes (1 to 10). Transformation of OSC to ISC by ligand exchange is shown.
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plays an important role in the inner sphere complexation
process (ligand exchange mechanism). More nucleophilic
ligands (−O− > −OH) can easily replace the labile groups
(−OH/H2O

+
−). In acidic pH, most of the singly coordinated

oxygens are present on the surface of adsorbent in the form of
H2O

+
−/−OH groups. As the pH becomes basic, the singly

coordinated oxygens change to −OH/−O−. Thus, at pH 7, the
surface of adsorbent can be composed of H2O

+
−/−O−/−OH

groups. Repulsions existing between Fe−O− (adsorbent) and
As−O− (adsorbate) groups are the cause of reduced
adsorption of As(V) than As(III). As(V) has more nucleophilic
ligands (−As−O−) as compared to As(III) (−As−OH). Thus,
we can conclude that nucleophilicity is one of the key factors
leading to faster adsorption kinetics for As(V) than As(III) at
pH 7. The effect of nuclophilicity of ligands and the difference
in molecular basis of the adsorption process for As(III) and
As(V) are shown in Figure S10.
Adsorption at equilibrium has shown that As(III) uptake is

higher than As(V) for CM2LF and HEM (Table 1) and not
for MAG. We believe that decrease in availability of adsorption
sites for As(III) due to the initial occupation of them by As(V)
and also pH of the solution are the major reasons for reduced
uptake by MAG. Among the adsorbents studied, the rate
constant is highest for MAG for As(V) uptake. It also shows
the lowest rate constant for As(III) uptake (Table 1).
Effect of Competing Ions. We further studied the

influence of competing ions on arsenic adsorption for
CM2LF, MAG, and HEM to improve the application of
materials for point-of-use water purification. We have
considered the ions which are generally present in natural
water: NO3

−, CO3
2−, PO4

3−, SO4
2−, Cl−, and HCO3

− and
performed experiments for As(III) and As(V), separately.
As(III) adsorption was more than that of As(V) for all the
materials. The corresponding data are shown in Figure S11.
CM2LF removes As(III) and As(V) effectively as compared to
MAG and HEM even in the presence of competing ions. The
data show that the influence of PO4

3− ion was considerably
higher than that of other ions for all the materials.
In the following, we present a model for the adsorption of

arsenic species on CM2LF based on the data available. For this
model, a unit of the substrate is considered. For FeOOH based

materials, the Fe2O10H8 unit, an edge share hydroxyl
terminated bioctahedron is taken as the model system. Possible
complexes that can be formed via ligand exchange mechanism
upon the adsorption of As(III) and As(V) on this model
cluster at pH 7 are shown in Figure 5. We may recall that the
Fe2O10 cluster is the common unit (two octahedra present in
edge sharing fashion) of 2-line ferrihydrite, MAG and HEM.
The oxide upon exposure to water will have hydroxylated
surfaces making this model realistic. There are two kinds of
adsorption geometries (physical and chemical) possible in the
case of As species. Physical adsorption leads to outer sphere
(physically bonded species (P) through hydrogen bonding)
complexes while chemical adsorption result in inner sphere
(chemically bonded) complexes. Most of the outer sphere
complexes can transform to inner sphere complexes through
ligand exchange mechanism as indicated by the pathways
(“path a” and “path b”). In Figure 5, x, y and z represent the
outer sphere complexes formed through hydrogen bonding
between As species and iron oxides/oxyhydroxides as
reported.26,42 The inner sphere complexes are (1) mono-
dentate mononuclear (1V), (2) bidentate binuclear corner
sharing (2C), and (3) bidentate mononuclear/binuclear edge
sharing (2E). The ratio of outer to inner sphere complexes
depend on the pH of the solution.23,26 Complex 2 from Figure
5 (“path a”) and complexes 7, 8, and 9 from Figure 5 (“path
b”) represent the 2C complexes. The complexes 7, 8, and 9 are
structurally similar and differ in the degree of protonation of
As(V) species. As(III) and As(V) have more tendency to form
2C complexes (thermodynamically favorable) than other
possible structures28,43,44 for all the adsorbents used in this
work. Bidentate mononuclear edge sharing (2E) complexes
were found in the case of As(III) with ferrihydrite and HEM.28

Complex 1 from Figure 5 (“path a”) and complexes 5, 6, and
10 from Figure 5 (“path b”) show monodentate mononuclear
(1V) complexes. These are found to increase in intensity
noticeably at pH 7−1023,22 in the case of As(III) and at pH 5−
1026,42 in the case of As(V) with iron oxides/oxyhydroxides.
The XPS analysis of arsenic standards in the solid form

(As(III)s and As(V)s, subscript “s” refers to solid state) are
shown in Figure 6Aa, 7Aa, and Figure S8Aa. The measure-
ments were done using standard arsenic compounds viz.,

Figure 6. XPS spectrum of (A) As 3d and (B) Fe 2p. As 3d region of (A) (a) NaAsO2 (red trace) and Na2HAsO4·7H2O (blue trace). Comparison
of the positions may be noted. (b) As(III), (c) As(V), and (d) As(mix) adsorbed on CM2LF. Spectra are fitted for the 3d5/2 and 3d3/2 features. (B)
(a) CM2LF before adsorption, (b−d) Fe 2p after adsorption, as before. (C) FTIR spectra (a) CM2LF before adsorption. Spectra of (b) As(III)
and (c) As(V) adsorbed materials. (d) Spectra after subtraction (curve b-a). (e) Spectra after subtraction (curve c-a).
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NaAsO2 for As(III) and Na2HAsO4 for As(V). The As 3d peak
appears at 44.2 and 44.8 eV for As(III)s and As(V)s,
respectively.45 The As 3d peak was deconvoluted into 3d5/2
and 3d3/2, while Fe 2p was fitted with three pairs of peaks for
CM2LF and HEM as reported.46,47 The lower binding energy
peak corresponds to −Fe−O−Fe− groups, the next higher one
refers to surface >Fe−OH groups (Fe(III)surf) followed by a
satellite peak (Fe(III)sat).

46 XPS data of each peak before and
after arsenic (As(III), As(V), and As(mix)) interaction with all
three materials used in this work are shown in Table S1. The
standard As 3d peak was redshifted from 44.2 to 45.1 and 44.7
eV upon As(III) interaction with CM2LF (Figure 6Ab) and
HEM (Supporting Information, Figure S8Ab), respectively.
The observed results suggest that most of the H3AsO3 species
on the surface of CM2LF and HEM are chemically bonded or
may have got converted to As(V). In the case of As(V)
adsorption on CM2LF and HEM, the As 3d peak redshifts
from a value of 44.8 to 45.3 and 46.5 eV for CM2LF (Figure
6Ac) and HEM (Supporting Information, Figure S8Ac),
respectively. The redshift of As 3d peak was higher in the
case of HEM and lower for CM2LF (broaden to higher
binding energy side). Lower redshift can refer to physically
adsorbed and higher redshift can suggest chemically adsorbed
species. The FTIR characteristic features of CM2LF before
arsenic adsorption (Figure 6Ca) shows Fe−O stretching
frequencies of 2-line ferrihydrite at 481, 611, and 695 cm−1,
respectively. Peaks at 1074, 1370, and 3370 cm−1 are due to
asymmetric C−O−C stretching, N−H deformation, and N−H
stretching of chitosan (the polymer used to make CM2LF),
respectively. The CO stretching of amide and C−H
stretching of the polymer were noticed at 1630 and 2884
cm−1, respectively, as reported by Kumar et al.37 The peak at
3370 cm−1 suggest the stretching vibrations of adsorbed water
and hydroxyl groups of CM2LF. The free H3AsO3 molecules
in water show stretching vibrations of As−OH at 703 and 656
cm−1 (Figure 2Aa), which gives a new peak at 780 cm−1 upon
interaction with CM2LF26,28 due to which enhancement of
Fe−O peaks of CM2LF was observed in the 600−700 cm−1

region. The enhancement may be due to the overlap of
H3AsO3 (As−OH) stretching vibrations and Fe−O vibrations
of CM2LF. This effect can be noticed from the subtracted

spectrum, curve b-a of Figure 6Cd. The fitted curve b-a shows
the adsorbed H3AsO3 features at 550, 658, and 770 cm−1. The
770 cm−1 is due to chemically adsorbed species and the other
two, 550 and 658 cm−1 suggest physically adsorbed (hydrogen
bonded) H3AsO3 (As−OH stretching) on CM2LF. The
results were supported by the work of Sverjensky et al.23 and
Fukushi et al.26 These authors studied arsenic speciation on
ferrihydrite surface using IR and extended X-ray adsorption
fine structure (EXAFS) spectroscopies and applied the
extended triple layer model (ETLM). The 2C complexes
dominate than the 1V and P complexes for As(III) and As(V).
In the present study, the ratio of physical to chemical
adsorption is more for As(V) than for As(III) due to difference
in the extent of deprotonation of arsenic species and increase
of −O− groups on the surface of the adsorbent. The results
suggest that the effect of pH is more on As(V) than As(III).
In the case of MAG, the Fe 2p3/2 was deconvoluted into four

peaks which correspond to Fe(II), Fe(III) and two separate
shakeup peaks for Fe(II) (Fe(II)sat) and Fe(III) (Fe(III)sat),
respectively.46,48 Similarly, the deconvolution was done for Fe
2p1/2. Upon As(III) interaction with MAG, no considerable
change was observed in As 3d. The peak shifted from 44.2 to
44.3 eV (Figure 7Ab) while in the case of As(V), it redshifted
from 44.8 to 45.5 eV (Figure 7Ac). Thus, we can conclude that
most of the H3AsO3 species are physically adsorbed and
HxAsO4

y− species are chemically adsorbed on MAG. In both
the cases, there was no considerable change in peak positions,
intensity ratio, and fwhm of Fe(II) and Fe(III). These suggest
that there was no conversion of Fe(II) to Fe(III) and vice
versa. The characteristic features of MAG in FTIR before
arsenic exposure (Figure 7Ca) shows the Fe−O stretching
frequencies at 448, 491, and 590 cm−1, respectively. Peaks at
1639 and 3430 cm−1 are due to bending and stretching
vibrations of adsorbed water on MAG. Peak at 2348 cm−1 is
due to free CO2 in the spectrometer.
A peak at 820 cm−1 was found upon interaction of As(III)

and As(V) with CM2LF and MAG. This feature due to Fe−
O−As stretching vibrations of the bidentate binuclear (2C)
complex49 occurs in the range of pH 7 to 9, which confirms
that the arsenic species (H3AsO3 and H2AsO4

1− and HAsO4
2−)

are forming the inner sphere complexes on the surface of these

Figure 7. XPS spectrum of (A) As 3d and (B) Fe 2p. As 3d region of (A) (a) NaAsO2 (red trace) and Na2HAsO4·7H2O (blue trace). Comparison
of the positions may be noted. (b) As(III), (c) As(V), and (d) As(mix) adsorbed on MAG. Spectra are fitted for the 3d5/2 and 3d3/2 features. (B)
(a) MAG before adsorption, (b, c, and d) Fe 2p after adsorption, as before. (C) FTIR spectra (a) MAG before adsorption. Spectra of (b) As(III)
and (c) As(V) adsorbed materials. (d) Spectra after subtraction (curve b-a). (e) Spectra after subtraction (curve c-a).
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materials. CM2LF and MAG show a special feature at 878
cm−1 after As(V) adsorption which represents the AsO
stretching vibrations49 of HxAsO4

y−. Figures 6Ad, 7Ad, and
Figure S8Ad show that As(III) is more interactive than As(V)
at pH 7, in the case of As(mix). The results were supported by
Raman data (Table 1). The correlation of adsorption models
(Figure 5) and spectroscopic data (XPS and IR) based on the
present work is summarized in Table 2.
The XPS data (Table 2) suggest that there is no

considerable change in Fe 2p upon interaction with arsenic
(As(III)/As(V)), which implies that the Fe atoms involved in
the complexation did not undergo any chemical change for all
the materials reported in this work. We assume that formation
of the complexes follows the ligand exchange mechanism. The
stability of the complexation of arsenic species with ferric
hydroxides was reported by Farrell et al.42 The stability of the
complexes is in the order: bidentate binuclear (>(FeO)2AsOH
≈

2C) > monodentate mononuclear (>(FeO)−As(OH)2 ≈

1V) > physical adsorption (P).
In the following, we discuss an understanding of the

adsorption of arsenic species on CM2LF. In Figure 8, we used
the unit cell parameters of 2-line ferrihydrite as reported in
Michel et al.39,50 to construct a rectangular slab having top and
bottom surfaces parallel to the (110) plane of FeOOH (Figure
8A). The top surface contains oxygen atoms (in yellow). In
general, the ferrihydrite structure has three symmetry-distinct
Fe atoms. Here, we represented them as octahedra Fe1 center
(dark yellow), octahedra Fe2 center (indigo), and tetrahedra

Fe3 center (blue) as reported by Pinney et al.50 The CM2LF
−O−/−OH groups were shown in yellow/red, while arsenic
attached −O− and −OH groups are marked in sky blue and
blue, respectively. XPS and FTIR results suggest that arsenic
species bind the surface Fe atoms through a ligand exchange
mechanism, at pH 7. The results are supported by the
literature.23,21,24,25,20,26 In the ligand exchange mechanism,
As−O−/−OH groups replace the Fe−O−/−OH groups. The
formation of possible stable complexes of As(III) and As(V)
with 2-line ferrihydrite are shown in Figure 8B,C, respectively.
As(III) forms 2C (major) and 1V (minor) complexes while
As(V) forms 2C, 1V (minor) and P (major) complexes.
We generated a 2-line ferrihydrite nanosphere of 2.6 nm in

diameter (Figure 9A) and constructed a cube (Figure 9B) such
that the surface area of the cube equals the surface area of the
nanosphere (6a2 = 4πr2). The diameter chosen was to simulate
the experiment. Possible sites for adsorption were counted as
the number of singly coordinated oxy/hydroxy (Fe−O−/−
OH) groups from Fe1 (octahedral, blue color) and Fe2
(octahedral, yellow color) centers available on the surface of
the nanosphere and cube. Only one site was counted if more
than one site was present on the same center due to possible
steric hindrance of the complexed species. Ideally, 86 sites were
counted for the nanosphere and 54 sites were possible for the
cube. We applied two constraints to get maximum arsenic
uptake capacity of 2-line ferrihydrite. (1) All the particles
(nanosphere or cube) were assumed to be well separated to
make all the sites available for adsorption and (2) all the

Table 2. Correlation of Adsorption Models and Spectroscopic Data

adsorbate pH 7 adsorbent As 3d shift (eV) Fe 2p3/2 shift (eV) IR features (cm‑1) suggested complexesa

As(III) (H3AsO3)

CM2LF + 0.9 0.1 820 complex 2

550, 658 complex x

MAG + 0.1 0 complex x

820 complex 2/1

HEM + 0.5 − 0.2 may be complex 2

As(V) (HAsO4
2−/ H2AsO4

1−)

CM2LF + 0.5 + 0.1 820 complex (7/8/9)

MAG + 0.7 + 0.3 820 complex (7/8/9)

720 complex (y and z)

HEM + 1.5 − 0.2 complex (7/8/9)
aComplexes refer to those in Figure 5, assigned on the basis of FTIR features and As 3d peak shift values.

Figure 8. Schematic of a 110 plane of ferrihydrite at pH 7 (A) before adsorption, (B) after As(III) adsorption, and (C) after As(V) adsorption.
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arsenic species were attached to the surface Fe atoms as
monodentate mononuclear (1V) or bidentate mononuclear in
an edge sharing (2E) fashion assuming that one arsenic species
should occupy one site and the other possible complexes
(bidentate binuclear (2C) and physical adsorption (P)) were
excluded. The density of 2.6 nm particle is 3.5 g/cm3 as
reported.51 Correspondingly, 32.21 × 10−21 g and 23.25 ×

10−21 g are the masses of a single nanosphere and a cube,
respectively, which are calculated using density and volume of
the specific geometry (here the density of nanosphere and
cube were assumed as equal). Further, 3.1 × 1019 nanospheres
or 4.3 × 1019 cubes are needed to make 1 g of 2-line
ferrihydrite. The total number of sites available on nanospheres
(3.1 × 1019 × 86 = 2.666 × 1021 = 4.426 × 10−3 moles of sites)
or cubes (4.3 × 1019 × 54 = 2.322 × 1021 = 3.856 × 10−3 moles
of sites) for 1 g of 2-line ferrihydrite were calculated. In the
case of nanospheres, ideally, the maximum adsorption
capacities for As(III) and As(V) were about 557 and 620
mg/g (where all the sites fully occupied by H3AsO3 or
HxAsO4

y− species), respectively, while in the case of cubes,
they were about 485 and 543 mg/g for As(III) and As(V),
respectively. The theoretical calculations suggest that the shape
and geometry of nanoparticle present in 2-line ferrihydrite can
profoundly affect its uptake capacity. The experimental uptake
capacity could reach almost half of the theoretical value.

■ CONCLUSIONS

Species-dependent arsenic adsorption on iron oxides/oxy-
hydroxides was investigated by Raman spectroscopy. Time
dependent Raman measurements allowed us to understand an
effective material for better arsenic uptake for various species,
H2AsO4

1− and HAsO4
2−, at neutral pH. The studies suggested

that their complexation with iron oxides/oxyhydroxides was
driven by the ligand exchange mechanism which could lead to
the formation of Fe−O−As bonds at neutral pH. Comple-
mentary data were obtained from vibrational spectroscopy.
CM2LF showed the highest arsenic adsorption capacity than
the commonly available polymorphs of iron oxides (MAG and
HEM) at neutral pH. CM2LF showed effective removal of
As(III) and As(V) in natural waters which supported its use in
point-of-use water purification applications. Using the
adsorption kinetics, understanding of the species present on
the surfaces and speciation of arsenite and arsenate ions known

previously, a model of an arsenic adsorbed nanoparticle of
FeOOH was arrived at. This model explains observed results
accurately.
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Towards atomically precise luminescent Ag2S
clusters separable by thin layer chromatography†

C. K. Manju, Jyoti Sarita Mohanty, Depanjan Sarkar, Sudhakar Chennu and

Thalappil Pradeep *

Here, we report the synthesis of monolayer protected, luminescent and atomically precise silver sulfide

(Ag2S) clusters. Cluster formation was studied by varying the conditions of the reaction. Matrix assisted

laser desorption ionization mass spectrometry (MALDI MS) was used to monitor the growth of clusters

to nanoparticles (NPs). Clusters of different nuclearity were obtained at a lower temperature, and were

efficiently separated by thin layer chromatography (TLC). One of the clusters was assigned as

Ag158S79(SBB)32, where SBB is 4-tert-butylbenzyl mercaptan.

Introduction

Colloidal semiconductor nanoparticles (NPs), also called quantum

dots (QDs), have been considered as one of the major advances in

materials science.1–3 QDs attracted intense research interest since

their discovery in the 1980s due to their unique physical and

chemical properties which include broad absorption, narrow

emission, and negligible photobleaching.4–6 Cadmium chalco-

genides (CdS and CdSe) have been the most studied nano-

crystals.5 But toxicity of cadmium based materials is a great

concern in many of their potential applications. In recent years,

researchers started focusing on the less toxic silver chalcogenide

systems (Ag2E, where E = S, Se).7 Silver chalcogenides have a low

band gap (B1.0, 0.15 and 0.67 eV for bulk Ag2S, Ag2Se and Ag2Te,

respectively) and are active in the near-infrared (NIR) region. NIR

emitting QDs have great impact in biomedical diagnostics and

therapy.8 Ag2S NPs with tunable emission from 690 to 1200 nm

were successfully synthesized by Jiang et al.9 2-Mercaptopropionic

acid (2-MPA) coated NIR emitting Ag2S were prepared by Hocaoglu

et al.10 The same group reported the synthesis of emission

tunable cyto/hemocompatible NIR emitting Ag2S QDs by meso-

2,3-dimercapto succinic acid (DMSA) decomposition.11 Here

DMSA acts as both the sulfur source and the protecting agent.

Hong et al. showed in vivo fluorescence imaging with Ag2S

quantum dots in the range of 900–1300 nm.12 Tunable visible

to NIR emitting Ag2S QDs were synthesized and used for integrin

targeted cancer imaging by Tang et al.13

NPs having only a few atoms have structure and properties

different from NPs and bulk materials.14,15 NPs of this kind are

known as nanoclusters, which have to be treated differently.

Synthesis of atomically precise clusters of noble metals gained

great interest after the pioneering work of Brust and co-workers in

1994.16 Clusters of gold and silver are the most studied systems of

which there are many examples today.14,15Many of these structures

have been solved by single crystal X-ray diffraction (XRD).17–21

Clusters of silver and copper chalcogenides have been studied in

detail by Fuhr et al. and they have summarized this work recently.22

These coinage metal chalcogenide clusters were understoodmainly

from their crystal structures. The inherent insolubility of these

clusters in organic solvents limited their nuclear magnetic

resonance (NMR) and mass spectral characterization, which

are the extensively used techniques in the case of noble metal

clusters.23 There are a few mass spectral studies on cadmium

and zinc chalcogenide clusters as well.24–26

Nanoclusters of different materials find applications in

various fields like sensing, catalysis, bioimaging, etc. owing to

their unique chemical and physical properties. In order to

understand the unique optical and luminescence properties,

pure materials are essential. Some of the synthetic methods

result in differently sized clusters, which need further separa-

tion. Different methods like high-pressure liquid chromatography

(HPLC), polyacrylamide gel electrophoresis (PAGE), solvent extrac-

tion, and thin layer chromatography (TLC) have been used for

cluster separation.27–31 Recently gel permeation chromatography

was used for the separation of indium phosphide (InP) clusters

from InP QDs.32

In this report, we describe the synthesis of highly soluble

monolayer protected silver sulfide clusters. The influence of

temperature of synthesis on the optical properties of the prepared

clusters was studied. Cluster formation was investigated using

mass spectrometry. Monodisperse clusters were obtained by tuning
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of Chemistry, Indian Institute of Technology Madras, Chennai 600036, India.
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the temperature of the reaction. Here, for the first time, we show

thatmixed semiconductor clusters can be separated by simple TLC.

Experimental section
Materials and methods

All the chemicals used were commercially available and were

used without further purification. Silver acetate (CH3COOAg,

99.99%), sulfur powder (100 mesh 99.5%), octadecene (ODE,

technical grade, 90%), oleyl amine (OA, technical grade, 70%)

and 4-tert-butylbenzyl mercaptan (BBSH) were obtained from

Sigma Aldrich, India. Toluene (99.5%) and tetrahydrofuran

(THF, 99.5%) were purchased fromMerck, India, and methanol

(99.5%) was from Finar, India.

Synthesis of cluster

Silver sulfide clusters were synthesized by a reported method

used for the synthesis of mixed silver chalcogenide clusters.33

About 0.1 mmol silver acetate and 4 mmol BBSH were taken in

a three necked round bottom flask containing 5 ml ODE. This

mixture was stirred for 1 h at 60 1C under continuous Ar

purging followed by the addition of 0.05 mmol of sulfur powder

to the mixture and it was stirred for 2 h. Then the reaction

mixture was cooled to room temperature and the cluster was

purified by methanol precipitation and centrifugation. The

purified cluster was soluble in toluene, THF, DCM, DMF, etc.

Clusters in toluene were used for further studies. Different

clusters were synthesized by changing the temperature at which

sulfur was added such as 70, 80 and 90 1C.

TLC experiment

3 ml of cluster samples were pipetted to the TLC plate and dried

in air. After drying, the plate was eluted with THF/MeOH

mixture. After the separation, the bands were cut from the

TLC plate and extracted in THF.

Instrumentation

Absorbance spectra were measured using a PerkinElmer

Lambda 25 instrument in the range of 200–1100 nm. Matrix

assisted desorption ionization mass spectrometry (MALDI MS)

studies were conducted using a Voyager-DE PRO Biospectro-

metry Workstation from Applied Biosystems. A pulsed nitrogen

laser of 337 nm was used for MALDI MS studies. Mass spectrum

was collected in both positive and negative ion modes. The

matrix used was DCTB (trans-2-[3-(4-tert-butylphenyl)-2-methyl-

2-propenylidene]malononitrile). High-resolution transmission

electron microscopy (HRTEM) was performed using a JEOL

3010 (JEOL Ltd) instrument. The sample dissolved in toluene was

drop casted on a carbon coated copper grid, dried at room tem-

perature and was used for TEMmeasurements. Jobin Yvon NanoLog

instrument was used for photoluminescence measurements.

Thermogravimetric (TG) analyses were carried out on a Perki-

nElmer TGA7 instrument. FEI quanta 200 scanning electron

microscope fitted with a tungsten filament was used for energy

dispersive spectroscopy (EDS) measurements. All electrospray

ionization mass spectrometric (ESI MS) measurements were

performed in an ion trap LTQ XL mass spectrometer of Thermo

Scientific, San Jose, CA, USA. X-ray photoelectron spectroscopy (XPS)

measurements were conducted using an Omicron ESCA probe

spectrometer with polychromatic Mg Ka X-rays (hn = 1253.6 eV).

Results and discussion

A single step procedure was followed for the synthesis of Ag2S

clusters (Scheme 1). In a typical reaction, silver formed yellow

silver thiolate with BBSH. After the addition of sulfur powder,

the solution turned brownish, which was the result of the

formation of Ag2S. Properties and particle size of silver sulfide

clusters can be tuned by different parameters such as temperature,

silver : ligand and silver : sulfur ratios. Here cluster growth was

studied by changing the temperature of the reaction as this is the

most important parameter affecting crystal growth and properties

of the resultant material.10,11 Sulfur was added to the reaction

mixture at 60, 70, 80 and 90 1C. The clusters synthesized at different

temperatures are denoted as Ag2S-60, Ag2S-70, Ag2S-80, and Ag2S-90

hereafter.

Monolayer protected clusters are understood largely by mass

spectrometry, which gives the atomic composition of the cluster.

Molecular understanding of noble metal clusters is well known in

the literature, whereas similar studies on semiconductor QDs are

very few. Earlier reported MALDI MS of silver chalcogenide clusters

showed a series of peaks in the higher mass region, along with the

molecular ion peaks. This observation was explained in terms of

the aggregation of clusters, after desorption of the SR group.34,35

MALDIMS spectra of the clusters observed here are shown in Fig. 1

(full range MALDI MS spectra is shown in Fig. S1, ESI†). In this

case, we did not observe similar kinds of cluster aggregation in

MALDI MS. Only specific peaks were seen. Reactions at 60 and

70 1C gave a mixture of clusters in the range of 20 and 25.5 kDa

(Fig. 1 orange and violet). When the temperature of the reaction

was 60 1C, intensity of the 20 kDa cluster was higher. The peak at

25.5 kDa started increasing when the temperature of the reaction

was raised to 70 1C. The appearance of two peaks in the MALDI MS

was not due to cluster aggregation and will be explained later in the

paper. A single mass species was obtained when the temperature of

the reaction was increased to 80 1C (Fig. 1 pink trace). Further

increase in temperature gave bigger NPs, which were not ionizable in

MALDI (cyan trace). It was observed that the medium of synthesis

also plays a significant role in cluster formation (Fig. S2, ESI†).

Cluster synthesis was performed in different solvents like ODE,

Scheme 1 Scheme used for the synthesis of BBSH protected luminescent

silver sulfide clusters.
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toluene, and OA at 80 1C (at this temperature only a single

product forms). While ODE gave a single product, toluene gave

clusters with different nuclearity. In the case of OA, no cluster

formation was observed, rather it resulted in NPs.

Absorption and emission properties of these clusters were

studied to understand the effect of temperature on the particle

size (Fig. 2). Ag2S-60 showed a broad absorption around

660 nm. In the case of Ag2S-70, the absorption was red shifted

to 740 nm. As we increased the reaction temperature further,

prominent absorption features were not observed. The photo-

luminescence spectrum of Ag2S-60 and Ag2S-70 showed two

emission features one in the visible (lex = 600 nm) and another

in the NIR (lex = 700 nm) region, which are due to mixed

clusters. The 25.5 kDa cluster synthesized at 80 1C showed a

NIR emission around 1020 nm (lex = 700 nm). Ag2S-90 NPs

emitted around 1080 nm (lex = 700 nm). Seemingly the higher

temperature synthesis shows only one major emission due to one

cluster and the low temperature synthesis shows two emission due

to two clusters, which agreement with the mass spectra.

TLC has been shown as an efficient and simple technique

for the separation of atomically precise gold clusters.30,31 Here,

we show the separation of mixed Ag2S clusters using TLC. Good

separation was achieved using THF/methanol mixture (80 : 20)

as the solvent (Fig. 3). Choice of solvent was important in the

case of separation. When eluted with 100% THF, whole sample

moved with the solvent front. The addition of proper ratio of

methanol separated the cluster. An optical photograph of the

TLC plate used for separation is shown in Fig. 3. The two bands

were cut from the TLC plate and the bands were extracted by

THF and used for characterization. MALDI MS was measured

using the extracted sample which showed a single peak for

individual bands (Fig. 3). Band one was the larger 25.5 kDa

cluster and band two was the smaller 20 kDa cluster. As

expected, the heavier cluster moved only a shorter length on

the TLC plate. The TLC purified clusters were showing a peak

representing the dimers of the cluster in MALDI MS. Similarly

Ag2S-70 cluster was also separated by TLC (Fig. S3, ESI†).

ESI MS of the cluster was measured for understanding the exact

composition of the synthesized clusters. The clusters synthesized in

this process were neutral leading to difficulty in ionization in ESI.†

Ionization enhancers like cesium acetate were also used for

enhancing the possibility of ionization. After the addition of

ionization enhancers, we could observe some cluster fragments

Fig. 1 MALDI MS spectrum of Ag2S clusters synthesized at different

temperatures (temperatures shown on the right). Inset shows the visible

light photograph of the same.

Fig. 2 Temperature dependent UV-vis and photoluminescence spectra

of Ag2S clusters. UV-vis and photoluminescence spectra of Ag2S-60,

Ag2S-70, Ag2S-80 and Ag2S-90 clusters are given in orange, violet, pink

and cyan traces respectively. Two detectors were used for measuring the

PL data of the sample. In the first detector (Detector 1), the intensity falls

down drastically above 800 nm due to the poor efficiency of this detector

above this wavelength. The second detector (Detector 2) is sensitive only

in the 850–1450 nm window.

Fig. 3 TLC separation of Ag2S-60 clusters. MALDI MS data of the parent

sample (orange trace) and TLC separated clusters (violet trace shows a

peak at 25.5 kDa is due to band one and pink trace shows a peak at 20 kDa

is due to band two) confirming the separation by TLC. Optical photograph

of the TLC plate used for the separation. Slight overlap of TLC bands

resulted in a weak 25.5 kDa peak in the spectrum of band two. Some of the

parent cluster get adsorbed strongly at the TLC plate and are not

extractable are shown as a spot at the base.
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in the positive ion mode (Fig. S4, ESI†). Same fragment peaks

were seen in the TLC separated clusters indicating that these

are fragments of the cluster.

Ag2S is a narrow band gap semiconductor having a band gap

of 0.9 eV. UV-vis spectra of parent clusters and those of

separated bands are shown in Fig. 4A. The synthesized clusters

showed a larger band gap compared to the bulk. Fig. 4B shows

a comparative absorption spectra of these clusters plotted in

terms of energy. This plot is obtained by doing the Jacobian

correction (see ESI†).14 Fig. 4C shows the Jacobian corrected

plot for parent and TLC separated clusters. Extrapolation of the

linear region of the energy plot to the horizontal axis gives the

band gap of the synthesized clusters. Ag2S-60, -70, -80 and -90

showed band gap values 1.33, 1.18, 1.08 and 1.00 eV respectively.

TLC separated Ag2S-60 clusters showed small change in band gap

(Fig. 4C). Band one was 1.32 and band two was 1.36 eV. It was

shown that the parent cluster has two emission peaks (Fig. 2). The

bands collected after TLC gave single emission bands (Fig. 4D).

TEM images of these clusters showed mixed particle dis-

tribution for Ag2S-60 (Fig. 5A) and Ag2S-70 (Fig. 5B). In Fig. 5A

and B different cluster populations are marked red circles for

larger and yellow circles for smaller clusters. Monodisperse

particles were seen in the case of Ag2S-80, which is in good

agreement with the presence of single peak in MALDI MS

(Fig. 5C). Ag2S particles of 5 nm size were formed at 90 1C

(Fig. 5D). HRTEM image of one particle is shown in the inset of

Fig. 5D. TEM images of TLC separated clusters are shown in

Fig. S5 (ESI†).

XPS analysis was performed to confirm the elemental com-

position of the cluster. Survey spectra showed the presence of

silver and sulfur. Silver binding energy was matching with the

reported values of monovalent silver. Ag2S-60 parent cluster,

TLC separated band 1 and band 2 showed Ag 3d5/2 binding

energies at 368.2, 368.4, and 368.3 eV and Ag 3d3/2 binding

energies at 374.3, 374.4, and 374.2 eV, respectively (Fig. 6A).

Binding energy values were 162.1, 162.1, and 161.8 eV respec-

tively for S 2p3/2 and 163.4, 163.3, and 162.9 eV, respectively for

S 2p1/2, for the above mentioned samples (Fig. 6B). These values

are comparable to those of sulfide (S2�) species.

Thermogravimetric analysis of the Ag2S-80 cluster was per-

formed under nitrogen atmosphere. TG curve shows 23%

weight loss, which is expected to be due to the organic ligand

Fig. 4 (A) Comparative UV-vis spectra of parent (orange trace) and TLC separated (violet trace for band one and pink trace for band two) Ag2S-60

clusters. (B) Jacobian corrected absorption spectra of different clusters synthesized. Inset shows the expanded spectra for band gap determination.

(C) Jacobian corrected absorption spectra of the parent and TLC separated Ag2S-60 clusters are compared. Spectra is expanded in the set for band gap

calculation. (D) Photoluminescence spectra of parent and TLC separated clusters are compared. TLC band one was of a bigger cluster emitting in the NIR

region. Band two was of smaller 20 kDa cluster which showed emission in the visible region. The sudden decrease in intensity above 800 nm for band

one in the visible region is due to the poor detector efficiency in this window.
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desorption (Fig. S6, ESI†). This means that 23% of the 25.45 kDa

mass is due to the SBB ligand. The remaining mass is attributed

to the Ag2S core. It is also likely that the ligand can desorb as

R–S–R, R–S–S–R or R–R. However, most of the desorption in

thiolate protected clusters is seen as R–S–S–R.36,37 Absence of

molecular ion peaks in the ESI MS made the assignment of a

molecular formula difficult. The mass loss of 23% in a 25.45 kDa

cluster is 5854 Da. Therefore, the number of ligands can be

calculated by dividing this mass by thiol mass, which is 179.41.

This suggest that there can be B32 ligands in the clusters. The

remaining mass of 19569 Da (after substracting mass due to

thiol) is due to the Ag–S core and this can contain B79 Ag2S

units. The molecular composition can be inferred based on the

factors such as the mass of the molecular ion, core size, etc.With

the ligand loss determined from the TG, the total molecular

formula may be given as Ag158S79(SBB)32. This is in agreement

with the observed Ag : S ratio of 1 : 0.65 (Fig. S7, ESI†). A cluster of

this kind having a nuclearity of Ag158S79(SBB)32 accounts for all

the experimental data.

Summary

In conclusion, we synthesized a series of monolayer protected

Ag2S clusters. These clusters were highly soluble in organic

solvents, which made the evaluation of solution phase properties

possible. Clusters showed quantum confinement. Reactions at

60 1C and 70 1C gave a mixture of 20 kDa and 25.5 kDa clusters.

Monodisperse 25.5 kDa clusters were obtained at 80 1C. These

clusters were separated by simple thin layer chromatography.

The separated clusters were soluble in common organic solvents.

A tentative composition was proposed for one such cluster based

on various analytical data.
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Fig. 5 TEM images of Ag2S-60 (A), Ag2S-70 (B), Ag2S-80 (C), and Ag2S-90

(D). In image (A) and (B), mixed clusters are marked by red (big) and yellow

(small) circles. Image (C) is more uniform in size. Ag2S-90 (image D) is of

bigger nanoparticles, which are not observable in MALDI MS. HRTEM

image of one particle is given in the inset of D. Lattice spacing of

0.24 nm is marked, which is the d(112) plane of Ag2S. Particle distribution

for each sample is shown in each TEM image. Particle distribution was

obtained by expanding the image and counting manually.

Fig. 6 XPS spectra Ag2S-60 parent cluster and TLC separated clusters. (A) Specific regions of Ag (A) and S (B). Appropriate background substraction and

peak fitting have been performed.
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Fig. S1. Full range MALDI MS spectra of Ag2S clusters synthesized at different temperature. 
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Fig. S2 MALDI MS of solvent dependent Ag2S cluster formation. Octadecene (ODE) is only one 
species. Use of toluene gives multiple population and oleylamine (OA) resulted in bigger quantum 
dots. 
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Fig. S3 MALDI MS of parent Ag2S-70 and TLC separated bands. 

 

 

 

 

 

Supporting information 4 

 

 

 

 

 

 

 

 

 

 

Fig. S4 ESI MS of Ag2S-60 and TLC separated clusters. Cesium acetate was used as an ionization 

enhancer as the cluster was not having any charge. (A) Shows full range mass spectra were cesium 

clusters are seen in the lower range (below 2000 m/z). (B) MS shows cluster fragments in the 

positive mode. Specific regions are expanded in the inset. 
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Fig. S5 TEM images of TLC separated Ag2S-60 clusters. (A) and (B) Band two and (C) and (D) 

band one, at different magnifications. 

 

 

20 nm

A B

C D

1.0 1.3  1.6 1.9  2.2 2.5 2.8

Particle size (nm)

0
  

 1
0

  
2

0
  

3
0

  
4

0
  

5
0

  
6

0
  

7
0

C
o

u
n

ts

Particle size (nm)

0
  

1
0

  
2

0
  

3
0

  
4

0
  

5
0

  
6

0
  

7
0

C
o

u
n

ts

1.3  1.6  1.9   2.2   2.5  2.8   3.1

 

 



 

 

 

 

 

 

                                                                                                                                                                                                        

Supporting information 6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S6 TG data of Ag2S-80 showing 23% weight loss due to the protecting BBSH group. 
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Fig S7. EDS spectrum of purified Ag2S-80 cluster. Ag:S ratio of 1:0.65. 
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Jacobian correction: 

This uses the equations 

E=hc/λ 

f(E) dE = f(λ) d(λ) 

f(E) = f(λ) (dE/dλ) = f(λ) (d/dE)(hc/E) 

       = f(λ) (hc/E2) 

Element   Wt%        At%

C K          27.21      68.96

S K            7.06 6.70

Cu K 29.41       14.09

Ag L      36.32 10.25

Totals 100.00

Energy (kV)



The factor (hc/E2), known as the Jacobian factor, is used to scale the signal values along with 

wavelength conversion [wavelength (in nm) = 1239.8/(energy (eV)]. Normally, it is plotted by 

multiplying the absorbance value with the factor 1/W2, where W is the value in electronvolts 

corresponding to the wavelength in nanometers 
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Cluster assignment: 

MALDI MS peak for Ag2S-80 = 25450 Da 

TG showed 23% weight loss. 

This weight loss is due to organic ligand. 

                                            23% of 25450 = (23*25450)/100      

                                                                   = 5854 = Total ligand mass 

                         Mass of one SBB ligand = 179.41 

                                       No of ligands = 5854/179.41 

                                                              ~ 32      

Cluster core mass is calculated by subtracting the total ligand mass from cluster mass 

                                               This is = 25450-5854 = 19596 Da 

This cluster core mass can contain 79 Ag2S units 

                                    Mass of Ag2S = 248 

                                                             19596/248 ≈ 79 

From this, the cluster core can be assigned as Ag158S79. Hence the total molecular formula may be 

given as (Ag158S79)SBB32. This is in agreement with the Ag:S ratio of 1:0.65 obtained from EDS 

measurement. 
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Polymorphism of Ag29(BDT)12(TPP)4
3− cluster:

interactions of secondary ligands and their effect
on solid state luminescence†

Abhijit Nag,a Papri Chakraborty,a Mohammad Bodiuzzaman,a Tripti Ahuja,a

Sudhadevi Antharjanamb and Thalappil Pradeep *a

We present the first example of polymorphism (cubic & trigonal) in

single crystals of an atomically precise monolayer protected

cluster, Ag29(BDT)12(TPP)4
3−. We demonstrate that C–H⋯π inter-

actions of the secondary ligands (TPP) are dominant in a cubic

lattice compared to a trigonal lattice, resulting in a greater rigidity

of the structure, which in turn, results in a higher luminescence

efficiency in it.

Molecular species of noble metals often referred to as
nanoclusters1–7 (NC) or aspicules8,9 have become an important
research direction of advanced materials science. Some unpre-
cedented structures and novel properties have been discovered,
which enable new applications in catalysis, sensing, and
optoelectronics.10–12 Ligand structures on metal surfaces and
their non-covalent interactions drive self-organization of such
systems leading to single crystals which may also be regarded
as nanoparticle superlattices.13–16 While the primary ligands
of a given cluster often protect the metal core, secondary
ligands also contribute to the cluster stabilization for several
of the emerging clusters.17–21 Therefore, intercluster inter-
actions mediated through primary ligands or secondary
ligands or a combination become possible, making different
cluster assemblies. In the following, we describe the crystalliza-
tion of two polymorphs of a well-known cluster,18

Ag29(BDT)12(TPP)4
3−, by the dominant primary and secondary

ligand interactions.
In the case of a well-known silver cluster,15 Ag44(p-

MBA)30Na4, abbreviated as Ag44, crystallization of the cluster
occurs through hydrogen bonding (HB), a characteristic of car-
boxylic acid-bearing entities. The hexagonal network of HB
resembles that of acid crystals such as terephthalic acid,22 tri-

mesic acid23 and hexakis(4-carboxyphenyl)benzene.24 As
expected, protonation of the carboxylate groups on the cluster
surface becomes a prerequisite of cluster formation. Similar
non-covalent interactions can be observed in clusters such as
Au102,

14 Au246,
13 Au103,

16 etc. (the formulae are abbreviated),
where primary interactions are HB, C–H⋯π and van der Waals
(vdW) in nature, depending upon the ligands. These inter-
actions, although weak, may have important electronic conse-
quences such as luminescence. In this work, we explore the C–
H⋯π and vdW interactions within the two polymorphs (cubic
and trigonal) of the [Ag29(BDT)12(TPP)4]

3− cluster and their
consequences in luminescence.

Bakr et al. reported the crystallization of Ag29(BDT)12
(TPP)4

3− by slow evaporation of a dimethylformamide (DMF)
solution of the cluster, drop cast on a microscope slide.18

More details of the crystallization processes are given in the
ESI.† This method produced crystals which were packed in a
cubic (C) lattice with a space group of Pa3̄ (Fig. 1B). We
changed the crystallization method of the NC to the vapor
diffusion of methanol into a DMF solution of the clusters
(∼10 mg mL−1). X-ray crystallographic analysis was performed
at 296 K on the crystals obtained by this modified method.
The crystal system was trigonal (T) (Fig. 1C) with the space
group R3̄ (Fig. 1D). So, Ag29(BDT)12(TPP)4

3− forms two poly-
morphs, T and C. Note that the color of the NCs of two poly-
morphs (orange for C and dark red for T) are visibly different
under an optical microscope (Fig. S1†). The R1 value for the C

system is 8.94 but that of the T case is 7.68. The volume,
density, and Z (number of molecules per unit cell) for this new
T polymorph of the cluster are less compared to the previously
reported C system (Fig. 1D). The reduced density of the T

makes it possible to incorporate solvent molecules (DMF and
methanol) in the unit cell.

The molecular structure of the NC is the same as that of the
previously reported NC. The NC is composed of an Ag13 icosa-
hedral core. Twelve silver atoms (green) cap all the 12 Ag
atoms of the icosahedron, giving rise to four tetrahedrally
oriented trigonal prisms (Fig. S2†). The remaining four Ag
atoms (blue) face-cap the core at four tetrahedral positions.

†Electronic supplementary information (ESI) available. See DOI: 10.1039/
c8nr02629g

aDST Unit of Nanoscience (DST UNS) and Thematic Unit of Excellence, Department

of Chemistry, Indian Institute of Technology Madras, Chennai 600036, India.

E-mail: pradeep@iitm.ac.in; Fax: +91-44 2257-0545
bSophisticated Analytical Instruments Facility (SAIF), Indian Institute of Technology

Madras, Chennai 600036, India
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The four TPP (phosphorus as pink) ligands are connected with
the tetrahedrally oriented four silver atoms (Fig. S2†).

One S moiety of the BDT ligand is attached to each of the
12 Ag atoms of the icosahedron and the remaining S moieties
bridge Ag atoms of each Ag3S6 crown. The total number of S
atoms is 24 {(24 = 12 S atoms attach to the 12 Ag icosahedron
core + 4) × (Ag3S6 crown motif )}.

For the T system, in the (001) plane (view from the Z-axis) of
the crystal lattice, the NCs get organized into a hexagonal
lattice with a 3-fold axis passing through the center of the
molecule (Fig. 2A), while for the (100) (view from the X-axis)
(Fig. 2B) and (010) (view from the Y-axis) (Fig. 2C) planes, the
NCs get decorated into a rectangular lattice. Viewing from the
Z axis, the NCs form two different parallel (001) and (00-1)
planes. Each NC from the two (001) and (00-1) planes has a
center of inversion (Fig. 2D). The interparticle distance of
1.79 nm (less than the 2.74 nm overall size of the NCs) arises
from ligand interlocking. For the C system, the NCs assemble
into a simple square lattice in the (001) plane (view from the Z

axis). The interparticle distance is 1.75 nm, less than the

overall size 2.74 nm of the nanocrystal. In the case of Au246,
the interparticle distance was of 3.1 nm, less than the 3.3 nm
overall size of the NC.13

When zooming into the surfaces of the NCs, the T and C

packing are related to the alignment of their surface ligands.
The BDT (primary) and TPP (secondary) ligands are highly
ordered and are self-assembled on the silver surface (Fig. S3–5
& S7, 8†).

For the T system, the BDT ligands of the two NCs formed
cyclohexane chair patterns in the unit cell. C–H⋯π and H⋯H
vdW are the interactions present to form such types of cyclo-
hexane chair structures (Fig. 3A). For a NC, there will be a
maximum of four such types of interactions in a T unit cell.
The C–H⋯π and H⋯H distances were ∼2.82 and ∼2.36 Å,
respectively. In the C system, every NC has the same six types
of interactions with slight changes in the distances.

For BDT and TPP ligands, there are two types of interactions:
(i) intra-cluster interactions and (ii) inter-cluster interactions.

(i) The C–H groups of the TPP ligands (red) interact with
the benzene ring of the BDT ligands in intra-cluster inter-

Fig. 1 (A) Crystal structure of Ag29(BDT)12(TPP)4
3−. (B) Trigonal unit cell of the NC obtained by the vapour diffusion method. (C) Cubic unit cell of

the NC obtained by the drop casting method. (D) Comparison of the unit cell parameters for both the polymorphs.
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actions (Fig. 3B & S5A†). For C and T systems, the interactions
are similar with small changes in interaction distances. Here,
C–H⋯π interaction distances are ∼2.77 and 2.92 Å for the C

and the T systems, respectively. The orientations of the
benzene rings of the TPP are controlled by these C–H⋯π inter-
actions. The TPP ligands fit into the cavity formed by the BDT
ligands by these types of interactions (Fig. 3B).

(ii) The C–H groups of the BDT (orange) interact with the
benzene ring of the TPP leading to inter-cluster interactions
(Fig. 3C & S5B†). Here also, the interactions are similar with
slight changes in interaction distances for both types of unit
cells. The C–H⋯π interaction distances are ∼3.07–3.39 Å and
2.92 Å for the C and the T systems, respectively.

T-shaped C–H⋯π interactions are present between the TPP
ligands in the C unit cell (Fig. 4A). In a unit cell, eight TPP
ligands, by interlocking each other, form a hexagonal shape

through C–H⋯π interactions from the eight NCs (Fig. 4A). The
average C–H⋯π distance was ∼2.88 Å. Strong C–H⋯π inter-
actions of the TPP ligands form a polymeric chain to hold
each NC (Fig. S7A†). Every NC is directly or indirectly con-
nected with the other NCs by C–H⋯π interactions of the TPP
ligands. This distance is consistent with the reported value for
typical C–H⋯π interactions in the Au246 NCs13 with –SPh-p-
CH3 ligands (2.88 ± 0.42 Å) but somewhat larger than the C–
H⋯π distance in the Au103 NCs

16 composed of –S-Nap ligands
(2.76 ± 0.05 Å). In the T system, the C–H⋯π interaction dis-
tances for TPP ligands were in the range of ∼3.12–3.37 Å
(Fig. S8D†). Here, the interaction energy is less compared to C

as the distance is larger. There are breakages in C–H⋯π inter-
actions for TPP ligands (Fig. S8B & C†). Such orientations and
self-organized surface patterns of ligands are reminiscent of
the α-helix25 and β-sheet in proteins, and also in the recently

Fig. 2 Packing of the crystal view from the (A) Z-axis, (B) Y-axis and (C) X-axis. (D) (a) View of the cluster packing from the Z-axis. Two NCs formed

two different (001) and (00-1) layered planes; (b) and (c) are the two different clusters of (a). They have a center of inversion.
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reported Au246
13 and Au103

16 NCs. So, NCs could exhibit a
level of structural complexity comparable to that of
biomolecules.

The secondary structures of proteins are mainly stabilized
by hydrogen bonds.26 Here, the surface patterns on the NCs
are stabilized by intermolecular C–H⋯π and vdW interactions.

We note that the surface patterns and orientations are
induced by specific crystallization because the C–H⋯π inter-
actions are different for different crystal systems of the same
NC.

The emission spectra of both NCs, collected at room temp-
erature, are shown in Fig. 4B. Both the NCs can be efficiently
excited at λmax = 532 nm. Upon comparing both the NCs, two
main features were observed:

(i) The cubic NCs are more luminescent than the trigonal
NCs: Inter C–H⋯π interactions for secondary ligands (TPP) are
more facilitated in C than in T (Fig. S7 & 8†). As a result, the C

lattice becomes more rigid compared to the T lattice. Greater
rigidity, in turn, results in a higher luminescence efficiency for
the C system.27 The C–H⋯π interactions significantly restrict
the intramolecular rotations and vibrations and thus enhance
the radiative transitions considerably in the crystalline state.28

Secondary ligands play a crucial role to increase the lumine-
scence efficiency of the NCs.

(ii) A red shift of the emission band occurs for the cubic
NCs by more than 30 nm: The red shift can be explained in
terms of electronic coupling between the NCs via interactions
between the transition dipole moments of the individual
Ag29(BDT)12(TPP)4 NCs and the induced dipole moments in
the neighboring Ag29(BDT)12(TPP)4 NCs in the single crystal.
This interaction is expected to lower the transition energy.29,30

The red shift of the emission band is expected to be caused by
a combined effect of the electronic coupling and the non-
radiative decay pathways occurring through electron–phonon
interactions that lower the emission energy.18

Conclusions

In summary, we demonstrate that polymorphism exists in
atomically precise cluster systems. The packing of
[Ag29(BDT)12(TPP)4]

3− clusters into two different polymorphic
forms, cubic and trigonal, was favored by different patterns of
intercluster and intracluster interactions. The greater extent of
C–H⋯π interactions in the cubic NCs makes them more rigid
and hence more luminescent than the trigonal NCs. This also
highlights the role of secondary ligands in enhancing the
luminescence properties of the clusters. The discovery of poly-
morphism in atomically precise clusters opens up a new
dimension in nanoparticle engineering, presenting the possi-
bility of engineering NC unit cells with enhanced optical,
mechanical and electrical properties.
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Fig. 3 (A) Interactions among the BDT ligands from two different NCs

in the trigonal structure. The BDT ligands of the two NCs formed cyclo-

hexane chair patterns in the unit cell. (B) Intra-cluster interactions

between C–H of the TPP with the benzene ring of BDT in the cubic

system. (C) Inter-cluster interactions between C–H of the BDT with the

benzene ring of the TPP in the cubic system.

Fig. 4 (A) C–H⋯π interactions of the TPP ligands in the cubic system.

(B) Emission spectra of the single crystals for both the cubic and the tri-

gonal systems.
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2

Materials and methods

Chemicals

All chemicals including silver nitrate (AgNO3, 99%), benzene-1,3-dithiol (BDT, 99%), sodium 

borohydride (NaBH4, 99.99% metals basis), and triphenylphosphine (TPP, 97%) were purchased 

from Sigma-Aldrich and used without further purification. Solvents including methanol, 

dichloromethane and DMF were used from Sigma Aldrich as received.

Synthesis of [Ag29(BDT)12(TPP)4]
3- cluster: [Ag29(BDT)12(TPP)4]3- clusters were synthesized 

following a reported protocol[1] with slight modifications. About 20 mg of AgNO3 was dissolved 

in a mixture of 2 mL methanol and 10 mL DCM. To this reaction mixture, about 13.5 μL of the 

1,3-BDT ligand was added. The mixture was stirred for about 15 mins and then about 10.5 mg of 

NaBH4 dissolved in 500 μL of ice-cold water was added. The stirring was continued under dark 

conditions for about 5 h. Then, the reaction mixture was centrifuged, the precipitate was 

discarded, and the clusters were obtained as the orange supernatant. The solution was evaporated 

by rotary evaporation; the orange residue was washed with methanol and finally dissolved in 

DMF. The solution was characterized by UV-vis and ESI MS, which confirmed the formation of 

[Ag29(BDT)12(TPP)4]3- clusters (Figure S1).

Crystallization of [Ag29(BDT)12(TPP)4]
3- by drop cast method: This was performed following 

the reported method[1]. The thoroughly dried powder was dispersed in 400 μL of DMF, vortexed 

for at least 1 min, and then filtered using a syringe filter with a pore size 220 nm. The filtered 

sample was then spotted on microscope glass plates and left to evaporate slowly at room 

temperature under air in a dark box placed in a ventilated fume hood. After approximately 2 

Fig. S7 Packing of the TPP ligands and interactions in cubic unit cell 10

Fig. S8 Packing of TPP ligands and interactions in trigonal unit cell 11

Table S1 Crystal data and structure refinement 12



3

days, several square dark orange crystals were harvested. We used the reported cubic unit cell 

throughout the paper.

Crystallization of [Ag29(BDT)12(TPP)4]
3- by vapour diffusion method: [Ag29(BDT)12(TPP)4]3- 

(10 mg) was dissolved in DMF (1 mL). The solution was filtered and MeOH (ca. 3 mL) was 

allowed to vapour diffuse into the solution. After 3 months, red orange crystals suitable for X-ray 

crystallographic analysis were obtained.

Instrumentation

The UV-vis spectra were measured using a PerkinElmer Lambda 25 UV-vis spectrophotometer. 

Mass spectrometric measurements were done in a Waters Synapt G2-Si high-resolution mass 

spectrometer.

Emission spectra were collected in a Witec GmbH, Alpha-SNOM alpha300 S confocal Raman 

instrument equipped with 532 nm laser as the excitation source.

X-ray Crystallography

Single crystal data were measured using a Bruker D8 VENTURE APEX3 CMOS diffractometer 

using CuKα (λ = 1.54178 Å). Indexing was performed using APEX3. Data integration and 

reduction were performed using SaintV8.37A. Absorption correction was performed by multi-

scan method implemented in SADABS. Space group was determined using XPREP implemented 

in APEX3. Structure was solved using Direct Methods (SHELXT-2014) and refined using 

SHELXL-2014 (full-matrix least-squares on F2) contained in WinGX v1.80.05. Crystal data and 

refinement conditions are shown in Table S1. The crystal data has been deposited to the 

Cambridge Structural Database and the CCDC number: 1812439.
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A) B)

Fig. S1. Optical images of the crystals A) Cubic and B) Trigonal unit cells. Note that from optical images, 

crystal systems could be distinguished. 
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Fig. S2. A) UV-vis and B) ESI MS of Ag29(BDT)12(TPP)4
3-. Inset of A) shows the DFT optimized 

structure of cluster and inset of B) shows the experimental and calculated isotope patterns of 

Ag29(BDT)12(TPP)4
3-. MS measurement results in the sequential loss of TPP during ionization, marked as 

X = 0 to 4. 
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Fig. S3. Packing of the BDT ligands, viewed from, A) Z-axis, B) Y-axis and C) X-axis. D) a) View of the 

cluster packing from Z-axis. Two NCs formed two different (001) and (00-1) layered planes. b) and c) are 

the BDT ligands of the two different clusters of a). They have a center of inversion.
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Fig. S4. Packing of the A) cluster and B) BDT ligands, viewed from Z-axis of the cubic unit cell.
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Fig. S5. Packing of the BDT and TPP ligands viewed from, A) Z-axis, B) Y-axis and C) X-axis of the 

trigonal unit cell. D) Packing of the BDT and TPP ligands viewed from the Z-axis of the cubic system.
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Fig. S6. A) Intracluster and B) Intercluster C-H…π interactions between the BDT and TPP ligands for 

both the systems. The red and orange colored hydrogens represent the intracluster and intercluster 

interactions, respectively with the nearest benzene ring. 
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Fig. S7. A) Packing of the TPP ligands viewed from, Z-axis. B) An expanded view of the yellow circle. 

C) C-H…π interactions between the TPP ligands.
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Fig. S8. Packing of the TPP ligands viewed from, A) Z-axis, B) Y-axis and C) X-axis of the trigonal unit 

cell. D) C-H…π interactions between the TPP ligands. The red color hydrogens represent the interactions 

with the nearest benzene ring.
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∼3.12-3.37 Å
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Y
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Table S1. Crystal data and structure refinement
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Identification code AG29R3

Empirical formula C159 H108 Ag29 N3 O10 P4 S24

Formula weight 6242.03

Temperature 296(2) K

Wavelength 1.54178 Å

Crystal system Trigonal

Space group R-3

Unit cell dimensions a = 27.4634(6) Å α = 90°.

b = 27.4634(6) Å β = 90°.

c = 46.6552(16) Å γ = 120°.

Volume 30474.7(17) Å3

Z 6

Density (calculated) 2.041 Mg/m3

Absorption coefficient 24.818 mm-1

F(000) 17820

Crystal size 0.150 x 0.100 x 0.100 mm3

Theta range for data collection 3.218 to 46.668°.

Index ranges -25<=h<=25, -25<=k<=25, -43<=l<=43

Reflections collected 173079

Independent reflections 5939 [R(int) = 0.3629]

Completeness to theta = 46.668° 99.7 % 

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.7451 and 0.3859

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 5939 / 210 / 662

Goodness-of-fit on F2 1.059

Final R indices [I>2sigma(I)] R1 = 0.0768, wR2 = 0.1520

R indices (all data) R1 = 0.1609, wR2 = 0.1907

Extinction coefficient n/a

Largest diff. peak and hole 0.910 and -0.686 e.Å-3
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AbsTrACT
Objective Diabetes and cardiovascular diseases are 
growing burdens in rural communities worldwide. We 
have observed a high prevalence of diabetes among rural 
farming communities in india and sought to evaluate the 
association of non-traditional risk factors, such as metals, 
with diabetes and other cardiometabolic risk factors in 
this community.
Methods anthropometric measurements, chemistries 
and carotid intima-media thickness were determined 
in 865 participants of the Kovai Medical center and 
Hospital-nallampatti non-communicable Disease 
Study-i (KMcH-nncD-i, 2015), a cross-sectional study 
conducted in a farming village in South india. Urinary 
metal levels were determined by inductively couped 
plasma-mass spectrometry analysis and corrected 
to urinary creatinine level. Statistical analyses were 
performed to study the association between urinary 
metal levels and clinical parameters.
results 82.5% of the study population were involved 
in farming and high levels of toxic metals were detected 
in the synthetic fertilisers used in the study village. the 
prevalence of pre-diabetes, diabetes and atherosclerosis 
was 43.4%, 16.2% and 10.3%, respectively. On logistic 
regression analysis, no association of traditional risk 
factors such as body mass index, blood pressure and 
total cholesterol with disease conditions was observed, 
but urinary levels of metals such as arsenic, chromium, 
aluminium and zinc showed an association with 
diabetes, while arsenic and zinc showed an association 
with pre-diabetes and atherosclerosis.
Conclusions Our data suggest a probable role of 
metals in the aetiology of diabetes and cardiovascular 
diseases in rural communities. identifying and eliminating 
the causes of increased levels of these environmental 
chemicals could have a beneicial impact on the burden 
of non-communicable diseases in rural population.

InTrOduCTIOn
With successes in the treatment and eradication of 
many communicable diseases worldwide, non-com-
municable diseases (NCDs) such as obesity, type 2 
diabetes mellitus (T2D) and cardiovascular diseases 
(CVDs) have become major threats to population 
health, particularly in South Asia.1 The WHO 
projects diabetes prevalence to expand from 
422 million (8.5%) in 2014 to 592 million (12%) 
in 2035.2 Recently, either pre-diabetes or T2D has 
been found in six out of ten adults in large South 
Asian cities such as Chennai, Delhi and Karachi.3 

Globally, a high prevalence of T2D, dyslipidaemia 
and hypertension has been observed in educated 
and more affluent groups in urban areas.4 Such 
studies reinforce the idea that urbanisation, wester-
nisation and affluence have significant roles in the 
explosion of NCDs. Intuitively, one would expect 
a low prevalence of NCDs in a rural population, 
where adherence to traditional lifestyles includes 
more physical activity and access to a more nutri-
ent-rich (less processed foods) diet. However, our 
recent studies have demonstrated increased burden 
of T2D and CVDs in rural India.5–9 Anecdotally, 
in recent years we have also observed increasing 
numbers of farmers in rural India seeking medical 
management for diabetes and hypertension who 
do not have the traditional risk factors for these 

Key messages

What is already known about this subject?

 ► There has been a worrying increase in the 
prevalence of diabetes and cardiovascular 
diseases in rural India.

 ► Previous studies indicate the probable role of 
environmental chemicals such as toxic metals in 
the epidemic of metabolic diseases.

 ► But the association of metals and metabolic 
diseases in the rural world has been largely 
overlooked.

What are the new indings?

 ► Our cross-sectional study of 865 subjects 
from a village in South India indicated a high 
prevalence of pre-diabetes, diabetes and 
atherosclerosis with no association with 
traditional risk factors.

 ► Urine metals showed an association with 
pre-diabetes, diabetes and atherosclerosis in 
this rural population.

How might this impact on policy or clinical 
practice in the foreseeable future?

 ► This study adds to the growing body of evidence 
that the use of metals in anthropogenic 
activities contributes to increasing burden of 
metabolic diseases in the rural world.

 ► This study implicates the necessity for inclusion 
of metals in clinical diagnostics and therapies 
could be developed on targeting metal 
chelation.
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conditions, such as older age, physical inactivity, high-fat diet 
and obesity. This provided us with the rationale to investigate 
the role of other, non-traditional risk factors for NCDs in rural 
Indian communities.

As an example of a non-traditional risk factor, evidence is 
accumulating that environmental chemicals may be linked with 
increased risk for T2D and CVDs. Much of this evidence is 
summarised in two position statements released by the Endo-
crine Society on the role of environmental endocrine-disrupting 
chemicals in population health and disease.10 11 Epidemiological 
studies from urban areas have shown an association of metals 
such as cadmium, arsenic, lead, mercury and uranium with 
T2D12 13 and CVDs.14 These toxic metals are ubiquitous envi-
ronmental contaminants and have been implicated in abnormal 
glucose metabolism, beta cell dysfunction and atheroscle-
rosis.12–15 Synthetic fertilisers and pesticides are rich sources 
of toxic metals in rural farming regions. However, the role of 
metals in the aetiology of NCDs in rural farming populations, 
where metal-rich agrochemicals are used,16 is poorly understood. 
Therefore, the aim of this study is to examine the associations of 
urinary metals with the prevalence of T2D, other cardiovascular 
risk factors and atherosclerosis in Nallampatti, a typical Indian 
farming village dominated by modern synthetic chemical-based 
agricultural practices.

MATErIAls And METHOds
Kovai Medical Center and Hospital-nallampatti non-
Communicable disease study-I
Nallampatti is a typical farming village in Tamil Nadu, South 
India (latitude: 11°21'2.39’ N; longitude: 77°32'4.79’ E) (online 
supplementary figure 1) with a population of around 3000. All 
participants older than 20 years of age and native of that village 
were invited to participate in this study through pamphlets and 
word of mouth. This study, named the ‘Nallampatti non-com-
municable disease study-I – 2015 (NNCD-I, 2015)7’, was 
conducted every Sunday during a period of 4 weeks (15 March–5 
April 2015). Informed written consent was obtained from all 
participants prior to participation and followed the principles of 
the Declaration of Helsinki.

data collection
Demographics, anthropometric data, non-fasting blood and spot 
urine samples were collected from all consented participants 
as previously described.7 Body weight was measured using an 
electronic weighing scale (SECA 813), height was measured 
by a stadiometer (SECA 208), and waist circumference was 
measured in centimetres using a non-stretchable measuring tape 
between the costal margins and the iliac crest at the end of expi-
ration. Blood pressure was recorded using the electronic Omron 
machine in sitting position in the right arm (Model HEM-7130, 
Omron Healthcare, Singapore) on two occasions 15 min apart. 
The average value was used to determine the hypertension status.

Serum and plasma samples were prepared from whole blood 
collected appropriately by standard protocols. Glycated haemo-
globin (HbA

1c
) was measured using an automated high-per-

formance liquid chromatography method (D-10-Bio-Rad), 
cystatin-c was determined by nephelometric method (BN 
ProSpec-Siemens), glucose was measured using a glucose oxidase 
– peroxidase method and lipid levels were measured using 
an automated analyser (Abbott Architect ci8200), and uric acid 
and creatinine levels were measured using the endpoint method 
(Abbott Architect ci8200). Urine protein was determined using 
commercially available kits as per manufacturers’ instructions 

and haemoglobin was determined by sodium lauryl sulfate 
method (Sysmex XN).

Carotid intima-media thickness (CIMT) was measured using 
two high-resolution B-mode ultrasound machines (GE Health-
care, Venue 40, USA), in supine position on a scan bed with the 
head of the patient resting comfortably, neck slightly hyperex-
tended and the head tilted towards the opposite of the examined 
side. Both left and right common carotid arteries were depicted. 
The imaging was performed on field by two trained, final-year 
radiology residents under the supervision of a senior radiologist.

deinition of outcomes
Diabetes was defined as either having a history of diabetes on 
medications or diagnosed with HbA

1c
 of ≥6.5%. People with 

self-reported diabetes were confirmed by reviewing their medical 
records and their medications. For those reported as non-dia-
betic, HbA

1c
 ≥6.5% was considered diabetic, and HbA

1c
 ranging 

between 5.7% and 6.4% was defined as pre-diabetic, as per 
the American Diabetes Association guidelines (2017). Obesity 
and central obesity were defined using the criteria specific for Indian populations as body mass index (BMI) ≥25 kg/m2 and waist circumference ≥90 cm for men and ≥80 cm for women, 
respectively.17 Hypertension was defined as either having a 
history of hypertension on medications or a systolic blood pres-sure ≥140 mm Hg and/or diastolic blood pressure ≥90 mm 
Hg. Abnormal non-fasting lipid levels were defined as total cholesterol ≥200 mg/dL, low-density lipoprotein-cholesterol (LDL-C) ≥130 mg/dL, high-density lipoprotein-cholesterol (HDL-C) <40 mg/dL in men and <50 mg/dL in women, and non-HDL-C ≥160 mg/dL.18 Participants with self-reported 
diseases were confirmed by review of their medical records 
and medications. Carotid atherosclerosis was defined as a CIMT ≥1 mm in either left or right or in both measurements.19

Metal analysis in fertilisers
Fertiliser samples frequently used in the study village were 
purchased from agrochemical shops in the village and 
the surrounding area of 10 km. All the fertiliser products were 
government-subsidised products. Briefly, 1 g of the fertiliser 
sample was digested in a microwave oven in nitric acid:per-
chloric acid (2:1) mixture as per standard protocols. Finally, the 
level of metals was studied by inductively coupled plasma-mass 
spectrometry (ICP-MS (NexION 300X; PerkinElmer, USA)) and expressed as mg/kg of fertiliser.
Assessment of exposure to metals
Among the 865 participants, 18 cases missing urine samples or 
other information were excluded from the study. Urine samples were immediately frozen and shipped for storage in a −80° 
C deep freezer. The level of metals such as cadmium, arsenic, 
lead, chromium, aluminium, zinc, copper and nickel in urine 
was determined using ICP-MS (NexION 300X; PerkinElmer) 
as per the standard protocol.20 Briefly, 200 µL of urine sample was diluted with 1.8 mL diluent (5% nitric acid + 1.5% ethanol) 
and filtered through a 20 µm filter. The filtrate was subjected to 
ICP-MS analysis. The concentrations of metals were normalised to urinary creatinine and expressed as μg/mg creatinine.
statistical methods
All statistical analyses were performed using the statistical soft-
ware SPSS V.20.0. Urine metal concentrations were categorised 
in quartiles based on the weighted sample distribution. The asso-
ciation between risk factors and disease outcomes was studied 
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by multiple logistic regression analysis, with age, sex, familial 
diabetic history, BMI, systolic and diastolic blood pressure, LDL-C, smoking, and alcohol and tobacco usage as confounders 
for adjustment in diabetes and pre-diabetes. In the case of 
atherosclerosis, along with above-mentioned confounders, 
diabetes and familial ischaemic heart disease history were used 
for adjustment. For each metal, we used logistic regression to 
estimate ORs and CI levels for diabetes, pre-diabetes and carotid 
atherosclerosis by comparing each quartile with the lowest quar-
tile. Our logistic regression models were fitted with appropriate 
degrees of adjustment.  In each analysis, we also evaluated the 
significance of the differences of the average proportion of 
disorder across the four quartiles of the model by a generalised 
maximum likelihood Wald χ

2 test. Subsequently, we tested for 
linear trends across quartiles of urine metals by including the 
median of each quartile as a continuous variable in logistic 
regression models. Spearman’s correlation coefficient was calcu-
lated between metals and cardiometabolic risk factors. Statistical 
significance was determined on the basis of two-sided p values of <0.05.
rEsulTs
Out of 865 participants in our study, 82.7% (n=715) were 
involved in chemical-based farming practices. Rice is the 
staple food of the people, and largely grown from their own 
land is used for day-to-day consumption. All the characteris-
tics of the study population are shown in online supplemen-
tary table 1. The prevalence of pre-diabetes and diabetes in 
this population based on HbA

1c
 levels was 43.4% and 16.2%, 

respectively. Out of the total diabetes population (n=141), 
79 (56%) were self-reported and the rest (44%) were newly 
diagnosed based on HbA

1c
 analysis. Pre-diabetes and diabetes 

were almost equally prevalent among both sexes, while 
atherosclerosis prevalence was relatively higher among men. 
Among people with pre-diabetes and diabetes, more than 
50% were middle-aged (41–60 years). A very low prevalence 
of diabetes and atherosclerosis was noted among young-aged 

people (20–40 years). On multivariate regression analysis 
after adjustment for confounders, among the traditional 
risk factors, only age and BMI showed an association with 
diabetes and pre-diabetes, while in the case of atherosclerosis 
only age showed a significant association (online supplemen-
tary table 2).

On our survey of agricultural practices in the study village, 
we found that superphosphate, diammonium phosphate, 
ammonium phosphate sulfate and potash were the major 
synthetic fertilisers being used. The level of toxic metals was 
extremely high in all types of phosphate fertilisers but not 
in potash fertiliser (figure 1). No significant difference in 
the level of aluminium, zinc, copper and nickel was found 
between the types of fertilisers. An increased level of these 
urinary metals was noted among the people with pre-di-
abetes, diabetes and atherosclerosis in comparison with 
non-diabetic and non-atherosclerotic people, respectively 
(online supplementary table 3). On correlation and regres-
sion analyses of the urinary metals with cardiometabolic risk 
factors (HbA

1c
, systolic and diastolic blood pressure, BMI, 

total cholesterol, CIMT-left, CIMT-right and cystatin-c), 
only HbA

1c
 and CIMT showed significant correlation with 

the metals (table 1). Hence subsequent analyses focused only 
on diabetes, pre-diabetes and atherosclerosis.

Based on metal accumulation, the population was divided 
into quartiles (online supplementary table 4). Significant trends 
for pre-diabetes associated with the highest quartile of metal 
compared with the lowest quartile of metal (table 2) were found 
for arsenic and zinc. Significant trends for T2D associated with 
the highest quartile of metal compared with the lowest quartile 
of metal (table 3) were found for arsenic, chromium, aluminium 
and zinc. Similar to pre-diabetes, significant trends for carotid 
atherosclerosis associated with the highest quartile of metal 
compared with the lowest quartile of metal (table 4) were 
found for arsenic and zinc. Among the metals studied, arsenic 
and zinc showed association with pre-diabetes, diabetes and 
atherosclerosis.

Figure 1 concentration of toxic metals in the synthetic fertilisers being used in the study village.
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dIsCussIOn
Although the prevalence of NCDs is commonly reported in 
urban populations, the WHO (2014) has estimated that 47% 
of the global and 67% of the Indian population live in rural 
villages, where NCDs are often underestimated or overlooked. 
Our study highlights the burden of diabetes and pre-diabetes 
in a rural population of India, which exceeds that estimated in 
the urban population centres, and raises vital questions on the 
association between traditional cardiometabolic risk factors and 
prevalent hyperglycaemic continuum in rural India. In terms 
of pre-diabetes, it is possible that the criteria for pre-diabetes 
(HbA

1c 
5.7–6.4) determined by the American Diabetes Associ-

ation may over-represent pre-diabetes in an Indian population. 
We are particularly concerned that a high proportion of rural 
population in our study has either diabetes or pre-diabetes, far 
higher than a similar, larger study done in rural India.6 This led 
us to question whether traditional risk factors alone are enough 
to explain the huge prevalence of NCD in this population.

Because other studies have linked toxic metals in fertilisers 
and other agricultural products with islet cell impairment and 
diabetes risk, we studied the relationships between excretion 
rates of several metals and prevalence of pre-diabetes, T2D 

and carotid atherosclerosis. The association and possible role 
of two metals, arsenic and zinc, with diabetes, pre-diabetes and 
atherosclerosis in our study are especially intriguing. Possible 
links between exposure to arsenic and incident of diabetes 
have been reported in urban studies from various parts of the 
world.13 14 This element has been proposed to increase the risk 
of diabetes by multiple mechanisms, including altered gene 
expression, increased oxidative stress, upregulation of inflam-
matory markers such as interleukin-6 and tumour necrosis factor 
alpha, disruption of glucose uptake and transport, increased 
gluconeogenesis, pancreatic beta cell dysfunction due to amyloid 
deposition, adipocyte differentiation and altered gut micro-
biota.21 22 Oxidised LDL-C and several inflammatory molecules 
have also been implicated in arsenic-associated atherosclerosis 
risk.23

Synthetic phosphate fertilisers are important sources of 
metals, particularly arsenic, which can accumulate in soil 
with repeated application.16 Arsenic accumulated in the soil 
easily enters into the groundwater or is readily adsorbed 
by plants, entering the animal kingdom, including humans, 
through the food chain. This is especially a concerning issue 
in the Indian context, where often poor monitoring, lack of 

Table 1 Correlation analysis between the cardiometabolic risk factors and urinary metals

Correlation coeficient

HbA
1c

systolic bP diastolic bP bMI

Total 

cholesterol

ldl-

cholesterol CIMT-left CIMT-right Cystatin-c

Cadmium 0.08* 0.01 −0.03 −0.11 −0.00 −0.03 0.02 −0.01 0.01

Arsenic 0.16*** 0.37 0.02 0.01 0.10** 0.07* 0.18† 0.16† 0.09*

Lead 0.13*** −0.01 −0.03 −0.12 −0.03 −0.04 0.14† 0.13*** 0.06

Chromium 0.12** −0.01 −0.02 −0.14 −0.08 −0.07 0.07* 0.07* 0.03

Aluminium 0.09** 0.01 −0.02 −0.14 −0.04 −0.05 0.08* 0.08* 0.02

Zinc 0.17*** 0.02 0.01 −0.05 0.02 −0.01 0.13*** 0.12*** 0.12***

Copper 0.11** 0.03 0.01 −0.08 0.01 −0.01 0.02 0.02 0.03

Nickel 0.92** 0.01 −0.03 −0.12 −0.07 −0.06 −0.02 0.01 0.03

Spearman’s correlation, two-tailed: *p<0.05, **p<0.01, ***p<0.001, †p<0.0001 .

BMI, body mass index; BP, blood pressure; CIMT, carotid intima-media thickness; HbA
1c

, glycated haemoglobin; LDL, low-density lipoprotein. 

Table 2 ORs (95% CI) of pre-diabetes associated with quartiles of urinary metals (n=847)

Model

Or (95% CI)

P
trend

Quartile 1 Quartile 2 Quartile 3 Quartile 4

Cadmium Unadjusted 1.00 1.23 (0.81 to 1.86) 1.19 (0.78 to 1.80) 1.80 (1.18 to 2.75) 0.110

Adjusted* 1.00 1.09 (0.69 to 1.71) 1.02 (0.65 to 1.60) 1.67 (1.06 to 2.64) 0.352

Arsenic Unadjusted 1.00 1.46 (0.96 to 2.22) 1.82 (1.20 to 2.77) 2.14 (1.40 to 3.26) <0.001

Adjusted* 1.00 1.41 (1.01 to 2.21) 1.75 (1.12 to 2.73) 1.93 (1.23 to 3.04) <0.001

Lead Unadjusted 1.00 1.02 (0.68 to 4.54) 1.24 (0.82 to 1.89) 1.48 (0.97 to 2.24) 0.044

Adjusted* 1.00 0.91 (0.59 to 1.43) 1.29 (0.82 to 2.03) 1.36 (0.86 to 2.15) 0.065

Chromium Unadjusted 1.00 1.10 (0.73 to 1.66) 1.17 (0.77 to 1.77) 1.54 (1.01 to 2.35) 0.048

Adjusted* 1.00 1.08 (0.69 to 1.69) 1.16 (0.74 to 1.83) 1.48 (0.93 to 2.36) 0.069

Aluminium Unadjusted 1.00 0.98 (0.65 to 1.48) 1.16 (0.76 to 1.77) 1.40 (0.92 to 2.13) 0.082

Adjusted* 1.00 1.03 (0.66 to 159) 1.14 (0.72 to 1.80) 1.53 (0.97 to 2.41) 0.102

Zinc Unadjusted 1.00 1.12 (0.75 to 1.69) 2.16 (1.42 to 3.28) 1.49 (1.02 to 2.27) 0.005

Adjusted* 1.00 1.10 (0.71 to 1.72) 2.18 (1.39 to 3.42) 1.24 (1.09 to 1.96) 0.006

Copper Unadjusted 1.00 1.12 (0.75 to 1.70) 1.48 (0.98 to 2.25) 1.47 (0.97 to 2.24) 0.032

Adjusted* 1.00 1.26 (0.81 to 1.95) 1.45 (0.93 to 2.28) 1.57 (1.00 to 2.46) 0.085

Nickel Unadjusted 1.00 1.07 (0.71 to 1.62) 1.39 (0.92 to 2.12) 1.46 (0.96 to 2.23) 0.038

Adjusted* 1.00 1.03 (0.66 to 1.61) 1.23 (0.78 to 1.94) 1.36 (0.86 to 2.16) 0.077

*Adjusted: multivariate adjustment included age, sex, education, occupation, waist circumference, body mass index, diastolic and systolic blood pressure, low-density lipoprotein-

cholesterol, familial diabetic history, smoking, and alcohol and tobacco usage. The OR or p trend value shown in bold indicates statistical signiicance.
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quality control mechanisms, ignorance of the danger and 
poor training are prevalent with farmers opting for more 
toxic chemicals to expedite and enhance crop yields. A World 
Bank report (2010) revealed that South Asia is the leader in 
synthetic fertiliser consumption, which is primarily applied 
for cultivation of rice, the staple food of this subcontinent.

Our recent study showcased the accumulation of different 
metals including arsenic in different varieties of rice.24 The 
rice grown in the fields in the study village applied with the 
metal-rich fertilisers is largely used for their consumption. 
South Indian people will consume 200–400 g of rice per day, 
and hence it is logical to link the metals in agrochemicals 
with rice consumption and urinary metals. There have been 
studies linking higher white rice intake to elevated risk of 

T2D, especially in Asian populations. This has led to coining 
of a new terminology called ‘Riceabetes’.25 Over the last few 
years, there has been a heightened concern on the levels of 
arsenic in rice and vegetables.24–26 It is therefore reason-
able to speculate that arsenic may be one ‘cog in the wheel’ 
contributing to an increase in diabetes and CVDs in rural 
India. Apart from arsenic, zinc was the only other metal asso-
ciated with pre-diabetes, diabetes and carotid atherosclerosis 
in our study. Phosphate fertilisers were shown to be rich in 
both arsenic and zinc.27 An unexpected finding in our study 
was the association of urinary zinc with diabetes, pre-dia-
betes and atherosclerosis. Numerous studies, both in vivo 
and in vitro, had demonstrated the beneficial effects of zinc 
in both type 1 and type 2 diabetes.28 29 Zinc has antioxidant 

Table 3 ORs (95% CI) of diabetes associated with quartiles of urinary metals (n=847)

Model

Or (95% CI)

P
trend

Quartile 1 Quartile 2 Quartile 3 Quartile 4

Cadmium Unadjusted 1.00 1.25 (0.72 to 2.17) 1.07 (0.61 to 1.87) 1.60 (0.91 to 2.79) 0.142

Adjusted* 1.00 0.99 (0.54 to 1.84) 0.92 (0.49 to 1.72) 1.46 (0.79 to 2.75) 0.352

Arsenic Unadjusted 1.00 2.05 (1.14 to 3.71) 2.44 (1.35 to 4.42) 2.94 (1.63 to 5.30) 0.001

Adjusted* 1.00 1.87 (0.98 to 3.57) 2.44 (1.27 to 4.69) 2.68 (1.40 to 3.80) 0.005

Lead Unadjusted 1.00 1.34 (0.75 to 2.38) 2.09 (1.22 to 3.60) 1.90 (1.10 to 3.31) 0.091

Adjusted* 1.00 1.35 (0.56 to 3.25) 2.46 (1.10 to 5.50) 2.70 (1.16 to 6.32) 0.134

Chromium Unadjusted 1.00 1.04 (0.58 to 1.89) 1.69 (0.96 to 2.97) 2.15 (1.22 to 3.77) 0.034

Adjusted* 1.00 1.05 (0.58 to 2.02) 1.87 (0.99 to 3.51) 2.40 (1.26 to 4.56) 0.012

Aluminium Unadjusted 1.00 0.79 (0.43 to 1.46) 1.93 (1.11 to 3.35) 1.80 (1.02 to 3.16) 0.019

Adjusted* 1.00 0.86 (0.44 to 1.67) 2.03 (1.10 to 3.74) 2.19 (1.16 to 4.12) 0.025

Zinc Unadjusted 1.00 2.15 (1.14 to 4.04) 3.54 (1.87 to 6.71) 4.12 (2.23 to 7.60) <0.001

Adjusted* 1.00 2.10 (1.10 to 4.38) 3.93 (1.96 to 7.87) 3.32 (1.70 to 6.49) <0.001

Copper Unadjusted 1.00 1.51 (0.85 to 2.67) 1.98 (1.13 to 3.46) 2.16 (1.25 to 3.74) 0.048

Adjusted* 1.00 1.32 (0.57 to 3.09) 1.66 (0.76 to 3.67) 2.27 (1.02 to 5.02) 0.272

Nickel Unadjusted 1.00 0.85 (0.48 to 1.51) 1.34 (0.76 to 2.33) 1.47 (0.85 to 2.54) 0.187

Adjusted* 1.00 0.75 (0.40 to 1.41) 1.12 (0.61 to 2.08) 1.36 (0.74 to 2.57) 0.256

*Adjusted: multivariate adjustment included age, sex, education, occupation, waist circumference, body mass index, diastolic and systolic blood pressure, low-density lipoprotein-

cholesterol, familial diabetic history, smoking, and alcohol and tobacco usage. The OR or p trend value shown in bold indicates statistical signiicance.

Table 4 ORs (95% CI) of atherosclerosis associated with quartiles of urinary metals (n=847)

Model

Ors (95% CI)

P
trend

Quartile 1 Quartile 2 Quartile 3 Quartile 4

Cadmium Unadjusted 1.00 0.99 (0.52 to 1.90) 1.15 (0.61 to 2.16) 1.33 (0.72 to 2.46) 0.309

Adjusted* 1.00 0.76 (0.38 to 1.52) 0.96 (0.48 to 1.90) 1.12 (0.57 to 2.18) 0.486

Arsenic Unadjusted 1.00 2.94 (1.28 to 6.76) 2.63 (1.13 to 6.11) 5.69 (2.59 to12.5) <0.001

Adjusted* 1.00 2.65 (1.11 to 6.31) 2.45 (1.02 to 5.90) 5.56 (2.42 to 12.7) <0.001

Lead Unadjusted 1.00 1.39 (0.68 to 2.86) 2.05 (1.05 to 4.04) 2.23 (1.14 to 4.35) 0.008

Adjusted* 1.00 1.29 (0.61 to 2.75) 1.95 (0.94 to 4.04) 2.29 (1.14 to 4.75) 0.012

Chromium Unadjusted 1.00 1.13 (0.56 to 2.28) 1.86 (0.97 to 3.54) 1.78 (0.93 to 3.41) 0.032

Adjusted* 1.00 1.08 (0.52 to 2.27) 1.84 (0.92 to 3.72) 1.77 (0.87 to 3.61) 0.065

Aluminium Unadjusted 1.00 1.06 (0.52 to 2.16) 1.56 (0.80 to 3.02) 2.17 (1.15 to 4.08) 0.036

Adjusted* 1.00 1.20 (0.57 to 2.55) 1.50 (0.74–3.05) 2.54 (1.28 to 5.06) 0.056

Zinc Unadjusted 1.00 1.89 (0.88 to 4.04) 2.90 (1.41 to 5.97) 2.88 (1.40 to 5.93) 0.002

Adjusted* 1.00 1.92 (0.86 to 4.29) 2.86 (1.33 to 6.14) 2.13 (1.06 to 4.59) 0.001

Copper Unadjusted 1.00 0.88 (0.45 to 1.71) 1.51 (0.82 to 2.76) 1.10 (0.58 to 2.08) 0.409

Adjusted* 1.00 0.87 (0.43 to 1.76) 1.30 (0.68 to 2.52) 0.99 (0.50 to 2.00) 0.658

Nickel Unadjusted 1.00 0.90 (0.47 to 1.70) 1.10 (0.59 to 2.02) 1.05 (0.56 to 1.94) 0.738

Adjusted* 1.00 0.82 (0.41 to 1.63) 0.85 (0.44 to 1.66) 0.75 (0.45 to 1.77) 1.056

*Adjusted: multivariate adjustment included age, sex, education, occupation, waist circumference, body mass index, glycated haemoglobin, diastolic and systolic blood pressure, 

low-density lipoprotein-cholesterol, familial ischaemic heart disease history, smoking, and alcohol and tobacco usage. The OR or p trend value shown in bold indicates statistical 

signiicance.
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properties, stimulates glycolysis, inhibits gluconeogenesis, 
reversibly inhibits alpha glucosidase activity in intestines, 
enhances glucose transport in adipocytes, increases the 
expression of peroxisome proliferator-activated receptor 
gamma and thereby promoting adipogenesis, increases free 
insulin concentrations and inhibits amyloid fibrillogenesis 
that is implicated in beta cell destruction.28 Therefore, it was 
surprising to see a positive association between increasing 
urinary zinc concentrations and diabetes in our study. The 
answer may lie in the observations from as early as 1970s 
of ‘hyperzincuria’ in subjects with diabetes compared with 
the control population.30 Studies have shown that subjects 
with type 1 diabetes excrete four times more zinc in the 
urine compared with non-diabetic controls.31 The exact 
molecular mechanisms to explain a link between hyperzin-
curia and diabetes are not clear at this point but may relate 
to reduced renal tubular absorption of zinc due to hypergly-
caemia and insulin deficiency. While it is a speculation to link 
hyperzincuria to CVDs at this point, there are studies linking 
hyperzincuria to incipient nephropathy and ‘Near Sudden 
Unexplained Death Syndrome’.32 Further research is needed 
to evaluate the mechanisms of hyperzincuria and its associa-
tion with diabetes and CVDs in a rural population.

The role of chromium and aluminium, the other two metals 
showing an association with T2D in our study, is less clear. 
Besides synthetic fertiliser use, the other possible sources 
of these elements might be leaching from cooking utensils 
since chromium, which is associated with stainless steel and 
aluminium utensils, is commonly used for cooking purposes 
in rural India. This metal is linked to hyperinsulinaemia and 
insulin resistance.33 However, the biological roles or plausible 
mechanisms of these two metals in relation to diabetes or 
CVDs need to be investigated.

Our study has several limitations. The sampling was conve-
nient as it was difficult to do randomised cluster sampling 
as it may be perceived as an offence by the local population. 
Anyone >20 years of age was invited for study through door 
to door and speaker announcements. A total of 865 partic-
ipants turned up for the study. As a cross-sectional study it 
cannot establish causality of any of the significant relation-
ships we find. We cannot rule out the possibility that changes 
in metabolism, lifestyle or medication use after the develop-
ment of diabetes affected exposure, absorption or excretion 
of some metals. Another limitation is the use of a single urine 
metal measurement, which may not reflect cumulative expo-
sure and does not address the route of exposure or different 
forms of the metals. A 24-hour urine sample may have been 
preferable to a spot urine sample, but we adjusted for creati-
nine to control for concentration dilution of urine. Also, the 
use of only HbA

1c
 to determine undiagnosed diabetes may 

have missed some people who would have been considered to 
have diabetes based on fasting glucose or 2-hour glucose after 
a glucose challenge. Due to logistics and manpower issues, we 
were not able to have an independent review of carotid intima 
thickness nor could we do quality assurance on measure-
ment readings. Finally, exposure to these metals may involve 
coexposure to other potentially harmful substances, and we 
cannot rule out confounding by substances not measured.

In conclusion, our study provides new evidence that suggests 
a probable role of metals in the prevalence of diabetes and CVDs 
in rural India. If verified, these data should simultaneously lead 
to implementation of large-scale epidemiological and mecha-
nistic studies on the role of metals in the aetiopathogenesis of 
the hyperglycaemic spectrum and CVDs in rural populations 

and prompt governmental action to closely monitor fertilisation 
practices or promote safer alternative farming practices.
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Supplementary figure 1: Geographic location of the study village - Nallampatti. The red dot 

indicates the study village. (Latitude: 11°21'2.39" N; Longitude: 77°32'4.79" E). 

 

 

 

 

 

 

 

 

 

 

 

 



Supplementary Table 1: Characteristics of the participants of Nallampatti non-communicable 

disease-I study – 2015 (NNCD-I, 2015). 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

KMCH-NNCD, 2015 

Whole 

Population 

(n=865) 

Pre-

diabetes 

(n=371) 

Diabetes 

(n=142) 

Carotid 

Athero-

sclerosis 

(n=90) 

Percent Percent Percent Percent 

Sex 
Male  48.0 43.1 59.6 67.5 

Female  52.0 56.9 40.4 32.5 

Age 

(years) 

20 - 40  32.9 25.3 5.7 2.3 

41 - 60 46.6 53.7 57.4 46.1 

Above 60 20.5 21.0 36.9 51.7 

Alcohol intake 

(only Males) 

Daily 2.7 2.0 3.8 1.8 

Occasionally 50.4 47.3 58.2 64.9 

Never 47.0 50.7 38.0 33.3 

Smoking 

(only Males) 

Daily 31.2 20.5 32.8 35.7 

Occasionally 25.0 14.0 30.3 34.0 

Never 43.8 55.5 36.8 30.3 

Tobacco Use 

Daily 14.2 17.5 16.2 12.2 

Occasionally 11.5 11.0 8.5 20.8 

Never 74.3 71.5 75.4 67.1 

BMI 

(kg/m2) 

Obese (≥ 25) 31.6 34.2 36.2 32.6 

Underweight (≤ 18.5) 13.2 11.2 6.4 18 

HbA1c (%) 
Diabetes (≥ 6.5) 16.2 -- -- 32.6 

Prediabetes (5.7-6.4)  43.4 -- -- 48.4 

Blood Pressure 

(mm Hg) 

Hypertension 

(≥140/90) 
37.8 33.0 49.6 54.0 

Total Cholesterol 

(mg/dL) 

Hypercholesterolemia 

(≥200) 
33.4 40.4 34.6 

39.4 

CIMT (mm) Atherosclerosis (≥1) 10.3 11.6 20.5 -- 



 

 

 

Supplementary Table 2: Multiple regression analysis between traditional risk factors and disease 

outcomes  

 

 

 Univariate analysis Multivariate analysis* 

Risk ratio 95% C.I P value Risk ratio 95% C.I P value 

Pre diabetes  

Age 1.05 1.03 - 1.06 <0.001 1.05 1.03 - 1.06 <0.001 

Sex 1.19 0.88 - 1.60 0.254 1.29 0.92 - 1.81 0.146 

BMI 1.07 1.04 - 1.16 <0.001 1.08 1.02 - 1.17 0.009 

Waist Circumference 1.03 1.01 - 1.05 <0.001 0.99 0.97 - 1.03 0.960 

Education 1.82 1.29 - 2.58 0.001 1.15 0.77 - 1.74 0.493 

Diabetes 

Age 1.10 1.08 - 1.12 <0.001 1.10 1.07 - 1.12 <0.001 

Sex 0.64 0.43 - 0.95 0.026 0.80 0.49 - 1.29 0.368 

BMI 1.10 1.05 - 1.16 <0.001 1.16 1.06 - 1.27 0.002 

Waist Circumference 1.05 1.03 - 1.07 <0.001 0.99 0.96 - 1.04 0.850 

Education 2.04 1.32 - 3.16 0.001 1.05 0.61 - 1.80 0.863 

Carotid Atherosclerosis 

Age 1.09 1.07 -1.12 <0.001 1.08 1.06 -1.11 <0.001 

Sex (Male) 0.41 0.26 -0.66 <0.001 0.49 0.23 -1.05 0.067 

BMI 1.01 0.96 -1.06 0.706 1.02 0.91 -1.13 0.782 

Waist Circumference 1.03 1.00 -1.05 0.020 1.01 0.96-1.06 0.657 

Education 2.07 1.32 -3.25 0.002 1.47 0.82 -2.63 0.198 

Pre-diabetes 1.86 1.05 -3.28 0.033 1.10 0.58 -2.08 0.764 

Diabetes 3.29 1.96 -5.54 <0.001 1.37 0.76 -2.48 0.297 

Hypertension 2.67 1.71 -4.16 <0.001 1.39 0.83 -2.29 0.205 

Smoking 2.71 1.72 -4.30 <0.001 1.43 0.73 -2.79 0.297 

Total Cholesterol 1.00 0.99 -1.01 0.202 1.39 0.94 -1.01 0.223 

Triglyceride 1.00 0.99 -1.00 0.352 1.00 0.99 -1.01 0.134 

LDL Cholesterol 1.01 0.99 -1.01 0.119 1.03 0.99 -1.07 0.112 

HDL Cholesterol 0.98 0.96 -1.00 0.116 1.01 0.97 -1.06 0.501 

Non-HDL cholesterol 1.03 0.94 - 1.00 0.183 1.22 0.88- 1.01 0.232 
 

Multivariate adjustment included age, sex, education, occupation, waist circumference, BMI, diastolic and systolic 

blood pressure, LDL-cholesterol, familial diabetic history, smoking, alcohol and tobacco usage. p-value showed in 

boldness indicates the statistical significance. 

 

 

 



Supplementary table 3: Average value of different urinary metals among the whole population, 

diabetic, pre-diabetic, non-diabetic, atherosclerosis and non-atherosclerosis population. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Range of Metals in Urine (μg/mg creatinine) 

Quartile I  Quartile II  Quartile III  Quartile IV  

Cadmium 0.03 - 0.04 0.04 - 1.68 1.69 - 4.53 >13.89 

Arsenic 1.44 - 18.91 18.92 - 39.78 39.79 - 82.2 ≥ 82.3 

Lead 0.12 - 39.43 39.44 - 86.27 86.28 - 200.97 ≥ 200.98 

Chromium 2.65 - 14.35 14.36 - 28.19 28.20 - 52.07 ≥ 52.08 

Aluminium 0.04 - 118.23 118.24 - 319.13 319.14 - 868.25 ≥ 868.26 

Zinc 107.72 - 890.00 891.10 - 1477.56 1477.57 - 2538.39 ≥ 2538.40 

Copper 0.60 - 25.41 25.42 - 52.07 52.08 - 118.47 ≥ 118.48 

Nickel 2.72 - 19.40 19.41 - 39.28 39.29 - 78.92 ≥ 78.93 



Supplementary Table 4: The range of heavy metals used for categorization of quartiles.  

 

 

 

 

 

 

 

 

Metal 

Mean ± SE of Metals (µg/ mg creatinine) 

Whole 

Population 
Non-diabetes Pre-diabetes Diabetes 

Non-

atherosclerosis 

Atheroscleros

is 

Mean ± SE Mean ± SE Mean ± SE Mean ± SE Mean ± SE Mean ± SE 

Cadmium 22.8 ± 2.4 22.2 ± 4.0 19.0  ± 2.3 33.5 ± 9.2 20.1 ± 2.1 46.0 ± 13.9 

Arsenic 97.5 ± 7.9 74.7 ± 7.2 109.9  ± 12.9 99.8 ± 16.1 88.9 ± 7.9 170.7 ± 31.0 

Lead 220.4 ± 36.1 175.0 ± 18.9 262.2 ± 81.7 214.3 ± 30.4 214.9 ± 40.0 267.1 ± 49.1 

Chromium 43.6 ± 1.9 42.2  ± 3.9 41.5 ± 2.0 52.6 ± 4.8 42.7 ± 2.0 50.9 ± 5.9 

Aluminium 846.8 ± 57.4 790.6  ± 98.3 883.0 ± 87.5 903.8 ± 118.5 794.4 ± 57.0 1294 ± 248.5 

Zinc 2249 ± 96.7 1955 ± 124.6 2257 ± 158.5 2930 ± 282.6 2188  ± 99.2 2761  ± 362.9 

Copper 121.6 ± 9.5 122.9 ± 19.2 115.1  ± 10.2 137.9 ± 21.6 121.2 ± 10.3 124.7 ± 22.3 

Nickel 79.7 ± 7.6 76.7 ± 13.4 82.8 ± 12.4 79.5 ± 21.6 81.0 ± 8.4 68.8  ± 10.4 
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Abstract: The self-assembled structures of atomically precise,

ligand-protected noble metal nanoclusters leading to encapsu-

lation of plasmonic gold nanorods (GNRs) is presented.

Unlike highly sophisticated DNA nanotechnology, this strate-

gically simple hydrogen bonding-directed self-assembly of

nanoclusters leads to octahedral nanocrystals encapsulating

GNRs. Specifically, the p-mercaptobenzoic acid (pMBA)-

protected atomically precise silver nanocluster, Na4[Ag44-

(pMBA)30], and pMBA-functionalized GNRs were used.

High-resolution transmission and scanning transmission elec-

tron tomographic reconstructions suggest that the geometry of

the GNR surface is responsible for directing the assembly of

silver nanoclusters via H-bonding, leading to octahedral

symmetry. The use of water-dispersible gold nanoclusters,

Au
&250(pMBA)n and Au102(pMBA)44, also formed layered

shells encapsulating GNRs. Such cluster assemblies on colloi-

dal particles are a new category of precision hybrids with

diverse possibilities.

Atomically precise monolayer-protected nanoclusters of

noble metals[1–3] such as Au25(SR)18, Ag25(SR)18, Ag44(SR)30,

and Au102(SR)44 owing to their small size and quantum

confinement of electrons lead to discrete energy levels,

making their optical absorption spectra reminiscent of dye

molecules. Near-infrared emission and unusual catalysis are

some of the fascinating properties of such clusters. Over the

past one decade, there has been tremendous progress in the

synthesis, characterization, and studies of their diverse

properties. Recent reports of inter-nanocluster reactions[4]

and isomorphous transformations[5] have expanded the

scope of their science. Moreover, it has been recently shown

that by tuning the inter-nanocluster H-bonding, free-standing

2D nanosheets and capsids with monolayer thick shells can be

achieved using pMBA-protected gold nanoclusters.[6, 7] On the

other hand, noble metal nanoparticles, especially gold nano-

rods (GNRs),[8, 9] owing to their anisotropic surface plasmonic

excitations and extreme sensitivity to chemical environments

have been one of the most intensely researched nanosystems.

The unique plasmonic properties of gold nanoparticles have

been exploited recently to achieve plasmon-molecular reso-

nance coupling using small organic dye molecules[10] as well as

quantum dots.[11] Such a plasmon-exciton coupling shows

remarkably altered fluorescence (enhanced or quenched),

possibly allowing the amplification of plasmonic signals in

devices. Therefore, it is relevant to investigate whether

colloidal-scale molecules such as atomically precise quantum

clusters affect the plasmon of nanoparticles when placed at

sufficient proximity. In this context, the pMBA-protected

silver nanocluster (Na4[Ag44(pMBA)30]),
[12,13] which is of great

interest owing to its intense and broad multiband optical

absorption property,[14] is a suitable candidate because of its

facile synthesis and the presence of H-bonding ligands.

Furthermore, earlier study from our group has shown that

Ag44 can show fundamentally different assemblies to direct

hierarchical structures when interacted with 1D (anisotropic)

tellurium nanowires.[15] With these motivations, we undertook

an investigation into the precision assemblies of noble metal

nanoclusters on GNR surfaces in solution. In our experiments

we observed a quantitative transformation of clusters to

composite cages where one nanorod was incorporated per

cage. This fascinating observation warranted a detailed struc-

tural investigation, as such assemblies have been achieved

previously using highly sophisticated DNA nanotechnol-

ogy.[16]

The GNRs (d& 10 nm, l& 30 nm) were synthesized

according to an established method[17] in presence of cetyl-

trimethylammonium bromide (CTAB) and are denoted as

GNR@CTAB (Supporting Information, Figure S1). To incor-

porate the hydrogen bonding functionalities on GNR surfa-

ces, ligand exchange was performed using pMBA and the

resulting pMBA protected nanorods are denoted as

GNR@pMBA (Figure 1b; Supporting Information, Fig-

ure S2). The ligand exchange was monitored by measuring

the zeta (z) potential (Supporting Information, Figure S2)

which changed from + 51 mV (GNR@CTAB) to @2.6 mV
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(GNR@pMBA). The presence of sulfur and the existence of

Au@S bond in GNR@pMBA were confirmed using Raman

spectroscopy, scanning transmission electron microscopy,

energy-dispersive X-ray (EDX STEM) spectroscopy, and X-

ray photoelectron spectroscopy (Supporting Information,

Figures S2, S3). The modified GNRs were purified and

redispersed either in N,N-dimethylformamide (DMF) or

water for further experiments. The silver nanocluster Na4-

[Ag44(pMBA)30]
[13] and water dispersible gold nanoclusters,

Au102(pMBA)44
[18] and Au

&250(pMBA)n
[19] (from here on

abbreviated as Ag44, Au102, and Au250, respectively), were

prepared according to previous reports (see the Supporting

Information for detailed synthesis and characterization).

Figure 1a pictorially describes the self-assembly of Ag44 on

GNR@pMBA. In our experiment, a dispersion of

GNR@pMBA in DMF was allowed to interact with Ag44
dissolved in DMF (characterized by absorption spectroscopy

and electrospray ionization (ESI) mass spectrometry; Sup-

porting Information, Figure S4), at room temperature. This

allowed Ag44 clusters to assemble on GNR surfaces through

systematic H-bonding via carboxylic acid dimerization of the

bound ligands (Supporting Information, Figure S3a), giving

rise to a well-defined geometry of the end product (Fig-

ure 1c). After 20 h of incubation time, the product was

extracted by centrifugation and was characterized (Support-

ing Information, Figure S5). The GNR@pMBA has two

characteristic plasmonic peaks at 520 nm and 780 nm in its

absorption spectrum (Figure 1d), whereas Ag44 shows mole-

cule-like electronic spectrum (Figure 1e). When the resulting

composite dispersed in DMF was studied, it displayed the

absorption spectrum containing the peaks arising from both

GNR@pMBA as well as Ag44 as evident from peak fitting

(Figure 1 f). The supramolecularly self-assembled composite

superstructure is denoted as GNR@Ag44, where the individ-

ual components preserve their identities. However, significant

broadening along with a shift in peak position at the NIR

region was observed for the composite material, owing to the

electronic interactions between them. Transmission electron

microscopy (TEM) and scanning transmission electron mi-

croscopy (STEM) revealed the formation of self-assembled

superstructures encapsulating a single GNR in each nano-

crystal (Figure 1c). Remarkably, a systematic optimization

leads to a system where neither free GNR nor excess cluster

exists in the medium and the final material has a definite

morphology. Moreover, stability of this nanohybrid material

is comparable with that of the Ag44 crystal. It can be

redispersed in DMF by mild sonication without breaking

the cluster assemblies, even after months of its preparation.

The clusters can be regained from the composite only by

probe sonication in an acidic medium (Supporting Informa-

tion, Figure S6).

To gain insights into the morphology of GNR@Ag44, and

thus to have a better understanding of the assembly of clusters

on the GNR surface, TEM and STEM tomography recon-

structions were performed on GNR@CTAB, GNR@pMBA,

and GNR@Ag44. GNR@CTAB showed the reported geom-

etry where the sides consist of four < 110> and four < 100>

facets arranged alternately (Figure 2a; Supporting Informa-

tion, Video S1).[20] However, owing to larger interatomic

distances, the bonding between the surface gold atoms is

relatively weaker on the < 110> facet compared to the

< 100> facet leading to the formation of stronger bonds with

Figure 1. a) Representation of the self-assembly of Ag44 (curved arrow directs to the ESI MS of the cluster) on the GNR@pMBA surface, b) TEM

image of GNR@pMBA (inset shows an HRTEM image of a single nanorod), c) TEM image of GNR@Ag44 (inset shows dark field STEM image of

a composite particle), and d)–f) UV/Vis spectra of GNR@pMBA, Ag44, and GNR@Ag44, respectively.
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adsorbed or bonded atoms (here pMBA molecules) on the

former surface. In this process, the Au< 100> surface

undergoes bond breaking in the inner layers whereas Au<

110> shows a missing row reconstruction.[21, 22] This leads to

a distortion of the inherent octagonal shape of the GNR

surface, when functionalized by pMBA (Figure 2b; Support-

ing Information, Video S2). The GNR@Ag44, as shown in

Figure 2c and 2d is octahedral. There are reports of similar

geometry when gold,[23] silver,[24] or palladium[25] shells have

been grown on GNRs. It is evident that there is a competing

growth on the two sets of side facets of GNRs. Upon

preferential growth of the metals on the < 110> surface

facets compared to the < 100> , there is a gradual enlarge-

ment of the latter and finally all < 110> facets disappear.[25]

Although it was technically impossible to detect the surface

facets of the cluster cages owing to the beam intolerance of

the clusters in that high resolution, we suggest that in this case

also the Ag44 clusters assemble faster on the < 110> surface

facets than < 100> causing the similar geometry. Herein, the

nanorods are oriented diagonally, which denotes the size of

the cages, by the length of nanorods. Figure 2e–g shows the

views of the stepwise rotation of a single GNR@Ag44 particle

by an overall angle of 9088 along the y axis. From these results,

it can be further confirmed that Ag44 self-assemble on GNR

surfaces leading to an octahedral shape (Supporting Infor-

mation, Video S3) where the GNR is oriented along the

corners. Ag44 is known to crystallize into a triclinic lattice[26] in

which each cluster has a specific orientation, which satisfies

translational periodicity. In presence of some specific counter-

ion, it is also known to form an isotropic FCC arrangement.[27]

Directional hydrogen bonding between the ligands is mainly

responsible for the intercluster (both intralayer and inter-

layer) interactions leading to the crystals. Based on the crystal

morphology, only a cubic crystal lattice system can give rise to

a bulk crystal form which is octahedral. We suggest that the

underlying lattice structure of our octahedral assemblies is

FCC in which the orientations of the hydrogen bonds between

two connected cluster units may have disorder, but isotropic

van der Waals interactions hold the FCC lattice together. The

pMBA molecules attached to the GNR interact with the

pMBA molecules on Ag44 clusters, weakening the hydrogen

bonding between the ligands of individual clusters. The

GNR@pMBA surface imposes orientational constrains to

the assembly and an ordered orientation of the clusters may

not be possible. A careful observation of different stages of

growth suggests that in the beginning, the Ag44 was attached

almost evenly to the entire surface of the GNRs (Supporting

Information, Figure S7b). Gradually, as the sides (body) of

the GNRs exhibited more van der Waals interaction com-

pared to the pyramidal tips owing to their larger surface area,

Ag44 started to assemble on the side (body) surfaces

preferentially. This interaction was highest at the center of

the sides (body) of the GNRs, since it has the greatest number

of significant contributions from both halves of the rods which

gradually gets lower towards the tips of the GNRs. This,

coupled with the preferential attachment of cluster units to

Figure 2. TEM and STEM tomography: a) TEM 3D reconstructed structure of GNR@CTAB (top left) and its cross-sectional view (top right) along

with graphical representations of the side (bottom left) and top (bottom right) views showing octagonal geometry; b) side (top) and top (bottom

left) views of GNR@pMBA, cross sectional view (bottom right) showing slightly distorted octagonal geometry; c) GNR@Ag44 showing octahedral

geometry. d) Dark-field STEM tomography of GNR@Ag44 showing the octahedral nanocage and encapsulation and orientation of GNR within

(inset: theoretically obtained Ag44 assembly giving octahedral shape). e)–g) Rotational views of the nanocomposite along y axis (insets show

corresponding representations).
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the Au< 110> than Au< 100> surface facets of

GNR@pMBA, results in the anisotopic growth. As a result,

the overall morphology of the nanocages encapsulating

a single GNR happens to be an octahedron. An inset in

Figure 2d shows a model of the octahedral crystal of Ag44
derived from its FCC lattice. TEM tomographic images of

some other shapes obtained owing to the incomplete growth

of clusters are shown in the Supporting Information, Fig-

ure S8. In a medium with pH > 7, where pMBA exists in its

anionic form, the assembly did not take place. Also, when the

cluster was added to GNR@CTAB without functionalizing

with pMBA, the assembly was not observed (Supporting

Information, Figure S9), suggesting that the hydrogen bond-

ing is the basis of the structure.

To validate the generality of our approach, we used the

water-dispersible gold nanocluster Au250 (Figure 3a) to per-

form the assembly. Unlike Ag44, the gold nanoclusters

assembly on GNRs was carried out in water (pH& 7) keeping

all the other conditions the same. On reacting with

GNR@pMBA, the gold nanoclusters formed a similar nano-

assembly named as GNR@Au250, whose optical spectrum is

also a composite of the components (Figure 3b). However,

unlike GNR@Ag44, the composite shows no specific mor-

phology, rather it gave either one or multilayer shell

structures (Figure 3c). Figure 3d (Supporting Information,

Video S4) show the TEM tomography reconstruction of

GNR@Au250 (Figure 3e shows the graphical representation

of the same). Absence of any specific morphology in this case,

even on completion of the reaction, can be due to the fact that

Au250 has to be partially deprotonated to facilitate water

dispersibility.[6,7] As a result, not all of the ligands are involved

in H-bonding, which decreases the packing density. Similar

structures have been obtained on treating GNRs with Au102

(Supporting Information, Figure S10). Thus, irrespective of

the solvent this approach can be useful to condense any noble

metal nanocluster, protected by hydrogen-bond-forming

ligand on GNRs, which act as the nucleating sites.

In conclusion, we have shown that composite nano-

structures composed of two well-defined regimes of nano-

systems, namely gold nanorods and the Na4[Ag44(pMBA)30]

cluster, can be created by non-covalent assembly. Systematic

hydrogen-bond-induced self-assembly of Ag44 clusters on the

pMBA functionalized gold nanorods encapsulates the GNRs

completely, leading to octahedral composite nanocages.

Interestingly, this hybrid nanomaterial shows unusually high

stability at room temperature. The identities of GNR and the

cluster are manifested in the spectroscopic properties of the

composite. This simple method of controlled self-assembly of

colloidal objects may be useful for creating larger hierarchical

structures. Using Au250 we have shown that this approach is

rather general in terms of nanoclusters and the solvent

involved. However, luminescent quantum clusters might show

metal-enhanced luminescence when they reside close to the

plasmonic nanoparticles which should improve the detection

limits of nanocluster-based sensors. Thus, creation of such

precision assemblies with low polydispersity addresses the

most crucial issues of controlled nanoparticle encapsulation

and suggests a direction forward for the synthesis of more

complex materials.
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Chemicals used:  

Tetrachloroauric acid trihydrate (HAuCl4, 3H2O), Cetyltrimethyl ammonium bromide (CTAB) and ascorbic acid were purchased from 

Sigma Aldrich. Silver nitrate (AgNO3, 99%), 4-mercaptobenzoic acid (pMBA, 97%), trisodium citrate dihydrate (99%), and sodium 

borohydride (NaBH4, 99.99%) were purchased from Aldrich. Dimethylformamide (DMF, AR grade), dimethyl sulfoxide (DMSO, AR 

grade), toluene (AR grade), methanol (AR grade), ammonium acetate, citric acid, sodium chloride (NaCl) and sodium hydroxide 

(NaOH) pellets were procured from RANKEM, India. All the chemicals were used without further purification. De-ionized water was 

used in all the experiments. 

Experimental Details 

 

Synthesis of Gold nanorods:  

Gold nanorod (GNR) synthesis was performed following a seedless synthetic protocol as reported from our group1 with a slight 

modification. Briefly, to a 50 mL solution of 100 mM CTAB, 2.5 mL of 10 mM HAuCl4, 3H2O, 325 µL of 10 mM AgNO3, and 350 µL of 

100 mM ascorbic acid were added sequentially. All the solutions were mixed under mild stirring in a synthesizer keeping the 

temperature fixed at 28 ̊C. The solution was incubated for 5 min and 500 uL of freshly prepared NaBH4 solution (1.67 mM in ice cold 

DI water) was added in one shot. Prior to NaBH4 addition, the stirring was stopped and the mixture was kept unperturbed overnight. 

After this, the GNRs were washed with water to remove the excess CTAB from the solution. For getting better uniformity, fractional 

centrifugation was carried out; i.e., the GNR solution was centrifuged at 7000 rpm for 20 min, the precipitate containing the larger 

particles were discarded. The supernatant was then separated and centrifuged stepwise at 12000 and 14000 rpm in a similar way. 

TEM study has shown that the precipitate after centrifuging at 12000 rpm furnished the best uniformity. This precipitate was 

redispersed in deionized (DI) water and again centrifuged twice at 12500 rpm each time for 15 min. At every step, the precipitate was 

shaken under vortex to prevent aggregation.  

 

Synthesis of Ag44(pMBA)30 and purification: 

We followed the procedure by Desireddy et al.2 In brief, 128 mg of AgNO3 and 173 mg of pMBA were added in a beaker containing 

DMSO and water mixed in 4:7 volume ratio under constant stirring. 50% CsOH (in water) was added dropwise until the cloudy 

thiolates became clear. Once a greenish-yellow color appeared, 283 mg of NaBH4 in 9 mL of water was added dropwise to obtain a 

brown solution. The color of this solution changed to deep red after 1 h revealing the confirmation of the cluster formation. DMF was 

used to purify this crude cluster, which precipitated the cluster, and the solution was centrifuged. Then the residue was removed and 

the cluster was extracted in citric acid containing DMF solution. Thus all the protons of carboxylic acid were protonated making the 

cluster soluble in DMF. The extracted cluster was again precipitated using toluene, and the solution was centrifuged. Then the 

acidification step was repeated one more time. After this, the precipitate was redissolved in 25 mL of DMF to get the purified cluster. 

Notably, when all carboxylates are protonated, there is no need of citric acid, and DMF can extract the cluster directly. Protonation is 

the key step for this purification. 

 

Synthesis of Au102(pMBA)44: 

The synthesis was performed according to a previously published method.3 In a typical synthesis 0.209 g (0.50 mmol) HAuCl4.3H2O 

was dissolved in 19 mL of Millipore water (denoted as solution A). In a separation container 0.292 g (1.89 mmol) para-

mercaptobenzoic acid (pMBA) was dissolved in 18.43 mL of water containing 0.57 mL of 10 M NaOH (denoted as solution B). Then, 

in the following order, 75 mL of methanol, 17.8 mL of previously prepared solution A and 15.5 mL of previously prepared solution B 

were quickly added to a 1 L reaction vessel containing 51.5 mL of water equipped with a stirring bar and a screw cap. The reaction 

mixture was stirred at room temperature. After 20 h, when a white precipitate was formed, 20.8 mg (0.55 mmol) solid NaBH4 was 

added to it. The reaction mixture turned black immediately upon the addition of solid NaBH4 and after stirring for 5 h, methanol was 

added to the reaction vessel until the total volume was approximately 800 mL followed by the addition of 40 mL 5 M NH4OAc. The 

reaction mixture was centrifuged at 3500 rpm for 5 min. The supernatants were discarded and the black precipitate was air dried for 1 

and dissolved in 400 μL of water.  To the solution, 1 mL 2 M NH4OAc was added, followed by methanol until the total volume was 90 

mL and centrifuged at 3500 rpm for 10 min. The resulting supernatant was discarded and the black precipitate was allowed to air dry 

for 15 min.  The air-dried sample was further subjected for fractional precipitation to obtain atomically precise nanoclusters. 

 

Purification of Au102(pMBA)44 by fractional precipitation: 

All particles in each conical were dissolved in about 9.24 mL millipore water and then combined into one 50 mL conical flask. To it, 2 

M 0.76 mL NH4OAc and 2.5 mL methanol were added and the suspension in the conical was mixed and centrifuged at 3500 rpm for 

12 min. The resulting supernatant was then decanted into a new 50 mL conical flask, to which 12.5 mL methanol were added, the 

suspension in the conical was once again mixed and centrifuged at 3500 rpm for 12 min. Supernatant was then decanted into a new 

50 mL conical and methanol was added until the total volume was 45mL. The suspension in the conical was mixed and divided into 

two 50 mL centrifuge tubes which were then centrifuged at 3500rpm for 15 min. The resulting supernatant was decanted and the 

precipitate (Au102(pMBA)44) was air-dried. 

 

Synthesis of Au~250(pMBA)n. 

This also was synthesized using a reported procedure.4 About 0.246 g (1.60 mmol) of pMBA was dissolved in 19 mL of methanol and 

0.107 g (0.27 mmol) of HAuCl4·3H2O was dissolved in 9.7 mL of methanol. Then 9.07 mL of 33 mM HAuCl4 solution was mixed with 
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18.14 mL of 84 mM pMBA solution. Next, 68 mL of water was added to this mixture followed by dropwise addition of 2.69 mL 2 M 

NaOH with stirring, while maintaining the pH ~11). The solution was transferred into a 1 L capped plastic reaction vessel and after 20 

h of vigorous stirring at room temperature, a mixture of 23.21 mL of methanol and 68.28 mL of water were added. Then 2.37 mL of 

freshly prepared 0.19 M aqueous NaBH4 solution was added and the reaction was stirred for another 4.5 h. The reaction was 

quenched by adding 16 mL of 0.1M NaCl solution and 32 mL of methanol. The mixture was centrifuged at 3500 rpm for 15 min. The 

supernatant was decanted and the black precipitates were allowed to air dry. The solid was dissolved in 1:3 methanol/water mixture 

and centrifuged at 3500 rpm for 15 min. Supernatant was removed and solid product Au~250(pMBA)n was allowed to dry under 

ambient conditions. 

 

Surface functionalization of GNRs by pMBA: In order to make the GNRs react with Ag44(pMBA)30, their surfaces were 

functionalized by pMBA which essentially replaced the CTAB molecules. For that, the clean GNRs were incubated in 0.1 mM 

aqueous pMBA solution (1:1 v/v) for 3 h. Then it was centrifuged again and the supernatant containing excess pMBA was discarded. 

To ensure uniform functionalization, this process was repeated thrice. At the final step, the precipitate was redispersed in the 

appropriate medium (DMF for silver cluster and water for gold clusters) to carry out further studies. 

 

Reaction between GNR@pMBA and Ag44: To the GNR@pMBA dispersed in 1 mL of DMF, 300 uL, as-synthesized Ag44 cluster was 

added. The mixture was shaken well initially for proper mixing and then kept undisturbed at room temperature for 20 h.  

 

Reaction between GNR@pMBA and Au nanoclusters: In order to study the self-assembly, the nanoclusters (1.0 mg) was 

dissolved in 100 L of 1.0 M sodium hydroxide solution and diluted the total volume to 1.0 mL using milliQ water. This partially 

deprotonates the carboxylic acid groups (~22 –COOH groups) and stabilizes the nanocluster dispersion. Due to strong electrostatic 

repulsion aggregation of nanoclusters were prevented and the nanoclusters exist as individual clusters (Cryo-TEM). However, 

considerable number of COOH groups are still in their protonated form and are available for H-bonding. This property has been 

utilized to bind the gold nanolcusters to GNR surface. In this case, to the 1 mL of aqueous dispersion of GNR@pMBA, 100 uL and 50 

uL of as synthesized Au250 and Au102 clusters were added respectively. 

 

 

Instrumentation 

The UV-vis absorption spectra were recorded using a PerkinElmer Lambda 25 UV-vis spectrometer. A Waters Synapt G2-Si high 

definition mass spectrometer equipped with electrospray ionization was used in the negative mode. All TEM measurements were 

made using a JEOL 3010 (JEOL Japan) transmission electron microscope. Raman measurements were made using a Confocal 

Raman micro spectrometer (Witec GmbH, Germany) with 532 nm and 633 nm laser excitation. 

SerialEM and 3D reconstruction: Electron tomographic tilt series were acquired with the SerialEM software package. Samples were 

tilted between ± 69o angles with 2o increment steps. Prealignment of tilt image series was done and the fine alignment and cropping 

were executed with IMOD. The images were binned 2-4 times to reduce noise and computation time. Maximum entropy method 

(MEM) reconstruction scheme was carried out with a custom-made program on Mac or Linux cluster with regularization parameter 

value of l = 1.0e-3. The STEM imaging was performed using JEOL JEM-2800 high throughput electron microscope operated at 200 

kV with simultaneous bright field (BF) and dark field (DF) STEM imaging. 

 

Making of the Hexagonal crystal structure of Ag44(pMBA)30 cluster: 

It was built by replacing the octahedral lattice points by Ag44(pMBA)30 clusters and the octahedral Ag44(pMBA)30 crystal structure was 

visualized using visual molecular dynamics (VMD) software). 
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Results and Discussion 

 

Figure S1. Characterization of GNR@CTAB : (a) Absorption spectrum showing transverse (TSP) and longitudinal surface plasmon (LSP) resonances (b) TEM 

image, (c) bright field and (d) dark field STEM images. 
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Figure S2. Characterization of GNR@pMBA : (a) Absorption spectrum showing transverse (TSP) and longitudinal surface plasmon (LSP) resonances (b) TEM 

image, (c) change in zeta potential with MBA functionalization on GNR surfaces: GNR@CTAB, 1 step MBA functionalized GNR and 3 step MBA functionalized 

GNR are denoted by red, green and blue curves, respectively; (d) dark field STEM image, STEM elemental mapping of Au (e), (f) S and (g) Br. Images d-g has 

the same scale bar. 

Figure S3. Proof of Au-S bond in GNR@pMBA: (a) comparative Raman spectra of free MBA and GNR@pMBA shows an intense Au-S-C stretching (ref 5) at 175 

cm-1 in the case of GNR@pMBA. The new peak at 1710 cm-1 corresponds to C=O stretching corresponding to the neutral -COOH group. The presence of peaks 

at 1590 and 1080 cm-1 in GNR@pMBA assigned to the aromatic ring vibrations show little shift as a result of the binding to the metal surface. The peaks at 1370-

1380 cm-1 are ascribed to the presence of a small number of COO- groups (ref 6). The specific peaks are marked. (b) The peak at 162.5 eV in XPS is the 

characteristic feature of Au-S bond. 
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Figure S4. Characterization of Ag44(pMBA)30: (a) ESI mass spectrum and (b) Expanded view of molecular ion peak [Ag44(pMBA)30]4- along with the theoretical 

spectrum of the same ion.  
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Figure S5. Characterization of GNR@Ag44: (a) Absorption Spectrum, (b) Comparative infrared spectra of free pMBA, Ag44 and GNR@Ag44 – all in the solid state. 

Significant broadening of the signal near 3500 cm-1 is an indication of H- bonding between pMBA moieties in the final composite material. The characteristic S-H 

peak at 2550 cm-1 in solid pMBA disappears in case of GNR@Ag44, which supports the formation of Au-S bond. (c) TEM, (d) Bright Field STEM and (e) Dark Field 

STEM images of GNR@Ag44. 
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Figure S6. Absorption spectra of (a) Ag44 cluster before reaction, (b) GNR@Ag44 composite and (c) Ag44 cluster separated from the composite using probe 

sonication in DMF. The peaks at 681, 574, 506, and 440 nm occur at the same positions in a and c, showing that the clusters can be separated from the 

composite keeping their intrinsic properties intact. 
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Figure S7. TEM images of the cluster assembly on the GNR@pMBA surface after (a) 0 h, (b) 10 h and (c) 20 h. (scale bar shows 20 nm in each case).  

 

Figure S8. TEM tomography of different other morphologies: (a) limited cluster growth at an initial stage, (b) truncated octahedral structure obtained at a later 

stage, and (c) square pyramidal structure obtained when clusters assembled at only one side of the GNR@pMBA.  
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Figure S9. Control experiment when Ag44 was added to GNR@CTAB : a) very few clusters are there surrounding the GNRs, b) clusters are there assembling 

within themselves, but not interacting with the GNRs. This proves that H-bonding functionality has to be there on the GNR surface. 

 

 

 

Figure S10. (a) UV-Vis absorption spectrum of Au102(pMBA)44 (inset shows the ESI mass spectrum4 where the calculated mass numbers of Au102(pMBA)44 are 

marked with blue bars and the corresponding charge state is given above each calculated mass number, peak of a minor impurity is marked with an asterisk), and 

(b) TEM image of GNR@Au102. 
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Supporting videos are given separately. 

Video S1: TEM Tomographic reconstruction of GNR@CTAB. 

Video S2: TEM Tomographic reconstruction of GNR@pMBA. 

Video S3: TEM Tomographic reconstruction of GNR@Ag44. 

Video S4: TEM Tomographic reconstruction of GNR@Au250. 
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ABSTRACT: Silicon nanoparticles (Si NPs) exhibiting
observable luminescence have many electronic, optical, and
biological applications. Owing to reduced toxicity, they can be
used as cheap and environmentally friendly alternatives for
cadmium containing quantum dots, organic dyes, and rare
earth-based expensive phosphors. Here, we report an
inexpensive silicon precursor, namely rice husk, which has
been employed for the synthesis of Si NPs by rapid microwave
heating. The Si NPs of ∼4.9 nm diameter exhibit observable
green luminescence with a quantum yield of ∼60%. They show
robust storage stability and photostability and have constant
luminescence during long-term UV irradiation extending over
48 h, in contrast to other luminescent materials such as quantum dots and organic dyes which quenched their emission over this
time window. Green luminescent Si NPs upon mixing with synthesized red and blue luminescent Si NP species are shown to be
useful for energy-efficient white light production. The resulting white light has a color coordinate of (0.31, 0.27) which is close to
that of pure white light (0.33, 0.33). The performance of our white light emitting material is comparable to that of a commercial
white light emitting diode (WLED) bulb and is shown to be better than that of a commercial compact fluorescent lamp (CFL).

KEYWORDS: Rice husk, Silicon nanoparticles, Luminescence, Microwave, White light emission

■ INTRODUCTION

Silicon as a source of light has been the dream of scientists for
several years. Silicon in the thin film form is one of the major
foundations of modern society. Until now it has been used as
the base material for the development of photovoltaics1−5 and
microelectronics,6 but silicon emitting light can bring a
revolution in photonics,7 optoelectronics,8 and biotechnology.9

In the early 1990s, Canham discovered the emission of visible
light from silicon which he attributed to the porous nature of
silicon and that finding paved the way for research on
luminescent silicon nanoparticles (Si NPs).10,11 Since then it
has been more than two decades of ongoing research which has
moved the focus from porous silicon to colloidal Si NPs or
silicon quantum dots.12−21 Printing such thin films require inks
based on silicon. Applications of inks composed of Si NPs vary
from printable electronics, flexible solar cells, solar roofing, etc.
As these particles are biodegradable with an expected
environmental lifetime of the order of 6 months with reduced
toxicity, they hold great promise in biotechnological
applications such as bioimaging9,22−27 and can be used as a
replacement for quantum dots. Production of Si NPs requires
high energy processing as silicon exists in nature as SiO2 which
requires energy (ΔH = 169.7 kcal/mol at ∼3000 K for the
reaction, SiO2 + C = Si + CO2) for its reduction.28

Nanoparticles of silicon are particularly useful to create stable

and solvent compatible suspensions. They are also useful due to
their inherent changes in the electronic, optical, and mechanical
properties. Sustainable manufacturing of Si NPs is important
for cheaper, energy efficient, and consequently affordable
technologies.
Si NPs have been made chemically by various methods

involving chemical reductants. They have also been made by
using microwave synthesis,29 hydrothermal synthesis,30 chem-
ical vapor deposition,31 laser ablation,32 mechanochemical
method,33 plasma assisted aerosol precipitation,34 sono-
chemical synthesis,35 and even room temperature solution
phase reduction where the ligand is used for multiple purposes
such as capping as well as reduction.36 All these reactions
invariably require costly chemicals, uncommon instrumentation
and procedures, harsh experimental conditions, and long time.
Most of the time, chemical methods used a few commonly
available starting materials such as aminopropyltrimethoxy-
silane and its variants which are expensive. Si NPs possess weak
aqueous solubility due to the presence of hydrophobic groups
on the surface (e.g., Si−H bond), and this is a major limitation
for their use in biomedical applications. Several methods have
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been reported for Si NPs functionalization with hydrophilic
groups but functionalization often leads to decrease in quantum
yield.37 Again, synthesis involves the top-down method where
precursors, such as silicon powder, SiOx, nanowires, etc., were
used. Below we present a bottom-up approach for the synthesis
of hydrophilic Si NPs preserving high quantum yield.
Rice husk as a resource is estimated to be available to the

extent of 770 million tons annually, which is generally used as a
heat source in rice mills and hence readily available. Our
method uses a simple, one-pot, rapid microwave reduction of
silicon precursors in the husk presumably by carbon precursors
under conditions of ambient pressure and high temperature,
available in a microwave. The particles are stable at room
temperature and at different experimental conditions for an
extended period of time allowing them to be useful for
applications.

■ EXPERIMENTAL SECTION

Materials. Rice grains were purchased from a local market in
Chennai (Tamil Nadu, India). Sodium hydroxide was purchased from
Merck Life Science Private Ltd. CdTe (Red luminescent) quantum dot
sample was a gift from Prof. E. Prasad’s lab (Dept. of Chemistry, IIT
Madras). For preparing solutions, Milli-Q (Millipore) water was used
as the solvent. Perylene dye was purchased from Sigma-Aldrich for
quantum yield calculations. Aminopropyl trimethoxysilane (APTMS)
was purchased from Sigma-Aldrich and was used for the synthesis of
blue Si NPs. For the synthesis of Au@BSA, both HAuCl4 and the
protein, bovine serum albumin (BSA), were purchased from Sigma-
Aldrich.
Synthesis of Green Luminescent Si NPs. About 2 g of rice husk

were ground to make a fine powder. To that powder, about 10 mL of
aqueous NaOH (1M) was added. No additional reducing and
protecting agents were added to it. This mixture was heated in a
microwave oven (2.45 GHz, 600 W). During the reaction, as the
solution was dried, 5 mL of solvent was added and heated and the
process was continued for 1 h at an interval of 10 min. Finally, the
microwaved solution was taken out and centrifuged to remove any
unreacted materials present. The supernatant was collected and
analyzed, and it was found to contain Si NPs.
Removal of Anthocyanin Dye from Si NPs. Rice grains contain

pigments like anthocyanin which in basic medium shows green
luminescence. Removal of anthocyanin from the Si NPs was necessary
to make sure that the observed luminescence was due to Si NPs and
not due to anthocyanin. The separation was done using Amicon Ultra-
15 Centrifugal Filter Units, with a molecular weight cutoff of 10 kDa.
As the molecular weight of Si NPs was different from anthocyanin,
they were easily separated. To remove any adsorbed anthocyanin, the
particles were washed repeatedly.
Quantum Yield Calculation of Si NPs. For the green

luminescent Si NPs, the PL quantum yield was calculated using
perylene dye as a reference, taken in cyclohexane. Freshly prepared
solution was used to avoid errors. Perylene has excitation and emission
maxima in the range of 360−420 and 430−530 nm, respectively. For
comparison with Si NPs, the excitation wavelength chosen was 420
nm. At this excitation wavelength, the optical densities of both the dye
and Si NPs were adjusted to the same values. Photoluminescence (PL)
spectra of the solutions of the same optical density solutions were
recorded and areas of the PL curves were calculated. Integrated PL
intensities vs corresponding optical densities were plotted and fitted
with a straight line to yield two slopes which could be employed in
determining the quantitative output using the established equation:

Φ = Φ K K( / )(RI) /(RI)Si Dye Si Dye Si
2

Dye
2

where KSi and KDye stand for straight line slopes and (RI)Si, (RI)Dye,
ΦSi, and ΦDye represent the refractive indices of the solvents and
quantum yields of the Si NPs and the dye, respectively.38

Comparison of Photostability of Fluorescein Isothiocyanate
Dye, CdTe Quantum Dots, and Si NPs. For the photostability
comparison, the PL intensities of all the luminescent materials were
adjusted to the same value. Equal volumes of all the samples were
taken for better comparison. The measurements were performed
under a 365 nm UV lamp with a power of 6 W.

pH Stability and Time-Dependent Stability of Si NPs. pH
values of the silicon nanoparticle solutions were adjusted by adding aq
NaOH and HCl dropwise. A digital pH meter (MP-1 PLUS, Susima
technologies) was used for the measurement of pH of the solution.
Fluorescence intensities of the samples were measured using Horiba
Yvon Nanolog (FL-1000) fluorimeter. Time-dependent luminescence
intensity measurements were performed over a period of 1 month to
check the stability of the nanoparticles. The measurements were
performed at an interval of 3 days.

White Light Emission. A mixture of green Si NPs (rice husk
synthesized), blue luminescent Si NPs (APTMS synthesized), and red
luminescent Au@BSA clusters were prepared to demonstrate white
light emission. The materials were selected such that they all show
emission at the given excitation range as well as they are soluble in the
same solvent, i.e. water. The excitation wavelength chosen was 360
nm.

Synthesis of Blue Emitting Si NPs. About 0.8 g of sodium citrate
was dissolved in 20 mL of water. To this solution, 1 mL of
aminopropyl trimethoxysilane (APTMS) was added and agitated
homogeneously for 2 min. Then the solution was transferred into a
hydrothermal bomb and was kept at 170 °C for 24 h and cooled to
room temperature. The transparent solution was dialyzed using a
membrane with molecular weight cut off 12 kDa and stored at 4 °C for
use.

Synthesis of Au@BSA Cluster. A 10 mL portion of the aqueous
solution of HAuCl4 (6 mM) was added to 10 mL of BSA (25 mg/mL).
The solution was stirred for 5 min, and 1 mL of NaOH (1M) was
subsequently added. The pH of the solution was kept at 12. The
reaction was continued with mild stirring for 24 h. The color of the
solution changed from golden yellow to dark orange. The solution
exhibits intense luminescence under UV light. The sample was
dialyzed using a membrane with molecular weight cut off 12 kDa, and
the purified sample was kept at 4 °C for further use.

Luminous Efficacy Measurements of CFL, WLED, and Our
Material. A compact fluorescent lamp (CFL) and white light emitting
diode (WLED) of power 14 and 5 W, respectively were bought for the
luminous flux comparison. The luminous flux of the emitting material
was given as, luminous flux (ϕv) = illuminance (Ev) × surface area (A).

For easier calculation of the surface area, a spherical CFL and a
WLED were purchased. Surface area of CFL and WLED are 4πr2

where r is the radius of the spherical bulbs. Surface areas of cylindrical
Petri dish on which our material was coated is 2πrh + πr2. The
illuminance was measured using a Lux meter. Luminous efficacy was
calculated as luminous flux per unit power. For the illuminance
measurement, the distance from the source to the Lux meter sensor
was kept constant. A (3 W, 3 V) UV LED was used as the source for
white light emission.

■ RESULTS AND DISCUSSION

Synthesis, Mechanism, and Optical Properties of Si
NPs. Synthesis of silica nanoparticles from rice husk biomass is
an established area both in research and in industry. Such
materials are considered as a sustainable source of high quality
silica for diverse applications.39−41 There are previous reports
on the synthesis of porous silica particles by microwave
irradiation of chemically process rice husk.42 Reports are also
available on the magneisothermic reduction of silica to silicon
which was utilized as an electrode material.43 Both these
methods do not report synthesis of luminescent Si NPs. Our
synthetic methodology does not utilize prior chemical
processing and avoid the use of external reducing agent.
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The synthetic procedure used is shown in Figure 1A. Fine
powder of husk was taken and 1 M NaOH was added dropwise
with stirring. The solution was heated in a microwave oven for
an hour in a porcelain crucible. Finally it was taken out and
cooled to room temperature and separated from anthocyanin
by centrifugal ultrafiltration. The Si NPs were stored at 4 °C for
further use. One of the advantages of this method of synthesis
of Si NPs is that no additional reducing agent was used for
reducing silica to silicon. The reduction was presumably due to
the carbon backbone materials (cellulose, hemicellulose, lignin,
etc.) present in it and the exact mechanism of reduction is not
clearly understood. Reduction of silica to silicon by carbon
takes place at extremely high temperatures, i.e., at ∼3000 °C
which follows the reaction, SiO2 + C = Si + CO2. Although the

temperature employed here is only 170 °C, it is presumably the
local temperature around the particles that is attributed to the
reduction which can be as high as the reduction temperature of
silica.
The growth of Si NPs upon microwave heating may occur via

the formation of smaller nuclei followed by Ostwald ripening
(Figure 1B). Once a sufficient number of nuclei form, Ostwald
ripening occurs by the coalescence of smaller particles onto the
larger ones in order to reduce the surface free energy. In our
case, microwave heating was performed for 1 h to get the
required nanoparticles. Figure 1C displays the normalized UV−
vis absorption, excitation as well as photoluminescence of the
nanoparticles. The λex of these nanoparticles was 420 nm and
the emission at the corresponding excitation was 520 nm.

Figure 1. (A) Procedures involved in the synthesis of green luminescent Si NPs. (B) Schematic illustration of nanoparticle nucleation, growth, and
coalescence leading to smaller Si NPs. (C) Absorption (ABS), excitation (PLE), and emission spectra (PL) of the Si NPs.

Figure 2. (A) Large area TEM image of the rice husk synthesized Si NPs. (B) HRTEM image of the Si NPs and the inset shows a lattice spacing of
0.31 nm arising from the (111) plane of silicon. (C) EDAX spectrum of Si NPs along with the atomic percentages of the elements present. Carbon
and copper are from the grid although some carbon is present in the sample too. (D) Lattice distance profile of Si NPs for the (111) crystal plane. It
is the profile of 10 consecutive lattice planes, an average of which was considered as the lattice distance between the planes.
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Distinct absorption features of the nanoparticles were observed
at 270 and 350 nm. The energy at 350 nm corresponds to the
intrinsic direct Γ−Γ band gap of silicon and is a commonly
observed peak in Si NPs.38 Peak at 270 nm corresponds to the
L−L transition of silicon.44 The existence of two peaks gave an
indication of the presence of silicon particles in solution. The
solution appears brown under white light illumination and
exhibits green luminescence under ultraviolet light. The
solution upon freeze-drying gave a dark brown powder (Figure
1A). The system has yielded unreacted silica particles also. The
silica particles were removed carefully by changing the pH. The
estimated yield of Si NPs was 5%.
TEM and EDS Characterization of Si NPs. Figure 2A

shows a large area TEM image of Si NPs displaying the high
population of nanoparticles formed during the synthesis.
Nanoparticles are largely spherical in nature as shown in the
HRTEM image (Figure 2B) having a lattice distance of 0.31 nm
matching with the (111) plane of cubic silicon. There were no
additional reducing agents or protecting ligands added to the
solution. The spherical nature of the nanoparticle is an
indication of surface protection presumably by the oxygen
and nitrogen containing decomposition products of rice husk.
EDAX spectrum and lattice distance (Figure 2C and D) profiles
further confirm the existence of Si NPs in solution.
Structure and Surface Characterization of Si NPs. The

nanoparticles feature excellent hydrophilic nature owing to the
nature of surface functionalities. In order to check the

dispersibility of Si NPs, organic solvents, i.e. DCM and hexane,
were added to the aqueous dispersion (Figure S13A and B) and
the mixture was shaken. As organic solvents are nonpolar and
hydrophobic in nature, the Si NPs were not dispersible and a
separate layer was formed whereas the Si NPs were dispersed in
water. Figure 3A showed the size distribution of the
nanoparticles and average size of these nanoparticles observed
was 4.9 ± 0.2 nm demonstrating their highly monodisperse
nature. Additional information on size of the nanoparticles in
solution was collected by DLS measurements. The size of the
nanoparticle observed was 6.5 nm (Figure 3B), slightly higher
than that observed in TEM owing to distinct surface states of Si
NPs under different measurement environments (DLS
measurements are based on hydrodynamic radius which
includes the surface ligands).16,36,45−47 Zeta potential of the
Si NPs were measured to be −27.1 mV. This gives an idea
about the groups at the surface of Si NPs which are likely to be
composed of O and N containing species.
Figure 3C displays the XRD features of the as synthesized

nanoparticles. Standard diffraction peaks at 28.4°, 47.3°, and
56.1° corresponding to (111), (220), and (311) crystallo-
graphic planes, respectively, matching with the XRD pattern of
cubic silicon. For comparison, JCPDS data of cubic silicon (file
no. 00-027-1402) are also presented for reference. Figure 3D
shows the XPS spectrum of the synthesized nanoparticles. The
deconvoluted spectrum shows the presence of different
oxidation states of silicon present in the sample. Peaks at

Figure 3. (A) Size distribution of Si NPs from the TEM image with an average size of 4.9 nm. (B) DLS size measurement of green emitting Si NPs
shows an average size of 6.5 nm. (C) XRD characterization of the as Si NPs along with the standard JCPDS data for cubic silicon. (D) XPS spectrum
of Si NPs showing features of Si(0) due to silicon core and Si(I) due to oxidized silicon surface. The strong main feature at 103.7 eV is due to silica.
(E) FTIR spectra of the Si NPs and rice husk with the regions marked showing possible functionalities. Specific region is expanded on the left.
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∼99.6, 100.7, and 103.7 eV confirm the presence of Si(0), Si(I),
and Si(IV) oxidation states, respectively. The Si(0) state
indicates the formation of reduced silicon. The Si(I) state is
probably due to surface oxidation by the attachment of oxygen
and nitrogen containing species as protecting agents. The
oxidation state of (IV) indicates the unreacted silica present in
the form of silicates of sodium (NaOH was added). In contrast,
the XPS spectrum of rice husk (Figure S7) exhibits two peaks
in the energy range of 101 and 103.5 eV, attributed to the
suboxides and oxides of silicon (silica), respectively. The XPS
data clearly suggest the reduction of Si(IV) to Si(0) in the
prepared Si NPs by microwave reduction. In order to acquire
molecular information, FTIR spectra (Figure 3F) of the Si NPs
were measured along with the precursor rice husk. Rice husk
shows a peak at ∼3435 cm−1 due to the vibrational stretching of
N−H/O−H bonds present. Similarly, peaks at 2923, 1645,
1455, and 1405 cm−1 correspond to sp3 C−H stretching, N−H
bending, CH2 bending, and C−N stretching, respectively. Peaks
at 2923 and 1455 cm−1 indicate the presence of carbon
backbone materials like cellulose, hemicelluloses, etc. Peaks at
1645 and 1405 cm−1 indicate the presence of amino/amide
groups, probably due to the presence of proteins/amino acids
present in it. Peaks at 2342 and 2361 cm−1 arise due to
background CO2. Peaks at 1040 cm−1 correspond to Si−O
stretching. In striking contrast, one can clearly see the
additional peaks at 833 and 857 cm−1 ascribed to the Si−N
stretching vibrations in Si NPs confirming the existence of Si−
N bonds which are missing in the IR spectrum of rice husk.47

Similarly, peaks at 1045, 1645, 1445, and 1405 cm−1 are due to
Si−O, N−H, CH2, and C−N stretching and bending vibrations,
respectively. FTIR characterization gives an idea about the
nature of the surface ligands protecting the Si NP core.
pH and Photostability Comparison. Photoluminescence

spectrum of Si NPs at an interval of 3 days, for a period of 1
month was studied (Figure S15A). The figure shows that there
is no shift in the emission maximum during this period

indicating that the Si NPs are quite stable and do not degrade
or change with time (Figure 4A). The decrease in intensity
from the first day of the measurement and after 30 days is only
12%. Preservation the PL properties for longer period can be
effective for bioimaging as well as biosensing. In order to
function effectively in biological media, the nanoparticles
should be stable over a wide range of pH as different biological
systems work under different pH conditions. The fluorescence
spectrum as a function of pH was measured (Figure S15B).
The pH was varied from 5 to 12 covering the pH range of most
microorganisms. Variation in fluorescence intensity (Figure 4B)
was within 9% when the pH was changed from basic (pH 12)
to acidic environment (pH 5). Si NPs possess excellent
photostability under UV-irradiation, preserving its stability as
well as brightness. Photostability comparisons were performed
among the green luminescent nanoparticles, CdTe quantum
dots, and fluorescein isothiocyanate (FITC) dye under UV
lamp. Under UV light, CdTe degraded faster; after 24 h, it was
completely degraded, whereas the dye quenched owing to
photobleaching. The PL intensity of CdTe quantum dots
decreased by more than 80% in the first 16 h (Figure S10) and
was completely quenched by 24 h. A similar trend was observed
in the case of the dye. However, the fluorescence of
nanoparticles was intact. There were several methods reported
such as biomimetic synthesis of Si NPs where the synthesis was
cheap, facile, and green, but the quantum yield obtained was
low in the range of 15−20%.29 Reports of ultra bright
luminescent Si NPs having quantum yield up to 90% has
been reported, but such methods used are expensive as well as
toxic precursors.43 In contrast, our material is competitive
enough with a quantum yield of ∼60% (Figure S8) which used
an inexpensive precursor.

Si NPs Utilized in White Light Production. Nowadays
white light emitting materials have gained significant attention
as major components in light emitting devices (LEDs).48

Taking into consideration the huge energy demand, especially

Figure 4. (A) Variation of PL intensity of Si NPs as a function of time. (B) Variation of PL intensity as a function of pH. (C) Photostability
comparison and photograph of FITC, CdTe QDs, and Si NPs under continuous UV irradiation up to 48 h.
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in developing economies, WLEDs are important for energy
saving. Low cost and environment friendly WLEDs utilizing
organic and inorganic molecules have attracted huge interest in
recent years and can be substitutes for expensive rare-earth
based sources or Cd based inorganic quantum dots.49−51

Herein, the synthesized green luminescent Si NPs were mixed
with blue emitting Si NPs and red emitting Au@BSA52 clusters
to produce white light and the performance of the composite
material was checked. The inset in Figure 5A shows the
individual colors under UV and visible light as well as the white
light obtained after mixing the solutions (in a 2:1:1 volume
ratio of blue, green, and red luminescent materials). The
wavelength selected for excitation was 365 nm. Figure 5A
shows the individual PL spectra of the luminescent nano-
particles along with the spectrum of white light emitted from
the mixed sample.
The color characteristics from the luminescent materials

were analyzed using a CIE 1931 chromaticity diagram. The CIE
coordinates observed (Figure 5B) for the white light was (0.31,
0.27) which is in excellent agreement with the pure white light
coordinates of (0.33, 0.33).
Application of the White Emitting Material as a Light

Source. Luminescence from the material is generally observed
in the colloidal phase. Often aggregation induced quenching
lowers the luminescence properties when the sample was dried
to films or powders.53,54 However, in order to use the material
directly as a phosphor in WLEDs, high quality luminescence
from the material in the solid state is needed. In order to check
the solid state emission, the material was mixed with cellulose
as a supporting material and kept at 60 °C for drying on a Petri
dish and its luminescence was checked. A UV LED was
purchased, and a Petri dish coated with the material was placed
above it. Figure 6A−C are demonstrations of the usability of
the materials as a white light source. It displays excellent white
light emission in the solid state ensuring its potential
application in the field of WLEDs. The performance of our
material was compared with the commercial WLEDs and CFLs.
Figure 6D shows such a comparison. The luminous efficacy of
our material was superior to the commercial CFLs. Temper-
ature-dependent luminescence measurements were performed
to check the thermal stability of white light emitting material. It
showed negligible change over the measured range of
temperatures. The material was not only unaltered to the

applied temperature but also was endowed with stability over a
longer period of time (Figure S11 and S12) making it suitable
as a phosphor material in LEDs.

■ CONCLUSION

In summary, we have demonstrated a one-pot solution-
processed low temperature synthesis of Si NPs showing bright
green emission from a cheap, readily available precursor,
namely rice husk without using expensive equipment, harsh
conditions, and complicated procedures. The synthetic method
is rapid and cost-effective and can be applied for mass
production (0.1 g of Si NPs from 2 g of rice husk). The
nanoparticles exhibit excellent monodispersity and water
dispersibility, high photo- and pH-stability and high quantum
yield, and hold promise for a wide range of optoelectronic and
bioimaging applications. Owing to their reduced toxicity, they
can be employed as alternatives to inorganic quantum dots and
organic dyes. The material offers stable solution as well as solid
state luminescence, reflecting their capabilities as a sensor and

Figure 5. (A) Emission of white light from a mixture of blue (Si NPs), green (RH-Si NPs), and red (Au@BSA) luminescent materials. (inset)
Photographs of different luminescent materials under UV and visible light. (B) Chromaticity diagram showing the coordinates of the white light
emitted (0.31, 0.27) after mixing the materials.

Figure 6. (A) Photographic image of the material coated Petri dish
connected to a 3 V, 3 W UV LED when the battery was turned off,
under visible light. (B) Photographic image of the same material
emitting white light when the battery was turned on under visible light.
(C) Photographic image of the material emitting white light when the
battery was turned on under dark. A white spot marked with an arrow
appeared in B and C due to camera reflection. (D) Luminous efficacy
comparison of our material with a commercial WLED and CFL.

ACS Sustainable Chemistry & Engineering Research Article

DOI: 10.1021/acssuschemeng.7b04911
ACS Sustainable Chem. Eng. 2018, 6, 6203−6210

6208

http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.7b04911/suppl_file/sc7b04911_si_001.pdf
http://dx.doi.org/10.1021/acssuschemeng.7b04911


can be utilized as a phosphor material for the production of
white LEDs and lasers, thereby extending its applicability for
domestic, industrial, and research purposes. Rice husk
synthesized Si NPs may facilitate their use for solar cells,
biosensors, printable electronics, etc., and may be used in the
advancement of nanoparticle-based bioimaging.

■ ASSOCIATED CONTENT

*S Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acssusche-
meng.7b04911.

TEM images of the rice husk synthesized Si NPs in the
presence of microwave and their absence without
microwave; absorption features of Si NPs, anthocyanin,
Si NPs + anthocyanin; TEM images of the residue and
supernatant after separation using 10 kDa molecular
mass cutoff tubes; EDS and elemental mapping of rice
husk to show the silica structure; Excitation wavelength-
dependent emission spectra of Si NPs; full range XPS
spectrum along with O 1s, C 1s, Na 1s spectra of Si NPs;
XPS spectra of rice husk sample; data corresponding to
quantum yield determinations; TEM images showing the
unaltered Si NPs on changing pH; PL data to show
photostability of Si NPs; time-dependent white light
emission data; temperature-dependent intensity of white
light; hydrophilic nature of Si NPs; solid state white light
emission of the material and time- and pH-dependent PL
of the Si NPs (PDF)

■ AUTHOR INFORMATION

Corresponding Author

*E-mail: pradeep@iitm.ac.in.

ORCID

Avijit Baidya: 0000-0001-5215-2856
Thalappil Pradeep: 0000-0003-3174-534X

Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

We thank the department of science and technology,
Government of India, for constantly supporting our research
program of nanomaterials. S.B., B.M., and J.S.M. thank IIT
Madras for their research fellowships. A.B. thanks the DST for a
fellowship. M.A.G. thanks the UGC for a fellowship. S.C.
thanks the CSIR for a fellowship. We thank Dr. Soumya
Sivalingam for providing the CdTe quantum dots.

■ REFERENCES

(1) Savin, H.; Repo, P.; von Gastrow, G.; Ortega, P.; Calle, E.; Garin,
M.; Alcubilla, R. Black silicon solar cells with interdigitated back-
contacts achieve 22.1% efficiency. Nat. Nanotechnol. 2015, 10, 624−
628.
(2) Oh, J.; Yuan, H.-C.; Branz, H. M. An 18.2%-efficient black-silicon
solar cell achieved through control of carrier recombination in
nanostructures. Nat. Nanotechnol. 2012, 7, 743−748.
(3) Jeong, S.; McGehee, M. D.; Cui, Y. All-back-contact ultra-thin
silicon nanocone solar cells with 13.7% power conversion efficiency.
Nat. Commun. 2013, 4, 3950.
(4) Toor, F.; Branz, H. M.; Page, M. R.; Jones, K. M.; Yuan, H.-C.
Multi-scale surface texture to improve blue response of nanoporous
black silicon solar cells. Appl. Phys. Lett. 2011, 99, 103501.

(5) Tian, B.; Zheng, X.; Kempa, T. J.; Fang, Y.; Yu, N.; Yu, G.;
Huang, J.; Lieber, C. M. Coaxial silicon nanowires as solar cells and
nanoelectronic power sources. Nature 2007, 449, 885−889.
(6) Hirschman, K. D.; Tsybeskov, L.; Duttagupta, S. P.; Fauchet, P.
M. Silicon-based visible light-emitting devices integrated into micro-
electronic circuits. Nature 1996, 384, 338−341.
(7) Priolo, F.; Gregorkiewicz, T.; Galli, M.; Krauss, T. F. Silicon
nanostructures for photonics and photovoltaics. Nat. Nanotechnol.
2014, 9, 19−32.
(8) Ng, W. L.; Lourenco, M. A.; Gwilliam, R. M.; Ledain, S.; Shao,
G.; Homewood, K. P. An efficient room-temperature silicon-based
light-emitting diode. Nature 2001, 410, 192−194.
(9) Park, J.-H.; Gu, L.; von Maltzahn, G.; Ruoslahti, E.; Bhatia, S. N.;
Sailor, M. J. Biodegradable luminescent porous silicon nanoparticles
for in vivo applications. Nat. Mater. 2009, 8, 331−336.
(10) Cullis, A. G.; Canham, L. T. Visible light emission due to
quantum size effects in highly porous crystalline silicon. Nature 1991,
353, 335−338.
(11) Canham, L. T. Silicon quantum wire array fabrication by
electrochemical and chemical dissolution of wafers. Appl. Phys. Lett.
1990, 57, 1046−1048.
(12) Pavesi, L.; Dal Negro, L.; Mazzoleni, C.; Franzo, G.; Priolo, F.
Optical gain in silicon nanocrystals. Nature 2000, 408, 440−444.
(13) Ding, Z.; Quinn, B. M.; Haram, S. K.; Pell, L. E.; Korgel, B. A.;
Bard, A. J. Electrochemistry and electrogenerated chemiluminescence
from silicon nanocrystal quantum dots. Science 2002, 296, 1293−1297.
(14) Tsybeskov, L.; Lockwood, D. J.; McCaffrey, J. P.; Labbe, H. J.;
Fauchet, P. M.; White, B., Jr.; Diener, J.; Kovalev, D.; Koch, F.; Grom,
G. F. Ordering and self-organization in nanocrystalline silicon. Nature
2000, 407, 358−361.
(15) Gu, L.; Hall, D. J.; Qin, Z.; Anglin, E.; Joo, J.; Mooney, D. J.;
Howell, S. B.; Sailor, M. J. In vivo time-gated fluorescence imaging
with biodegradable luminescent porous silicon nanoparticles. Nat.
Commun. 2013, 4, 3326.
(16) Zhong, Y.; Peng, F.; Wei, X.; Zhou, Y.; Wang, J.; Jiang, X.; Su,
Y.; Su, S.; Lee, S.-T.; He, Y. Microwave-Assisted Synthesis of
Biofunctional and Fluorescent Silicon Nanoparticles Using Proteins
as Hydrophilic Ligands. Angew. Chem., Int. Ed. 2012, 51, 8485−8489.
(17) Mastronardi, M. L.; Hennrich, F.; Henderson, E. J.; Maier-Flaig,
F.; Blum, C.; Reichenbach, J.; Lemmer, U.; Kubel, C.; Wang, D.;
Kappes, M. M.; Ozin, G. A. Preparation of Monodisperse Silicon
Nanocrystals Using Density Gradient Ultracentrifugation. J. Am. Chem.
Soc. 2011, 133, 11928−11931.
(18) Anthony, R. J.; Cheng, K.-Y.; Holman, Z. C.; Holmes, R. J.;
Kortshagen, U. R. An All-Gas-Phase Approach for the Fabrication of
Silicon Nanocrystal Light-Emitting Devices. Nano Lett. 2012, 12,
2822−2825.
(19) Purkait, T. K.; Iqbal, M.; Wahl, M. H.; Gottschling, K.;
Gonzalez, C. M.; Islam, M. A.; Veinot, J. G. C. Borane-catalyzed room-
temperature hydrosilylation of alkenes/alkynes on silicon nanocrystal
surfaces. J. Am. Chem. Soc. 2014, 136, 17914−17917.
(20) Mastronardi, M. L.; Henderson, E. J.; Puzzo, D. P.; Ozin, G. A.
Small Silicon, Big Opportunities: The Development and Future of
Colloidally-Stable Monodisperse Silicon Nanocrystals. Adv. Mater.
2012, 24, 5890−5898.
(21) Ganguly, S.; Kazem, N.; Carter, D.; Kauzlarich, S. M. Colloidal
synthesis of an exotic phase of silicon: the BC8 structure. J. Am. Chem.
Soc. 2014, 136, 1296−1299.
(22) Cheng, X.; Lowe, S. B.; Reece, P. J.; Gooding, J. J. Colloidal
silicon quantum dots: from preparation to the modification of self-
assembled monolayers (SAMs) for bio-applications. Chem. Soc. Rev.
2014, 43, 2680−2700.
(23) Peng, F.; Su, Y.; Zhong, Y.; Fan, C.; Lee, S.-T.; He, Y. Silicon
Nanomaterials Platform for Bioimaging, Biosensing, and Cancer
Therapy. Acc. Chem. Res. 2014, 47, 612−623.
(24) McVey, B. F. P.; Tilley, R. D. Solution Synthesis, Optical
Properties, and Bioimaging Applications of Silicon Nanocrystals. Acc.
Chem. Res. 2014, 47, 3045−3051.

ACS Sustainable Chemistry & Engineering Research Article

DOI: 10.1021/acssuschemeng.7b04911
ACS Sustainable Chem. Eng. 2018, 6, 6203−6210

6209

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acssuschemeng.7b04911
http://pubs.acs.org/doi/abs/10.1021/acssuschemeng.7b04911
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.7b04911/suppl_file/sc7b04911_si_001.pdf
mailto:pradeep@iitm.ac.in
http://orcid.org/0000-0001-5215-2856
http://orcid.org/0000-0003-3174-534X
http://dx.doi.org/10.1021/acssuschemeng.7b04911


(25) Montalti, M.; Cantelli, A.; Battistelli, G. Nanodiamonds and
silicon quantum dots: ultrastable and biocompatible luminescent
nanoprobes for long-term bioimaging. Chem. Soc. Rev. 2015, 44,
4853−4921.
(26) Dasog, M.; Kehrle, J.; Rieger, B.; Veinot, J. G. C. Silicon
Nanocrystals and Silicon-Polymer Hybrids: Synthesis, Surface
Engineering, and Applications. Angew. Chem., Int. Ed. 2016, 55,
2322−2339.
(27) He, Y.; Fan, C.; Lee, S.-T. Silicon nanostructures for
bioapplications. Nano Today 2010, 5, 282−295.
(28) Wai, C. M.; Hutchison, S. G. Free energy minimization
calculation of complex chemical equilibria. Reduction of silicon dioxide
with carbon at high temperature. J. Chem. Educ. 1989, 66, 546−549.
(29) Wu, S.; Zhong, Y.; Zhou, Y.; Song, B.; Chu, B.; Ji, X.; Wu, Y.;
Su, Y.; He, Y. Biomimetic Preparation and Dual-Color Bioimaging of
Fluorescent Silicon Nanoparticles. J. Am. Chem. Soc. 2015, 137,
14726−14732.
(30) Zhang, J.; Yu, S.-H. Highly photoluminescent silicon nano-
crystals for rapid, label-free and recyclable detection of mercuric ions.
Nanoscale 2014, 6, 4096−4101.
(31) Zhu, J.; Yu, Z.; Burkhard, G. F.; Hsu, C. M.; Connor, S. T.; Xu,
Y.; Wang, Q.; McGehee, M.; Fan, S.; Cui, Y. Optical Absorption
Enhancement in Amorphous Silicon Nanowire and Nanocone Arrays.
Nano Lett. 2009, 9, 279−282.
(32) Morales, A. M.; Lieber, C. M. A laser ablation method for the
synthesis of crystalline semiconductor nanowires. Science 1998, 279,
208−211.
(33) Heintz, A. S.; Fink, M. J.; Mitchell, B. S. Mechanochemical
synthesis of blue luminescent alkyl/alkenyl-passivated silicon nano-
particles. Adv. Mater. 2007, 19, 3984−3988.
(34) Mangolini, L.; Kortshagen, U. Plasma-assisted synthesis of
silicon nanocrystal inks. Adv. Mater. 2007, 19, 2513−2519.
(35) Arul Dhas, N.; Raj, C. P.; Gedanken, A. Preparation of
Luminescent Silicon Nanoparticles: A Novel Sonochemical Approach.
Chem. Mater. 1998, 10, 3278−3281.
(36) Zhong, Y.; Peng, F.; Bao, F.; Wang, S.; Ji, X.; Yang, L.; Su, Y.;
Lee, S.-T.; He, Y. Large-Scale Aqueous Synthesis of Fluorescent and
Biocompatible Silicon Nanoparticles and Their Use as Highly
Photostable Biological Probes. J. Am. Chem. Soc. 2013, 135, 8350−
8356.
(37) Erogbogbo, F.; Yong, K. T.; Roy, I.; Xu, G.; Prasad, P. N.;
Swihart, M. T. Biocompatible Luminescent Silicon Quantum Dots for
Imaging of Cancer Cells. ACS Nano 2008, 2, 873−878.
(38) Li, Q.; Luo, T.-Y.; Zhou, M.; Abroshan, H.; Huang, J.; Kim, H.
J.; Rosi, N. L.; Shao, Z.; Jin, R. Silicon Nanoparticles with Surface
Nitrogen: 90% Quantum Yield with Narrow Luminescence Bandwidth
and the Ligand Structure Based Energy Law. ACS Nano 2016, 10,
8385−8393.
(39) Adam, F.; Appaturi, J. N.; Iqbal, A. The utilization of rice husk
silica as a catalyst: Review and recent progress. Catal. Today 2012, 190,
2−14.
(40) Bakar, R. A.; Yahya, R.; Gan, S. N. Production of High Purity
Amorphous Silica from Rice Husk. Procedia Chem. 2016, 19, 189−195.
(41) Bansal, V.; Ahmad, A.; Sastry, M. Fungus-Mediated
Biotransformation of Amorphous Silica in Rice Husk to Nanocrystal-
line Silica. J. Am. Chem. Soc. 2006, 128, 14059−14066.
(42) Praneetha, S.; Murugan, A. V. Development of Sustainable
development of sustainable rapid microwave assisted process for extg.
nanoporous Si from earth abundant agricultural residues and their
carbon-based nanohybrids for lithium energy storage. ACS Sustainable
Chem. Eng. 2015, 3, 224−236.
(43) Kim, K. H.; Lee, D. J.; Cho, K. M.; Kim, S. J.; Park, J.-K.; Jung,
H.-T. Complete magnesiothermic reduction reaction of vertically
aligned mesoporous silica channels to form pure silicon nanoparticles.
Sci. Rep. 2015, 5, 9014.
(44) Holmes, J. D.; Ziegler, K. J.; Doty, R. C.; Pell, L. E.; Johnston, K.
P.; Korgel, B. A. Highly Luminescent Silicon Nanocrystals with
Discrete Optical Transitions. J. Am. Chem. Soc. 2001, 123, 3743−3748.

(45) He, Y.; Zhong, Y.-L.; Peng, F.; Wei, X.-P.; Su, Y.-Y.; Lu, Y.-M.;
Su, S.; Gu, W.; Liao, L.-S.; Lee, S.-T. One-Pot Microwave Synthesis of
Water-Dispersible, Ultraphoto- and pH-Stable, and Highly Fluorescent
Silicon Quantum Dots. J. Am. Chem. Soc. 2011, 133, 14192−14195.
(46) Li, Q.; He, Y.; Chang, J.; Wang, L.; Chen, H.; Tan, Y.-W.; Wang,
H.; Shao, Z. Surface-Modified Silicon Nanoparticles with Ultrabright
Photoluminescence and Single-Exponential Decay for Nanoscale
Fluorescence Lifetime Imaging of Temperature. J. Am. Chem. Soc.
2013, 135, 14924−14927.
(47) Zhong, Y.; Sun, X.; Wang, S.; Peng, F.; Bao, F.; Su, Y.; Li, Y.;
Lee, S.-T.; He, Y. Facile, Large-Quantity Synthesis of Stable, Tunable-
Color Silicon Nanoparticles and Their Application for Long-Term
Cellular Imaging. ACS Nano 2015, 9, 5958−5967.
(48) Gather, M. C.; Kohnen, A.; Meerholz, K. White organic light-
emitting diodes. Adv. Mater. 2011, 23, 233−248.
(49) Wang, J.; Lin, W.; Li, W. Three-channel fluorescent sensing via
organic white light-emitting dyes for detection of hydrogen sulfide in
living cells. Biomaterials 2013, 34, 7429−7436.
(50) Mukherjee, S.; Thilagar, P. Organic white-light emitting
materials. Dyes Pigm. 2014, 110, 2−27.
(51) Chen, J.; Zhao, D.; Li, C.; Xu, F.; Lei, W.; Sun, L.; Nathan, A.;
Sun, X. W. All Solution-processed Stable White Quantum Dot Light-
emitting Diodes with Hybrid ZnO@TiO2 as Blue Emitters. Sci. Rep.
2015, 4, 4085.
(52) Baksi, A.; Mitra, A.; Mohanty, J. S.; Lee, H.; De, G.; Pradeep, T.
Size Evolution of Protein-Protected Gold Clusters in Solution: A
Combined SAXS-MS Investigation. J. Phys. Chem. C 2015, 119, 2148−
2157.
(53) Zhu, S.; Meng, Q.; Wang, L.; Zhang, J.; Song, Y.; Jin, H.; Zhang,
K.; Sun, H.; Wang, H.; Yang, B. Highly Photoluminescent Carbon
Dots for Multicolor Patterning, Sensors, and Bioimaging. Angew.
Chem., Int. Ed. 2013, 52, 3953−3957.
(54) Qu, S.; Wang, X.; Lu, Q.; Liu, X.; Wang, L. A Biocompatible
Fluorescent Ink Based on Water-Soluble Luminescent Carbon
Nanodots. Angew. Chem., Int. Ed. 2012, 51, 12215−12218.

ACS Sustainable Chemistry & Engineering Research Article

DOI: 10.1021/acssuschemeng.7b04911
ACS Sustainable Chem. Eng. 2018, 6, 6203−6210

6210

http://dx.doi.org/10.1021/acssuschemeng.7b04911


S1 

 

Supporting Information 

 
���������	
�	����
�	���
��������	��
�	���	����	���	�����	

���	��	�����������	���
�
��
���	�
�	�����	�����	������
�	

Sandeep Bose, Mohd. Azhardin Ganayee, Biswajit Mondal, Avijit Baidya, Sudhakar 

Chennu, Jyoti Sarita Mohanty, Thalappil Pradeep* 

DST Unit of Nanoscience (DST UNS), and Thematic Unit of Excellence (TUE), 

Department of Chemistry, Indian Institute of Technology Madras, Chennai - 600 036, 

India 

*Email: pradeep@iitm.ac.in 

 

 

������

  

                    Instrumental details                                                                      Page S2 

 

Figure S1   TEM image of the rice husk synthesized SiNPs in presence          Page S3 

                   and absence of microwave 
 

Figure S2   Absorption features of SiNPs, anthocyanin,                                 Page S4 

                  SiNPs + anthocyanin 
 

Figure S3   TEM images of the anthocyanin and SiNPs after separation       Page S5 

                  using molecular mass cut)off tubes 

 

Figure S4   EDAX and elemental mapping of rice husk to show the              Page S6 

                  silica nature 

 

Figure S5   Excitation wavelength dependent emission spectra of SiNPs       Page S7 

 

Figure S6   Full range XPS spectrum along with O1s, C1s, N1s spectra     Page S8 

                   of SiNPs 

 

Figure S7   XPS spectra of rice husk sample                                                  Page S9 

 

Figure S8   Absorbance against normalized PL intensity plot for slope        Page S10 

                   calculation and quantum yield determination 

 

Figure S9   TEM images showing the unaltered SiNPs on changing pH      Page S11 

 

Figure S10  PL intensity plot as a function of time to show photostabilty    Page S12 

                    of SiNPs 

 

Figure S11 Time dependent white light emission and its unchanged           Page S13 



S2 

 

                    intensity as a function of time 

 

Figure S12  Temperature dependent intensity of white light to show           Page S14 

                    thermal stability 

 

Figure S13  Hydrophilic nature of SiNPs                                                     Page S14 

 

Figure S14  Solid state white light emission of the material.                       Page S15 

 

Figure S15  Time dependent and pH dependent PL spectra of the Si NPs  Page S16 

 

 

 

�������������
�	

Si NPs were characterized by transmission electron microscopy (TEM), high resolution 

transmission electron microscopy (HRTEM), powder X-ray diffraction (PXRD), 

photoluminescence (PL), UV-Vis absorption and X-ray photoelectron spectroscopy (XPS). 

UV-Vis absorption spectra were measured using a Perkin Elmer Lambda 25 

spectrophotometer in the range of 200-1100 nm. Photoluminescence measurements were 

performed using a Horiba JobinYvon Nanolog (FL 1000) fluorimeter. The band pass for 

excitation and emission was set at 3 nm. The excitation wavelength was set at 420 nm. 

Powder XRD was measured using Bruker D8 Advance diffractometer. The peaks at angles 

28, 42 and 56 degrees correspond to (111), (220) and (311) planes of silicon nanoparticles. 

All the TEM/HRTEM and EDS measurements were done using JEOL 3010 (JEOL Japan) 

operating at 200 kV. SEM measurements were performed using FEI Quanta 200 operating at 

30 kV equipped with EDS. XPS measurements were carried out using Omicron ESCA probe 

spectrometer with polychromatic Mg Kα X-rays (hυ = 1253.6 eV). The photostability studies 

were performed with a Philips TL 6W UV lamp. DLS measurements were carried out using 

Malvern Zetasizer Nano (ZSP) (Temperature, 25
o
C; scan, 100; dispersant, water; refractive 

index, 1.33; viscocity, 0.08872 cP; dielectric constant, 78.5). A Jasco FT/IR-4100 type A 

spectrometer was utilized for recording the FTIR spectra (Scan, 64; resolution 4 cm
-1

). All the 
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photographic images were taken with Nikon D5100 DSLR camera. Luminous flux 

measurements were carried out using Kusam Meco KM-Lux-99 digital Luxmeter. 

 

 
 

 

 

 

������	� . (A) & (B) TEM images of the SiNPs derived from the microwave treatment of 

rice husk powder & NaOH mixture. (C) & (D) TEM image of the rice husk powder and 

NaOH mixture showing the absence of nanoparticles without microwave treatment.  
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������	�!. Absorption features of anthocyanin + SiNPs (cyan) at pH 7. Absorption features 

anthocyanin (pink) separated from Si NPs (orange) using molecular mass cut off centrifuge 

tubes shows absorption peak around 600 nm which is characteristic of anthocyanin and is 

absent in SiNPs.  
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������	�". (A) & (B) shows the TEM image of the supernatant separated from the Si NPs 

using molecular mass cut off tubes which may contain silica and anthocyanin but no 

crystalline Si NPs. Similarly (C) & (D) shows the TEM images of the SiNPs separated. The 

Si NPs were collected as residue where as anthocyanin was collected as supernatant. This 

method of separation SiNPs from anthocyanin was quite efficient. 
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������	�#. (A) SEM-EDAX spectrum of rice husk powder. (B) Elemental mapping of rice 

husk powder to show the elements present in it. It is clearly evident that rice husk contains 

high quantity of silicon in the form of silica. The carbon and oxygen are coming from the 

cellulose/hemicellulose and silica present in rice husk. 
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������	�$. Excitation wavelength dependent emission spectra of Si NPs shows no shift in 

emission on changing the excitation wavelength. 

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

450 500 550 600 650 700 750
0.0

3.0x10
5

6.0x10
5

9.0x10
5

1.2x10
6

�

����

 

 

λex@ 270 nm

λex@ 420 nm

λex@ 350 nm

Wavelength (nm)

In
te

n
si

ty
(a

.u
.)



S8 

 

	

	

	
	

������	�%. (A) Full range XPS spectrum of the Si NPs. (B), (C), (D) shows the C 1s, O 1s,  

N 1s spectra of microwave synthesized Si NPs respectively.  
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������	�&. XPS spectrum of (rice husk powder + NaOH) mixture. It shows the absence of 

Si(0) features and only Si(IV) features are present. The Si(0) features at 99.6 eV appears only 

after microwave irradiation. 
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������	�'. Plot of normalized PL intensity against absorbance to calculate slope (K) of the 

graph. The quantum yield was calculated to be 0.58. 
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������	�(. (A) & (B) are TEM images of Si NPs at pH 5 & 11 ensuring the existence of Si 

NPs i.e. the stability of nanopaticles do not change on changing pH. 
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������	� ). Plot of PL intensities of CdTe, FITC, Si NPs as a function of time.  
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������	 �  . (A) Plot of the resulting white light emission of the mixture as a function of 

wavelength at different time interval to check the stability of material. As white light is a 

mixture of 3 colours i.e. blue, green & red, white light PL show three different regions 

namely blue emitting region, green emitting region, red emitting region. Figure (B) is a plot 

of intensity variations of different regions of white light over a period of 45 days. 
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������	� !. (A) Plot of resulting white emission of the material as a function of wavelength 

at different temperatures of the solution to check the thermal stability of the material. (B) Plot 

of PL intensities of different regions i.e. blue, green & red regions of white light as a function 

of temperature.Almost no change in intensities were observed indicating thermal stability of 

the material over the measured range of temperature. 

 

	

	

	
	

������	 � ".(A) & (B) shows the excellent hydrophilic nature of the as-prepared Si NPs 

where organic solvents having different densities i.e. DCM and Hexane were used to check 

its miscibility with water dispersible Si NPs. 
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������	� #. Photographic image of the normal perti dish and petri dish coated with material 

under UV light.   
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������	 � $*	 (A) Time dependent photoluminescence spectra of the green luminescent Si 

NPs. (B) pH dependent photoluminescence spectra of the Si NPs. 
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ABSTRACT: Here we introduce a new ambient ionization technique named
laser assisted paper spray ionization mass spectrometry (LAPSI MS). In it, a 532
± 10 nm, ≤10 mW laser pointer was shone on a triangularly cut paper along with
high voltage, to effect ionization. The analyte solution was continuously pushed
through a fused silica capillary, using a syringe pump, at a preferred infusion rate.
LAPSI MS promises enhanced ionization with high signal intensity of polycyclic
aromatic hydrocarbons (PAHs), which are normally not ionizable with similar
ionization methods involving solvent sprays. LAPSI MS works both in positive
and negative modes of ionization. A clear enhancement of signal intensity was
visualized in the total ion chronogram for most analytes in the presence of the
laser. We speculate that the mechanism of ionization is field assisted
photoionization. The field-induced distortion of the potential well can be large
in paper spray as the fibers comprising the paper are separated at tens of
nanometers apart, and consequently, the analyte molecules are subjected to very large electric fields of the order of 107 Vcm−1.
Ionization occurs from their distorted electronic states of reduced ionization energy, using the laser. Negative ion detection is also
demonstrated, occurring due to the capture of produced photoelectrons. LAPSI MS can be used for monitoring in situ
photoassisted reactions like the decarboxylation of mercaptobenzoic acid in the presence of gold and silver nanoparticles and the
dehydrogenation reaction of 2,3-dihydro-1H-isoindole, which were chosen as examples. As an application, we have shown that
paraffin oil, which is usually nonionizable by paper spray or by electrospray ionization can be efficiently detected using this
technique. Impurities like mineral oils were detected easily in commercially available coconut oil, pointing the way to applications
of social relevance.

Ambient ionization methods such as electrospray ionization
(ESI),1 desorption electrospray ionization (DESI),2−4 low

temperature plasma (LTP)5 ionization, etc., have emerged as
some of the most important directions in modern mass
spectrometry. One of the important subclasses of this discipline
is paper spray ionization mass spectrometry,6,7 which has
importance in several analytical situations such as blood clot
analysis,8,9 forensic analysis,10 food adulteration,11,12 monitor-
ing catalysis reactions,13,14 etc. Variation of the same, such as
leaf spray (LS)15,16 ionization, has also been useful in a number
of situations. Despite important advantages, the technique has
certain limitations in analyzing specific categories of analytes
such as alkanes, olefins, polycyclic aromatic hydrocarbons
(PAHs), etc. This stems from the fact that the electrospray
technique in general is inefficient in causing ionization for
certain classes of molecules. For such molecular systems, an
approach to overcome this limitation is to use other stimuli
complementing the electric field available in paper spray.
We show that a simple laser pointer is adequate to assist the

electric field and cause measurable ion intensity for a diverse
variety of analytes. This modified paper spray referred to as
laser assisted paper spray ionization mass spectrometry (LAPSI
MS) is introduced in this article. The paper illustrates the
application of this technique for several aromatic molecules that

are not amenable for common paper spray ionization. In order
to establish the field assisted photoionization process, experi-
ments have been conducted with analytes of different ionization
potentials. The experimental methodology has been applied to
an important situation involving the detection of paraffin oil17

(a common example of hydrocarbons) in adulterated coconut
oil. It further shows the utility of the methodology of paper
spray in detecting laser-induced transformations.

■ MATERIALS AND METHODS

Chemicals and Sample Preparation. All the chemicals
were purchased commercially and used without further
purification. Benzene, napthalene, pyrene, benzanthracene,
C60, and paraffin oil were purchased from Sigma-Aldrich.
Mercaptobenzoic acid (MBA), 3-dihydro-1H-isoindole, HPLC
grade methanol, and toluene were purchased from Sigma or
Rankem. Au and Ag nanoparticles (Au NPs and Ag NPs) were
synthesized in the laboratory following the reported method-
ology.18,19 Pure coconut oil was prepared by a standard
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protocol by milling. Adulterated coconut oil samples were
purchased from the local market.
LAPSI MS. In LAPSI MS, we have introduced a green laser

pointer (532 ± 10 nm, ≤10 mW), (UKTECHLAB, U.K.) along
with standard paper spray mass spectrometry. The inset of the
Figure 1 schematically demonstrates the experimental setup. A
Thermo Scientific LTQ XL mass spectrometer was used for all
of the mass spectrometric measurements. A Whatman 42 filter
paper was cut into a triangular shape (Figure S1) and was
connected to a high voltage power supply through a copper clip
in such a way that one of the vertices was pointed toward the
inlet of the mass spectrometer. The average area of the paper
was 3.2 cm2 for all of the experiments. The distance between
the tip of the paper and the mass spectrometer inlet was set to
be 10 mm in all the cases. The laser was placed vertically at a
distance of 10 cm from the paper. The laser spot was the tip of
the paper, and the visible spot diameter was approximately 3
mm. Although the laser runs on a battery, it was connected to a
switch mode power supply (SMPS) to give constant input
power, enabling constant laser intensity throughout the
experiments. The spray voltage was varied from 1 to 5 kV
depending on the analyte.
The capillary and tube lens voltages were set to ±45 and

±100 V for positive and negative modes, respectively. The
capillary temperature was 250 °C, and the sheath gas pressure
was set to zero. The solvent or the analyte solution was
continuously supplied to the paper through a fused silica
capillary (300 μm outer diameter, 100 μm inner diameter),
connected to a 500 μL Hamilton gas-tight syringe, using a
syringe pump. The solution infusion rate was optimized by trial
and error to be 8 μL/min for all our experiments. Methanol,
toluene, and a mixture of these two solvents were used as
solvents for experiments such as in situ dehydrogenation,
ionization of C60, and ionization of polycyclic aromatic
hydrocarbons.
Synthesis of Au NPs. Citrate protected Au NPs were

synthesized by the reduction of HAuCl4·3H2O with trisodium

citrate using the Turkevich method.18 About 10 mL of an
aqueous solution of 5 mM HAuCl4·3H2O was taken and
diluted with 180 mL of distilled water followed by heating until
it started boiling. An aqueous solution of trisodium citrate (10
mL, 0.5%) was added to it and then heated again until the
solution become wine red in color. The solution was cooled
and used directly as the catalyst for in situ monitoring of laser-
induced transformations.

Synthesis of Ag NPs. The Turkevich method was used for
the synthesis of citrate protected Ag NPs.19 About 40 mg of
trisodium citrate was added to a 1 mM aqueous solution of
silver nitrate at 100 °C, and the solution was heated until a pale
yellow color was observed. The final solution was cooled and
used in LAPSI MS.

Monitoring in Situ Chemical Reactions. Citrate
protected Au NPs and Ag NPs were drop cast over the filter
paper and kept for drying under laboratory conditions. It was
cut into a triangular shape for LAPSI MS measurements. The
spray voltage was set to 3 kV during the experiment. In the case
of the decarboxylation reaction,20 an ethanolic solution of MBA
(50 μM) was used as the reactant. For the dehydrogenation
reaction,21 a 50 pM solution of 2,3-dihydro-1H-isoindole in
methanol was pushed directly to the paper source, and the mass
spectrum was collected in presence and absence of the laser.

Detection of Adulteration in Coconut Oil. A mixture of
methanol and toluene (1:1 (V/V) ratio) was used to make the
solution of both paraffin oil and coconut oil. Pure coconut oil
was used as the standard sample. Standard mixtures were made
by mixing paraffin oil (1, 5, 10, 20, and 30%) in a solution of
coconut oil. Experiments were conducted in two different ways.
In the first case, we spotted the oil on the paper source and
then eluted it with a solvent mixture to collect the mass
spectrum. In the second case, the solution of oil was fed to the
paper source continuously. The data were compared with those
of the adulterated sample of the oil obtained from the market.

DFT Calculations. The structures of all the analytes were
optimized at the level of theory consisting the hybrid B3LYP

Figure 1. Mass spectrum of benzene in presence (green trace) and absence of laser (black trace). Inset shows schematic of the experimental setup of
laser assisted paper spray ionization mass spectrometry (LAPSI MS). A green diode laser was pointed at the tip of the paper with a continuous
supply of analyte through a fused silica capillary. The figure is not to scale. Peaks in the laser-off condition are due to the background, indicating
impurities on the paper.
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DFT functional22,23 and cc-pvtz basis set24 as implemented in
the Gaussian 09 software package.25 The vibrational frequencies
were also calculated to confirm that the optimized structures
are on local minima along the potential energy surface. The IP
of analytes is calculated with and without application of the
electric field by subtracting the energy of neutral analytes from
their ionic state. The IPs are calculated by varying the applied
electric field from 0 to 500 MV/cm on all three axes (x, y, z)
and are plotted. The electric field is modeled by applying an
electric dipole field by defining 0.0002 au for 1 MV/cm in all
three directions.

■ RESULTS AND DISCUSSION

Characterization of LAPSI MS. In standard paper spray,
molecules like benzene cannot be ionized. However, LAPSI MS

gives a clean spectrum for benzene with an isotopic distribution
(Figure 1). The peak corresponding to benzene disappeared
completely in the absence of the laser. This shows that LAPSI
MS can be a potent method to ionize hydrocarbons that cannot
be ionized easily in standard paper spray conditions.
The same methodology can be applied to ionize other

aromatic hydrocarbons. Figure 2A−C shows the mass spectra
collected for napthalene, pyrene, and benzanthracene,
respectively, in positive mode, where the peaks at m/z 128,
202, and 228 represent the molecular cations of the respective
analyte. The inset shows the isotopic distributions in all cases. It
clearly shows that LAPSI MS has the capability to ionize certain
types of molecules in their molecular ion form, and polycyclic
aromatic hydrocarbons are one such category.

The effect of laser-induced enhancement in ionization is
dramatic in the case of C60. Figure 3 illustrates 103 fold
enhancement in the molecular ion intensity of C60 in the
presence of laser. The laser was switched on and off in a
periodic fashion approximately at the same time interval. The

Figure 2. LAPSI MS spectra of PAHs: (A) napthalene, (B) pyrene,
and (C) benzanthracene in positive ion mode. Isotope distributions of
the species are shown.

Figure 3. (A,B) Selected ion chronogram for m/z 720 under laser-on/
off conditions. (C,D) Mass spectrum of C60 in negative mode in the
absence and presence of laser, respectively. Inset in D shows the
isotopic distribution of C60. Compare the intensities of C and D (5k vs
3M) or (5 × 103 vs 3 × 106).

Figure 4. Voltage dependence in the ion intensity of benzene (m/z
78), bromobenzene (m/z 157), napthalene (m/z 128), pyrene (m/z
202), and benzanthracene (m/z 228). Arrows indicate the IPs of the
analytes measured.

Figure 5. Calculated IPs of benzene in the presence of high electric
fields along x, y, and z directions. Ionization threshold at 2.3 eV is
marked.
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chronogram in Figure 3A is a selected ion chronogram for the
peak at m/z 720 (molecular anion of C60). It clearly reflects the
enhancement of the C60 signal intensity in the presence of laser.
Figure 3C,D allows us to compare the mass spectrum taken for
C60 (1 mg/mL or 1.39 mM) in laser-off and laser-on
conditions. The intensity of the molecular ion is so high that
we cannot see any background in this case. These results
indicate that the LAPSI MS method works well both in positive
and negative ion modes. Concerning the limit of detection of

this ionization, we note that the method can detect analytes at a
concentration of 1.04 nM taking C60 as an example.
Quantification was possible as demonstrated from real samples,
and this will be discussed later. We note that quantitative
analysis of C60 was possible in the laser-off condition also
(Figure S7).
LAPSI MS is an ambient ionization technique involving a low

power laser along with a high voltage of the standard paper
spray method. The mechanism of ionization is different from
the usual laser desorption ionization techniques where a high
energy laser is used directly to produce ions such as in matrix
assisted laser desorption ionization (MALDI),26 laser desorp-
tion/ionization (LDI),27 or techniques involving a laser and
electrospray, such as electrospray assisted laser desorption
ionization (ELDI)28 and laser ablation electrospray ionization
(LAESI).29 It has also been shown that a UV pulsed laser
produces soft ionization during DESI imaging due to the
solvent cage effect.30 In order to understand the mechanism of
the observed ionization event, ion yield was measured from the
selected ion chronogram of various analytes with increasing
electric field. Plot of normalized intensity vs applied potential
shown in Figure 4 proves the direct correlation between
ionization potential (IP) and applied voltage.
The field assisted photo ionization can be explained with the

example of benzene. With a 532 nm laser, the available photon
energy is 2.33 eV. Therefore, without the assistance of an
electric field, the photon energy is inadequate to cause
ionization, as the IP of benzene is 9.17 eV. For an applied
potential of 4.8 kV, which can be termed as threshold potential,
the benzene molecules feel an electric field of more than 107 V
cm−1 at the sharp tip of the triangular paper.31 This is due to
the fact that the molecules are trapped in between the fibers of
the paper. Figure S1 shows a scanning electron microscopy
image (SEM) of the triangularly cut paper. Where we can see
that the diameter of the fibers at the tip of the paper is in the
range of 10 to 20 μm, which produces a sufficient electric field
for ionization. This electric field causes a distortion of the
ground state to a large extent, which brings down the ionization
potential to 2.33 eV. Depending on the π system of the
molecule, the threshold ionization voltage varies. From Figure
4, it shows that the threshold ionization voltage decreases with
increasing π electron density in the molecule. In the case of
benzene, the threshold voltage is around 4.8 kV, and at the
same time, benzanthracene needs only around 2.5 kV to start
ionization.
Density functional theory (DFT) was useful in under-

standing the change in IP of the analytes. Field dependent IP
was calculated using different methods.32,33 Herein, the field
dependent IP has been calculated at B3LYP/cc-pVDZ level of
theory. Figure S2A−E shows the energy optimized structures
for benzene, bromobenzene, naphthalene, pyrene, and
benzanthracene and their orientations with respect to the
applied electric fields. Figures 5 and S3A−D show the IPs for all
the analytes in the presence of electric fields ranging from 0 to
500 MV/cm along all the three axes. Due to the high IP of
benzene (9.17 eV, calculated at zero field), it required a larger
electric field for ionization. In general, for all the molecules, the
influence of electric field on the IP along the z axis is less in
comparison to other axes. This may be because the molecules
are planar, and the field is considered normal to that plane.
Although IP at low electric fields (up to 100 MV/cm) differs

slightly along the x and y axes for benzene, the calculated IPs
are invariant at higher electric fields as shown in Figure 5, and it

Figure 6. In situ monitoring of decarboxylation reaction on Ag-NP-
coated paper in (A) presence and (B) absence of laser.

Figure 7.Mass spectrum collected for the dehydrogenation reaction of
3-dihydro-1H-isoindole.
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is attributed to the high molecular symmetry (D6h) of benzene.
When the field reaches 408 MV/cm, the IP is reduced to 2.3 eV
along both the axes. Hence, benzene exhibits ionization when
the laser is applied at this electric field. In support to the
speculated mechanism, other analytes studied also follow a
similar behavior. Figure S3 shows a clear decrease in the
threshold ionization voltage with increasing electron density in
the system.
Control experiments were performed to check the

importance of the laser in LAPSI MS. Figure S4 shows that
there is no ionization in the absence of laser even up to 5 kV of
spray voltage for benzanthracene and bromobenzene. However,
ionization occurs in the presence of laser. Figure S4 also shows
comparison of LAPSI with ESI and standard PSI using
benzanthracene as the analyte (all the parameters were the
same in all cases). ESI as well as standard PSI do not show a
peak at m/z 228 due to benzanthracene, while LAPSI shows an
intense signal. Hence, both ESI and PSI are inadequate to
detect the molecule. This result clearly indicates that the
ionization mechanism of LAPSI MS is distinctly different from
that of ESI and also from that of field enhanced ionization of
PSI.31

We speculate that the enhanced ionization of C60 in the
negative ion mode follows a one electron capture mechanism.
The ionization involves solvent ionization first followed by
capture of the released electron by the un-ionized C60 molecule.
Figure S5 shows that the enhancement in signal intensity in the
case of C60 in the negative ion mode equals approximately the
intensity enhancement for toluene in the positive ion mode, in
the presence of laser. These results support the speculated
mechanism of electron capture by C60. For further confirmation
of the mechanism, we have taken C60 in two different solvents,
dichloromethane (DCM) and chloroform, which are unre-
sponsive to LAPSI MS in the studied potential range. Figure
S6B,C presents the results where we can see from the selected
ion chronogram that the intensity of m/z 720 remains constant
during the laser-on and -off conditions in both DCM and
chloroform but was increased in the case of toluene (Figure
S6A). This confirms the mechanism. While enhancement was
detected for C60

−, a similar effect has not seen for analytes
forming positive ions. This may require the use of a proper
electron capturing agent.

Monitoring an in Situ Photochemical Reactions by
LAPSI MS. LAPSI MS provides extra advantages, as it involves
irradiation of a laser on the paper, which allows one to monitor
photochemical reactions. Figure 6 presents dearboxylation of p-
MBA over Ag nanoparticle-coated paper. During the laser-off
condition, the detected mass peak at m/z 153 corresponds to p-
MBA [M − H] in the negative ion mode over Ag NP-coated
paper (Figure 6B). But when the laser was turned on, a peak at
m/z 109, which corresponds to the decarboxylated product of
p-MBA appeared (Figure 6A). A similar result was seen in the
case of Au NP-coated paper (Figure S8).
We have also performed a dehydrogenation reaction on 2,3-

dihydro-1H-isoindole in the presence of the laser. Figure 7
shows the mass spectrum of the reaction during laser-on and
-off conditions. The peak at m/z 196 is the molecular ion of
2,3-dihydro-1H-isoindole in the positive ion mode during the
laser-off condition. When the laser was turned on, the molecule
loses two hydrogens to get aromatized, and the product peak at
m/z 194 was formed.

Detection of Hydrocarbons as Adulterants in Coconut
Oil by LAPSI MS. In order to use this methodology in an
analytical context, we chose to study the adulteration of
vegetable oils by mineral oils, which is a common problem in
many countries. As shown in Figure 8, LAPSI MS was able to
detect the presence of paraffin oil in commonly sold coconut
oil, purchased from the market. It is important to note that
paraffin oil is undetectable in conventional paper spray or by
electrospray ionization. By preparing a standard sample and
correlating the intensity of the selected ion at m/z 487.50
(which corresponds to the average mass of species, C33H59O2

+,
C34H63O

+, and C35H67
+ (Figure S9), which are present in the

mass spectrum of paraffin oil34), we found that the extent of
contamination is about 10%. Figure S10 provides the
chronogram and the mass spectrum of pure paraffin oil by
LAPSI MS. The envelope of mass peaks in the spectrum
correspond to the hydrocarbons present in the paraffin oil.
Figure S11 represents the mass spectrum taken for pure
coconut oil, where the first bunch of mass peaks corresponds to
the lipids present in the coconut oil. The next bunch of lipids
are the dimers of the same. In this range, upon application of
laser, no additional peak was observed.

Figure 8. Mass spectrum of coconut oil, sold in local market recorded in (A) absence and (B) presence of the laser. A specific region is expanded in
the inset to show the difference.
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■ CONCLUSIONS

In conclusion, we have introduced a new form of paper spray
mass spectrometry called laser assisted paper spray ionization
mass spectrometry (LAPSI MS), useful for the detection of
saturated and unsaturated hydrocarbons, by including a simple
532 ± 10 nm, ≤10 mW green pointer laser to it. This method
extends the scope of ambient ionization. We show that the
photoionization is field assisted from various control experi-
ments. Solvent-induced ionization enhancement of C60 has also
been demonstrated. We show the capability of the system to
monitor some of the photoinduced transformations in situ. We
hope that this analytical methodology will be useful for the easy
detection of analytes in diverse situations. As ionization is
photoassisted, use of other light sources is possible by varying
the threshold potential used for ionization.
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Figure S1.  SEM images of the Whatman 42 filter paper under different magnifications. 
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Figure S2. The optimized structures for a) benzene, b) bromobenzene, c) naphthalene, 

d) pyrene and e) benzanthracene and their orientation for the applied electric fields. 
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Figure S3. Calculated IPs of A) bromobenzene, B) naphthalene, C) pyrene and D) 

benzanthracene in presence of high electric fields along x, y and z directions. 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

      

  

 

 

 

0 100 200 300 400

2

4

6

8

 

 x-axis

 y-axis

 z-axis

0 100 200 300

2

4

6

8

 

 x-axis

 y-axis

 z-axis

0 50 100 150 200 250

2

4

6

 

 x-axis

 y-axis

 z-axis

0 50 100 150 200 250

2

4

6

 

 x-axis

 y-axis

 z-axis

A B

C D

Electric field (106 Vcm-1)

Io
n

iz
a

ti
o

n
 p

o
te

n
ti

a
l 

(e
V

)



5 

 

 

 

 

 

Figure S4. Comparative mass spectrum of benzanthracene  (m/z 228) and 

bromobenzene (m/z 157). A), D) ESI MS, B), E) PS MS and C), F) LAPSI MS. 
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Figure S5. Chromatograms of C60 in negative ion mode and toluene in positive ion mode are 

merged together in laser on/off conditions. 
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Figure S6. Selected ion chromatogram of C60 using A) toluene, B) dichloromethane (DCM) 

and C) chloroform in laser on/off conditions. 
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Figure S7: Selected ion intensity vs concentration plot of C60 in the absence of laser. 

Intensity of the molecular anion at m/z 720 of C60 varies linearly with its concentration in the 

solution. 
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Figure S8.  Mass spectrum para-marcaptobenzoic acid on AuNPs-coated paper in, A) 

presence and B) absence of laser. Less intense peaks in the laser off condition are due to 

background. 
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Figure S9. Standard mixture of coconut oil and paraffin oil in different ratios with laser off 

(left) and on (right) conditions. 
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Figure S10. Chromatogram and mass spectrum of pure paraffin oil in LAPSI MS in positive 

ion mode. 
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Figure S11.  Mass spectrum of pure coconut oil. 
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1. Introduction

Designing materials for the preparation of 
water repellent thin films with robust and 
durable characteristics has attracted con-
siderable attention over the years because 
of their wide possible applications in  
different fields of science and engineering. 
In this context, superhydrophobic surfaces, 
having potential uses in self-cleaning,[1] 
drag reduction,[2] anti-corrosion,[3]  
anti-icing,[4] sensing,[5] atmospheric water 
capture,[6] microfluidic devices,[7] water–
oil separation,[8] construction materials,[9] 
etc., are intensely researched upon. Such  
surfaces not only force water droplets 
to roll off, but they also keep themselves 
clean even from viruses and bacteria, 
thereby preventing biofouling.[10] How-
ever, designing surfaces of such kind 
needs both artificial micro/nano-scale 
structuring and chemical modifications 
with low surface energy molecules.[11] 
Although various synthetic methodologies 
have been introduced,[7,12] stability, cost, 
complicated manufacturing processes, 
and restrictions in large area production 
limit the use of such surfaces for practical 

applications.[13] In contrast, coating with chemically modified 
materials processed by wet chemical methods is affordable and 
is known as an alternate way to prepare such surfaces in large 
areas.[14] Though use of polymers,[15] cellulosic materials,[16] 
clays,[17] and oxide nanoparticles[18] is well known in this con-
text, in most of the cases, organic solvents are used as a compo-
nent of the reaction medium,[18,19] which pose concerns related 
to safety, environmental pollution, operational cost, and solvent 
compatibility of the substrates. In this context, a few reports on 
the development of aqueous coating materials for water repel-
ling surfaces are known.[14,17,20] Recently, a nonfluorinated 
silane-based coating material having tunable wetting property 
has been synthesised in a highly acidic condition.[21] However, 
storage of such materials even for a few hours is an issue due 
to the uncontrollable hydrolysis of silanes in the presence of 
tiny amounts of water. Thus, there is a need to develop a stable 
superhydrophobic coating material in water at neutral pH and 
ambient conditions with affordable materials leading to coat-
ings that overcome the problems outlined earlier.

One of the persistent problems of such chemically func-
tionalised superhydrophobic surfaces is the poor stability and 
durability of the coating that readily gets abraded, for example, 

A fundamental challenge in artificially structured/ chemically modified 

superhydrophobic surfaces is their poor chemical, mechanical, and 

structural robustness toward different mechanical abrasions. This limits 

their application potential in different fields of science and technology. 

Herein, a waterborne superhydrophobic material composed of clay 

particles is developed through a one-pot chemical modification in ambient 

conditions, forming durable micro-nano dual-structured coatings over a 

range of substrates, without adhesive. This chemical modification inverts 

the inherent hydrophilic nature of clay particles and provides an excellent 

superhydrophobic surface having a water contact angle >170° (±2°) and 

contact angle hysteresis <5° (±2°). The coating shows excellent durability 

against various induced damages and works efficiently both in air and within 

oils. The observed property is due to the controlled surface energy obtained 

by the incorporated chemical functionalities and enhanced surface roughness 

facilitated by the hydrophobic effect during slow evaporation of water from 

the coating material. Being a stable water dispersion, it enables large area 

coatings, thereby minimizing safety and environmental concerns. Use of this 

material to develop rugged waterproof-paper for paper-based technologies 

is also demonstrated. As clay is commercially available and economical, it is 

believed, this scalable organic-solvent-free superhydrophobic material will 

have a positive impact on various industries.
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even with the mild touch of tissue paper, leading to permanent 
loss of the surface property.[13b,22] Binding ability of the mate-
rial with substrates having different surface morphology also 
affects the durability of the coating. To overcome these prob-
lems, although the use of adhesives and presurface modifica-
tions has been introduced,[22a,23] these methods have their 
own limitations depending on the nature of the adhesives and 
the surfaces to be coated. Nevertheless, the instability of such 
water repelling coatings toward various chemical stresses is 
still a major disadvantage. In this context, superamphiphobic 
surfaces, another class of materials, were developed that repel 
both water and oil.[24] The surface energies of these surfaces are 
so low that they can maintain a thin layer of air between the 
surface and liquids, which can subsequently result in rolling 
off of liquid. A few reports on the development of superhy-
drophobic surfaces (through chemically functionalized coating 
materials) that function equally well both in air and within oil 
are known.[22a,23,25] However, the use of hazardous organic/non-
aqueous solvent systems and instability of the coatings without 
additives are the major limitations.

Fabrication of durable superhydrophobic fabrics with chemi-
cally processed materials is also a challenge despite having huge 
application potential of such flexible substrates in different 
paper-based technologies.[5a,7,26] Fibrous surface morphology 
may prevent efficient coating, which results in pinning/sticking 
of water droplets on uncoated areas. Moreover, being soft and 
fibrous in structure, water droplets do not acquire enough 
energy or backward force to bounce off and get trapped within 
the fibrous microstructure.

In this study, a waterborne superhydrophobic material is 
developed from a hydrophilic clay particle building block that 
provides excellently durable superhydrophobic coatings at room 
temperature over a series of substrates (both soft and hard) 
without any adhesive. This demonstrates the novelty and pos-
sible industrial viability of the methodology. The material is 
environment friendly, stable, and can be made in large scale 
for different applications. Incorporated chemical functionali-
ties controlled the surface energy of the material such that the 
coated substrate functions equally well, both in air and within 
oil. The coating showed excellent stability and unaltered water 
repelling property against various mechanical, chemical, and 
environmental stresses. Being a water-based dispersion, it ena-
bles efficient and large area coatings by conventional coating 
procedures, thereby minimizing environmental impact. Appli-
cability of the material to develop a flexible waterproof paper is 
also demonstrated.

2. Synthesis

The waterborne superhydrophobic material was synthesised by 
an easy chemical modification of kaolinite clay at room tem-
perature with two functional silanes. Chemically, these alumi-
nosilicate clay sheets consist of numerous hydroxyl groups on 
the surface, which are reactive in the well-dispersed condition 
in water. In the synthetic protocol, water dispersed clay sheets 
(6 wt%) were mixed with two different functional silanes, 
1H,1H,2H,2H-perfluorooctyltriethoxysilane (FS, 2 wt%) and 
3-(2-aminoethylamino)propyltrimethoxysilane (AS, 1 wt%), and 

kept under vigorous stirring conditions for 6 to 7 h. Whereas 
silanization reaction in general is very fast in aqueous medium, 
because of the low solubility of FS in water, at first it gets 
adsorbed on the clay surface and hydrolyzes slowly in water and 
gets attached covalently to the clay surface.[16a] Thus, a water 
dispersed functionalized clay composite was obtained and spray 
coated on different substrates followed by drying at room tem-
perature. Quantitatively, 1 mL of the as-prepared composite 
solution was mixed with water in 1:1 ratio and sprayed over a 
glass slide and a paper, having an area of 75 × 26 mm2. Upon 
drying at room temperature (30 °C), a superhydrophobic film 
of nearly 8 µm thickness (on a glass surface) was obtained, 
which shows a high CA > 170° (±2°) and low CAH < 5° (±2°) 
for water. However, to facilitate faster evaporation, the coated 
substrates were dried in warmer condition (45 °C) occasionally, 
without affecting the properties of the material. Later on, this 
water-based material was stored at room temperature in the  
laboratory environment for more than a year without any  
special precaution.

3. Results and Discussion

Figure 1A illustrates the methodology used for the preparation 
of the superhydrophobic film over various substrates. Briefly, 
the complete reversal of the hydrophilic property of clay parti-
cles was achieved through a chemical functionalization with two 
different functional silanes, FS and AS, in water at room tem-
perature. Applicability of this waterborne material was tested 
both with hard and soft substrates such as glass, cotton, and 
fabrics having different morphologies. In addition to fluoroalkyl 
functionalization of the clay sheets, the surface has inherent 
micro and nanostructures, as will be demonstrated later. It was 
seen that water droplets are spherical on superhydrophobic 
surfaces (both hard and soft) and bounce easily (Figure 1B–D). 
Moreover, bouncing off of water droplets even on modified 
cotton surface (Figure 1D) shows the universal applicability 
and efficiency of the material. These effects were captured in 
Video S1 (Supporting Information). Being dispersed in water, 
functionalized clay sheets sit readily on hydrophilic fibers and 
get coated efficiently all over the surface of cylindrical fibers by 
strong capillary action and large surface tension force.[27] The 
extent of water repelling property of the material on fibrous soft 
surfaces was revealed from the unstable, frictionless movement 
of water drops on modified paper, demonstrated in Figure S1 
and Video S2 (Supporting Information). This can be compared 
with the lotus leaf effect, a well-known example of the natural 
superhydrophobic property.

The surface morphology of the modified clay coated thin film 
(on glass) was imaged by scanning electron microscopy (SEM) 
with a tilt angle of 45°. The image (Figure 2A) manifests the peri-
odic micrometer-sized features over the surface. Such features 
were observed throughout the surface and were formed during 
drying of the material at room temperature. While SEM showed 
micrometer scale surface structures, atomic force microscopy 
(AFM) revealed the enhancement of surface roughness in 
the nanometer regime (Figure 2B) as compared to a normal 
clay coated thin film (Figure S2, Supporting Information).  
In the case of a modified clay coated thin film, average surface 
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roughness was 48 nm whereas it was 24 nm for the normal 
clay coated thin film. This enhancement in roughness is related 
to the hydrophobic effect,[28] namely, an interaction between 
water and low surface energy molecules (here, fluorinated 

clay particles) that minimize the interaction energy and make 
the particles organize during drying of the aqueous coating. 
Such dual structured surfaces can be compared with nano-
pillar or nanograss surfaces as well.[29] Figure S3 (Supporting 

Adv. Mater. Interfaces 2018, 5, 1701523

Figure 1. A) Schematic representation of the waterborne superhydrophobic material (synthesis of the dispersion and the prepared thin film).  
Continuous jet flow on coated B) glass, C) filter paper, and D) bouncing of water on modified cotton surface. KMnO4, CoCl2, and CuSO4 aqueous 
solutions were used in (B), (C), and (D), respectively, instead of pure water to add color contrast.

Figure 2. Characterization of the coating. A) SEM image of coated glass substrate showing the uniform and periodic micrometerscale features of the 
surface. The surface was tilted by 45°. The inset shows the morphology of the same surface at a tilt angle of 0°. B) AFM image shows the nanoscale 
roughness present on the surface. C) FT-IR of the dried material. Peaks at 1119, 1145, 1198, and 1245 cm−1 (shaded area) indicate the presence  
of CF functionalities in the modified clay. D) XPS shows the presence of fluorine in the sample which is coming from FS.
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Information) shows a cross-sectional SEM image of the supe-
rhydrophobic thin film suggesting a layer-by-layer structure of 
the coating.

Along with the surface morphology, chemical features of the 
surface also play an important role in obtaining such extreme 
water repellent characteristics of the thin films. Infrared (IR) 
spectroscopy and X-ray photoelectron spectroscopy (XPS) reflect 
the chemical composition of the coated thin film. Figure 2C  
shows the IR spectra of unmodified clay and 
functionalized clay materials. Vibrational 
features are observed at 1119, 1145, 1198, 
and 1245 cm−1, respectively, assigned to 
the stretching and bending modes of CF 
bonds in FS (CF2 and CF3 functionali-
ties). Intense peaks at 687.3 and 684.9 eV in 
the XPS spectrum correspond to the F1s of 
CF2 and CF3 groups, respectively, of FS 
(Figure 2D). Both microscopic and spectro-
scopic measurements suggested the reasons 
of superhydrophobicity that are related to the 
surface roughness as well as the presence of 
low surface energy molecules.

Stability/durability of the coating is one 
of the most desired criteria when applica-
tions of such surfaces are concerned. In 
this context, use of additives to improve 
the strength and stability of superhydro-
phobic coatings has been reported, which 
essentially enhances the binding ability of 
the coating material. In contrast, our mate-
rial (without any adhesive) with diamino 
functional groups interlinks the clay sheets 
and helps to anchor them efficiently over 
substrates during the evaporation process 
through spontaneous in situ polymeriza-
tion. Anchoring induced stability was studied 
with various artificially induced mechanical 
stresses. For instance, the coated surface 
was subjected to hard mechanical stresses 
such as sandpaper abrasion test with a load 
of 50 g and knife scratch tests (Figure 3A,B). 
Although the coating on the surface got dam-
aged to some extent with knife scratch, its 
superhydrophobic property remained intact 
(Video S3, Supporting Information). Interest-
ingly, water repellent property was preserved 
for the sand paper abraded (with a load  
of 50 g) surface even after multiple abra-
sion cycles (Video S4, Supporting Informa-
tion). These reflect the advantage of having 
multilayer surfaces, because even if the 
upper layers of the coating get affected, 
underlying layers can make the water to 
roll off.[30] Durability of the coating was also 
evaluated by soft mechanical stresses like 
tissue paper abrasion and finger wiping 
test (Figure 3C,D). In this case, abraded 
surfaces were observed to maintain their 
superhydrophobic property with easy 

movement of water streams over them (Videos S5  
and S6, Supporting Information). For all the cases, retention of 
the water repelling nature of the abraded surfaces was evaluated 
thoroughly with contact angle (CA) and contact angle hysteresis 
(CAH) measurements after each experiment (Figure 3E) where 
each experiment consisted of ten complete abrasion cycles of 
corresponding tests (details are given in the Experimental  
Section). Consistent values of CA and CAH at an average of 

Adv. Mater. Interfaces 2018, 5, 1701523

Figure 3. Induced hard and soft mechanical damages on spray-coated glass substrates. Hard 
mechanical damages: A) scratching with a knife and B) sand paper abrasion with 50 g of load. 
Soft mechanical damages: C) abrasion with tissue paper and D) finger wiping. E) Durability/
longevity test with the above-mentioned mechanical tests. Change of CA and CAH of water 
droplet during the multiple abrasion cycles (of different mechanical tests). In every case, CA 
and CAH were measured after each experiment, consisting of ten consecutive abrasion cycles. 
Inset: Photograph showing static contact angle of water on the tested surfaces (after the nineth 
experiment or 90th abrasion cycles).
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170° (±2°) and 3° (±2°), respectively, after each experiment 
showed the durability of the material against external forces. 
These mechanically perturbed surfaces were further studied 
with wettability sensitive vertical drop test (water droplet from 
the needle was moved vertically and contacted the surface 
and drawn back) and droplet drag test (water droplet from the 
needle was dragged over the surface back and forth for 5 cm).  
Videos S7 and S8 (Supporting Information) show the 
unchanged wettability of the surfaces after the above-men-
tioned tests on the mechanically abraded surfaces that can be 
directly related with CAH of water droplets over these surfaces.

Having low surface energy, the coated glass surface showed 
self-cleaning property where graphite powder was used as dirt 
that eventually got washed away with the rolling water droplets 
(Figure 4A,B and Video S9, Supporting Information). Coated 
surface (paper, Whatman 44) was also observed to show bac-
terial resistance when it was exposed to bacterial species  
(Figure S4, Supporting Information) under favorable growth 
conditions and nutrients. This was compared with normal 

paper where precipitation of bile salts around the uncoated 
paper indicates the bacterial growth. Chemical robustness of 
this superhydrophobic surface was tested with various solvents 
with a wide range of polarities (ethanol, dimethyl sulfoxide, 
dimethylformamide (DMF), tetrahydrofuran (THF), toluene, 
hexane, heptane, and n-octane). For all the cases, coated sur-
face was observed to retain its initial properties and remain 
unaffected after cyclic washing with multiple organic solvents, 
demonstrated in Figure 4C,D and Video S10 (Supporting 
Information) (ethanol treated surface is demonstrated here). 
Chemical durability of the material was further tested in detail 
with various hazardous aqueous solutions. For example, water 
with pH = 1 and 14 and highly oxidizing KMnO4 solutions 
were used for this. Experiments were done in two ways. First, 
these solutions were used directly to measure the static and 
dynamic contact angles of the respective droplets. In every case, 
the static contact angle was observed in the range of 170° (±2°) 
(Figure 4E–G) with low contact angle hysteresis, below 5° (±2°) 
(Figure S5, Supporting Information). This proves the stability 

Adv. Mater. Interfaces 2018, 5, 1701523

Figure 4. A,B) Self-cleaning property of superhydrophobic material coated glass surface. Iron oxide powder (Fe2O3) was used as the model dirt. 
C,D) Coated surface retains its water repelling behavior even after artificially induced chemical damages with various organic solvents (ethanol treated 
surface is demonstrated here). E–G) Static contact angle of water droplets having pH = 1, 14 and oxidizing agent KMnO4. H) Durability/longevity of the 
coating under extreme hazardous conditions. Surfaces were kept inside various organic solvents having different polarity and the static contact angle of 
water droplet was measured after taking the surface out from the solvent in a regular time interval for 170 h (details are provided in the Experimental 
Section). Inset: Photograph showing static contact angle of water on a 160 h oil treated surface. I) The superhydrophobic coating also remained func-
tional inside/under oil (n-octane) and forced water droplets to sit as a sphere whereas wetting takes place on a normal surface. Inset: Static contact 
angle of water droplet on coated glass within the oil (n-octane). Extent of under-oil superhydrophobicity. J) CAH measurement and K) vertical drop 
adhesion test with a water droplet, when the coated surface was immersed in oil (n-octane). L) Self-cleaning property of the coated surface at the 
air–solid–oil interface. A portion of the surface was kept inside oil (n-octane, taken as a model long chain hydrocarbon); an inorganic salt (potassium 
permanganate) was placed over it as a model of dirt. Rolling water droplets removed all the dirt from both the interfaces and made the surface clean.
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and chemical inertness of the material. In the second case, the 
experimental solutions were used to wet the surface (similar 
to the experiment with organic solvents). However, in all the 
cases, their droplets bounced and rolled off easily over the sur-
face. Durability of the coating under such chemical stresses was 
further tested by keeping the surfaces within the solvents for 
a long time (170 h for each solvent). For each solvent system, 
the same surface was used repeatedly for the entire experi-
ment. After long incubation time also, surfaces retained their 
property and kept functioning efficiently. These were seen in 
the CA values at regular time intervals of 20 h for a duration  
of 7 d (Figure 4H). To identify the change in wettability of the 
superhydrophobic coating in detail, the treated (7 d solvent  
treated) surfaces were also studied by CAH measurements  
(Figure S6A, Supporting Information), droplet drag and vertical 
drop experiments that are very sensitive toward surface wetta-
bility. Data corresponding to the THF treated surface are shown 
in Figure S6B (pictorially and graphically) and Video S11 of the 
Supporting Information.

Oils, having low surface tension, easily get into the surface 
of microstructures and remove the air layer that is essential for 
superhydrophobicity. Water droplets possess lower interfacial 
tension inside oils compared to the air–water interface. Both 
of these enhance the possibility of pinning of water droplets 
on the surface. However, in our case, the superhydrophobic 
surface was observed to function also at the oil–solid interface 
with equal efficiency and maintains high static and dynamic 
contact angles for water droplets. A similar water repelling 
phenomenon at the oil–solid interface is well known for slip-
pery liquid-infused porous surface, where low surface tension 
oils are introduced within a porous matrix.[31] In such cases, 
water droplets sit over these oil-wetted surfaces and remain 
surrounded by air. Whereas, in the present work, water droplet 
sits on a superhydrophobic surface and is surrounded by oil. 
Spherical shape of the colored water droplets on the super-
hydrophobic surface kept inside oil is pictorially presented in 
Figure 4I. The inset shows the measured static contact angle 
of the water drop inside n-octane, which was observed to be  
170° (±2°). Video S12 (Supporting Information) demonstrates 
the bouncing off of water droplets on the modified clay coated 
surface kept inside oil. For laboratory experiments, non-
polar long chain hydrocarbons (such as n-octane) were used 
as models for oil. Extent of such under-oil superhydropho-
bicity was further studied in detail with CAH measurements  
(Figure 4J) and vertical drop adhesion test inside oil (Figure 4K).  
In this case also CAH was observed to be 3° (±2°). Self-cleaning 
property of the surface when a portion of the surface was kept 
inside oil was also demonstrated with rolling water droplets 
(Figure 4L). Water droplets roll off easily through both the 
phases (air and oil) despite sudden change in the interfacial ten-
sion and kept the surface clean from dirt (potassium perman-
ganate was used as dirt). This is demonstrated in Video S13 
(Supporting Information). To study the response of water repel-
lent coatings against perturbed water droplets (as the interfacial 
tension of water droplets within oil is lower than in air and it 
takes time to reach equilibrium), coated surface was tested with 
droplet pinning test where the surface was kept inside oils with 
colored water droplets over it for a long time. Even after 1 h of 
incubation, droplets restored their spherical shape and started 

rolling upon mild shaking with hand (Figure S7, Supporting 
Information). This can easily relate to previously demon-
strated excellent under-oil superhydrophobicity (Figure 4I–K).  
Video S14 (Supporting Information) shows the displacement 
of these water droplets on the superhydrophobic surface kept 
under oil (initial and final positions of droplets are marked with 
colored circles). As the material functions well both in air–solid 
and oil–solid interfaces, it provides an easy cleaning strategy 
both for the surfaces (kept under oil) and oil. This is demon-
strated in Figure S8 and Video S15 (Supporting Information). 
While the dirt on the surface (under oil) can be collected with 
water drops and removed through capillary action (for paper) or 
mild shaking (induced force), small water drops in the oil can 
be removed easily by coalescing them on the superhydrophobic 
surface (kept under oil) followed by mild vibration/shaking. We 
believe that such a technique will be useful for oil pipelines and 
oil tankers.

Being dispersed in water, these chemically modified clay 
sheets sit on fibrous materials efficiently through surface ten-
sion forces or strong capillary action[27] and coat it efficiently 
without affecting the mechanical flexibility of the substrate. 
This was demonstrated with a coated filter paper (Whatman 44)  
shown in Figure 5A. Figure 5B pictorially represents the effect 
of bending/twisting on the water-repelling nature of the coated 
paper. For this, a colored water droplet was placed on a strained 
folded paper that forced droplet to change its shape to oval. 
However, water repelling nature of the paper remains intact 
and no stain of the colored drop was observed even after 10 min  
(Figure 5B (i); folded paper was kept vertically). Droplet on 
the relatively relaxed folded paper is shown pictorially in  
Figure 5B ((ii) and (iii); side and top views). Durability of this 
waterproof paper against various mechanical abrasions (sand 
paper abrasion and finger wiping test) and environmental 
stresses (effect of sunlight and effect of bending) was evaluated 
through static CA and CAH measurements in a cyclic fashion 
and the data are plotted in Figure 5C (details of the experiments 
are discussed in the Experimental Section). Retained super-
hydrophobicity of the coated paper under these conditions, a 
much desired property for various paper-based technologies, 
shows its applicability in day-to-day use.

The extent of binding of the material with fibrous substrates 
like filter paper (Whatman 44) was further demonstrated with 
a harsh oil washing experiment where viscous oil-absorbed 
coated paper was washed with organic solvents to remove the 
oil. Because of the superhydrophobic and oleophilic nature of 
the material, viscous paraffin oil absorbs over the coated paper 
easily as can be seen from the dark patches even on the oppo-
site side of the paper (Figure S9, Supporting Information). 
These oil patches were subjected to multiple cleaning cycles 
with different organic solvents (ethanol and acetone). Though 
removing oil from the paper is difficult as it enters within the 
pores of the paper and gets immobilised on the fibers, interest-
ingly, the washed filter paper showed almost equal water repel-
ling nature (Figure 5D–F and Video S16, Supporting Informa-
tion) and kept on functioning. This supported the excellent 
durability of the material as well as the developed waterproof 
paper.

Obtained excellent superhydrophic property along with the 
unique characteristics of the thin film can be explained with 

Adv. Mater. Interfaces 2018, 5, 1701523
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the chemical functionalities incorporated on clay particle along 
with the surface morphology of the film. Though the clay mate-
rials having silicate structure are hydrophilic, simultaneous 
functionalization with FS and AS inverts its physical property 
and induces durable water repellency once it is coated over sur-
faces (Figure 1). First, anchored FS on the surface of clay sheets 
increases the hydrophobicity of the particles and facilitates the 
arrangement/orientation of chemically modified clay particles 
(keeping the fluorinated hydrocarbon chain outer side) during 
the evaporation of water. Such a process is mostly governed by 
the hydrophobic effect, namely, an interaction between water 
and hydrophobic component of the dispersion. This also pro-
motes the enhancement in the average roughness on the 
film, which is much needed for superhydrophobicity. Second, 
the use of AS increases the dispersibility of the FS-modified 
clay particles. However, during the drying process, the amine 
groups mostly stay in the inner side (toward water) because of 
the same hydrophobic effect. Again, AS increases the strength 
and durability of the superhydrophobic coating by connecting 
the functionalized clay sheets as well as anchoring them over 
the surfaces. As this polymerization is only observed/feasible 
upon evaporation of water, the water dispersed material stays 
unaffected until water is present. This helps in storing the 
material in closed conditions at room temperature for a period 
over a year without any special precautions. Finally, the deco-
rated functionalities control the surface free energy of the film 
in such a way that the coated surfaces show equally efficient 
activity both in air and under oil. This was reflected in a high 
contact angle of 170° (±2°), with low hysteresis (below 5° ± 2°) 
for water droplets both at air–solid and oil–solid interfaces.

4. Conclusion

In conclusion, we developed a versatile and simple waterborne 
composite material from hydrophilic clay particle building 
blocks, which provides a durable superhydrophobic coating 
on large areas over a wide variety of substrates (without using 
any adhesive), having diverse surface morphology and phys-
ical characteristics. The material forms superhydrophobic 
thin films easily at room temperature that withstood various 
mechanical and chemical stresses. In particular, the surface 
showed excellent water repelling property even after 100 cycles 
of various mechanical abrasions such as sand paper abrasion 
and finger wiping. Interestingly, the coated thin film functions 
equally well at both air–solid and oil–solid interfaces, which is 
due to the controlled surface energy obtained by the incorpo-
rated chemical functionalities and hydrophobic effect-induced 
enhanced surface roughness during the slow evaporation of 
water from the coating material. Moreover, surface tension-
induced better and effective binding capability of the clay sheets 
with soft and fibrous substrates[27] makes it possible to design 
a flexible waterproof paper, a promising materials platform for 
paper-based technologies.[26]

5. Experimental Section

Chemical: All the chemicals were available commercially and were 
used without further purification. Kaolinite clay was purchased from 
Alpha Minerals and Chemicals. FS was purchased from Aldrich. AS was 
purchased from Rishichem Distributors. Ethanol, dimethyl sulfoxide, 
heptane, hexane, n-octane, toluene, DMF, THF, and paraffin oil  

Adv. Mater. Interfaces 2018, 5, 1701523

Figure 5. Demonstration of durability of waterproof paper. A) Unstable water drops on coated filter paper (lotus leaf effect). The inset shows the 
retained mechanical flexibility of the paper after coating. B) Induced twisting/bending on the coated paper. Colored water drop on the folded paper 
that changed its shape to oval due to induced strain by the folded paper. Inset: (i) vertical view of the folded paper after removal of water drop  
(after 10 min). Any stain of the color drop was not observed. (ii)–(iii) Water drop on relatively relaxed folded waterproof paper. C) Durability/longevity 
of waterproof paper under various mechanical and environmental stresses. Measured static CA and CAHs of water droplet after a regular time interval 
(details are provided in the Experimental Section). D–F) Oil washing test. D) Paraffin oil adhering on the coated filter paper. E) The same paper after 
washing thoroughly with acetone and ethanol to remove oil. F) Washed paper shows almost similar water repelling property.



www.advancedsciencenews.com

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1701523 (8 of 9)

www.advmatinterfaces.de

(AR grade) were procured from RANKEM, India. Sand paper (P320) was 
purchased from a local hardware shop.

Durability Test with Cyclic Mechanical Perturbation: The durability of 
the coating was tested by measuring the static CA of water droplets 
after imparting cyclic mechanical stresses on the surfaces. Hard 
mechanical stresses include scratching with knife and sand paper 
abrasion test. For scratching with a knife, ten different scratches were 
made on the same surface and subjected to CA measurements after 
every scratch. Sand paper abrasion test was performed by keeping a 
sand paper between the coated surface with a load of 50 g and the 
sand paper was moved ten complete cycles over the surface. CA of 
water droplets was measured after every ten cycles and continued 
similarly for ten times. Soft mechanical stresses were induced in the 
form of tissue paper abrasion and finger wiping abrasion. The same 
methodology (mentioned above) was used in this case also. For each 
test (both hard and soft mechanical stresses) the same surface was 
used repeatedly.

Durability Test for the Waterproof Paper: Durability of the flexible 
waterproof paper was tested with induced mechanical abrasions and 
various environmental stresses. For mechanical abrasion, sand paper 
abrasion (with a load of 50 g), and finger wiping tests, samples were 
evaluated through static CA and CAH measurements after every 
ten complete cycles where each cycle consisted of back and forth 
movements for 5 cm each. Environmental stresses like direct sunlight 
exposure and effect of bending/twisting of waterproof paper were 
also studied with CA and CAH measurements. For the effect of direct 
sunlight exposure, the coated paper was kept under sunlight and 
evaluated with CA and CAH measurements after each 5 h of exposure. 
This was further continued for ten times. For bending/twisting tests, 
the coated paper was twisted in different possible ways (90°, 180°, 
rolling, etc.) and CA and CAH were checked after every ten cycles of 
twisting. The data are plotted in Figure 5C.

Bacterial Resistance Test: Bacterial resistance test was done with Gram-
negative Escherichia coli (ATCC 10536). Details of the experiments are 
given in a previously reported article.[20b] In short, E. coli was inoculated 
in 10 mL of Luria−Bertani broth (Himedia) and kept overnight in an 
air bath shaker at 37 °C and 300 rpm to reach the exponential growth 
phase. Later, the bacterial solution was centrifuged at 3000 rpm for 
5 min to remove the used media and washed twice with sterile saline. 
The suspension was diluted further to make the plating concentrations 
as 107 colony forming units per millileter. This was measured by using 
the spread plate method. Resulting solution was used for the bacterial 
resistance experiment.

Supporting Information

Supporting Information is available from the Wiley Online Library or 
from the author.
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Instrumentation 

  

AFM imaging was done with Witec alpha300 S confocal Raman spectrometer with an AFM 

attachment (Zeiss 20x objective). AFM imaging was carried out in non-contact mode with a 

cantilever with the following parameters: thickness 4 µm, length 125 µm, width 30 µm, 

resonance frequency 320 kHz and force constant 42 N/m.  

Electron microscopy imaging was done using a FEI Quanta 200 environmental scanning 

electron microscope (ESEM) with EDAX EDS system, to study the surface morphology of 

the coated substrate in different magnifications.  
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(A) (B) 

IR spectrum was collected using a PerkinElmer SpectrumOne FT-IR spectrometer.  

X-Ray photoelectron spectroscopy (XPS) measurements were carried out using an Omicron 

ESCA Probe spectrometer with polychromatic Mg Kα X-rays (1253.6 eV). The X-ray power 

applied was 300 W. The pass energy was 50 eV for survey scans and 20 eV for specific 

regions. Sample solution was spotted on stainless steel (SS) XPS sample plates and dried in 

vacuum. The base pressure of the instrument was 5.0×10-10 mbar. The binding energy was 

calibrated with respect to adventitious C1s feature at 285 eV.  

Contact angle and contact angle hysteresis (CAH) of water droplet on the different coated 

substrates were measured using a Holmarc contact angle meter.  

Nikon D5100 camera was used to capture all the pictures and videos.  

Spray of the water dispersed material was performed with Badger Air-Brush Co 360-9, 

Universal Airbrush.  

 
 
 
 
 
 
 
 

 

 

 

Figure S1. Water flows on A) superhydrophobic material coated filter paper (Lotus leaf 

effect) and B) normal filter paper. Water moves in a frictionless fashion on the coated surface 

whereas it wets the normal filter paper. 
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Figure S2. AFM image of unmodified clay, spray coated on glass substrate. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S3. Cross-sectional SEM image. Thinkness of the coating is shown. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S4. Demonstration of bacterial resistance property of superhydrophobic paper. This 
was compared with uncoated paper.  
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Figure S5.  A) Contact angle hysteresis (CAH) of water droplets (pH=1, 14 and KMnO4 
solution) over the coated glass substrates. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S6.  A) Contact angle hysteresis (CAH) values of water droplet over 170 h chemically 

(different organic solvent) treated surface. B) Graphical and pictorial representations of 

advancing angle, receding angle and CAH of water droplet over 170 h tetrahydrofuran (THF) 

treated surface (before and after). Images of C) advancing angle and D) receding angle 

(before and after). Experiments were done in air-water-solid interface. 

 

 
 
 
 
 
 
 

Figure S7. Mobility of water droplets on oil immersed coated surface upon mild shaking with 

hand. Droplets were kept inside oil on the surface for an hour before the experiment. KMnO4 
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solution was used here for the visual effect. Colored water droplet moved by vibration with 

hand (initial (A) and final (B) positions are marked for two individual droplets with red and 

white circles, respectively). 

 
 
 
 
 
 
 
 
 
 
 
 
Figure S8. Cleaning of water droplets from oil immersed coated surface; normal glass as a 

reference. KMnO4 solution was used here for the visual effect. Colored water droplets were 

wiped off completely from the superhydrophobic surface with tissue paper. A) Before wiping, 

initial condition, B) during wiping and C) after wiping, final condition.  

 
 

 
 
Figure S9. Demonstration of the superhydrophobic but oleophilic nature of flexible 

waterproof paper. (A) Unstable water drops on coated filter paper (lotus effect). (B-C) 

Paraffin oil on coated filter paper, part of which is absorbed by the paper (front side, B) and 

back side (C) of the same filter paper (with absorbed oil).  

 
 
Videos are presented separately. 
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ABSTRACT: We report the formation of supramolecular
adducts between monolayer-protected noble metal nano-
clusters and fullerenes, specifically focusing on a well-
known silver cluster, [Ag29(BDT)12]

3−, where BDT is 1,3-
benzenedithiol. We demonstrate that C60 molecules link
with the cluster at specific locations and protect the fragile
cluster core, enhancing the stability of the cluster. A
combination of studies including UV−vis, high-resolution
electrospray ionization mass spectrometry, collision-in-
duced dissociation, and nuclear magnetic resonance spec-
troscopy revealed structural details of the fullerene-functionalized clusters, [Ag29(BDT)12(C60)n]

3− (n = 1−9). Density
functional theory (DFT) calculations and molecular docking simulations affirm compatibility between the cluster and C60,
resulting in its attachment at specific positions on the surface of the cluster, stabilized mainly by π−π and van der Waals
interactions. The structures have also been confirmed from ion mobility mass spectrometry by comparing the experimental
collision cross sections (CCSs) with the theoretical CCSs of the DFT-optimized structures. The gradual evolution of the
structures with an increase in the number of fullerene attachments to the cluster has been investigated. Whereas the
structure for n = 4 is tetrahedral, that of n = 8 is a distorted cube with a cluster at the center and fullerenes at the vertices.
Another fullerene, C70, also exhibited similar behavior. Modified clusters are expected to show interesting properties.

KEYWORDS: monolayer-protected clusters, fullerenes, supramolecular functionalization, hybrid nanostructures, host−guest chemistry,
mass spectrometry, ion mobility

S tudy of atomically precise clusters of noble metals,
covering over 100 well-defined molecular systems, is an
expanding discipline.1−4 Among these, the clusters

investigated thoroughly include Au25(SR)18,
5,6 Au38(SR)24,

7

Au102(SR)44,
8 Ag25(SR)18,

9 Ag44(SR)30,
10,11 Ag29(S2R)12,

12 etc.
While single-crystal X-ray diffraction has been used to solve
their crystal structures, mass spectrometric techniques,
especially electrospray ionization (ESI) and matrix-assisted
laser desorption ionization (MALDI), have been the principal
tools to understand their molecular composition.13,14 These
clusters show specific signatures in their optical absorption and
luminescence spectra which depend strongly on the ligand−
metal interface.15,16

Several ligand-protected noble metal clusters of the type
Au25(SR)18, Ag25(SR)18, Ag29(S2R)12, etc. are negatively charged
and exist with counterions in their crystal lattice. The inherent
charge and electron density of the clusters are typically
distributed at the ligand−metal interface. In addition,
appropriate molecular dimensions of the system and
orientation of the ligands on the cluster surface can induce
specific host−guest interactions.17 These suggest a possibility of
exploring supramolecular chemistry of monolayer-protected
clusters. An important chemical probe to utilize such properties

of the clusters is fullerenes due to their tendency to form self-
assembled structures.18−20 C60 is known to form supra-
molecular complexes with a wide variety of molecules like
rotaxanes, catenanes,21 calixarenes,22 cyclodextrins,23 cucurbi-
turils,24 crown ethers,25 and porphyrins.26−28 Such complexes
are mainly stabilized by π−π, C−H−π, or van der Waals (vdW)
interactions.29,30

Fullerenes, due to their large number of lowest unoccupied
molecular orbitals, which are typically degenerate, can also
accept multiple electrons, leading to polyanionic species.
Compounds such as KnC60 (n = 1−6)31,32 are well-known for
interesting properties such as metallicity and superconductiv-
ity.33−35 In addition to complete electron transfer leading to
(C60)n

−, C60 is also known to form partial charge transfer
complexes with donors such as tetrathiafulvalene,36,37 dithia-
diazafulvalene,38 tetraphenyldipyranylidene, and metallo-
cenes.39 The extent of charge transfer is also limited by the
close approach of the molecules and steric factors affecting the
overlap of molecular orbitals.40
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The foregoing suggests the possibility to create intercluster
compounds of monolayer-protected clusters with fullerenes. In
view of the specific geometry of the clusters, accessibility of C60

to the cluster surface may be limited, allowing specific
composition of the adducts to be feasible. Considering the
easiness of accessibility of the metal cluster surface, we chose
[Ag29(BDT)12]

3−12 as the cluster of choice for these
investigations, which confirmed our conjecture. Our studies
involved mass spectrometry extensively along with critical
inputs from NMR spectroscopy and computational studies.
The cluster−fullerene complexes, [Ag29(BDT)12(C60)n]

3− (n =
1−4), were mainly stabilized by vdW forces and π−π
interactions of the fullerenes with the benzene rings of the
BDT ligands of the cluster, and they can be characterized
completely in the gaseous and solution phases. We further
show that, by controlling the conditions, the entire surface of
the cluster can be functionalized by fullerenes, which forms
close-packed structures. Density functional theory (DFT)
calculations and molecular docking simulations were used to
elucidate the structure of the fullerene-protected clusters,
[Ag29(BDT)12(C60)n]

3− (n = 1−4, 8, and 9). Studies suggest
the occupation of tetrahedral sites of the cluster by C60. When
these positions were occupied as in the case of [Ag29-
(BDT)12(TPP)4]

3−, where TPP is triphenylphosphine, C60

substitution did not occur, supporting the structural predic-
tions. Interaction of the cluster with another fullerene, C70, is
also presented in this study.

RESULTS AND DISCUSSION

[Ag29(BDT)12]
3− cluster12 was synthesized following a reported

protocol with slight modifications, as described in the

Experimental section and characterized using optical absorption
and ESI MS studies (Figure S1). The structure consists of a
Ag13 icosahedral core, which is further capped by 12 Ag atoms
of the exterior shell. These 12 Ag atoms form four tetrahedrally
oriented trigonal prisms, and another four Ag atoms face-cap
the 13 atom core at four tetrahedral positions. This tetrahedral
orientation is shown in Figure 1A(c), where the four Ag atoms
resemble the vertices (V) of a tetrahedron and four trigonal
planes formed by the 12 Ag atoms lie over the faces (F) of the
tetrahedron (see Figure S2 for more details). We follow this
notation throughout the paper. Additional structural insight
may be derived from a three-dimensional view (Video V1 in the
Supporting Information).

Characterization of [Ag29(BDT)12(C60)n]
3− (n = 1−4)

Complexes. Complexes of C60 with the cluster, [Ag29-
(BDT)12]

3−, were obtained by adding a solution of C60 in
toluene to the solution of the cluster in DMF in various molar
ratios. In Figure 1A, panel (a) shows the ESI MS of the
synthesized [Ag29(BDT)12]

3− cluster, which exhibits the
molecular ion peak around m/z 1603. Experimental and
calculated isotope patterns are shown in (b). DFT-optimized
structure based on the crystal structure of the cluster12 is in (c).
Reactivity of C60 with [Ag29(BDT)12]

3− was studied by ESI MS,
as shown in Figure 1B. A series of peaks appeared upon
addition of C60. Expansion of these peaks showed that the
separation between each of the peaks present in the isotope
pattern was 0.33, which corresponded to a charge state of 3− for
the addition complexes, as well. The peaks were separated by
m/z 240, which corresponded to the addition of C60 (mass of
C60 is 240 × 3 = 720). The number of C60 additions increased
with increase in the concentration of C60 added to the cluster

Figure 1. (A) (a) Full range ESI MS, (b) experimental and calculated isotope patterns, and (c) DFT-optimized structure of the
[Ag29(BDT)12]

3− cluster. (B) (a) ESI MS of [Ag29(BDT)12(C60)n]
3− (n = 1−4) complexes, (b) experimental and calculated isotope patterns of

[Ag29(BDT)12(C60)4]
3−, and (c) schematic of the possible structure of [Ag29(BDT)12(C60)4]

3−. Color codes for the atoms in the inset pictures:
yellow, S atoms; gray, Ag atoms of the icosahedral (Ag13) core and the bonds connecting them; blue, 12 Ag atoms of the trigonal planes in the
exterior shell and the bonds connecting them to the S atoms of the Ag3S3 motifs; red, four Ag atoms face-capping the core at four tetrahedral
positions of [Ag29(BDT)12]

3− and the bonds connecting each of these Ag atoms to the neighboring three S atoms; green, BDT ligands; black,
C60 molecules.
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(Figure S3). At an optimum concentration, where the cluster/
fullerene molar ratio was 1:4, up to four C60 additions were
observed in ESI MS, as shown in Figure 1B(a). The
experimentally obtained isotope patterns were matched with
the calculated patterns to further confirm their composition.
The isotope patterns of one of the complexes, [Ag29-
(BDT)12(C60)4]

3−, is shown in (b), and the rest are included
in the Supporting Information (Figure S4). From a comparison
of the absorption spectra of the adducts with that of the cluster
and C60, it appeared that the absorption features of the adducts
were mainly additive with slight changes in the absorbance
when compared to their added spectrum (Figure S5). There
was an increase in the absorbance of the C60 features in their
adducts. Though such changes reflected the possibility of some
electronic coupling between the cluster and the fullerenes, it
was very small, and the interactions were mainly supra-
molecular in nature.29,41

As the parent [Ag29(BDT)12]
3− clusters were synthesized

without the co-protection from the TPP ligands, they were
stable only for a few hours.12 However, functionalization with
C60 increased the stability of the cluster. The complexes were
stable for more than a week (Figure S6). C60 molecules act as
secondary ligands protecting the cluster core. The dithiol
ligands of the cluster are bound in such a fashion that,
surrounding each tetrahedral vertex position of the cluster,
benzene rings of three of the BDT ligands are oriented in a way
that can enhance the stabilization of a C60 molecule at those

positions by π−π interaction and also by C−H−π contacts at
the ligand periphery. Also, appropriate geometry and increased
accessibility of the cluster surface allows C60 molecules to come
in close proximity of the cluster, which reveals the importance
of the structure in the formation of such complexes. A
schematic of the most plausible structure of [Ag29(BDT)12-
(C60)4]

3− is shown in Figure 1B(c).
The binding of fullerenes to the cluster was further

supported by elemental analysis. The Ag/S/C atomic ratio
for the fullerene adducts of the cluster as obtained from
scanning electron microscopy (SEM)/energy-dispersive X-ray
spectroscopy (EDS) was 1:0.82:9.07 (expected atomic ratio in
[Ag29(BDT)12(C60)4]

3− is 1:0.83:10.76) (Figure S7A). In the
case of only the cluster, SEM/EDS showed a Ag/S/C atomic
ratio of 1:0.80:2.26 (expected atomic ratio in [Ag29(BDT)12]

3−

is 1:0.83:2.48) (Figure S7B). The percentage of C in the
composite material ([Ag29(BDT)12(C60)n]

3− (n = 1−4))
increased in comparison to the parent cluster ([Ag29-
(BDT)12]

3−), and the atomic ratios were in close agreement
with the expected atomic ratios from their molecular formulas.
The slightly reduced carbon content in the experiment in
comparison to the theoretical value in [Ag29(BDT)12(C60)4]

3−

was due to the various C60 adducts (n = 1−4) possible in the
sample.

Collision-Induced Dissociation (CID) Studies. We
carried out CID studies on each of these complexes,
[Ag29(BDT)12(C60)n]

3− (n = 1−4) (Figure 2) to gain further

Figure 2. (A) CID study on [X(C60)]
3− at increasing collision energies (CE in instrumental units) of 2 (a), 8 (b), and 20 (c). (B) CID

spectrum of [X(C60)n]
3− (n = 2−4) are shown in (a−c), respectively, at CE 10, X = Ag29(BDT)12.

Scheme 1. Fragmentation Pathway of [Ag29(BDT)12(C60)n]
3− (n = 1−4) Complexes

ACS Nano Article

DOI: 10.1021/acsnano.7b07759
ACS Nano 2018, 12, 2415−2425

2417

http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b07759/suppl_file/nn7b07759_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b07759/suppl_file/nn7b07759_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b07759/suppl_file/nn7b07759_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b07759/suppl_file/nn7b07759_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b07759/suppl_file/nn7b07759_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b07759/suppl_file/nn7b07759_si_001.pdf
http://dx.doi.org/10.1021/acsnano.7b07759


insight into the structure and nature of interactions.42,43 For the
simplest case of one C60 addition to the cluster,
[Ag29(BDT)12(C60)]

3−, upon increasing the collision energy
(CE, instrumental unit), C60 was lost from the cluster, and
[Ag29(BDT)12]

3− and C60
− were detected (Figure 2A). Apart

from that, [Ag29(BDT)12]
2− was also detected in very low

intensities. The dissociation pattern was similar for the other
higher complexes also, which showed sequential loss of C60

molecules with an increase in CE. In Figure 2B, we have
presented a CID spectra for [Ag29(BDT)12(C60)n]

3− (n = 2−4)
at CE 10. A systematic energy-dependent study is included in
the Supporting Information (Figure S8). CID suggests that the
probable fragmentation pathway of these complexes is by the
loss of neutral C60 molecules, as shown in Scheme 1.
Some contribution of charge separation during fragmentation

leads to the formation of [Ag29(BDT)12]
2− and C60

−. Even
without any applied collision energy, some extent of
dissociation was observed in all cases. Such a behavior was
also reflected in the intensity pattern of the complexes observed
in ESI MS, as shown in Figure 1B(a). Fragmentation during
ionization thus complicates the exact quantification of the
proportion of each of these complexes in solution.
NMR Study. NMR experiments were performed in order to

evaluate the interaction between the cluster and the C60

molecules (Figure 3). The 13C NMR was taken in a binary

solvent mixture, DMF/toluene (2:1 v/v). The peak for C60 was
observed around 143.59 ppm (Figure 3a). NMR for the
complexes was taken at a cluster/fullerene molar ratio of 1:4.
Upon addition of the cluster, with no change in solvent
composition, there was an upfield shift to 143.03 ppm (Figure
3b). Thus, when compared to the NMR of C60 in the same

solvents, in the presence of the cluster, an upfield shift of about
0.56 ppm was seen, which can be attributed to the shielding
effect of the π-conjugated system of C60.

44−46 This revealed that
the electron density of C60 was slightly increased in the
presence of the clusters. Though at the 1:4 molar ratio, a single
peak was observed for the C60 molecules in their bound state,
NMR of the adducts in the presence of excess fullerene (molar
ratio of 1:15) showed a predominant peak for free C60 and a
low intense peak for bound C60 (Figure 3c).

Formation of [Ag29(BDT)12(C60)n]
3− (n > 4) Complexes.

Upon reaction of the cluster with an excess concentration of
C60 (cluster/fullerene molar ratio was 1:15), a higher number
of attachments (n = 1−12) were observed in ESI MS, though at
low intensities (Figure S9). This suggests that the cluster can
become highly protected by the C60 molecules so that the
entire surface of the cluster is covered by fullerenes.

Computational Modeling To Understand the Struc-
tures of [Ag29(BDT)12(C60)n]

3− (n = 1−4, 8, and 9). The
interaction of the fullerenes, C60 and C70, on the surface of
[Ag29(BDT)12]

3− cluster was computationally studied using
DFT with the projector-augmented wave method as
implemented in GPAW47,48 using the Perdew−Burke−
Ernzerhof (PBE) functional49 and DZP (double-ζ plus
polarization) LCAO basis set. We searched structures in DFT
by attaching C60/C70 at possible locations (tetrahedral vertex
sites) on the cluster surface considering geometrical compat-
ibility and stabilization by the supramolecular forces. The
orientation of fullerenes at the cluster surface (to facilitate
interaction with hexagonal (C6) face, pentagonal (C5) face, 6−6
bond, and 6−5 bond) was also varied to search the lowest
energy conformers of the adducts. Complete computational
details are included in the Supporting Information.

Structure of [Ag29(BDT)12(C60)]
3−. DFT Calculations. The

DFT-optimized geometry of the lowest energy isomer of
[Ag29(BDT)12(C60)]

3− with C60 at the vertex position of the
cluster, with a 6−5 bond of C60 closest to the vertex Ag atom, is
shown in Figure 4. The orientation of C60 having a 6−5 bond
closest to the metal center is known in the case of several C60/
metalloporphyrin complexes.50 However, the energy difference
between the different calculated isomers of [Ag29(BDT)12-
(C60)]

3− obtained by rotation of C60 at the vertex site of the
cluster was very narrow and was in the range of 0.044 eV
(Table S1). The staples containing the three BDT ligands
surrounding the vertex Ag atom of the cluster form a concave
cavity suitable for embracing the convex π-surface of C60

51,52

(Figure 4B), with π−π interactions being the major promoting
forces behind such host−guest complexation. The magnitude of
the calculated binding energy (−16.77 kcal/mol) also confirms
the contribution of the vdW interaction in the system. The
fullerene is clasped in the bowl of the three BDT ligands but
slightly off-center from the C3 axis of the cluster passing
through the vertex Ag atom and the center of the icosahedron.
Hence, the interaction of the fullerene with the three BDT
ligands surrounding the vertex position is not similar. The
interaction is stronger with the closest contacts of 3.73 and 3.85
Å for two BDT ligands (marked as “L1” and “L2” in Figure 4)
than the other ligand (marked as “L3”) lying at a distance of
4.19 Å.
Here, the stabilization of the cluster, [Ag29(BDT)12]

3−, by
the fullerene interacting at the vertex takes place in two ways.
Initially, C60 is captured by the benzene rings of BDT ligands
through π−π interactions. Later, C60 stabilizes the unpassivated
Ag atom by η2 interaction at a 6−5 bond of the fullerene.53−55

Figure 3. NMR of (a) C60 showing a peak at 143.59 ppm, (b)
adducts at a cluster/fullerene molar ratio of 1:4 showing a peak at
143.03 ppm for the C60 molecules in the bound state, and (c)
adducts at an excess concentration of C60 (cluster/fullerene molar
ratio of 1:15) showing a predominant peak for free C60 (143.59
ppm) and a less intense peak for bound C60 (143.03 ppm).
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This is favored by ionic and vdW interactions formed between
the positive charge accumulation on the Ag atom and the
negative charge density localized on the 6−5 bonds of the
fullerene, located at a distance of 3.40−3.53 Å from the Ag
atom. The calculated Bader charges on the silver atom, Ag
(+0.3080e) and on the carbon atoms of the 6−5 bond of
fullerene (−0.0032e and −0.0170e) indicate weak ionic
interactions. The total changes in Bader charges, including
vacuum corrections on the individual molecules [Ag29-
(BDT)12]

3− and C60 when these were in contact, were 0.35e
and −0.50e, respectively, and this indicates that C60 acts as an
electron acceptor and acquires a net charge of −0.15e from
[Ag29(BDT)12]

3−, and this imparts a partial ionic bonding in
the adduct. This electron transfer also explains the chemical
shift observed in the NMR measurements.
As the intermolecular interactions between the cluster and

the fullerene were mainly dominated by the supramolecular
effects, we also incorporated vdW correction in DFT. The
lowest energy structure predicted by the vdW-DF2 functional
(Figure S10) suggests slight changes in the orientation of
fullerene as compared to the structure obtained by the PBE
functional and allows closer contacts at a distance of 3.56 Å
with the two BDT ligands and 3.67 Å with the third one. The
relative contributions of π−π interactions between the aromatic
ligands and the fullerene versus electrostatic interactions
between the fullerene and the Ag core depend on various
factors such as the specific binding geometry, binding site,
number of fullerenes, the size, and type of ligands. We carried
out a computational study of the ligand binding energy in the
case of the lowest energy isomer of [Ag29(BDT)12(C60)]

3−

(where C60 was attached at a tetrahedral vertex position) and
found that 60% of the binding energy arises from the π−π

interactions. The remaining 40% arises from binding
interactions of the metal core and surface AgS3 motif with
C60 through weak ionic forces and associated van der Waals
interactions. Binding at this vertex site would be most affected
by the aromaticity of the ligands due to the proximity of the
fullerene to the ligands. It may be assumed in this case that a
smaller ligand than BDT might permit the C60 to come closer
at the vertex site and possibly increase the ionic binding to the

AgS3 motif. Complete computational details used for
calculating the relative contributions of binding energy have
been presented in the Supporting Information (Figure S11).
The structure of [Ag29(BDT)12(C60)]

3− was also optimized
using the finite difference grid method of GPAW to obtain
more accurate results and to verify the results from the more
efficient LCAO basis method (Table S1).
We searched possibilities of other configurational isomers of

[Ag29(BDT)12(C60)]
3− in DFT by attaching C60 at the

tetrahedrally oriented trigonal faces in the exterior shell of
the cluster as the three partially exposed silver atoms at each of
these faces may also exhibit some reactivity (Table S2). Though
the calculated binding energy (−15.63 kcal/mol) indicates the
possibility of some interaction, this was weaker compared to the
interaction at the vertex position (−16.77 kcal/mol). We found
that a C60 interacting at this position is at a distance of 3.54−
3.81 Å from the Ag atoms, which is larger than the distance of
3.40−3.53 Å of a C60 at the vertex site, and the position lacks
the π−π interaction as the benzene rings of the BDT ligands
are far away (Figure S12). DFT calculations show that binding
of C60 at the vertex position of the cluster is the lowest energy
isomer.

Molecular Docking of [Ag29(BDT)12]
3− with C60. To verify

our lowest energy structure of [Ag29(BDT)12(C60)]
3− obtained

from the DFT studies based on the assumption that fullerenes
would be seated in the tetrahedral symmetry positions, we
further carried out a global structure search by molecular
docking simulations using AutoDock4.2 and its associated
software56 to confirm the global minimum energy geometry of
a cluster and a fullerene in close proximity. This approach was
used as a complete search over all the relevant rotational, and
translational degrees of freedom of the fullerene with respect to
the cluster was unfeasible in DFT due to the computational
cost. We used C60 (or C70) as the “ligand”, that is, the movable
molecule. The “receptor” molecule was [Ag29(BDT)12]

3−, and
this was the fixed and completely rigid central molecule. For
simplification, we did not use any torsion and charge
parameters for the fullerene ligands. Bader charges from the
optimized structures obtained in GPAW were used for all the
atoms of [Ag29(BDT)12]

3−.

Figure 4. (A) DFT-optimized lowest energy structure of [Ag29(BDT)12(C60)]
3− in which a fullerene interacts at a vertex position of the cluster.

(B) Enlarged view of the staples around the vertex Ag atom showing how the three BDT ligands partially embrace the curved π-surface of C60.
The bond distances are in Å.
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The structure showing the lowest binding energy (−10.29
kcal/mol) in the docking study is shown in Figure S13. It shows
that C60 binds at the vertex position, and this further verifies
that this position is the lowest energy site for attachment of a
fullerene to the cluster.
The structure of this force-field global minimum geometry

(FFGMG) of the adduct obtained from the docking studies has
the C60 shifted further toward two of the BDT ligands and
offset to a greater degree from the C3 axis passing through the
center of the icosahedron and the vertex Ag atom. When the
FFGMG of the adduct was used as an initial structure for DFT
optimization (Figure S14), it showed a slightly higher binding
energy (−16.37 kcal/mol) compared to that of our lowest
energy structure (−16.77 kcal/mol) obtained from DFT
studies by our initial symmetry-based method. Molecular
docking simulation utilizes only noncovalent interactions and
does not treat charge transfer. The distance of C60 from the Ag
atom (4.18 Å) is greater in the case of the FFGMG of the
adduct. Also, there is stronger π−π interaction with two BDT
ligands (3.16 and 3.41 Å) and no interaction with the third
ligand (distance >5.89 Å) in the case of the molecular docking
simulation (Figure S13). These changes may be attributed to
the energy differences observed in the DFT optimization of the
FFGMG of the adduct compared to our initial DFT-optimized
lowest energy structure. Hence, electronic charge transfer
effects and weak bonding with the Ag atom also contribute
substantially to the binding. Also due to the rigid ligand and the
receptor, additional structural relaxations on the cluster and
fullerene were forbidden in the force-field docking studies,
which might contribute to lowering the total energy in DFT.

Structures of [Ag29(BDT)12(C60)n]
3− (n = 2−4, 8, and 9).

To reduce the computational cost, the structures of the other
higher complexes, [Ag29(BDT)12(C60)n]

3− (n > 1) were
optimized only by using the PBE functional without vdW
corrections, and some simplified results are presented (Table
S3). Figure 5A shows the lowest energy optimized structure of
[Ag29(BDT)12(C60)4]

3−, where the C60 molecules are attached
at all four vertices. The structure is tetrahedral (see the 3D view
in supplementary Video V2), and the fullerenes are well
separated with no additional fullerene−fullerene interactions.
Here, the preferred orientation of the 6−5 bond of C60 was
preserved as in the case of n = 1 for all the positions. In
contrast, the lowest energy structures in the case of n = 2 and 3
(Figure S15) preferred some other orientations of C60. We
could not find any systematic trend in the orientation of the
fullerenes as a function of their number. This could be due to a
change in overall symmetry of the structures that affect the
overall electron delocalization. In all cases, the interaction was
weak and the energy difference between the different
orientations of C60 interacting at a particular site was very
narrow, which suggests the possibility of isomerism in the
complexes due to the rotation of fullerene molecules.
Experiments showed the attachment of n > 4 C60 to the

cluster when reacted with an excess concentration of C60. After
all the tetrahedral vertex positions are occupied by the
fullerenes, additional fullerenes may attach at the four
tetrahedrally oriented trigonal faces formed by the 12 Ag
atoms in the exterior shell. The calculated binding energy
(−15.63 kcal/mol) for C60 attaching at this position (Figure
S12) supports such possibilities. Figure 5B shows the optimized
structure of [Ag29(BDT)12(C60)8]

3−, where all the tetrahedral

Figure 5. DFT-optimized lowest energy structures of (A) [Ag29(BDT)12(C60)4]
3−, (B) [Ag29(BDT)12(C60)8]

3−, and (C)
[Ag29(BDT)12(C60)9]

3−. Color codes: C60 at vertex position are black, at faces are cyan, and additional fullerene placed between the face
and vertex in the case of [Ag29(BDT)12(C60)9]

3− is purple. (D) Table showing binding energy of the complexes.
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vertex and face positions are occupied by C60 molecules. The
overall geometry of [Ag29(BDT)12(C60)8]

3− resembles a
distorted cube (see the 3D view in supporting Video V3).
The distortion is because of the nature of the asymmetric π−π
interaction of the BDT ligands. The length of the cube
(indicated in Figure S16) is in the range of 12−15 Å, which is
comparable to the lattice parameter (14.13 Å) of the face-
centered cubic lattice of C60.

57

Experiments show that an even greater number than eight
attachments of C60 to the cluster is possible. The structure of
[Ag29(BDT)12(C60)9]

3− was constructed by adding another C60

facing the surface of [Ag29(BDT)12(C60)8]
3−, between two C60

molecules located at a vertex and a face, as shown in Figure 5C.
The interaction of the ninth C60 was stronger in this position
compared to other locations due to three different interactions.
First, it introduces fullerene−fullerene π−π interaction at a
distance in the range of 3.18−3.42 Å. Further, it has π−π

interaction with one of the BDT ligands and interaction with
one of the Ag atoms at the face. The calculated binding energies
of the lowest energy structures of the adducts ([Ag29(BDT)12-
(C60)n]

3− (n = 1−4, 8, and 9)) are listed in the table shown in
Figure 5D. The binding energy is found to decrease in
magnitude with an increase in the number of C60 attachments
due to the decrease in electrostatic interactions. As the number
of fullerenes increases, more charge is transferred and the
partial charges on the cluster decrease. This decreases the
strength of the weak ionic interactions of the metal core and
surface motif atoms with each fullerene, and thus the binding
energy per fullerene decreases in magnitude. In the case of
attachment of the ninth C60, the binding energy increases in
magnitude compared to that in the case of eight fullerenes due
to its slightly different position between the face and vertex sites
and additional fullerene−fullerene attractive vdW and π−π
interactions. Some additional possibilities of attachment of the
ninth C60 over the two BDT ligands also exist (Figure S17).
The addition of further fullerenes in a similar manner will form
a sphere-like layer over the surface of the cluster.
Structural Insights from Ion Mobility Mass Spectrom-

etry (IM MS) Studies. We used IM MS to further confirm the
structure of the complexes, [Ag29(BDT)12(C60)n]

3− (n = 1−4).
Figure 6 represents a 2D map showing the variation of the drift

time with the m/z of the species. While passing through a
buffer gas, drift time of the molecules depends on their collision
cross sections (CCSs). We calculated the CCS values of our
DFT-optimized lowest energy structures using the projection
approximation (PA) method with nitrogen as the buffer gas as
implemented in the Mobcal program package58,59 and
compared them to the experimental values obtained from IM
MS. The table in the inset of Figure 6 shows the calculated and
experimental CCS of [Ag29(BDT)12(C60)n]

3− (n = 0−4).
We further constructed several other theoretical possibilities

of other configurational isomers of the complexes and
calculated their CCS values by the PA method to set narrow
bounds to our lowest energy structures.60 Figure S18 shows
other less favorable structures of [Ag29(BDT)12(C60)4]

3− with
all C60 molecules attached at (a) the faces of the tetrahedrally
oriented trigonal planes in the exterior shell of the cluster (CCS
580 Å2, error 2.65% greater with respect to experimental CCS),
(b) crowded around one vertex site of the cluster by fullerene−
fullerene interaction (CCS 516 Å2, error 8.6% less with respect
to experimental CCS), and (c) over the BDT ligands (CCS 598
Å2, error 5.84% greater with respect to experimental CCS). In
all cases, the error in the CCS with respect to the experimental
values are larger compared to the structure with C60 molecules
attached at the four vertices.
IM MS study did not show the presence of any other

isomers, which clearly confirms that one stable structure for
[Ag29(BDT)12(C60)4]

3− is formed by attachment of C60

molecules at the vertex positions on the surface of the cluster.
Confirmation of the C60 Binding Sites. The vertex Ag

atoms of the cluster are also known to be functionalized by
TPP ligands in case of [Ag29(BDT)12(TPP)4]

3−.12 When TPP
was added to the cluster−fullerene complexes, [Ag29(BDT)12-
(C60)n]

3− (n = 1−4), C60 molecules were immediately replaced
by TPP and [Ag29(BDT)12(TPP)n]

3− (n = 1−4) was formed
(Figure S19). This further confirmed the position of the C60

attachment on the cluster surface. We have also tried to
exchange the TPP ligands from the [Ag29(BDT)12(TPP)4]

3−

cluster with C60, but such replacement was not favorable. The
formation of the Ag−P bond passivates the Ag atom to a
greater extent compared to that of the fullerenes which exhibit
only weak vdW and electrostatic interactions. Hence, we

Figure 6. Plot of drift time of the complexes with their m/z values. Lowest energy structures of the species are shown beside their respective
spots. Table in the inset of the figure shows the experimental and calculated CCS values.
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observed a competitive binding. We have also studied if there
was any effect of electrostatic shielding on the binding of
fullerenes. For this, salts such as NaCl, KCl, or KOAc were
added to the solutions, but salts did not inhibit the binding of
fullerenes (Figure S20).
Characterization of the Complexes of C70 with

[Ag29(BDT)12]
3−. The cluster exhibited similar reactivity with

another fullerene, C70. At an optimum cluster/C70 molar ratio
of 1:4, up to four C70 attachments to the cluster were observed
in ESI MS (Figure 7). As discussed in the case of C60, UV−vis
studies (Figure S21), CID (Figure S22), replacement of C70

with TPP (Figure S23), and higher attachments at an excess
concentration of C70 (Figure S24) reflected similar behavior.
DFT calculations and molecular docking simulations further
confirmed the formation of similar structures. Complete details
are included in the Supporting Information (Figures S25−S29
and Table S4).
The DFT-optimized lowest energy structure of [Ag29-

(BDT)12(C70)]
3− (Figure S25) shows that C70 lies at a distance

of 3.42−3.55 Å from the vertex Ag atom, similar to that of C60

(3.40−3.53 Å). However, due to its larger size, C70 exhibits
stronger π−π binding interaction with the aromatic ligands
compared to C60 with a closer contact of 3.32 and 3.49 Å with
the two BDT ligands. For C60, distance from two nearest BDT
ligands was 3.73 and 3.85 Å, as calculated using the PBE
functional. C70 is similarly far from the third BDT ligand at a
distance of 4.36 Å. Stronger interaction is also reflected in the
binding energy value of −18.68 kcal/mol for the lowest energy
structure of [Ag29(BDT)12(C70)]

3− compared to −16.77 kcal/
mol for [Ag29(BDT)12(C60)]

3− . The structures of
[Ag29(BDT)12(C70)n]

3− (n = 2−4) (Figure S29) were also
similar to that of C60. The lowest energy structure for n = 4 (BE
= −15.59 kcal/mol) is presented in Figure 7B. The calculated
CCS values of the DFT-optimized lowest energy structures of
the complexes, [Ag29(BDT)12(C70)n]

3− (n = 1−4), also
matched well with the experimental CCS obtained from the
IM MS study (Figure S30). The orientational changes in C70

were more significant compared to C60, and this can be
attributed to the larger size and ellipsoidal shape of C70, which
affects the π−π and vdW interactions significantly.

CONCLUSION

In summary, we demonstrate that adducts of fullerenes are
formed with monolayer-protected clusters. The complexation
was assisted due to the compatible structure of the cluster and
the orientation of the ligands that form tetrahedral concave
cavities at the cluster surface, compatible with the convex π-
surface of fullerenes. DFT calculations and molecular docking
simulations show that vdW and π−π interactions along with
some weak binding with the Ag atoms facilitated the formation
of the cluster−fullerene conjugates. Although our study was
centered around a detailed discussion of the interaction of
fullerenes C60 and C70 with one specific cluster, [Ag29-
(BDT)12]

3−, it can be extended to other monolayer-protected
clusters, as well. Creating such cluster−fullerene composites in
the solid state would further expand research in this field. Such
composites can be interesting materials for study not only
because of their structures but also due to their properties such
as electrical conductivity, photoinduced charge transfer, as well
as optical and mechanical properties. They can find applications
in photovoltaics, sensors, and even in medical science.

EXPERIMENTAL SECTION

Reagents and Materials. All the materials except the clusters
were commercially available and used without further purification.
Silver nitrate (AgNO3, 99.9%) was purchased from Rankem, India. 1,3-
Benzenedithiol (1,3-BDT), sodium borohydride (NaBH4), and
fullerenes C60 (99.5%) and C70 (98%) were purchased from Sigma-
Aldrich. Triphenylphosphine (TPP) was purchased from Spectro-
chem, India. All the solvents, dichloromethane (DCM), methanol
(MeOH), ethanol (EtOH), dimethylformamide (DMF), and toluene
were of the HPLC grade and were used without further distillation.
Deuterated solvents DMF-d7 and toluene-d8, used for NMR
measurements, were purchased from Sigma-Aldrich.

Instrumentation. The UV−vis spectra were measured using a
PerkinElmer Lambda 25 UV−vis spectrophotometer. Mass spectro-
metric measurements were done in a Waters Synapt G2-Si high-
definition mass spectrometer. The instrument was well equipped with
electrospray ionization and ion mobility separation techniques. NMR
measurements were done in a Bruker 500 MHz NMR spectrometer.
SEM and EDS analyses were performed in a FEI QUANTA-200 SEM.
Further details of instrumentation are mentioned in the Supporting
Information.

Figure 7. (A) ESI MS of [Ag29(BDT)12(C70)n]
3− (n = 1−4), (B) experimental and calculated isotope patterns of [Ag29(BDT)12(C70)4]

3−, and
(C) DFT-optimized lowest energy structure of [Ag29(BDT)12(C70)4]

3−.
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Synthesis of [Ag29(BDT)12]
3− Clusters. [Ag29(BDT)12]

3− clusters
were synthesized following a reported protocol12 with slight
modifications. About 20 mg of AgNO3 was dissolved in a mixture of
2 mL of methanol and 10 mL of DCM. To this reaction mixture, about
13.5 μL of the 1,3-BDT ligand was added. The mixture was stirred for
about 15 min, and then about 10.5 mg of NaBH4 dissolved in 500 μL
of ice-cold water was added. The stirring was continued under dark
conditions for about 5 h. Then, the reaction mixture was centrifuged,
the precipitate was discarded, and the clusters were obtained as the
orange supernatant. The solution was evaporated by rotary
evaporation, and the orange residue was washed with methanol and
finally dissolved in DMF. The solution was characterized by UV−vis
and ESI MS, which confirmed the formation of [Ag29(BDT)12]

3−

clusters (Figure S1). However, as the clusters were synthesized
without the TPP ligands, they were stable only for a few hours.12

Synthesis of [Ag29(BDT)12(C60)n]
3− Complexes. Immediately

after the synthesis of [Ag29(BDT)12]
3− clusters, a solution of C60 (in

toluene) was added to the cluster solution in DMF. The addition of
fullerenes increased the stability of the clusters significantly. The
reactivity was monitored using UV−vis and ESI MS studies. The
addition of another fullerene, C70, also showed a similar behavior.
Computational Methods. The interaction of the fullerenes, C60

and C70, on the surface of the [Ag29(BDT)12]
3− cluster was

computationally studied using DFT with the projector-augmented
wave method as implemented in GPAW47,48 using the PBE
functional49 and DZP (double-ζ plus polarization) LCAO basis set.
We searched structures in DFT by attaching C60/C70 at possible
locations (tetrahedral sites) on the cluster surface considering
geometrical compatibility and stabilization by the supramolecular
forces. After identifying the most favorable binding site, we generated
the structures of [Ag29(BDT)12(C60)n]

3− (n = 1−4, 8, and 9) based on
symmetry considerations, and the structures were optimized in DFT.
The orientation of fullerenes at the cluster surface (to facilitate
interaction with hexagonal (C6) face, pentagonal (C5) face, 6−6 bond,
and 6−5 bond) was varied to search the lowest energy conformers of
the adducts. In addition, we verified the lowest energy structure of
[Ag29(BDT)12(C60)]

3− by molecular docking simulations using
AutoDock4.2 and its associated software56 to confirm the global
minimum energy geometry of a cluster and a fullerene in close
proximity, subject to some constraints, which we then optimized in
DFT and compared the energy and geometry with our initial DFT-
optimized lowest energy structure. Furthermore, in some cases, we
optimized the structures using the finite-difference method in GPAW
and also by using a van der Waals functional. The CCS of the DFT-
optimized structures was calculated with the PA with nitrogen as the
buffer gas as implemented in the Mobcal program package.58,59

Complete computational details are included in the Supporting
Information.

ASSOCIATED CONTENT

*S Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acsnano.7b07759.

Instrumentation, computational methods, optical absorp-
tion studies, additional ESI MS for the characterization of
the cluster-fullerene adducts, and complete computa-
tional details for all possible isomers of the complexes
(PDF)
Video V1: 3D view of the structure of [Ag29(BDT)12]

3−

(MPG)
Video V2: 3D view of the structure of [Ag29(BDT)12-

(C60)4]
3− (MPG)

Video V3: 3D view of the structure of [Ag29(BDT)12-

(C60)8]
3− (MPG)

AUTHOR INFORMATION

Corresponding Author

*E-mail: pradeep@iitm.ac.in.

ORCID

Thalappil Pradeep: 0000-0003-3174-534X

Author Contributions

P.C. synthesized the clusters, designed and conducted all
experiments. P.C. and A.N. carried out the ESI MS measure-
ments, G.P. carried out the DFT calculations, A.N. and G.N.
carried out the molecular docking simulations. The computa-
tional part was supervised by G.N., and the whole project was
supervised by T.P. The manuscript was written through
contributions of all authors.

Notes

The authors declare no competing financial interest.

ACKNOWLEDGMENTS

P.C. thanks the Council of Scientific and Industrial Research
(CSIR) for a research fellowship. A.N. thanks IIT Madras for an
Institute Doctoral fellowship. G.P. thanks IIT Madras for an
Institute Postdoctoral fellowship. We thank the Department of
Science and Technology, Government of India, for continuous
support of our research program.

REFERENCES

(1) Chakraborty, I.; Pradeep, T. Atomically Precise Clusters of Noble
Metals: Emerging Link between Atoms and Nanoparticles. Chem. Rev.
2017, 117, 8208−8271.
(2) Jin, R.; Zeng, C.; Zhou, M.; Chen, Y. Atomically Precise Colloidal
Metal Nanoclusters and Nanoparticles: Fundamentals and Oppor-
tunities. Chem. Rev. 2016, 116, 10346−10413.
(3) Mathew, A.; Pradeep, T. Noble Metal Clusters: Applications in
Energy, Environment, and Biology. Part. Part. Syst. Char. 2014, 31,
1017−1053.
(4) Fang, J.; Zhang, B.; Yao, Q.; Yang, Y.; Xie, J.; Yan, N. Recent
Advances in the Synthesis and Catalytic Applications of Ligand-
Protected, Atomically Precise Metal Nanoclusters. Coord. Chem. Rev.
2016, 322, 1−29.
(5) Heaven, M. W.; Dass, A.; White, P. S.; Holt, K. M.; Murray, R. W.
Crystal Structure of the Gold Nanoparticle [N(C8H17)4]-
[Au25(SCH2CH2Ph)18]. J. Am. Chem. Soc. 2008, 130, 3754−3755.
(6) Zhu, M.; Aikens, C. M.; Hollander, F. J.; Schatz, G. C.; Jin, R.
Correlating the Crystal Structure of a Thiol-Protected Au25 Cluster
and Optical Properties. J. Am. Chem. Soc. 2008, 130, 5883−5885.
(7) Lopez-Acevedo, O.; Tsunoyama, H.; Tsukuda, T.; Hak̈kinen, H.;
Aikens, C. M. Chirality and Electronic Structure of the Thiolate-
Protected Au38 Nanocluster. J. Am. Chem. Soc. 2010, 132, 8210−8218.
(8) Jadzinsky, P. D.; Calero, G.; Ackerson, C. J.; Bushnell, D. A.;
Kornberg, R. D. Structure of a Thiol Monolayer-Protected Gold
Nanoparticle at 1.1 Å Resolution. Science 2007, 318, 430−433.
(9) Joshi, C. P.; Bootharaju, M. S.; Alhilaly, M. J.; Bakr, O. M.
[Ag25(SR)18]

−: The “Golden” Silver Nanoparticle. J. Am. Chem. Soc.
2015, 137, 11578−11581.
(10) Yang, H.; Wang, Y.; Huang, H.; Gell, L.; Lehtovaara, L.; Malola,
S.; Hakkinen, H.; Zheng, N. All-Thiol-Stabilized Ag44 and Au12Ag32
Nanoparticles with Single-Crystal Structures. Nat. Commun. 2013, 4,
2422.
(11) Desireddy, A.; Conn, B. E.; Guo, J.; Yoon, B.; Barnett, R. N.;
Monahan, B. M.; Kirschbaum, K.; Griffith, W. P.; Whetten, R. L.;
Landman, U.; Bigioni, T. P. Ultrastable Silver Nanoparticles. Nature
2013, 501, 399−402.
(12) AbdulHalim, L. G.; Bootharaju, M. S.; Tang, Q.; Del Gobbo, S.;
AbdulHalim, R. G.; Eddaoudi, M.; Jiang, D.-e.; Bakr, O. M.
Ag29(BDT)12(TPP)4: A Tetravalent Nanocluster. J. Am. Chem. Soc.
2015, 137, 11970−11975.

ACS Nano Article

DOI: 10.1021/acsnano.7b07759
ACS Nano 2018, 12, 2415−2425

2423

http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b07759/suppl_file/nn7b07759_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b07759/suppl_file/nn7b07759_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b07759/suppl_file/nn7b07759_si_001.pdf
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acsnano.7b07759
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b07759/suppl_file/nn7b07759_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b07759/suppl_file/nn7b07759_si_002.mpg
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b07759/suppl_file/nn7b07759_si_003.mpg
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b07759/suppl_file/nn7b07759_si_004.mpg
mailto:pradeep@iitm.ac.in
http://orcid.org/0000-0003-3174-534X
http://dx.doi.org/10.1021/acsnano.7b07759


(13) Lu, Y.; Chen, W. Application of Mass Spectrometry in the
Synthesis and Characterization of Metal Nanoclusters. Anal. Chem.
2015, 87, 10659−10667.
(14) Harkness, K. M.; Cliffel, D. E.; McLean, J. A. Characterization of
Thiolate-Protected Gold Nanoparticles by Mass Spectrometry. Analyst
2010, 135, 868−874.
(15) Weerawardene, K. L. D. M.; Aikens, C. M. Theoretical Insights
into the Origin of Photoluminescence of Au25(SR)18

− Nanoparticles. J.
Am. Chem. Soc. 2016, 138, 11202−11210.
(16) Dou, X.; Yuan, X.; Yu, Y.; Luo, Z.; Yao, Q.; Leong, D. T.; Xie, J.
Lighting up Thiolated Au@Ag Nanoclusters via Aggregation-Induced
Emission. Nanoscale 2014, 6, 157−161.
(17) Mathew, A.; Natarajan, G.; Lehtovaara, L.; Hak̈kinen, H.;
Kumar, R. M.; Subramanian, V.; Jaleel, A.; Pradeep, T. Supramolecular
Functionalization and Concomitant Enhancement in Properties of
Au25 Clusters. ACS Nano 2014, 8, 139−152.
(18) Martin, N.; Nierengarten, J. F. Supramolecular Chemistry of
Fullerenes and Carbon Nanotubes; Wiley-VCH, 2012; p 403.
(19) Tashiro, K.; Aida, T. Metalloporphyrin Hosts for Supra-
molecular Chemistry of Fullerenes. Chem. Soc. Rev. 2007, 36, 189−
197.
(20) Diederich, F.; Gomez-Lopez, M. Supramolecular Fullerene
Chemistry. Chem. Soc. Rev. 1999, 28, 263−277.
(21) Schuster, D. I.; Li, K.; Guldi, D. M.; Ramey, J. Novel Porphyrin-
Fullerene Assemblies: from Rotaxanes to Catenanes. Org. Lett. 2004, 6,
1919−1922.
(22) Haino, T.; Yanase, M.; Fukazawa, Y. Crystalline Supramolecular
Complexes of C60 with Calix[5]arenes. Tetrahedron Lett. 1997, 38,
3739−3742.
(23) Murthy, C. N.; Geckeler, K. E. The Water-Soluble [β]-
Cyclodextrin-[60]Fullerene Complex. Chem. Commun. 2001, 1194−
1195.
(24) Fileti, E.; Colherinhas, G.; Malaspina, T. Predicting the
Properties of a New Class of Host-Guest Complexes: C60 Fullerene
and CB[9] Cucurbituril. Phys. Chem. Chem. Phys. 2014, 16, 22823−
22829.
(25) Moreira, L.; Calbo, J.; Krick Calderon, R. M.; Santos, J.; Illescas,
B. M.; Arago, J.; Nierengarten, J. F.; Guldi, D. M.; Orti, E.; Martin, N.
Unveiling the Nature of Supramolecular Crown Ether-C60 Inter-
actions. Chem. Sci. 2015, 6, 4426−4432.
(26) Boyd, P. D. W.; Hodgson, M. C.; Rickard, C. E. F.; Oliver, A. G.;
Chaker, L.; Brothers, P. J.; Bolskar, R. D.; Tham, F. S.; Reed, C. A.
Selective Supramolecular Porphyrin/Fullerene Interactions. J. Am.
Chem. Soc. 1999, 121, 10487−10495.
(27) Sun, D.; Tham, F. S.; Reed, C. A.; Chaker, L.; Boyd, P. D. W.
Supramolecular Fullerene-Porphyrin Chemistry. Fullerene Complex-
ation by Metalated “Jaws Porphyrin” Hosts. J. Am. Chem. Soc. 2002,
124, 6604−6612.
(28) Wang, Y.-B.; Lin, Z. Supramolecular Interactions between
Fullerenes and Porphyrins. J. Am. Chem. Soc. 2003, 125, 6072−6073.
(29) Yamamura, M.; Hongo, D.; Nabeshima, T. Twofold Fused
Concave Hosts Containing Two Phosphorus Atoms: Modules for the
Sandwich-Type Encapsulation of Fullerenes in Variable Cavities.
Chem. Sci. 2015, 6, 6373−6378.
(30) Sun, D.; Tham, F. S.; Reed, C. A.; Chaker, L.; Burgess, M.;
Boyd, P. D. W. Porphyrin−Fullerene Host−Guest Chemistry. J. Am.
Chem. Soc. 2000, 122, 10704−10705.
(31) Haddon, R. C. Electronic structure, Conductivity and
Superconductivity of Alkali Metal Doped C60. Acc. Chem. Res. 1992,
25, 127−33.
(32) Stephens, P. W.; Mihaly, L.; Lee, P. L.; Whetten, R. L.; Huang,
S.-M.; Kaner, R.; Deiderich, F.; Holczer, K. Structure of Single-Phase
Superconducting K3C60. Nature 1991, 351, 632−634.
(33) Rosseinsky, M. J.; Ramirez, A. P.; Glarum, S. H.; Murphy, D.
W.; Haddon, R. C.; Hebard, A. F.; Palstra, T. T. M.; Kortan, A. R.;
Zahurak, S. M.; Makhija, A. V. Superconductivity at 28 K in RbxC60.
Phys. Rev. Lett. 1991, 66, 2830−2832.
(34) Hebard, A. F.; Rosseinsky, M. J.; Haddon, R. C.; Murphy, D.
W.; Glarum, S. H.; Palstra, T. T. M.; Ramirez, A. P.; Kortan, A. R.

Superconductivity at 18 K in Potassium-Doped C60. Nature 1991, 350,
600−601.
(35) Holczer, K.; Klein, O.; Huang, S.-m.; Kaner, R. B.; Fu, K. J.;
Whetten, R. L.; Diederich, F. Alkali-Fulleride Superconductors:
Synthesis, Composition, and Diamagnetic Shielding. Science 1991,
252, 1154.
(36) Plotniece, M.; Kampars, V. Review: Novel Donor-Acceptor
Systems of Tetrathiafulvalenes-Fullerene C60 (TTF-C60). Rigas Teh.
Univ. Zinat. Raksti, Ser. 1 2005, 10, 23−36.
(37) Pradeep, T.; Singh, K. K.; Sinha, A. P. B.; Morris, D. E. A Stable
Fullerene Charge-Transfer Complex in the Solid State: HMTTEF-C60.
J. Chem. Soc., Chem. Commun. 1992, 1747−1748.
(38) Konarev, D. V.; Lyubovskaya, R. N.; Semkin, V. N.; Graja, A.
Donor-Acceptor Interactions in C60 Complexes with Initially Planar π-
Donors. Mol. Cryst. Liq. Cryst. Sci. Technol., Sect. C 1998, 11, 35−42.
(39) Konarev, D. V.; Lyubovskaya, R. N.; Drichko, N. y. V.;
Yudanova, E. I.; Shul'ga, Y. M.; Litvinov, A. L.; Semkin, V. N.; Tarasov,
B. P. Donor-Acceptor Complexes of Fullerene C60 with Organic and
Organometallic Donors. J. Mater. Chem. 2000, 10, 803−818.
(40) Konarev, D. V.; Semkin, V. N.; Graja, A.; Lyubovskaya, R. N.
Steric Conditions for Donor−Acceptor Interactions in C60 Complexes
with Planar Organic Donors. J. Mol. Struct. 1998, 450, 11−22.
(41) Pursell, J. L.; Pursell, C. J. Host−Guest Inclusion Complexation
of α-Cyclodextrin and Triiodide Examined Using UV−Vis Spec-
trophotometry. J. Phys. Chem. A 2016, 120, 2144−2149.
(42) Wood, J. M.; Kahr, B.; Hoke, S. H.; Dejarme, L.; Cooks, R. G.;
Ben-Amotz, D. Oxygen and Methylene Adducts of C60 and C70. J. Am.
Chem. Soc. 1991, 113, 5907−5908.
(43) Morand, K. L.; Hoke, S. H.; Eberlin, M. N.; Payne, G.; Cooks,
R. G. Quadrupole Ion Trap Mass Spectrometry of Fullerenes. Org.
Mass Spectrom. 1992, 27, 284−288.
(44) Okada, H.; Komuro, T.; Sakai, T.; Matsuo, Y.; Ono, Y.; Omote,
K.; Yokoo, K.; Kawachi, K.; Kasama, Y.; Ono, S.; Hatakeyama, R.;
Kaneko, T.; Tobita, H. Preparation of Endohedral Fullerene
Containing Lithium (Li@C60) and Isolation as Pure Hexafluorophos-
phate Salt ([Li+@C60][PF6

−]). RSC Adv. 2012, 2, 10624−10631.
(45) Haino, T.; Yanase, M.; Fukunaga, C.; Fukazawa, Y. Fullerene
Encapsulation with Calix[5]arenes. Tetrahedron 2006, 62, 2025−2035.
(46) Anderson, T. W.; Sanders, J. K. M.; Pantos, G. D. The
Sergeants-and-Soldiers Effect: Chiral Amplification in Naphthalene-
diimide Nanotubes. Org. Biomol. Chem. 2010, 8, 4274−4280.
(47) Mortensen, J. J.; Hansen, L. B.; Jacobsen, K. W. Real-Space Grid
Implementation of the Projector Augmented Wave Method. Phys. Rev.
B: Condens. Matter Mater. Phys. 2005, 71, 035109.
(48) Enkovaara, J.; Rostgaard, C.; Mortensen, J. J.; Chen, J.; Dulak,
M.; Ferrighi, L.; Gavnholt, J.; Glinsvad, C.; Haikola, V.; Hansen, H. A.;
Kristoffersen, H. H.; Kuisma, M.; Larsen, A. H.; Lehtovaara, L.;
Ljungberg, M.; Lopez-Acevedo, O.; Moses, P. G.; Ojanen, J.; Olsen,
T.; Petzold, V.; et al. Electronic Structure Calculations with GPAW: a
Real-Space Implementation of the Projector Augmented-Wave
Method. J. Phys.: Condens. Matter 2010, 22, 253202.
(49) Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized Gradient
Approximation Made Simple. Phys. Rev. Lett. 1997, 78, 1396−1396.
(50) Ishii, T.; Aizawa, N.; Yamashita, M.; Matsuzaka, H.; Kodama, T.;
Kikuchi, K.; Ikemoto, I.; Iwasa, Y. First Syntheses of Cocrystallites
Consisting of Anti-formed Metal Octaethylporphyrins with Fullerene
C60. J. Chem. Soc., Dalton Trans. 2000, 4407−4412.
(51) Filatov, A. S.; Ferguson, M. V.; Spisak, S. N.; Li, B.; Campana, C.
F.; Petrukhina, M. A. Bowl-Shaped Polyarenes as Concave−Convex
Shape Complementary Hosts for C60

− and C70
−Fullerenes. Cryst.

Growth Des. 2014, 14, 756−762.
(52) Perez, E. M.; Martin, N. Curves Ahead: Molecular Receptors for
Fullerenes Based on Concave-Convex Complementarity. Chem. Soc.
Rev. 2008, 37, 1512−1519.
(53) Jayaratna, N. B.; Olmstead, M. M.; Kharisov, B. I.; Dias, H. V. R.
Coinage Metal Pyrazolates [(3,5-(CF3)2Pz)M]3 (M = Au, Ag, Cu) as
Buckycatchers. Inorg. Chem. 2016, 55, 8277−8280.

ACS Nano Article

DOI: 10.1021/acsnano.7b07759
ACS Nano 2018, 12, 2415−2425

2424

http://dx.doi.org/10.1021/acsnano.7b07759


(54) Halim, M.; Kennedy, R. D.; Suzuki, M.; Khan, S. I.; Diaconescu,
P. L.; Rubin, Y. Complexes of Gold(I), Silver(I), and Copper(I) with
Pentaaryl[60]fullerides. J. Am. Chem. Soc. 2011, 133, 6841−6851.
(55) Olmstead, M. M.; Maitra, K.; Balch, A. L. Formation of a
Curved Silver Nitrate Network that Conforms to the Shape of C60 and
Encapsulates the Fullerene-Structural Characterization of C60{Ag-
(NO3)}5. Angew. Chem., Int. Ed. 1999, 38, 231−233.
(56) Morris, G. M.; Huey, R.; Lindstrom, W.; Sanner, M. F.; Belew,
R. K.; Goodsell, D. S.; Olson, A. J. AutoDock4 and AutoDockTools4:
Automated Docking with Selective Receptor Flexibility. J. Comput.
Chem. 2009, 30, 2785−2791.
(57) Quo, Y.; Karasawa, N.; Goddard, W. A. Prediction of Fullerene
Packing in C60 and C70 Crystals. Nature 1991, 351, 464−467.
(58) von Helden, G.; Hsu, M. T.; Gotts, N.; Bowers, M. T. Carbon
Cluster Cations with up to 84 Atoms: Structures, Formation
Mechanism, and Reactivity. J. Phys. Chem. 1993, 97, 8182−8192.
(59) Shvartsburg, A. A.; Jarrold, M. F. An Exact Hard-Spheres
Scattering Model for the Mobilities of Polyatomic Ions. Chem. Phys.
Lett. 1996, 261, 86−91.
(60) Greisch, J. F.; Amsharov, K. Y.; Weippert, J.; Weis, P.; Böttcher,
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Experimental Details 

Instrumentation 

The UV-vis spectra were measured using a PerkinElmer Lambda 25 UV-vis 
spectrophotometer. Mass spectrometric measurements were done in a Waters Synapt G2-Si 
high-resolution mass spectrometer. NMR measurements were done in a Bruker 500 MHz 
NMR spectrometer. 

ESI MS and IM MS measurements 

All samples were measured in the negative electrospray ionization mode. The instrument was 
calibrated using NaI as the calibrant. All samples were measured keeping almost the same 
conditions with slight modification wherever required. The optimized conditions for 
measuring ESI MS were as follows: 

Sample concentration: 1 μg/mL 

Diluents: DMF and toluene 

Sample flow rate: 20-30 μL/min 

Capillary voltage: 3 kV 

Cone voltage: 20 V 

Source offset: 20 V 

Source temperature: 100oC 

Desolvation temperature: 150 oC 

Desolvation gas flow: 400 L/h 

For collision-induced dissociation (CID) studies, the molecular ion peaks were first selected 
in the quadrupole and then fragmented in the trap by varying the collision energies in the 
range of 0-50 V. Trap pressure of 10 mL/min was used during the CID experiments.  

For ion mobility measurements, the optimized conditions were as follows: 

IMS wave velocity: 400 m/s 

IMS wave height: 40.0 V 

Computational Details:  

The PAW setup was Ag(4d105s15p6), S(3s23p4), C(2s22p2) and H(1s1) with scalar-relativistic 

effects included for Ag. The size of the simulation box was taken such that the distance 

between the wall of the box and the edge of the cluster is a minimum of 3 Å. The initial 
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structure of [Ag29(BDT)12]
3- was optimized by taking the crystal structure of 

[Ag29(BDT)12(TPP)4]
3-, as reported by Bakr et al.1 and removing its TPP ligands. The 

geometric optimizations of the fullerene ligated clusters were mainly carried out using the 

PBE exchange functional2 and a double zeta polarization (DZP) basis set, with a grid spacing 

of 0.2 Å in LCAO3 mode, with the convergence criteria as 0.05 eV/Å for the residual forces 

acting on atoms without any symmetry constraints. Further, the calculated ground state 

geometry and energy of the single C60 attached adduct was compared with the vdW-DF2 

functional.4 The strength of the interaction between the fullerene ligands and [Ag29(BDT)12]
3- 

cluster was studied by calculating the binding energy of C60 or C70, by subtracting the sum of 

energies of isolated [Ag29(BDT)12]
3- cluster and fullerenes from the total energy of  the 

adducts, [Ag29(BDT)12(C60)n]
3- or [Ag29(BDT)12(C70)n]

3-. The structure of 

[Ag29(BDT)12(C60)]
3- was also optimized using the finite difference (FD) grid method for 

better accuracy and to compare the results obtained by the LCAO basis method.  

Molecular docking studies have been carried out using AutoDock 4.2 and AutoDock Tools 

programs.5 The crystal structures of [Ag29(BDT)12]
3-1, C60

6 and C70
7 were used for this study. 

We used C60 (or C70) as the “ligand” i.e. the movable molecule whose rotational and 

translational degrees of freedom would be varied during the docking. The ‘receptor’ molecule 

was [Ag29(BDT)12]
3-, and this was the fixed and completely rigid central molecule. We 

assigned only partial charges from DFT for all atoms of [Ag29(BDT)12]
3-. For simplicity, we 

did not consider any charge for the movable ligand, C60 or C70. Receptor grids were generated 

using 126 × 126 × 126 grid points with a grid spacing of 0.375 Å and map types for all the 

ligand atoms were created using AutoGrid 4.6. The docking was performed using the 

Lamarckian genetic algorithm8 within AutoDock 4.2. The van der Waals radius σ (Å) and 

well depth ε (kcal/mol) for Ag of 2.63 Å and 4.560 kcal/mol, respectively, were taken from 

well-tested sources in literature9-10 and these were added to the Autodock parameter file 

which does not contain them by default. The free energies of binding were calculated by 

summing the intermolecular and internal terms and subtracting the unbound energies which is 

a calculation that is performed within the Autodock program. 

All structures were built up using the Avogadro software package11 and all visualizations 

were created with visual molecular dynamics (VMD) software.12 

 

 



S7 

 

Supporting Information 1    

 

Figure S1. A) UV-vis and B) ESI MS of [Ag29(BDT)12]
3-. Inset of A) shows the DFT 

optimized structure of the cluster and inset of B) shows the experimental and calculated 

isotope patterns of [Ag29(BDT)12]
3-. Color codes for the atoms in the inset pictures: grey: 

silver atoms of the icosahedral (Ag13) core, blue: silver atoms of the trigonal planes in the 

exterior shell, red: four silver atoms face capping the core at four tetrahedral positions of 

[Ag29(BDT)12]
3-, yellow: S atoms and green: BDT ligands.  

Supporting Information 2                                

 

Figure S2. Structure of the cluster resembling tetrahedron. The four Ag atoms (red) of the 

outer shell represent the vertices (V1, V2, V3, V4) of the tetrahedron. The four trigonal planes 

formed by the 12 Ag atoms (blue) in the exterior shell lie over the tetrahedral faces (F1, F2, 

F3, F4) of the cluster. 
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Figure S3. Formation of adducts, [Ag29(BDT)12(C60)n]
3- at cluster:fullerene molar ratios of 

(a) 1:1, (b) 1:2 , (c) 1:3 and (d) 1:4. The label, ‘n’ is the no. of C60 molecules attached to the 

cluster. 
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Figure S4. Experimental and calculated isotope patterns of [Ag29(BDT)12(C60)n]
3- (n=1-3) are 

shown in A), B) and C), respectively. 
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Figure S5. UV-vis spectra showing changes upon addition of C60 to [Ag29(BDT)12]
3- cluster. 

Inset of the figure shows a comparison of the experimental spectra with that of the spectra 

predicted (shown by dotted lines) by adding the absorbances of the cluster and the fullerene 

at a particular ratio.  
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Figure S6. UV-vis spectra showing that the stability of A) [Ag29(BDT)12]
3- decreases 

significantly within 24 h while B) the fullerene-adducts of the cluster is stable even up to 5 

days.  
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Figure S7.  SEM/EDS of A) the composite [Ag29(BDT)12(C60)n]
3- (n=1-4), and B) 

[Ag29(BDT)12]
3-, insets show (a) SEM image of the material from which EDS was taken, 

elemental mapping of (b) Ag, (c) S, and (d) C, respectively in each case. The peaks for the 
other elements (Si, In, Sn, etc.) are from the ITO coated glass slide on which the samples 
were spotted for taking SEM/EDS. Atomic ratios disregarding other elements are listed in the 
tables. 
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C

S
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O Na

In
Sn

Element Wt % At %

C 44.82 83.28

S 10.84 7.54 

Ag 44.34 9.18

[Ag29(BDT)12(C60)n]3- (n=1-4)

3 μm

B)

(a) (b)

(c) (d)

SEM image

Ag L

S K C K

Energy (keV)

Si

C
S

Ag

O Na

In
Sn

Element Wt % At %

C 16.86 55.63

S 15.96 19.75  

Ag 67.18 24.62

[Ag29(BDT)12]3-

3 μm
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Figure S8. CID with increasing CE for A) [X(C60)2]
3-, B) [X(C60)3]

3- and C) [X(C60)4]
3-, 

X=Ag29(BDT)12. 
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Figure S9. ESI MS of [Ag29(BDT)12]
3- cluster in presence of excess C60 showing the 

formation of [Ag29(BDT)12(C60)n]
3- (n=1-12) adducts, X=Ag29(BDT)12. 
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Figure S10. Lowest energy geometrical structure of [Ag29(BDT)12(C60)]
3- optimized using 

the vdW-DF2 functional in LCAO mode. BDT ligands L1 and L2 are at a distance of 3.56 Å 

and L3 is at a distance of 3.67 Å at the closest contact. Binding energy = -30.39 kcal/mol. 

 

Supporting Information 11 

The following procedure was used to carry out the computational study of the binding 

energy. We considered a system consisting of only the three BDT ligands and C60 in the same 

configuration as in the original structure of [Ag29(BDT)12(C60)]
3-. We passivated the S atoms 

on the BDT ligands with H atoms and used a vdW-DF2 functional. We found that the binding 

energy was -18.24 kcal/mol and it was a fraction of the total binding energy, -30.39 kcal/mol 

(calculated by vdW-DF2 functional). Subtracting the ligand binding energy from the total 

binding energy gives the residual binding energy of -12.15 kcal/mol due to the metal cluster 

and it’s proximal surface AgS3 motif which interacts via weak ionic and van der Waals 

interactions.  

L1

L2

L3
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Figure S11. Geometry used for computing the binding energy contribution from the 

interaction between the fullerene and three BDT ligands.  The three ligands and the fullerene 

are kept in the same configuration as in the full model of [Ag29(BDT)12(C60)]
3-. The S atoms 

of the BDT ligands are passivated with H atoms. Color codes: black: C60, green: BDT, 

yellow: S, blue: H.  
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Figure S12. DFT optimized lower energy configurational isomer of [Ag29(BDT)12(C60)]
3- 

formed by attaching C60 at the tetrahedrally oriented trigonal face of the cluster, E=-1477.049 

eV, BE= -15.63 kcal/mol. 
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Figure S13. The orientation of the cluster and the fullerene in the force-field global minimum 

geometry (FFGMG) of the adduct, [Ag29(BDT)12(C60)]
3-. 

Note. The 10 lowest minima structures that were obtained from the molecular docking 

simulations showed binding energies in the range of -10.29 to -10.23 kcal/mol. All the lowest 

energy structures gave nearly the same geometry of the adduct with slight changes in the 

orientation of C60 and interaction around the three BDT ligands at the vertex position. The 

lowest energy conformer showing a binding energy of -10.29 kcal/mol is shown in the above 

figure (Figure S13). C60 remains at a distance of about 4.18 Å from the vertex Ag atom. The 

benzene ring of one of the BDT ligands (L1) lies in nearly a direct parallel overlap with a 

hexagonal ring of C60 at a distance of 3.16 Å. Another BDT ligand (L2) has partial interaction 

with C60 and the other ligand L3 is far away and has no interaction at all.   

 

 

 

L1

L2

L3
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Figure S14. DFT optimized structure of the FFGMG of the adduct. Energy (E) = -

1478.108750 eV, Binding energy (BE) = -16.37 kcal/mol. 

 

Note. DFT optimization causes slight variations in the structure of the FFGMG of the adduct 

obtained from docking studies. The distance of C60 from the vertex Ag atom slightly 

increases to 4.26 Å (4.18 Å in case of FFGMG). Also, the distance from the BDT ligand L1 

increases from 3.16 Å to 3.43 Å and L2 increases from 3.41 Å to 3.61 Å after DFT 

optimization. This is due to additional relaxations considered in DFT.  
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Figure S15. DFT optimized lowest energy structure of [Ag29(BDT)12(C60)n]
3-, A) n=2 and B) 

n=3.  

Supporting Information 16 

 

Figure S16. Structure of A) [Ag29(BDT)12(C60)8]
3- resembling a distorted cube, (B). The 

length of the sides of the cube is marked in the figure.  

 

 

A) B)

B)

14.53 Å

15
.6

1 
Å

A)



S18 

 

Supporting Information 17 

 

Figure S17. Structure of [Ag29(BDT)12(C60)9]
3- with 9th C60 placed over two BDT ligands.  

Supporting Information 18 

 

Figure S18. Possibilities of less favourable configurational isomers of [Ag29(BDT)12(C60)4]
3- 

with all C60 molecules A) attached at the four tetrahedrally oriented trigonal faces (CCS 580 

Å2), B) crowed around one vertex site by fullerene-fullerene interaction (CCS 516 Å2) and C) 

attached over the BDT ligands in three different possible ways (CCS 598 Å2 in each case).  

A) B)

C) (i) (ii) (iii)

CCS 580 Å2 CCS 516 Å2 

CCS 598 Å2 CCS 598 Å2
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Figure S19. ESI MS of (a) [X(C60)n]
3- (n=1-4) and (b) showing replacement of C60 upon 

addition of PPh3, X=Ag29(BDT)12 . 
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Figure S20. ESI of the adducts ([Ag29(BDT)12(C60)n]
3-(n=1-4)) (a) before addition of salts; in 

presence of (b) 0.1 mM KOAc, (c) 1.0 mM KOAc, (d) 1.0 mM NaCl, (e) 1.0 mM Ca(NO3)2 
and (f) 1.0 mM NH4OAc. The asterisks (*) indicate unassigned peaks.  
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Figure S21. UV-vis spectra showing changes upon addition of C70 to [Ag29(BDT)12]
3- cluster. 

Inset of the figure shows a comparison of the experimental spectra with that of the spectra 

predicted (shown by dotted lines) by adding the absorbances of the cluster and the fullerene 

at a particular ratio (1:4 molar ratio).  
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Figure S22. CID at increasing CE for A) [X(C70)]
3- and B) [X(C70)2]

3-, X=Ag29(BDT)12. 
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Figure S23. ESI MS of (a) [X(C70)n]
3- (n=1-4) and (b) showing replacement of C70 upon 

addition of PPh3, X=Ag29(BDT)12. 
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Figure S24. ESI MS of [Ag29(BDT)12]
3- cluster in presence of excess C70 showing the 

formation of [Ag29(BDT)12(C70)n]
3- (n=1-8) adducts, X=Ag29(BDT)12. 
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Figure S25. DFT optimised lowest energy structure of [Ag29(BDT)12(C70)]
3-.  
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Figure S26. DFT optimized lower energy isomeric structure of [Ag29(BDT)12(C70)]
3- formed 

by attaching C70 at the face position of the cluster, E=-1566.762 eV, BE= -17.99 kcal/mol. 

The distance of C70 from the face Ag atoms is 3.91 – 3.97 Å. 

 

 

 

 

 

 

 

 

 

 



S26 

 

Supporting Information 27 

 

Figure S27. The orientation of the cluster and C70 in the force-field global minimum 

geometry (FFGMG) of the adduct [Ag29(BDT)12(C70)]
3-. 

 

Note. The 10 lowest minima structures that were obtained from the molecular docking 

simulations showed binding energies in the range of -10.99 to -10.96 kcal/mol. All the lowest 

energy structures gave nearly the same geometry of the adduct, similar to the case of C60.  

The lowest energy conformer showing a binding free energy of –10.99 kcal/mol is shown in 

the above figure (Figure S27). C70 remains at a distance of about 4.13 Å from the vertex Ag 

atom. The benzene ring of one of the BDT ligands (L1) lies in nearly parallel overlap with a 

hexagonal ring of C70 at a distance of 3.15 Å. Another BDT ligand (L2) has partial interaction 

with C70 and the other ligand L3 is far away and has no interaction at all.   
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Figure S28. DFT optimized structure of the FFGMG of the adduct, Energy (E) = -

1566.719694 eV, Binding energy (BE) = -17.07 kcal/mol. 
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Figure S29. DFT optimized lowest energy structure of [Ag29(BDT)12(C70)n]
3-

 A) n=2 and B) 

n=3.  
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Figure S30. The plot of drift time of the adducts [Ag29(BDT)12(C70)n]
3- with their m/z values. 

Lowest energy structures of the adducts are shown beside their respective spots. The table in 

the inset of the figure shows the experimental and the calculated CCS values. 
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Supporting Table S1 

(a) Table showing energies* for lowest energy isomers of [Ag29(BDT)12(C60)]
3- where C60 is 

attached at a tetrahedral vertex position of the cluster (the energies of the lowest energy 

structure are written in bold) 

Orientation of C60 facing 

the vertex Ag atom 

Lowest energy state (E/eV) Binding Energy 

  BE (kcal/mol) 

C6 face -1478.079 -15.75 
C5 face -1478.087 -15.93 

6-6 bond -1478.120 -16.70 
6-5 bond -1478.123 -16.77 

          *calculated at PBE/dzp level of theory in LCAO mode 

(b) Table showing comparison of LCAO and FD energies for lowest energy structure of 

[Ag29(BDT)12(C60)]
3-  

LCAO Energy (eV) FD Energy (eV) 

PBE/dzp    vdW-DF2/dzp PBE/dzp vdW-DF2/dzp 

-1478.123 -5743.130 -1534.580 -5813.108 

 

Supporting Table S2 

Table showing energies* for isomeric structure of [Ag29(BDT)12(C60)]
3-obtained by attaching 

C60 at a tetrahedrally oriented trigonal face of the cluster (the energies of the lowest energy 

structure are written in bold) 

Orientation of C60 facing 

the Ag atoms 

Lowest energy state (E/eV) Binding Energy 

  BE (kcal/mol) 

C6 face -1477.025 -15.07 
C5 face -1476.999 -14.48 

6-6 bond -1477.020 -14.96 
6-5 bond -1477.049 -15.63 

          *calculated at PBE/dzp level of theory in LCAO mode. 
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Supporting Table S3 

(A) Table showing energies* for lowest energy isomers of [Ag29(BDT)12(C60)n]
3- (n=2) 

        (the energies of the lowest energy structure are written in bold) 

Orientation of C60 facing 

the vertex Ag atom 

Lowest energy state (E/eV) Binding Energy/n 

  BE (kcal/mol) 

C6 face -1992.374 -14.68 
C5 face -1992.439 -15.43 

6-6 bond -1992.456    -15.63 

6-5 bond -1992.408 -15.07 
          *calculated at PBE/dzp level of theory in LCAO mode. 

B) Table showing energies* for lowest energy isomers of [Ag29(BDT)12(C60)n]
3- (n=3) 

      (the energies of the lowest energy structure are written in bold) 

Orientation of C60 facing 

the vertex Ag atom 

Lowest energy state (E/eV) Binding Energy/n 

  BE (kcal/mol) 

C6 face -2507.650 -14.02 
C5 face -2507.747 -14.77 

6-6 bond -2507.641 -13.95 
6-5 bond -2507.723 -14.58 

          *calculated at PBE/dzp level of theory in LCAO mode. 

C) Table showing energies* for lowest energy isomers of [Ag29(BDT)12(C60)4]
3-(n=4)                       

       (the energies of the lowest energy structure are written in bold) 

Orientation of C60 facing 

the vertex Ag atom 

Lowest energy state (E/eV) Binding Energy/n 

  BE (kcal/mol) 

C6 face -3022.924 -13.68 
C5 face -3022.983 -14.02 

6-6 bond -3022.848 -13.24 
6-5 bond -3022.985 -14.03 

          *calculated at PBE/dzp level of theory in LCAO mode. 
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Supporting Table S4 

(A) Table showing energies for lowest energy isomers* of [Ag29(BDT)12(C70)n]
3- (n=1) for 

C70 attached at vertex position (the energies of the lowest energy structure are written in bold) 

Orientation of C70 facing 

the vertex Ag atom 

Lowest energy state (E/eV) Binding Energy/n 

  BE (kcal/mol) 

C6 face -1566.770 -18.22 
C5 face -1566.785 -18.68 

6-6 bond -1566.728 -17.30 
6-5 bond(1) -1566.756 -17.99 
6-5 bond(2) -1566.745 -17.76 

          *calculated at PBE/dzp level of theory in LCAO mode. 

Note. 6-5 bond(1) is the bond at the edge of the major axis and 6-5 bond(2) is the bond at the edge of the minor 

axis of the ellipsoidal C70. 

B) Table showing energies* for the isomeric structure of [Ag29(BDT)12(C70)n]
3- (n=1) formed 

by attaching C70 at face position of the cluster (The energies of the lowest energy structure 

are written in bold.) 

Orientation of C70 facing 

the Ag atoms 

Lowest energy state (E/eV) Binding Energy/n 

  BE (kcal/mol) 

C6 face -1566.762 -17.99 

C5 face -1566.745 -17.76 
6-6 bond -1566.711 -16.83 

6-5 bond(1) -1566.755 -17.99 
6-5 bond(2) -1565.628 -16.83 

           *calculated at PBE/dzp level of theory in LCAO mode. 

C) Table showing energies* for lowest energy isomers of [Ag29(BDT)12(C70)n]
3- (n=2) for    

C70 attached at vertex positions (the energies of the lowest energy structure are written in 

bold) 

Orientation of C70 facing 

the vertex Ag atom 

Lowest energy state (E/eV) Binding Energy/n 

  BE (kcal/mol) 

C6 face -2169.597 -16.60 

C5 face -2169.560 -16.14 
6-6 bond -2169.534 -15.91 

6-5 bond(1) -2169.572 -16.37 
6-5 bond(2) -2169.571 -16.35 

          *calculated at PBE/dzp level of theory in LCAO mode. 
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D) Table showing energies* for lowest energy isomers of [Ag29(BDT)12(C70)n]
3- (n=3)  for 

C70 attached at vertex position (The energies of the lowest energy structure are written in 

bold.) 

Orientation of C70 facing 

the vertex Ag atom 

Lowest energy state (E/eV) Binding Energy/n 

  BE (kcal/mol) 

C6 face -2773.419 -15.52 
C5 face -2773.422 -15.54 

6-6 bond -2773.390 -15.29 
6-5 bond(1) -2773.441 -15.68 
6-5 bond(2) -2773.490 -16.07 

          *calculated at PBE/dzp level of theory in LCAO mode. 

E) Table showing energies* for lowest energy isomers of [Ag29(BDT)12(C70)n]
3- (n=4) for C70 

attached at vertex position (the energies of the lowest energy structure are written in bold) 

Orientation of C70 facing 

the vertex Ag atom 

Lowest energy state (E/eV) Binding Energy/n 

  BE (kcal/mol) 

C6 face -3375.085 -15.04 
C5 face -3377.299 -15.29 

6-6 bond -3377.241 -14.97 
6-5 bond(1) -3377.352 -15.59 

6-5 bond(2) -3377.313 -15.38 
          *calculated at PBE/dzp level of theory in LCAO mode. 

 

Note. ESI MS characterization clearly reveals an inherent charge state of -3 for 

[Ag29(BDT)12] cluster as during ionization no counter ions or external ionizing agent was 

added. The charge is expected to be balanced by counter cations, though it remains unsolved 

from its reported crystal structure.  [Ag29(BDT)12]
3- is a stable superatom system (29-

24+3=8e), BDT is a dithiol and contributes 2 electrons per ligand.  The charge on the cluster 

is due to its inherent electron delocalization.1 So, we have considered the anionic cluster itself 

as a reagent, instead of representing its charge-balanced form with the counter ions.  
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Coordinates of the DFT- optimized geometries  

 

Lowest energy structure of [Ag29(BDT)12(C60)4]
3-

 (optimized using PBE/dzp level 

of theory in LCAO) 

 

Energy = -3022.985 eV (-111.093 Hartrees) 
 
Ag        16.18178       15.91615       15.88513 
Ag        18.61536       16.04478       17.33675 
Ag        17.64014       18.36763       16.00480 
Ag        16.30933       17.37863       18.34110 
Ag        16.16871       14.37995       18.28323 
Ag        18.57601       15.87619       14.36041 
Ag        14.66116       18.31309       15.84715 
Ag        17.71198       13.52714       15.75779 
Ag        16.03487       17.43913       13.49253 
Ag        13.80881       15.74293       17.41410 
Ag        13.73752       16.00056       14.43058 
Ag        14.72944       13.45847       15.97655 
Ag        16.27612       14.44181       13.44876 
Ag        20.43122       17.74357       19.26794 
Ag        19.55463       20.19402       17.68649 
Ag        17.96862       19.29261       20.14873 
Ag        18.96549       13.26202       18.49675 
Ag        18.77802       18.65421       13.23098 
Ag        13.54588       18.48027       18.63148 
Ag        14.52508       12.42999       20.06776 
Ag        20.33987       14.24186       12.40783 
Ag        12.72658       20.09171       14.23124 
Ag        19.55448       11.74562       14.03231 
Ag        14.32064       19.30943       11.73600 
Ag        12.02423       14.00638       19.29630 
Ag        12.81628       11.60449       17.65001 
Ag        17.94240       12.53981       11.59193 
Ag        11.89812       17.68058       12.55327 
Ag        13.51763       13.25358       13.23751 
S           15.39198       18.60587       20.38524 
S           20.66523       15.18061       18.53227 
S           18.89933       20.39536       15.10244 
S           17.12740       13.07695       20.26119 
S           20.55740       16.83154       13.07057 
S           13.36150       20.28041       16.82414 
S           19.05050       11.52534       16.62453 
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S         16.90977       18.79151       11.50109 
S         11.80616       16.59467       18.73056 
S         11.74594       15.07553       13.12589 
S         13.39580       11.47760       15.05077 
S         15.34063       13.12938       11.47461 
S         19.51865       17.95133       21.58683 
S         21.87746       19.26657       17.92717 
S         18.21863       21.62108       19.24241 
S         13.00252       13.69608       21.59215 
S         21.85411       12.71296       13.67308 
S         14.00050       21.60477       12.70352 
S         14.22862       10.14333       19.08146 
S         19.36225       13.96396       10.11844 
S         10.41766       19.12410       13.95810 
S         10.51102       12.52644       17.95121 
S         18.23313       10.23503       12.53186 
S         12.82436       17.97498       10.24262 
C         14.91534       17.34902       21.57691 
C         21.85378       14.71388       17.27112 
C         17.64792       21.59272       14.62911 
C         15.02185       17.63764       22.95809 
C         23.23837       14.85828       17.53459 
C         17.92982       22.97462       14.75080 
H         15.48139       18.58715       23.29211 
H         23.57571       15.38569       18.44744 
H         18.86915       23.31073       15.23012 
C         14.51792       16.71118       23.89171 
C         24.17201       14.30681       16.63181 
C         17.00496       23.90838       14.24181 
H         14.59034       16.93889       24.97351 
H         25.25494       14.38286       16.85857 
H         17.22988       24.99009       14.32501 
C         13.91235       15.51099       23.47743 
C         23.75393       13.63910       15.46789 
C         15.81071       23.49522       13.62307 
H         13.50543       14.80095       24.22264 
H         24.49395       13.18724       14.78020 
H         15.10248       24.24100       13.21368 
C         13.81541       15.20558       22.09501 
C         22.36899       13.54418       15.16469 
C         15.50715       22.11197       13.52104 
C         14.33210       16.13296       21.16470 
C         21.44094       14.08497       16.07964 
C         16.43591       21.18203       14.03504 
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H         14.25775       15.90406       20.08356 
H         20.36048       13.99320       15.85599 
H         16.20801       20.10109       13.95556 
C         17.60166       14.30070       21.48741 
C         21.77926       17.32946       14.28962 
C         14.57974       21.51121       17.30836 
C         17.46310       13.99579       22.86283 
C         23.15383       17.21348       13.97236 
C         14.26523       22.88544       17.17631 
H         16.97810       13.05115       23.17395 
H         23.46488       16.73779       13.02287 
H         13.31423       23.19272       16.70093 
C         17.95559       14.90610       23.81968 
C         24.10966       17.71696       14.87650 
C         15.17320       23.84615       17.66420 
H         17.84993       14.66666       24.89673 
H         25.18664       17.62868       14.63175 
H         14.92961       24.92238       17.56075 
C         18.57781       16.10805       23.43458 
C         23.72296       18.33245       16.08148 
C         16.37955       23.46709       18.28203 
H         18.96938       16.80835       24.19768 
H         24.48507       18.73408       16.77647 
H         17.07684       24.23370       18.67147 
C         18.70169       16.43261       22.05742 
C         22.34712       18.44260       16.41338 
C         16.70664       22.09228       18.41133 
C         18.20446       15.51720       21.10525 
C         21.39499       17.92829       15.50735 
C         15.79783       21.13503       17.91175 
H         18.30203       15.76079       20.03001 
H         20.32005       18.00795       15.76075 
H         16.04928       20.06128       18.01147 
C         17.80627       10.29961       17.04592 
C         17.33841       17.55039       10.27400 
C         10.58418       17.00091       17.48219 
C         16.63193       10.66312       17.73601 
C         18.01636       16.36842       10.63843 
C         10.93838       17.74005       16.33611 
H         16.43869       11.72956       17.95968 
H         18.23066       16.16844       11.70593 
H         12.00180       17.98428       16.15330 
C         15.69265        9.69898        18.16062 
C         18.44012       15.42838         9.67473 
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C          9.97356        18.17819      15.40274 
C         15.94868         8.33287      17.87569 
C         18.15606       15.68556        8.30786 
C           8.60852       17.86214      15.64588 
H         15.22826        7.56142       18.20869 
H         18.47310       14.95602        7.53800 
H           7.83500       18.21281      14.93617 
C         17.11175         7.96951      17.17307 
C         17.47069       16.85902        7.94231 
C           8.25460       17.09285      16.76821 
H         17.29840         6.90110      16.94735 
H         17.24516       17.04725        6.87357 
H          7.19105        16.83383      16.93954 
C         18.04488         8.93618      16.75039 
C         17.05988       17.79915        8.90835 
C          9.22595        16.65517      17.69318 
H         18.95547         8.64095      16.19525 
H         16.52649      18.72210         8.61032 
H           8.93835      16.04941       18.57338 
C         10.54172       14.49800       14.32762 
C         14.59877       10.27236       14.48325 
C         14.76587       14.33441       10.27143 
C         10.94049       13.94324       15.56211 
C         15.83692       10.67183       13.93672 
C         14.22497       15.57486       10.67189 
H         12.01022       13.96711       15.84906 
H         16.12428       11.74133       13.96240 
H         14.25368       15.86094       11.74187 
C         10.01537       13.32768       16.43291 
C         16.71123         9.74571       13.32907 
C         13.61808       16.45188         9.74681 
C           8.64608       13.30187       16.05580 
C         16.33374         8.37666       13.30333 
C         13.59341       16.07729         8.37739 
H           7.90579       12.81858       16.72205 
H         17.00402         7.63883       12.82263 
H         13.12271       16.75152         7.63695 
C           8.24052       13.88302       14.84016 
C         15.11795         7.96939       13.88106 
C         14.15953       14.85496         7.97189 
H           7.16966       13.86086       14.55404 
H         14.83378         6.89820       13.85745 
H         14.13143        14.56904        6.90154 
C          9.17216         14.48025       13.96813 
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C         14.24135         8.90157       14.47113 
C         14.74244       13.97341         8.90274 
H           8.84862       14.91559       13.00323 
H         13.27786         8.57748       14.90843 
H         15.16018       13.00107        8.57773 
C         22.48965       25.17260       12.45608 
C         22.60202       23.85293       13.07519 
C         23.58590       25.72771       11.76171 
C         23.80867       23.12755       12.97458 
C         24.83402       24.97587       11.65389 
C         24.94123       23.69941       12.24820 
C         21.13855       25.30430       11.91559 
C         21.31997       23.16887       12.91867 
C         23.36971       26.42966       10.49805 
C         23.77668       21.69064       12.70784 
C         25.39076       25.21326       10.32364 
C         25.61047       22.61548       11.53138 
C         20.41601       24.06693       12.20111 
C         24.48484       26.11059         9.60836 
C         24.89051       21.37486       11.81587 
C         20.92892       25.98611       10.69716 
C         21.28938       21.78230       12.65810 
C         22.06463       26.55586         9.97436 
C         22.53837       21.03091       12.54886 
C         26.03828       24.16676        9.63157 
C         26.15093       22.84612       10.24768 
C         19.51245       23.54540       11.25141 
C         24.25645       25.93023         8.22691 
C         24.72950       20.40772       10.80148 
C         19.99097       25.44731        9.71520 
C         20.34827       21.24090       11.67673 
C         21.82798       26.36903         8.54398 
C         22.37287       20.02765       11.49918 
C         25.80153       23.97890         8.20093 
C         25.98632       21.84194         9.19745 
C         19.29867       24.24693         9.98834 
C         19.47592       22.10856       10.98479 
C         22.90537       26.06262         7.68434 
C         23.45031       19.71911       10.64170 
C         24.92735       24.84647         7.51026 
C         25.28459       20.64739         9.47054 
C         20.54693       25.68314         8.38443 
C         21.01976       20.15586       10.95862 
C         25.77017       22.54189         7.93246 
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C         19.13026       23.24350        8.93819 
C         19.23993       21.92157        9.55445 
C         22.73904       25.05923        6.63437 
C         23.21405       19.53318        9.21130 
C         23.98834       24.30707        6.52757 
C         24.34780       20.10647        8.48756 
C         20.38621       24.71360        7.37134 
C         20.79182       19.97625        9.57740 
C         24.86300       22.02107        6.98362 
C         19.66426       23.47379        7.65236 
C         19.88600       20.87433        8.86303 
C         21.50201       24.39511        6.48304 
C         21.90886       19.66116        8.68939 
C         23.95690       22.91940        6.26847 
C         24.14122       20.78141        7.26503 
C         20.33380       22.38950        6.93731 
C         20.44516       21.11553        7.53472 
C         21.46925       22.95852        6.21397 
C         21.69457       20.36511        7.42643 
C         22.67596       22.23313        6.10777 
C         22.78958       20.91287        6.72443 
C          7.82249       21.43408       25.05359 
C          6.43986       21.60413       24.61126 
C          8.54662       20.28360       24.67423 
C          5.82793       20.61706       23.80841 
C          7.91214       19.26024       23.84474 
C          6.57577       19.42381       23.41980 
C          8.46945       22.74504       25.02927 
C          6.23251       23.01925       24.31173 
C          9.94349       20.39992       24.26014 
C          4.98568       21.01079       22.67976 
C          8.91796       18.74603       22.91783 
C          6.19637       19.08078       22.05003 
C          7.48596       23.72550       24.57260 
C         10.17289       19.44960      23.17504 
C          5.21382       20.06092       21.59268 
C          9.81785       22.85745       24.62625 
C          5.41902       23.39964       23.22268 
C         10.56870       21.66589      24.23707 
C          4.78381       22.37783       22.39200 
C          8.55204       18.42005       21.59417 
C          7.16872       18.59092       21.15233 
C          7.88481       24.78660       23.73031 
C         11.01616      19.80078       22.09939 
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C          5.23836       20.51257       20.25457 
C         10.23030      23.95710       23.75474 
C          5.83181       24.49875       22.35160 
C         11.44551      22.02822       23.12555 
C           4.80540      22.84549       21.00703 
C           9.42735      18.78087       20.48281 
C           7.19247      19.05620       19.76713 
C           9.28127      24.90533       23.31557 
C           7.04304      25.18078       22.60195 
C         11.66297      21.11196       22.07451 
C           5.03088      21.92854       19.95736 
C         10.63917      19.45802       20.73082 
C           6.24101      19.99909       19.32400 
C         11.23601      23.44386       22.82730 
C           5.45207      24.15666       20.98276 
C           8.58928      19.17065       19.35166 
C           9.30349      25.37265       21.93063 
C           7.91997      25.54242       21.48952 
C         11.68735      21.57760       20.68856 
C           5.90677      22.28935       18.84268 
C         11.05624      20.55505       19.85680 
C           6.65369      21.09742       18.45030 
C         11.25788      23.89232       21.48948 
C           6.30140      24.50264       19.90928 
C           8.98823      20.23121       18.50950 
C         10.27228      24.87138       21.03489 
C           7.55619      25.20795       20.16714 
C         11.49252      22.94612       20.40062 
C           6.53044      23.55678       18.82013 
C         10.23944      20.93656       18.77144 
C           8.00535      21.21050       18.05709 
C           9.89592      24.52814       19.66511 
C           8.56113      24.69605       19.23758 
C         10.64970      23.33928       19.27355 
C           7.92671      23.67473       18.40546 
C         10.03493      22.35166       18.47383 
C           8.65170      22.52281       18.03290 
C         23.74664      11.77469       25.79438 
C         24.28700      10.43710       26.03082 
C         24.50233      12.72381       25.07259 
C         25.56543      10.09301       25.53980 
C         25.82540      12.36761       24.56210 
C         26.34774      11.07596       24.79262 
C         22.31123      11.64511       25.55032 
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C         23.18461        9.48094       25.93440 
C         23.85014      13.57949       24.08327 
C         25.78685        8.78203       24.93020 
C         25.99171       13.00541       23.25788 
C         27.05126       10.37214       23.72160 
C         21.96413       10.22819       25.63751 
C         24.77127       13.75428       22.96216 
C         26.70492         8.95467       23.80675 
C         21.68197       12.46734       24.59132 
C         23.39931         8.21472       25.34572 
C         22.46412       13.45150       23.84544 
C         24.72193         7.85923       24.83525 
C         26.67201       12.32515       22.22416 
C         27.20830       10.98606       22.46039 
C         20.99946         9.68558       24.76032 
C         24.27026       13.79114       21.64310 
C         26.52774         8.20029       22.62601 
C         20.67986       11.90639       23.68624 
C         22.39921         7.65169       24.44006 
C         21.94451       13.49779       22.48060 
C         24.53912         7.07603       23.61408 
C         26.15607       12.36854       20.85751 
C         27.02600       10.20418       21.23771 
C         20.34328       10.53741       23.77191 
C         21.22222         8.37527       24.15037 
C         22.83488       13.66065       21.39845 
C         25.42651         7.24334       22.52873 
C         24.97479       13.08607       20.57288 
C         26.69204         8.83426       21.32041 
C         20.84051       12.54478       22.38283 
C         23.10315         6.94768       23.37000 
C         26.37747       11.05810       20.24694 
C         20.15637         9.75382       22.55047 
C         20.70041         8.41735       22.78589 
C         22.65405       12.87580       20.18038 
C         24.90951         7.28747       21.16235 
C         23.97364       12.52250       19.66742 
C         25.69218         8.27088       20.41536 
C         20.66488       11.78747       21.20422 
C         22.60311         6.99339       22.05094 
C         25.40736       10.51483       19.37521 
C         20.31968       10.36875       21.29093 
C         21.38112         7.73844       21.75249 
C         21.58535       11.95970       20.08099 
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C         23.52280         7.16625       20.92788 
C         24.18857       11.25978       19.07366 
C         25.05959         9.09753       19.46247 
C         21.02640         9.66611       20.22052 
C         21.54582         8.37292       20.44668 
C         21.80848       10.64752       19.47290 
C         22.86894         8.01912       19.93738 
C         23.08551       10.30549       18.97765 
C         23.62455         8.96887       19.21689 
C         11.68876         6.29434         9.53317 
C         12.23326         7.14867         8.48022 
C         11.73118         6.72206       10.87791 
C         12.79909         8.39929         8.81167 
C         12.32348         8.01291       11.22103 
C         12.84854         8.83866       10.20419 
C         10.48993         5.64020         9.01197 
C         11.37124         7.02442         7.30703 
C         10.57744         6.50790       11.74915 
C         12.52503         9.56837         7.97843 
C         11.53574         8.59826       12.30446 
C         12.60434       10.27990       10.23259 
C         10.29242         6.09401         7.63639 
C         10.45518         7.66801       12.62953 
C         12.40415       10.73047         8.85672 
C           9.37515         5.43268         9.85382 
C         11.10613         8.15428         6.50249 
C           9.42057         5.87332       11.24693 
C         11.69556         9.44806         6.84247 
C         11.29535         9.98873       12.33049 
C         11.84200       10.84480       11.27764 
C           8.98761         6.32345         7.14770 
C           9.17729         8.15737       12.97617 
C         11.45176       11.73151         8.57049 
C           8.02455         5.67222         9.34853 
C           9.75595         8.39200         5.99603 
C           8.09825         6.38290       11.60309 
C         10.71047       10.48535         6.54553 
C           9.97155       10.49578       12.68437 
C         10.85246       11.88025       10.97955 
C           7.83344         6.10861         8.01881 
C           8.71434         7.49180         6.31284 
C           7.97951         7.50503       12.45129 
C         10.59001       11.60470         7.39781 
C           8.93079         9.59834       13.00793 



S43 

 

C         10.66290       12.31901         9.65152 
C           7.23493         6.25904       10.43035 
C           9.51102         9.83349         6.02268 
C           9.69819       11.66313       11.84917 
C           6.84613         7.14554         7.72291 
C           7.39128         8.00075         6.66968 
C           6.99335         8.54252       12.15541 
C           9.26700       12.11391         7.75400 
C           7.58197         9.83564       12.49872 
C           9.31271       12.55552         9.14676 
C           6.28186         7.26028       10.14542 
C           8.23313       10.32515         6.36818 
C           8.39473       11.89539       11.36285 
C           6.08441         7.71093         8.76890 
C           7.15594         9.39272         6.69807 
C           6.15726         8.42202        11.02411 
C           8.10884       11.48589          7.24761 
C           7.31758       10.96413        11.69250 
C           8.19806       12.34795          9.98790 
C           5.83800         9.15138          8.79733 
C           6.36565         9.97713          7.77998 
C           5.88304         9.59033        10.19066 
C           6.95533       11.27041          8.11987 
C           6.45601       10.83823        10.51945 
C           7.00080       11.69259          9.46566 

 



This journal is© the Owner Societies 2018 Phys. Chem. Chem. Phys., 2018, 20, 7593--7603 | 7593

Cite this:Phys.Chem.Chem.Phys.,

2018, 20, 7593

Understanding proton capture and cation-induced
dimerization of [Ag29(BDT)12]

3� clusters by ion
mobility mass spectrometry†

Papri Chakraborty,‡a Ananya Baksi,‡§a Sathish Kumar Mudedla,b Abhijit Nag,a

Ganesan Paramasivam,a Venkatesan Subramanian b and Thalappil Pradeep *a

Proton transfer reactions have been a topic of fundamental interest in several areas of chemistry and

biology. However, such reactivity has not been explored in detail for nanoscale materials. In this article, we

present a unique reaction of an atomically precise monolayer-protected silver nanocluster, [Ag29(BDT)12]
3�,

with a proton (H+). Under controlled conditions, the strong proton affinity facilitated a complete conversion

of the cluster to its protonated form, [Ag29(BDT)12H]2�. Moreover, binding of alkali metal ions (Li+, Na+, K+,

Rb+ and Cs+) induced specific structural changes and also favored dimerization of the cluster. In this case,

the cations acted as a bridge between the two clusters and the degree of dimerization was specific to the

size of the cations. The conformational changes and separation of the alkali–metal ion bound dimers from

their respective monomers have been investigated by ion mobility mass spectrometry (IM MS) and tandem

mass spectrometric studies. Density functional theory (DFT) calculations have been used to determine

the possible structures of the monomers and the dimers. Similar reactivity of the cluster can also be

extended to other metal ions. While the present study helps to expand the ion-chemistry of atomically

precise clusters, gas-phase basicity of the molecule can be explored in further detail and this can find

applications in the areas of sensing and materials in general.

1. Introduction

Monolayer-protected clusters are emerging as an interesting
family of nanomaterials. These nanoscale materials are becom-
ing increasingly important due to their structures, diverse
properties, and widespread applications.1–5 Condensed phase
science of these clusters is expanding in different directions due
to their potential applications in sensing, catalysis, imaging, etc.
Up to now, several clusters have been crystallized and their
structures have been solved by X-ray crystallography. Some of
the noted examples are clusters like Au25(SR)18,

6 Au38(SR)24,
7

Au102(SR)44,
8 Ag44(SR)30,

9 Ag25(SR)18,
10 Ag29(S2R)12,

11 etc. These
clusters are well characterized by distinct absorption features

and also by mass spectrometry. Isotope patterns obtained
from high resolution mass spectrometric techniques have
helped to identify their molecular formulae and hence the
exact composition of the clusters in the gas phase. Solution-
phase properties of the clusters have been studied for a long
time. However, gas-phase studies provide new insights into
understanding their properties, and recently such studies have
become important.12–15 Another emerging field is intercluster
reactions.16 Detection of intermediate products helps to under-
stand the reaction mechanism.17 Several interactions like
H-bonding, van der Waals forces, and dipole–dipole interactions
exist and they can result in the formation of different types of
adducts of clusters. Ag44(p-MBA)30 (p-MBA is para mercapto
benzoic acid) clusters remain hydrogen bonded to their neigh-
boring ones in their superlattice structures.18 Such interactions
are important in controlling highly precise cluster-mediated self-
assemblies.19 Au25(SBu)18 (SBu is butane thiolate) is known to
form a linear polymer in its crystal structure via Au–Au single
bonds stabilized by appropriate orientation of the clusters.20 An
intercluster reaction between [Au25(SR)18]

� and [Ag25(SR)18]
�

also involves the formation of a transient dianionic adduct,
[Au25Ag25(SR)36]

2�.16 Polymeric forms of [Au25(SR)18]
� clusters have

been detected in the gas phase.21 However, aurophilic interaction
is one of the essential factors favoring such a dimerization process,
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which was reflected in the absence of any dimerization in the
structurally similar [Ag25(SR)18]

� cluster. Similarly, [Ag29(S2R)12]
3�

also does not dimerize, possibly due to the lack of suitable
interactions to favor such a process.

In this article, we present a new aspect of cluster dimerization
mediated through cations. This is possibly due to additional
interactions that arise in the system due to the incorporation of a
new metal center. We have characterized and separated the
dimers by ion-mobility mass spectrometry (IM MS). IM MS
studies help in understanding the structure and conformational
dynamics present in a system.22 Though such techniques have
been used extensively to study proteins and macromolecules,23–27

recently these techniques have also become useful in the case of
clusters.28,29 Reactivity of the cluster with a series of alkali metal
ions (Li+, Na+, K+, Rb+ and Cs+) and their effect on the dimeriza-
tion process have been studied. Ion-mobility and dissociation
studies reflect the similarity in their structures. Such interactions
can be expanded across a number of similar metals. Another
aspect that is brought about in this article is the uniqueness of
the interaction of the [Ag29(BDT)12]

3� cluster with protons.
Interaction of hydrogen with [Au25(SR)18] clusters has been
studied theoretically, which predicts that hydrogen can behave
as ametal atom in the clusters and contribute its one electron to the
superatomic free-electron count.30 Hydride protected Ag, Cu and Fe
clusters have also been characterized.31–34 Herein, we explore the
reactivity of a proton (H+) with the cluster [Ag29(BDT)12]

3�.
H+ interacts with the cluster to form [Ag29(BDT)12H]2�.
Affinity towards protons can give an idea regarding the gas-
phase basicity of a molecule.35–39 Proton-transfer reactions are
of immense importance in chemistry and in biomolecular
processes.40–43 So, it has been an important area of research
for years and such studies have been performed for a wide
range of molecules starting from small molecules, amino acids,
peptides and proteins. Structural changes resulting from the
interaction of the cluster with a proton as well as alkali metal
ions have been studied by density functional theory calcula-
tions. Computational studies are also presented to understand
the possible structures for the dimers.

2. Experimental section
2.1 Reagents and materials

All the materials were commercially available and used
without further purification. Silver nitrate (AgNO3, 99.9%) was
purchased from Rankem, India. 1,3-Benzene dithiol (1,3-BDT),
sodium borohydride (NaBH4), and formic acid (98%) were
purchased from Sigma Aldrich. Triphenylphosphine (TPP)
was purchased from Spectrochem, India. Ammonium acetate
(NH4OAc), sodium acetate (NaOAc), lithium bromide (LiBr),
potassium acetate (KOAc), rubidium bromide (RbBr) and
cesium acetate (CsOAc) were purchased from Sigma Aldrich.
All the solvents, dichloromethane (DCM), methanol (MeOH),
ethanol (EtOH) acetonitrile (ACN) and dimethylformamide
(DMF), were of HPLC grade and were used without further
distillation.

2.2 Synthesis of the [Ag29(BDT)12(TPP)4] cluster

The [Ag29(BDT)12(TPP)4] cluster was synthesized following a reported
protocol with slight modifications.11 About 20 mg of AgNO3 was
dissolved in a mixture of 5 mL of methanol and 10 mL of DCM. To
this reaction mixture, about 13.5 mL of 1,3-benzene dithiol (1,3-BDT)
ligand was added. Then, the mixture was kept under stirring
conditions. Shortly after this, 200 mg of TPP dissolved in 1 mL of
DCM was added to the reaction mixture. The solution turned
colorless indicating the formation of a Ag–S–P complex. After about
10 min, 10.5 mg of NaBH4 dissolved in 500 mL of ice-cold water was
added. Upon addition of NaBH4, the solution turned dark brown
in color immediately. Gradually, the color changed to orange.
Continuous stirring was carried out for 3 h under dark conditions.
The reaction mixture was then centrifuged and the supernatant was
discarded. The precipitate waswashed twice withmethanol and then
dissolved inDMF and centrifuged. The precipitate was discarded and
the supernatant contained the purified clusters dissolved in DMF.

2.3 Instrumentation

The UV-vis spectra weremeasured using a PerkinElmer Lambda 25
UV-vis spectrometer. Mass spectrometric measurements were
carried out in a Waters Synapt G2–Si high definition mass spectro-
meter. The instrument is well equipped with electrospray ioniza-
tion and ion mobility separation techniques. A concentration of
about 1 mg mL�1 was used for the cluster solution. Samples were
infused at a flow rate of 20 mL min�1. The source and desolvation
temperatures were set at 100 1C and 200 1C, respectively. Soft
ionization conditions involving capillary voltage: 1.5 kV, cone
voltage: 0 V, source offset: 0 V, source and desolvation temperature:
50 1C, and desolvation gas flow rate: 100 L h�1 were used for
preventing the TPP loss during the ionization and observing the
intact TPP protected clusters.

2.4 Computational details

We used density functional theory (DFT) with projector augmented
waves (PAWs) as implemented in GPAW.44,45 The PAW setup used
was Ag(4d105s1), S(3s23p4), C(2s22p2), P(3s23p3), H(1s1), Na(3s1) and
Cs(5S25p66s1), with scalar-relativistic effects included for Ag. The
PBE46 functional and DZP (double zeta plus polarization) basis set
were chosen in LCAO mode47 to improve the efficiency of the
calculations. The geometry optimizations were carried out with a
grid spacing of 0.2 Å andminimizing the residual forces without any
symmetry constraints by 0.05 eV Å�1. The relative energies (REs)
were calculated with respect to the most stable isomer. The binding
energies of the cations to the cluster were calculated by subtracting
the sum of the energies of the cluster [Ag29(BDT)12]

3� andM (M =H,
Na etc.) from their respective complexes, [Ag29(BDT)12M]2�. The
structures of the dimers have been optimized using the same level
of theory as that used for the monomers.

3. Results and discussion

The [Ag29(BDT)12(TPP)4]
3� cluster was synthesized by the method

described above (see Experimental section 2.2) and characterized
using UV-vis and ESI MS (see Fig. S1, ESI†).11 The cluster was
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well characterized by distinct molecule-like features at 447 nm and
513 nm in its optical absorption spectra. In ESI MS, an intense peak
was observed at m/z 1603, which corresponded to [Ag29(BDT)12]

3�.
The labile TPP ligands were lost during the ionization. The intact
[Ag29(BDT)12(TPP)4]

3� cluster could be observed only under soft
ionization conditions (Fig. S1C, ESI†). So, the gas-phase measure-
ments and the related theoretical calculations have been per-
formed primarily with [Ag29(BDT)12]

3� clusters.

3.1 Protonation of [Ag29(BDT)12(TPP)4]
3� clusters

It is known from previous reports that the [Ag29(BDT)12(TPP)4]
3�

cluster11 consists of an icosahedral Ag13 core protected by staple
motifs consisting of Ag and S atoms. Though the core remains
highly protected, the Ag and S atoms in the exterior shells may
exhibit some selective affinity towards specific binding groups.
The delocalized negative charge density of the cluster also imparts
an affinity for binding with suitable positively charged counter-
parts. In an attempt to explore such reactivity, we studied the
effect of the addition of cations to the cluster. As there are
numerous S atoms exposed in the outer staples, they may interact
with protons and induce some specific structural changes in the

system. Experiments were carried out by adding formic acid
(a well-known proton donor) to the cluster solution and its reactivity
was monitored carefully using ESI MS. A solution of about 0.1 mM
cluster solution was prepared, and in the presence of about 1 mM
formic acid in DMF, a peak at m/z 2406 started increasing in
intensity. This is shown in Fig. 1A(a). The peak increased in intensity
with increasing concentration of the acid (Fig. S2, ESI†) and became
maximum when the formic acid concentration was around 12 mM
(Fig. 1A(b)). However, the concentration of the acid could not be
increased further to favor a complete conversion as, beyond this
concentration of the acid, the cluster started to show degradation.
Addition of formic acid changes the pH of the solution, it may
also cause a change in the charge distribution of the cluster
and all these factors can significantly affect the cluster stability.
The new peak was assigned as [Ag29(BDT)12H]2�. The inset of
Fig. 1A(a) shows the comparison between the experimental
isotope patterns and the calculated patterns, which confirms
its composition. The reactivity can be expressed in the form of
the following chemical equation,

[Ag29(BDT)12]
3� + H+ = [Ag29(BDT)12H]2�

Fig. 1 (A) ESI MS of (a) [Ag29(BDT)12]
3� cluster in the presence of 1 mM formic acid and (b) maximum conversion of [Ag29(BDT)12]

3� to [Ag29(BDT)12H]2�

upon addition of formic acid. Inset of (a) shows the experimental and calculated isotope patterns of [Ag29(BDT)12H]2� and inset of (b) shows the lowest

energy DFT optimized structure of [Ag29(BDT)12H]2�. The proton is marked in the figure. Experimental spectrum (inset of (a) extends beyond 2415 due

to overlapping contribution from other ions). (B) Isotope patterns of (a) [Ag29(BDT)12H]2�, (b) and (c) gradual changes in the pattern upon replacement

of H by D and (d) [Ag29(BDT)12D]
2�. See the change in the intensities of the peaks on the dotted lines in relation to the nearby peaks from (a) to (d). Color

codes: red: Ag of core; blue: Ag of staples; yellow: S; grey: C; white: H atoms; and purple: proton.
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However, this species should not be confused with the
2� charge state of the parent cluster as that would have only
a difference of m/z 0.5 with respect to this protonated species.
The isotope distribution of the species [Ag29(BDT)12H]2� was
also compared with the theoretical pattern of [Ag29(BDT)12]

2� to
show the clear distinction between them (see Fig. S3, ESI†). As
the cluster was sensitive to the presence of H+ in solution, a few
other control studies were also carried out by varying the
solvents and the proton sources in order to get more insights
about its proton capture affinity. The cluster was dissolved in a
1 : 1 mixture of DMF :MeOH to enhance the polarity of the
medium and its mass spectrum was measured without the
addition of any formic acid. In this case also, the peak for
[Ag29(BDT)12H]2� was observed, though at low intensity, as
shown in Fig. S4A (ESI†). It was even sensitive to the proton
concentration when one drop of water was added to the cluster
solution in DMF (see Fig. S4B, ESI†). We also studied the
feasibility of H/D exchange in the system by adding D2O as
the D+ source and within 2 min of D2O addition, there was a
complete exchange and [Ag29(BDT)12D]

2� was formed. In
Fig. 1B, where (a) represents the ESI MS of [Ag29(BDT)12H]2�,
gradual changes in the distribution of the peaks of the isotope
pattern start upon addition of D2O, which is shown in (b) and
(c). Finally, on complete conversion to [Ag29(BDT)12D]

2�, there
was a shift to higher mass by m/z 0.5 and this is shown in (d).
H/D exchange further confirmed the binding of a proton to the
cluster and hence the assignment.

Again, the cluster solutions were prepared in NH4OAc buffer
solutions of varying concentrations (0.25 M, 0.5 M and 1 M) in a

1 : 1 mixture of DMF and MeOH and ESI MS was measured. The
conversion of [Ag29(BDT)12]

3� to [Ag29(BDT)12H]2� increased
with an increase in the concentration of NH4OAc and finally
in a solution of 1 M NH4OAc, there was a complete conversion
of the cluster to [Ag29(BDT)12H]2�. This was monitored by ESI
MS, as shown in Fig. 2A. The decay in the relative intensity of
[Ag29(BDT)12]

3� and the corresponding growth in the intensity
of [Ag29(BDT)12H]2� with an increase in the concentration
of NH4OAc are shown in Fig. 2B. There was no complexation
with NH4

+, instead, proton transfer occurred from the reaction
medium (pH of the medium was 6.8). This supports the strong
proton capture tendency of the cluster. When a tertiary amine
salt (NMe4Br), which has no transferable protons on the
N atom, was added, the cluster showed complexation with
the (NMe4)

+ group (Fig. S5, ESI†). However, in all such reac-
tions, the absorption features of the cluster were not much
affected (Fig. S6, ESI†). In the structure of the cluster, there are
no free groups like –OH, –NH2 or –COO

� in the ligands that can
become easily protonated. So, the proton possibly interacts at
some specific site of the cluster and that results in a change in
the overall charge delocalization. MS/MS studies were also carried
out to gain better insight into the structure and the binding
interactions (Fig. S7, ESI†).27,48–50 Upon increasing energy, the
proton was lost and the cluster [Ag29(BDT)12]

3� was reformed.
[Ag5(BDT)3]

� is a common fragment of [Ag29(BDT)12]
3–12 and

the proton was found to be associated with the thiolates as
[Ag4(BDT)3H]�. Further, by the use of soft ionization condi-
tions, we have observed that proton capture can occur with the
intact [Ag29(BDT)12(TPP)4]

3� clusters that exist in solution,

Fig. 2 (A) ESI MS of [Ag29(BDT)12]
3� cluster in 1 : 1 DMF/MeOH solution of NH4OAc at different concentrations: (a) 0 M, (b) 0.25 M, (c) 0.5 M and (d) 1 M.

The spectra show that there is an increase in the conversion of [Ag29(BDT)12]
3� to [Ag29(BDT)12H]2� with an increase in the concentration of NH4OAc.

(B) Plot showing the decay in the relative intensities of [Ag29(BDT)12]
3� and growth in the relative intensities of [Ag29(BDT)12H]2�, respectively with an

increase in the concentration of NH4OAc.
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leading to the formation of [Ag29(BDT)12H(TPP)n]
2� (n = 1–4)

clusters, as shown in Fig. S8 (ESI†). To understand the possible
structures of [Ag29(BDT)12H]2�, computational studies were carried
out. The most stable structure is shown in the inset of Fig. 1A(b).

3.2 DFT optimized structure of [Ag29(BDT)12H]2�

The structure of [Ag29(BDT)12]
3� was optimized using the

coordinates of the crystal structure from previous reports.11

A proton may interact with Ag and S atoms. In the exterior shell,
two types of S atoms are present, S atoms that form the Ag3S3
crown motifs are bonded only to Ag atoms of the staples and
the other S atoms are bonded to both the core and staple Ag
atoms (Fig. S9, ESI†). The possible structures of [Ag29(BDT)12H]2�

were optimized using DFT calculations and the optimized geo-
metries are shown in Fig. S10 (ESI†). We first started with the
attachment of a proton onto the S atoms that are bonded only to
the outer shell Ag atoms in the structure of [Ag29(BDT)12]

3�.
Initially, the proton was placed in the vicinity of three S atoms
of one Ag3S3 unit but during optimization, it was shifted towards
one of them (Fig. S10A, ESI†) and forms a bond with S at a
distance of 1.38 Å. This results in the cleavage of one of the Ag–S
bonds and this Ag–S distance changes from 2.52 to 3.59 Å. The S
atom retains its bonding with the other Ag atom. Next, the proton
was interacted with the S atom that is connected to one of
the core Ag atoms. DFT optimization suggests the formation
of a bond in this case also (Fig. S10B, ESI†). However, the
interaction of a proton at this position was less favorable. The
relative energies for all the proton-bound clusters were calcu-
lated and are shown in Fig. S10 (ESI†). The proton attached to
the S atom that is bonded only to the outer shell Ag atoms was
the most stable structure. This optimized structure is shown
in the inset of Fig. 1A(b) and also in the ESI.† The binding
energy of the proton to the cluster in the most stable structure
of [Ag29(BDT)12H]2� is �74.07 kcal mol�1. The H–S bond
distance (1.38 Å) is slightly higher than the normal covalent
H–S bond length (1.34 Å) and subsequently the binding energy
is also slightly less than the average value reported for a
covalent H–S bond energy (�86.8 kcal mol�1).51

As the proton capture can occur with the intact [Ag29(BDT)12-
(TPP)4]

3� clusters, we have further optimized the structure of
[Ag29(BDT)12H(TPP)4]

2� by using DFT calculations. In the
presence of TPP ligands, the binding of a proton also occurs
in a similar manner and the S–H bond distance (1.38 Å) is the
same in both cases (Fig. S11, ESI†). Binding energy is also
similar in both the structures [Ag29(BDT)12H]2� (�74.07 kcal mol�1)
and [Ag29(BDT)12H(TPP)4]

2� (�73.92 kcal mol�1), which suggests
that the TPP ligands do not impart additional steric hindrance
or play any major role in the stabilization of the proton addition
to the cluster. Further, the reactivity of a cluster depends on
the energy gap between its highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO). The
interaction with the proton can alter the HOMO–LUMO energy
gap. The calculated HOMO–LUMO gap decreases from 1.62 eV
to 1.15 eV in the most stable structure of [Ag29(BDT)12H]2�.
However, these HOMO–LUMO calculations are based on the
ground state geometry of the clusters. Actual comparison with

the experimental optical absorption spectra requires further
studies involving time dependent density functional theory
(TDDFT) calculations that will consider the optical excitations.

We have not observed more than one proton binding to the
cluster in our experiments. However, computationally, we have
checked the effect of the addition of another proton to the
structure of [Ag29(BDT)12H]2�. The structure of [Ag29(BDT)12H2]

�

was constructed by adding a proton to another equivalent S atom
in the structure of [Ag29(BDT)12H]2� and then optimizing it in
DFT (see Fig. S12, ESI†). Binding energy of the second proton
(�36.20 kcal mol�1) decreases significantly compared to that of
the first proton (�74.07 kcal mol�1). The protons are likely to
attach on the S atoms, which weakens the bonding of the –SR
groups with the Ag atoms. Hence, if more protons are bound to
the cluster, it might ultimately lead to degradation of the system
due to significant weakening of the bonding of the thiol group
with the metal core.52 Further, as the interaction of the protons
is mainly with the S atoms of the thiol groups, this indicates that
such protonation might also be possible for free-standing
Ag(I)SR oligomers.

3.3 Reactivity with alkali metal ions

The study was extended to a series of alkali metal ions (Li+, Na+,
K+, Rb+ and Cs+). While moving down the periodic table, from
Li+ to Cs+, the ions show increasing atomic radius, decreasing
electronegativity, and increasing reactivity. The Li+ ion is the
smallest and it has a high hydration energy in the gas phase, its
reduction potential is more negative than the others indicating
it to be the most electropositive alkali metal. Due to such
properties, there may be some difference in the reactivity of
the cluster with the metal ions. However, the cluster reacted
with each of these metal ions to form [Ag29(BDT)12Li]

2�,
[Ag29(BDT)12Na]

2�, [Ag29(BDT)12K]
2�, [Ag29(BDT)12Rb]

2�, and
[Ag29(BDT)12Cs]

2�, respectively. Fig. 3 shows the ESI MS of
the cluster in the presence of about 1 mM solutions of the
respective salts. The isotope patterns of each of these peaks have
been matched with the calculated patterns to confirm their com-
position, as shown in the insets of Fig. 3. Each of these species was
subjected to MS/MS studies. The fragmentation pattern was similar
to the case of [Ag29(BDT)12H]2�. With the increase of energy, the
metal ions were lost and the cluster ion [Ag29(BDT)12]

3� was
reformed. Along with the formation of the common fragment
[Ag5(BDT)3]

�, the alkali metal ions were found to be associated
with the thiolates as [Ag4(BDT)3M]� (M = Li, Na, K, Rb, Cs) (Fig. S13,
ESI†). Though the dissociation pattern proposes a similarity
between all these structures, significant differences are expected
as compared to the structure of [Ag29(BDT)12H]2� as the proton is
smaller in size and also has different properties. We have studied
the possible structure of one of these species, [Ag29(BDT)12Na]

2�, by
DFT calculations. Similar to the case of the proton, the alkali metal
ion capture can also occur with the intact [Ag29(BDT)12(TPP)4]

3�

clusters that exist in solution (Fig. S14, ESI†).

3.4 DFT optimized structure of [Ag29(BDT)12Na]
2�

The structure of [Ag29(BDT)12Na]
2� was optimized in a similar

manner as in the case of the proton. Interestingly, Na+ sits
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above the plane of three S atoms, which is in contrast to the
binding pattern of the proton. The optimized structures are
shown in Fig. 4, where (A) represents the DFT optimized
structure with Na+ sitting over the plane of three S atoms,
one of which is connected to the core, and (B) represents the
structure with Na+ sitting over the plane of three S atoms of a
Ag3S3 motif, all S atoms of which are bonded only to Ag atoms
of the staples. The distances between Na and S range from 2.74
to 2.77 Å and 2.84 to 2.86 Å in the two cases, respectively. Na+

also interacts with the Ag atom that resides at the center of the
three S atoms at a distance of 2.99 Å in the case of structure (A),
whereas it has interactions with all three Ag atoms of the outer
shell at a distance of 2.97–3.03 Å in the case of the second
structure (B). The structure (A) is energetically more stable,
which is reflected in its lower bonding distances and inter-
action energies. The interaction energies are �60.43 kcal mol�1

and�45.51 kcal mol�1 for the structures (A) and (B), respectively.
The strength of the interaction is weaker when compared to the
proton and in the case of Na+, the interactions were mainly
electrostatic in nature. To understand the interaction, bader
charge analysis was performed on the complex, which shows
that the charge on Na in the complex is 0.86e. The interaction of
a molecule with a metal ion can have several components such

as electrostatic, charge transfer and polarization. Here, the
interactions were stabilized by both electrostatic and charge
transfer contributions.53 The calculated HOMO–LUMO gap for
[Ag29(BDT)12Na]

2� is 1.14 eV, which is less than the HOMO–
LUMO gap for [Ag29(BDT)12]

3� (1.62 eV), which implies that the
electrostatic interaction changes the reactivity of the cluster.

A similar structure is expected for the clusters with the other
alkali metal ions. Cs+ was interacted with the cluster in a
similar fashion to understand the effect of the size of the ions.
The structure is similar with Cs+ situated above the plane of
three S atoms at a distance of 3.65 Å from the Ag atom, situated
at the centre of the plane of the three S atoms, which is higher
than that of Na+ (2.99 Å) and this is due to the larger size of
Cs+ (Fig. S15, ESI†). The distances between Cs+ and the neigh-
bouring three S atoms range between 3.31 and 3.40 Å, which is
also higher compared to that of Na+.

3.5 Separation of the dimers [Ag29(BDT)12M]2
4� [M = Na, K,

Rb, Cs] by ion mobility mass spectrometry (IM MS)

Cation binding is known to induce conformational changes in
proteins, amino acids, drugs, carbohydrates, etc.54–59 Proton-
bound and alkali-metal bound dimers60–64 have also been
observed in several cases. Similarly, on complexation with the
alkali metal ions, new metal centers are introduced into the
cluster system and new interactions originate at specific sites.
The cation bound species were subjected to ion mobility
studies by passing them through the mobility drift tube. The
changes in their structures were reflected in their drift time
values (Fig. 5A). With an increase in the size of the cations
(H+

o Li+ o Na+ o K+
o Rb+ o Cs+), there was a slight increase

in the drift time of the monomeric species [Ag29(BDT)12M]2�

[M = H, Li, Na, K, Rb, Cs]. With appropriate optimization of the
ion mobility conditions, dimerization was observed in some of
these species. Dimers having a composition of [Ag29(BDT)12M]2

4�

[M = Na, K, Rb, Cs] were separated in the mobility cell and this
phenomenon was selective to the nature of the cations (Fig. 5A).
An optimised condition involving a trap gas flow of 10 mL min�1,
He gas flow of 180 mL min�1 and IMS gas flow of 120 mL min�1

was used for separating the dimers. The wave velocity and wave
height were kept at 650 m s�1 and 35 V, respectively. The
relative population of the respective monomers and dimers was

Fig. 3 ESI MS of (a) [Ag29(BDT)12Li]
2�, (b) [Ag29(BDT)12Na]2�, (c)

[Ag29(BDT)12K]
2�, (d) [Ag29(BDT)12Rb]

2�, and (e) [Ag29(BDT)12Cs]
2�. Insets

show their respective experimental and calculated isotope patterns.

‘*’ indicates the peak for [Ag29(BDT)12]
3�.

Fig. 4 DFT optimized structure of [Ag29(BDT)12Na]2� with Na+ atom sitting

over the plane of three S atoms, (A) one of which is connected to a core Ag

atom and (B) all of which are bonded only to Ag atoms of the staples.
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specific to the instrumental conditions used. Fig. 5B shows the
calculated and experimental isotope patterns of the dimer of
one such species, [Ag29(BDT)12Na]2

4�, along with the drift scope
view showing its separation. The isotope patterns of the other
dimeric species are included in the ESI† (Fig. S16). Dimer
formation was not observed for the species containing the
smaller sized cations H+ and Li+. From such phenomena, it is
clear that specific metal ions are required for the dimerization
process to be favorable. The size of the cations may be one such
critical factor. The cluster itself does not dimerize (Fig. S17,
ESI†), dimerization is induced by the presence of cations in this
case. The interactions should be strong enough to hold the two
clusters together. DFT calculations revealed some changes in
the structure and binding interactions between H+ and Na+

bound clusters, and this was reflected in their tendency
towards dimerization as well. In order to form dimers, a
monomer of the cluster should interact with another monomer
through H+ or Na+. The proton resides inside the space between
the three S atoms due to its smaller size. Hence, it is not
available for interacting with another cluster. Na+ is more
exposed as it is present over the plane of the three S atoms
on the outer surface of the cluster. Therefore, it is available to

interact with another cluster. This explains the need for a
critical size of the metal ions for forming the dimers.

A protonated benzene dimer with a sandwich like structure was
reported by Jouvet et al.65 In the structure of the [Ag29(BDT)12]

3�

cluster, the benzene rings of two BDT ligands lie in parallel
orientation. So, there are additional possibilities of such sandwich
protonated structures and the fact that smaller cations like H+ and
Li+ do not form dimers might also be due to such structures
remaining in competition. To consider such possibilities, we have
constructed a structure of [Ag29(BDT)12H]2� with the proton
sandwiched between the benzene rings of two BDT ligands and
optimized it using DFT calculations. As an initial input, the proton
was placed equidistant from the benzene rings of the two BDT
ligands. However, in the final structure obtained after complete
optimization, the proton was bound to a C atom of one of the
benzene rings with a bond length of 1.13 Å, which is slightly higher
than that of the usual C–H bond distance. The distance of the
proton from the nearest C atom of the other benzene ring is 2.54 Å
(Fig. S18, ESI†). This conformation with the proton sandwiched
between the benzene rings of two BDT ligands is similar to that
observed in the case of the protonated benzene dimer.65 However,
when compared to the structure of [Ag29(BDT)12H]

2� with the

Fig. 5 (A) Drift time profile of (a) [Ag29(BDT)12H]2�, (b) [Ag29(BDT)12Li]
2� and dimers and monomers of (c) [Ag29(BDT)12Na]2�, (d) [Ag29(BDT)12K]

2�,

(e) [Ag29(BDT)12Rb]
2� and (f) [Ag29(BDT)12Cs]

2�. (B) Experimental and calculated isotope patterns of the dimer [Ag29(BDT)12Na]2
4� along with the plot

of drift time vs. m/z showing the separation of monomers and dimers.
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proton attached at the staple S atoms, this sandwiched structure is
energetically less favourable (the structure is 20.30 kcal mol�1

higher in energy than the lowest energy structure). Thus, it is
verified that structures with cations sandwiched between the
benzene rings are less likely to be in competition.

3.6 DFT optimized structure of the dimer [Ag29(BDT)12Na]2
4�

Computational studies were extended to understand the structure
of the dimers. Since dimerization is induced by the metal ions,
Na+ of one of the monomers can interact with another monomer
in different ways and act as a bridge between the two clusters. The
possible DFT optimized structures and the calculated relative
energies are shown in Fig. 6. Na+ interacts with the S atoms
present in another monomer. The stability of these structures is
attributed to Na–S interactions. In the lowest energy structure (A),
two monomers are bonded with the help of two Na+ ions. In
another possible structure (B), only one Na+ participates in the
dimerization process. The energy difference between the two
isomeric structures is 23.86 kcal mol�1. The Na–S bond distances
are about 2.76–2.85 Å and 3.76 Å for structures (A) and (B),
respectively. The greater number of Na–S interactions provides
higher stability to structure (A). The structure of the dimers,
[Ag29(BDT)12Na]2

4�, is very different to the structure of the dimers
of Au25(SR)18 clusters, reported recently.21 While the dimerization
of Au25(SR)18 was favored by aurophilic interaction and inter-
staple bonding, in this case, dimerization is due to the incorpora-
tion of the additional metal center linking the two clusters.

3.7 Structural correlation between the monomers and the

dimers from IM MS and dissociation studies

Correlation between the structures of the monomeric species,
[Ag29(BDT)12M]2� (M = H, Li, Na, K, Rb, Cs), as well as their

dimers, [Ag29(BDT)12M]2
4� (M = Na, K, Rb, Cs), was clearly

reflected in their drift time values. Drift time (ms) of the species
was studied as a function of m/z for all the monomeric as well
as the dimeric species (see Fig. 7A and B). As discussed earlier,
with an increase in the size of the metal ions, there was an
elongation of the M–S bond length, which resulted in an increase
in the overall size of the cluster, and this was reflected in the
increasing drift time values for the monomers and their respec-
tive dimers. The collision cross section (CCS) values of the
respectivemonomers and dimers, measured from IMMS studies,
also suggested a similar increase in the overall size of the species
with an increase in the size of the metal ions (Fig. S19, ESI†).
Monomers and dimers containing larger sized cations show a
significant increase in CCS values compared to those of the
protonated species. This might also be due to the fact that larger
cations like Rb+ and Cs+ are not buried into the ligands and are
situated away from the surface of the cluster. Dissociation studies
were also carried out on the dimers. Upon increasing the
collision energy (CE, instrumental units), fragmentation of the
dimers to their respective monomers occurred. Drift time pro-
files showing the CE dependent abundances of the monomers
and the dimers with increasing energy are presented in Fig. S20
(ESI†). Relative abundance of the monomers and the dimers are
plotted as a function of the applied CE in Fig. 7C. It was observed
that all the dimeric species followed a similar trend in their
dissociation. At CE 30, there was about 50% dissociation of the
dimers to their respective monomers, whereas, after CE 50, there
was complete dissociation to the monomers. The dissociation
thresholds were similar in all cases, which suggests a similarity
in the structure of the dimers formed by the different metal ions.

3.8 Possibilities of interaction with other metal ions,

detection of [Ag29(BDT)12Ag]2
4�

Similar reactivity can be extended to a range of other metal ions
also. Complexation of the cluster with Ag+ was also observed,
which leads to the formation of the cluster–metal ion adduct
having a composition of [Ag29(BDT)12Ag]

2�. When it was passed
through the ion mobility cell, dimers of [Ag29(BDT)12Ag]

2� were
also separated under similar conditions, as shown in Fig. 8. The
area under the peaks of the mobilogram reflects the relative
abundance of the respective species. The experimental and
calculated isotope patterns of the dimers and the monomers are
shown in the insets of Fig. 8, which confirm their composition.
The drift time of the [Ag29(BDT)12Ag]

2� monomer is 11.40 ms
and that of the [Ag29(BDT)12Ag]2

4� dimer is 8.57 ms, which are
much lower drift time values than expected from the drift time
vs. m/z correlation of the species [Ag29(BDT)12M]2�, as shown in
Fig. 7A and B. Thus, it is evident that this correlation between
drift time (ms) and m/z might not be valid in the case of Ag+ or
other monovalent cations. With an increase in the mass of the
alkali metals, there is also an increase in their size from Li+ to
Cs+. The structures of [Ag29(BDT)12M]2�may vary depending on
the nature of the metal. This implies that Ag cation capture may
lead to a very different bonding scheme and incorporation of Ag
within the Ag core can also occur. However, the exact structure
of [Ag29(BDT)12Ag]

2� cannot be predicted only from the drift
Fig. 6 DFT optimized structures of the dimer, [Ag29(BDT)12Na]2

4�, with

two monomers bonded with (A) two Na+ and (B) only one Na+.
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time vs. m/z correlation. For complete structural elucidation,
detailed studies are required, which are areas for further
investigation.

4. Conclusions

In summary, we have explored the reactivity of a proton (H+)
and alkali metal ions (Li+, Na+, K+, Rb+ and Cs+) with the

[Ag29(BDT)12]
3� cluster. The structural changes resulting from

the binding of the ions have been studied and alkali metal-
bound dimers of the cluster have been separated by IM MS.
While this study helps to identify the structural changes and
interactions that can favour the formation of cluster aggregates,
such transient states can also be related to the chemical
reactivity of the cluster. The sensitivity of the cluster towards
H+ can be used to quantify the proton concentration in organic
solvents. As affinity towards H+ gives an idea regarding the gas-
phase basicity of a molecule, the acid base chemistry involving
the cluster can be explored in more detail. Due to the strong
tendency of the cluster to bind to cations, it may be used in the
detection of alkali metal ions like Na+, K+, etc.
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Supplementary Information 1 

 

 

Fig. S1 A) UV-vis of [Ag29(BDT)12(TPP)4]
3- cluster, B) ESI MS of [Ag29(BDT)12]

3-, the TPP 

ligands are lost during the ionization. Inset of B) shows the experimental and calculated 

isotope patterns of [Ag29(BDT)12]
3-. The structure of [Ag29(BDT)12]

3- is shown in the inset of 

A). C) ESI MS under the soft ionization conditions showing the intact [Ag29(BDT)12(TPP)n]
3- 

(n=1-4) clusters.  Color codes: red: Ag atoms of the core; blue: Ag atoms of the staples; 

yellow: S; grey: C and white: H. The structure has been modelled taking the co-ordinates of 

its crystal structure.  
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Supplementary Information 2 

 

 

 

Fig. S2 ESI MS showing increase in the peak of [Ag29(BDT)12H]2- with increase in the 

concentration of formic acid. Formic acid concentration (mM) is indicated in the figure.  
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Supplementary Information 3 

 

Fig. S3 A) Calculated isotope patterns of [Ag29(BDT)12]
2- and B) experimental isotope 

pattern of [Ag29(BDT)12H]2-. The isotope patterns show the difference between the two 

species. Experimental spectrum in the higher mass region overlaps with other features.  

 

Supplementary Information 4 

 

Fig. S4 ESI MS of [Ag29(BDT)12]
3- in A) 1:1 DMF/MeOH mixture and B) DMF with one 

drop of H2O added as the H+ source. Peak for [Ag29(BDT)12H]2- was detected in both cases.  
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Supplementary Information 5 

 

Fig. S5 ESI MS of [Ag29(BDT)12]
3- cluster in presence of NMe4Br. The cluster shows 

complexation with NMe4
+ and hence a peak for the complex [Ag29(BDT)12(NMe4)]

2-. Inset 

A) shows the comparison of experimental and calculated isotope patterns of 

[Ag29(BDT)12(NMe4)]
2-.  

 

Supplementary Information 6 

 

Fig. S6 UV-vis spectra of [Ag29(BDT)12]
3- cluster in presence of different concentration of A) 

formic acid (FA) and B) NH4OAc.  
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Supplementary Information 7 

 

 

Fig. S7 MS/MS of [Ag29(BDT)12H]2-. Inset shows the expanded view of the region from m/z 

840 to 980 showing the fragments [Ag4(BDT)3H]- and [Ag5(BDT)3]
-. The theoretical and 

experimental isotope patterns of the fragments are also shown.  
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Supplementary Information 8 

 

 

Fig. S8 ESI MS under soft ionization conditions showing the formation of intact 
[Ag29(BDT)12H(TPP)n]

2- (n=1-4) clusters.  

 

Supplementary Information 9 

 

Fig. S9 Structure of [Ag29(BDT)12]
3- cluster showing two different types of S atoms in the 

exterior shell. Color codes: red: Ag atoms of the core; blue: Ag atoms of the staples; yellow: 

S; grey: C and white: H.  
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Supplementary Information 10 

 

Fig. S10 Structure of [Ag29(BDT)12H]2- with proton attached to S atom A) bonded to only Ag 

atoms of the staples and B) bonded to both staple and core Ag atoms. Color codes: red: Ag 

atoms of the core; blue: Ag atoms of the staples; yellow: S; grey: C, white: H and purple: 

proton.  
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Supplementary Information 11 

 

Fig. S11 Structure of [Ag29(BDT)12H(TPP)4]
2-. S-H bond distance is 1.38 Å and binding 

energy of proton is -73.92 kcal/mol. The P atoms are shown in orange color and thickness of 

the bonds in the ligands has been reduced for better clarity, proton is shown in purple color. 

 

Supplementary Information 12 

 

Fig. S12 DFT optimized structure of [Ag29(BDT)12H2]
-. Proton is shown in purple color. 
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 Supplementary Information 13 

 

 

Fig. S13 MS/MS of (a) [Ag29(BDT)12Na]2-, (b) [Ag29(BDT)12K]2- and (c) [Ag29(BDT)12Cs]2-.  
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Supplementary Information 14 

 

Fig. S14. ESI MS under soft ionization conditions showing the formation of intact 

[Ag29(BDT)12K(TPP)n]
2- (n=1-4) clusters.   

 

Supplementary Information 15 

 

Fig. S15 DFT optimized structure of [Ag29(BDT)12Cs]2- with A) Cs+ attached to S atoms one 

of which is attached to a core Ag atom and B) all S atoms are attached only to staple Ag 

atoms. Relative energies of A) 0 kcal/mol and B) 1.38 kcal/mol.  

m/z

[Ag29(BDT)12K(TPP)n]2-

n=0

n=1
n=2

n=3

n=4

Cs+
Cs+

E = -954.187312 eV E = -954.127629 eV

A) B)



14 

 

Supplementary Information 16 

 

 

Fig. S16 Experimental and calculated isotope patterns of the dimers A) [Ag29(BDT)12Na]2
4-, 

B) [Ag29(BDT)12K]2
4-, C) [Ag29(BDT)12Rb]2

4-
 and D) [Ag29(BDT)12Cs]2

4-. 
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Supplementary Information 17 

 

Fig. S17 Drift time profile of [Ag29(BDT)12]
3- showing only a single peak for the monomer. 

Inset shows the ESI MS corresponding to the mobilogram. 

 

Supplementary Information 18   

 

Fig. S18 A) DFT optimized structure of [Ag29(BDT)12H]2- with proton sandwiched between 
the two benzene rings of the BDT ligands. B) Expanded view showing the conformation of 
the proton sandwiched between the two benzene rings. Proton is colored in purple.  
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Supplementary Information 19 

 

 

Fig. S19 CCS values of the monomers [Ag29(BDT)12M]2- (M=H, Li, Na, K, Rb, Cs) and the 
dimers  [Ag29(BDT)12M]2

4- (M=Na, K, Rb, Cs) measured from IM MS.  

 

 

 

 

 

 

 

 

 

Species (Monomers) CCS values (Å2)

[Ag29(BDT)12H]2- 535.57

[Ag29(BDT)12Li]2- 535.92

[Ag29(BDT)12Na]2- 537.52

[Ag29(BDT)12K]2- 539.78

[Ag29(BDT)12Rb]2- 543.67

[Ag29(BDT)12Cs]2- 547.92

Species (Dimers) CCS values (Å2)

[Ag29(BDT)12Na]24- 877.31

[Ag29(BDT)12K]24- 880.51

[Ag29(BDT)12Rb]24- 887.30

[Ag29(BDT)12Cs]24- 894.72



17 

 

Supplementary Information 20 

 

 

Fig. S20 CID of the dimers [Ag29(BDT)12M]2
4-, A) M=Na, B) M=K, C) M=Rb and D) M=Cs.  
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Supplementary Information 21 

Cartesian coordinates of the DFT optimized lowest energy structures 

 

1. Lowest energy structure of [Ag29(BDT)12H]
2-
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C         15.09855       12.87808        5.41045 
H         14.39502       12.77364        4.56244 
C         16.37333       13.44858        5.22782 
H         16.66655       13.81401        4.22390 
C         17.28707       13.54368        6.29228 
H         18.29365       13.97690        6.13577 
C         16.92864       13.07249        7.58250 
C         15.63995       12.52403        7.76474 
H         15.35489       12.14634        8.76789 
C         10.66735        8.15279        7.67189 
C         10.33329        9.48971        7.36901 
H         10.83763       10.31385        7.91409 
C          9.38332        9.80701        6.37432 
C          8.73953        8.74595        5.68867 
H          7.99050        8.97370        4.90623 
C          9.04627        7.41208        6.01529 
H          8.52816        6.58827        5.48531 
C         10.00392        7.10134        6.99885 
H         10.24810        6.05179        7.24776 
C          6.60158       14.35376       12.27004 
C          6.99367       14.18743       10.92670 
H          7.78341       13.44908       10.68059 
C          6.39916       14.93337        9.88537 
C          5.37908       15.86087       10.20973 
H          4.89588       16.44781        9.40566 
C          4.99605       16.03745       11.55319 
H          4.19917       16.76670       11.80071 
C          5.60119       15.30236       12.59019 
H          5.29047       15.44558       13.64270 
Ag        14.56979       12.31734       13.43863 
Ag        13.11700        9.47201       13.24184 
Ag        11.82524       11.81259       14.79417 
Ag         9.78658       11.54266       10.40601 
Ag        17.62538       12.73191       13.28901 
Ag        14.29516       10.53575       15.79093 
Ag        12.60453        6.52623       13.87518 
Ag        10.43216       12.80926       17.13157 
Ag         9.67755        6.90629       13.40637 
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S         16.04943        9.45337        9.47365 
S         14.47761        8.17858       14.95007 
S         12.30053       11.21372       17.29607 
S          7.38451       10.85042        9.90927 
S         18.89358       10.69739       12.59865 
S         13.48891        5.15473       11.98646 
S         10.75661        6.13345       15.52712 
S          9.09064        5.70884       11.29863 
C         16.09814        7.84543       10.27090 
C         17.30764        7.11391       10.24960 
H         18.22149        7.56964        9.82335 
C         17.32703        5.80790       10.77653 
H         18.27352        5.23247       10.76304 
C         16.16864        5.22016       11.31443 
H         16.19369        4.19029       11.71931 
C         14.95243        5.95078       11.34997 
C         14.94166        7.26386       10.83083 
H         13.99323        7.83943       10.85647 
C         16.15266        8.13582       14.30568 
C         16.93547        6.98566       14.55504 
H         16.47874        6.10569       15.04547 
C         18.29481        6.98979       14.18767 
H         18.91359        6.09185       14.38543 
C         18.88372        8.11666       13.58741 
H         19.95706        8.11591       13.31825 
C         18.10124        9.26924       13.31756 
C         16.73459        9.25170       13.67044 
H         16.11713       10.14843       13.45400 
C         11.32663        9.70691       17.49570 
C         11.35053        8.69952       16.51074 
H         11.90863        8.86542       15.56740 
C         10.67758        7.47036       16.70072 
C          9.95172        7.28277       17.90651 
H          9.41343        6.32908       18.06885 
C          9.91206        8.29810       18.87898 
H          9.33453        8.13899       19.81164 
C         10.59906        9.51287       18.69179 
H         10.57252       10.30543       19.46323 
C          7.41812        9.07941        9.61850 
C          8.23874        8.22607       10.38330 
H          8.96486        8.66164       11.10065 
C          8.13085        6.82102       10.28752 
C          7.18732        6.27594        9.37829 
H          7.08354        5.17650        9.29813 
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C          6.39246        7.12809        8.59074 
H          5.66289        6.69089        7.88024 
C          6.49560        8.52847        8.69983 
H          5.85629        9.19818        8.09399 
H         10.57455       15.96614        6.73137 
H         12.27233       16.73926       18.16195 

  

2. Lowest energy structure of [Ag29(BDT)12Na]
2-

 

 
Ag        11.95973       12.00974       11.99381 
Ag        14.42864       12.16314       13.48003 
Ag        13.40786       14.49236       12.14506 
Ag        12.09081       13.43340       14.44515 
Ag        11.94554       10.45090       14.36655 
Ag        14.33432       12.18867       10.56967 
Ag        10.41898       14.38335       11.91192 
Ag        13.55040        9.62893       11.78774 
Ag        11.77999       13.55548        9.57835 
Ag         9.57844       11.78097       13.48966 
Ag         9.52745       12.06769       10.49916 
Ag        10.57998        9.52315       12.05734 
Ag        12.10206       10.58496        9.50575 
Ag        16.19958       13.77189       15.35536 
Ag        15.37121       16.20265       13.78583 
Ag        13.74582       15.34684       16.16968 
Ag        14.69966        9.38179       14.54317 
Ag        14.49618       14.81571        9.29519 
Ag         9.34341       14.52767       14.68794 
Ag        10.32328        8.49118       16.10779 
Ag        14.94163        9.90605        9.16855 
Ag         8.48787       16.10670       10.28548 
Ag        15.32934        7.35410       10.26613 
Ag        10.07172       15.38439        7.82215 
Ag         7.85206       10.07064       15.37251 
Ag         8.65487        7.70567       13.72820 
Ag        13.49063        8.30243        7.38777 
Ag         7.72666       13.71498        8.60723 
Ag         9.35375        9.33302        9.35394 
S         11.16450       14.67550       16.45022 
S         16.48411       11.17366       14.63075 
S         14.66867       16.47795       11.17308 
S         12.91604        9.14432       16.32099 
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S         16.33432       13.02676        9.15979 
S          9.10514       16.30832       12.89774 
S         14.84744        7.58400       12.72365 
S         12.68791       14.81746        7.54709 
S          7.62468       12.66614       14.83224 
S          7.56275       11.10249        9.19972 
S          9.33784        7.52864       11.12029 
S         11.12656        9.25240        7.53515 
S         15.27676       14.03587       17.66339 
S         17.70020       15.30960       14.05962 
S         13.99251       17.67662       15.25721 
S          8.82408        9.73855       17.67363 
S         17.39804        8.85359        9.62873 
S          9.74752       17.67823        8.79027 
S         10.02551        6.17767       15.15436 
S         15.18557        9.94835        6.42402 
S          6.19649       15.10918       10.00273 
S          6.32971        8.57785       14.04986 
S         14.11212        6.15124        8.47441 
S          8.60221       14.06242        6.27771 
C         10.70824       13.40569       17.63373 
C         17.60416       10.70399       13.31021 
C         13.39936       17.65815       10.70702 
C         10.81362       13.69938       19.01343 
C         18.99939       10.79356       13.52646 
C         13.68541       19.03831       10.81636 
H         11.26396       14.65561       19.34043 
H         19.38524       11.24525       14.45983 
H         14.63608       19.36803       11.27652 
C         10.33017       12.76632       19.95105 
C         19.88059       10.29268       12.54917 
C         12.75106       19.97076       10.32479 
H         10.41350       12.99205       21.03308 
H         20.97386       10.35553       12.72295 
H         12.96784       21.05451       10.40952 
C          9.74015       11.55808       19.53944 
C         19.40261        9.70217       11.36442 
C         11.55281       19.55257        9.71970 
H          9.34821       10.83887       20.28416 
H         20.10714        9.28891       10.61693 
H         10.83119       20.29310        9.32440 
C          9.63992       11.24797       18.15751 
C         18.00539        9.62711       11.12552 
C         11.25032       18.16917        9.61672 
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C         10.14598       12.17840       17.22375 
C         17.13121       10.14569       12.10392 
C         12.17959       17.24106       10.13359 
H         10.07230       11.94360       16.14168 
H         16.03799       10.09482       11.92406 
H         11.95012       16.15718       10.06355 
C         13.35315       10.39349       17.53094 
C         17.56391       13.48371       10.37672 
C         10.35272       17.52332       13.32867 
C         13.19312       10.09202       18.90312 
C         18.93789       13.31505       10.08249 
C         10.05456       18.89416       13.15228 
H         12.71184        9.14295       19.20591 
H         19.25205       12.88251        9.11173 
H          9.10949       19.19292       12.66106 
C         13.66156       11.00741       19.86446 
C         19.90432       13.72384       11.02055 
C         10.97074       19.85988       13.61267 
H         13.54092       10.77135       20.94054 
H         20.97872       13.57863       10.78999 
H         10.73912       20.93526       13.47599 
C         14.28793       12.20753       19.48323 
C         19.52432       14.31335       12.23818 
C         12.16890       19.48461       14.24469 
H         14.66819       12.91382       20.24584 
H         20.29004       14.64581       12.96509 
H         12.87346       20.25162       14.62021 
C         14.43512       12.52856       18.10857 
C         18.14912       14.49139       12.54563 
C         12.48938       18.11093       14.40474 
C         13.94877       11.61360       17.15019 
C         17.18767       14.05439       11.60893 
C         11.57231       17.14854       13.93024 
H         14.05904       11.85847       16.07329 
H         16.11111       14.17685       11.84740 
H         11.81135       16.07273       14.05980 
C         13.59261        6.36296       13.11132 
C         13.13405       13.51925        6.39176 
C          6.40684       13.07096       13.58044 
C         12.42009        6.72548       13.80229 
C         13.81585       12.35805        6.81199 
C          6.76301       13.74751       12.39522 
H         12.22345        7.79254       14.03114 
H         13.99797       12.19744        7.89399 
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H          7.83102       13.95961       12.18416 
C         11.47965        5.75606       14.21788 
C         14.27142       11.39191        5.88942 
C          5.78906       14.18096       11.46980 
C         11.73329        4.39458       13.90712 
C         14.02008       11.59964        4.50964 
C          4.42550       13.90186       11.74710 
H         11.00416        3.62495       14.22671 
H         14.36821       10.84988        3.77357 
H          3.65018       14.23474       11.03069 
C         12.88967        4.03581       13.19152 
C         13.30997       12.74023        4.09186 
C          4.07114       13.20084       12.91306 
H         13.06780        2.97089       12.94052 
H         13.08799       12.88288        3.01574 
H          3.00504       12.97060       13.10959 
C         13.82677        5.00611       12.78757 
C         12.86438       13.70430        5.01648 
C          5.04732       12.78160       13.83745 
H         14.73630        4.72219       12.22463 
H         12.30906       14.60097        4.68176 
H          4.76476       12.23175       14.75477 
C          6.37642       10.55085       10.42900 
C         10.52655        6.32515       10.53015 
C         10.58826       10.45658        6.32640 
C          6.78264        9.98692       11.65708 
C         11.74895        6.69146        9.92581 
C         10.02134       11.68327        6.72826 
H          7.85856        9.98054       11.93282 
H         12.05675        7.75764        9.90527 
H         10.01918       11.96623        7.80206 
C          5.85159        9.39776       12.54064 
C         12.58419        5.72360        9.32071 
C          9.42319       12.55783        5.79376 
C          4.47745        9.41412       12.18500 
C         12.19224        4.36413        9.34743 
C          9.43338       12.19007        4.42175 
H          3.73741        8.95302       12.86696 
H         12.84130        3.60710        8.86630 
H          8.95834       12.86027        3.67938 
C          4.06799       10.00989       10.97959 
C         10.98999        3.99482        9.97807 
C         10.03523       10.98462        4.01734 
H          2.99119       10.02579       10.71676 
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H         10.68985        2.92839       10.00078 
H         10.04007       10.70936        2.94336 
C          5.00269       10.57665       10.09179 
C         10.15471        4.95945       10.56874 
C         10.61246       10.10835        4.95625 
H          4.67874       11.02790        9.13474 
H          9.20208        4.66744       11.04919 
H         11.06424        9.14840        4.64323 
Na        17.40195       10.90581        7.78562 
 

3. Lowest energy structure of [Ag29(BDT)12Na]2
4-

 

 
Ag        12.37740       11.69433       12.00183 
Ag        13.09149       13.06790       14.42051 
Ag        11.53374       14.41782       12.41534 
Ag        10.40224       12.30024       13.97578 
Ag        12.34086       10.04092       14.29241 
Ag        14.35750       13.66263       11.85953 
Ag         9.88713       12.46379       10.85814 
Ag        15.01878       11.02061       12.90129 
Ag        12.30643       13.24506        9.60731 
Ag        10.40273        9.67892       12.22666 
Ag        11.51317       10.50176        9.56700 
Ag        13.13167        8.94680       11.78442 
Ag        14.52717       11.29915       10.12577 
Ag        12.26712       14.99767       16.62078 
Ag        10.82666       16.55726       14.45720 
Ag         9.38106       14.40261       15.97002 
Ag        14.67471       10.97350       15.86698 
Ag        13.30199       15.98868       10.47896 
Ag         7.91855       11.27272       12.73833 
Ag        11.84838        7.21985       15.36786 
Ag        16.91182       12.75226       11.29963 
Ag         8.30205       12.83292        8.28742 
Ag        18.48773       10.88218       12.80063 
Ag        10.83818       13.87899        7.00315 
Ag         9.64728        6.89911       13.33812 
Ag        12.39797        6.02333       12.63187 
Ag        17.74090       10.95525        9.28824 
Ag        10.14958       10.96003        6.82860 
Ag        13.71213        8.62526        8.90180 
S          8.10963       12.19000       15.09673 
S         14.46873       13.41894       16.53441 
S         11.38345       16.90917       11.85213 
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S         12.92725        9.28248       16.64680 
S         15.67710       15.85016       11.48309 
S          7.35730       12.82092       10.80429 
S         16.72168       10.09668       14.55640 
S         12.90730       15.19916        8.09438 
S          8.02511        8.77476       12.34006 
S         11.51281        8.81672        7.65645 
S         13.97725        6.81907       10.64514 
S         15.60005       10.09999        8.13240 
S         10.50904       14.09873       18.18729 
S         12.67388       17.37292       15.94728 
S          8.36487       16.46284       14.93215 
S          9.42015        6.78584       15.84298 
S         18.79514       13.49845       13.00439 
S          8.65507       15.11024        7.30455 
S         13.56686        5.48007       14.76088 
S         18.13240       13.42029        8.97476 
S          7.66668       10.70472        7.09697 
S         10.25072        5.11487       11.68481 
S         18.92691        9.34769       10.76394 
S         11.43821       12.31078        5.14117 
C          8.15814       10.70698       16.10608 
C         16.03690       14.10895       15.99861 
C         10.03683       17.04414       10.67276 
C          7.42946       10.69752       17.31908 
C         16.70408       15.02430       16.84498 
C          9.23650       18.21090       10.69193 
H          6.94250       11.62662       17.67185 
H         16.21065       15.37150       17.77228 
H          9.38830       18.96561       11.48638 
C          7.33117        9.49890       18.05166 
C         18.00001       15.45803       16.50535 
C          8.26974       18.39797        9.68532 
H          6.75490        9.48696       18.99907 
H         18.53167       16.16226       17.17588 
H          7.64557       19.31453        9.69518 
C          7.94012        8.31554       17.59833 
C         18.64325       15.00055       15.34084 
C          8.08969       17.44946        8.66294 
H          7.84577        7.37357       18.17272 
H         19.67156       15.33272       15.10292 
H          7.34147       17.61377        7.86332 
C          8.69489        8.31713       16.39565 
C         17.97231       14.10084       14.47473 
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C          8.87328       16.26590        8.64444 
C          8.80111        9.52732       15.67318 
C         16.67225       13.67389       14.81690 
C          9.83029       16.07736        9.66635 
H          9.39141        9.53966       14.73341 
H         16.14811       12.96339       14.14507 
H         10.44810       15.15501        9.65719 
C         11.82713       10.21879       17.71118 
C         15.52210       16.74189       13.03049 
C          7.11569       14.41985       11.57588 
C         11.31170        9.58857       18.86784 
C         16.56426       17.60118       13.45533 
C          6.10874       15.27389       11.06672 
H         11.51404        8.51534       19.04481 
H         17.49013       17.70096       12.85459 
H          5.55969       14.98769       10.14915 
C         10.55944       10.34681       19.78494 
C         16.40992       18.34731       14.63981 
C          5.82015       16.47321       11.74538 
H         10.15951        9.85556       20.69452 
H         17.23062       19.01364       14.97326 
H          5.03471       17.14612       11.34579 
C         10.31375       11.71492       19.57169 
C         15.23238       18.26202       15.40264 
C          6.51005       16.83440       12.91602 
H          9.73890       12.30868       20.30825 
H         15.11836       18.85709       16.32946 
H          6.26686       17.77380       13.44905 
C         10.80417       12.35244       18.40234 
C         14.17957       17.40401       14.99036 
C          7.53695       15.99619       13.42463 
C         11.54945       11.58236       17.48132 
C         14.35197       16.64252       13.81437 
C          7.83057       14.80150       12.73078 
H         11.93848       12.07353       16.56515 
H         13.53654       15.95964       13.49671 
H          8.63196       14.14106       13.12222 
C         16.55540        8.30966       14.55895 
C         14.53765       14.77369        7.47249 
C          7.55622        8.56818       10.62165 
C         15.28830        7.69140       14.54038 
C         15.53138       14.24633        8.32464 
C          7.85128        9.54820        9.65036 
H         14.37344        8.31043       14.43257 
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H         15.27157       14.00953        9.37596 
H          8.46515       10.42882        9.93066 
C         15.15079        6.29066       14.67141 
C         16.85004       14.01900        7.87506 
C          7.37922        9.44428        8.32324 
C         16.32335        5.49930       14.78205 
C         17.16952       14.32882        6.52850 
C          6.60969        8.30480        7.96949 
H         16.22724        4.39992       14.86834 
H         18.19755       14.15617        6.15755 
H          6.24064        8.20484        6.93023 
C         17.58771        6.11252       14.77179 
C         16.17351       14.83232        5.67089 
C          6.33806        7.31258        8.92825 
H         18.50070        5.48793       14.84131 
H         16.42855       15.05484        4.61615 
H          5.75133        6.41805        8.63601 
C         17.71653        7.51040       14.67406 
C         14.86009       15.05637        6.12584 
C          6.79980        7.43078       10.25370 
H         18.71533        7.98119       14.70443 
H         14.08087       15.44810        5.44428 
H          6.58736        6.64794       11.00639 
C         10.60987        7.38911        8.25914 
C         15.74949        6.75708       10.88700 
C         15.00519       10.90244        6.64593 
C         10.68458        6.96140        9.60270 
C         16.53402        7.92673       10.81977 
C         13.67534       11.35963        6.54812 
H         11.23176        7.57693       10.34704 
H         16.03953        8.91582       10.73005 
H         13.01631       11.32403        7.44093 
C         10.10323        5.74429       10.02431 
C         17.94176        7.86262       10.84561 
C         13.14848       11.83389        5.32676 
C          9.41154        4.95835        9.06588 
C         18.57047        6.59858       10.95731 
C         14.00692       11.89053        4.19869 
H          8.95624        4.00039        9.38361 
H         19.67619        6.53264       10.97665 
H         13.61043       12.26567        3.23589 
C          9.30769        5.39862        7.73502 
C         17.78674        5.43466       11.05321 
C         15.34556       11.47068        4.30669 
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H          8.75451        4.78116        6.99888 
H         18.28877        4.45174       11.14824 
H         16.01148       11.53026        3.42317 
C          9.90096        6.60520        7.31779 
C         16.38168        5.49840       11.02094 
C         15.85578       10.96793        5.51846 
H          9.83344        6.94352        6.26669 
H         15.76989        4.57848       11.08585 
H         16.90058       10.61143        5.59503 
Na        18.52227       15.41837       10.95586 
Ag        27.85165       12.33035       11.93239 
Ag        26.95021       10.71180       14.13698 
Ag        28.44921        9.52188       11.98025 
Ag        29.70018       11.30674       13.82961 
Ag        27.95002       13.65727       14.44207 
Ag        25.71956       10.58302       11.46362 
Ag        30.30109       11.52281       10.73684 
Ag        25.26700       13.11245       12.86596 
Ag        27.87571       11.13843        9.32856 
Ag        29.96942       14.13590       12.47516 
Ag        28.88183       13.77843        9.71267 
Ag        27.30637       15.13081       12.09205 
Ag        25.83933       13.19603       10.07281 
Ag        27.53116        8.44085       16.05378 
Ag        28.89095        7.05943       13.73412 
Ag        30.47590        8.88585       15.52789 
Ag        25.49283       12.73667       15.82313 
Ag        26.67981        8.41017        9.74762 
Ag        32.30319       12.29241       12.78885 
Ag        28.60067       16.28160       15.91409 
Ag        23.33908       11.92684       10.94994 
Ag        31.95919       11.38201        8.17248 
Ag        21.77617       13.64367       12.71506 
Ag        29.39867       10.76281        6.69364 
Ag        30.88555       16.63952       13.97717 
Ag        28.21509       17.83678       13.35100 
Ag        22.56799       13.97161        9.15507 
Ag        30.32311       13.59797        6.96312 
Ag        26.85474       15.91778        9.26638 
S         31.94782       11.08697       14.99704 
S         25.50024       10.20892       16.18826 
S         28.42737        7.14049       11.07149 
S         27.34860       14.12906       16.87328 
S         24.31371        8.55692       10.71665 
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S         32.78368       10.94774       10.68433 
S         23.55373       13.90825       14.58951 
S         27.18809        9.49442        7.50964 
S         32.41709       14.82492       12.74611 
S         29.07624       15.69659        8.05455 
S         26.55441       17.42085       11.26779 
S         24.87083       14.71892        8.24517 
S         29.32261        8.97015       17.74612 
S         26.93257        6.22233       15.05370 
S         31.33543        6.88785       14.25612 
S         31.04786       16.41347       16.48040 
S         21.41001       11.08390       12.50418 
S         31.44625        9.29702        6.87865 
S         27.01307       18.19823       15.50647 
S         22.10252       11.56588        8.56264 
S         32.80485       13.59580        7.30234 
S         30.44987       18.68759       12.59130 
S         21.37389       15.33866       10.85651 
S         28.96857       12.63367        5.07655 
C         31.97602       12.40312       16.21575 
C         23.91254        9.74689       15.48513 
C         29.79871        7.04543        9.91675 
C         32.65801       12.17589       17.43480 
C         23.11082        8.78458       16.14005 
C         30.50075        5.82294        9.79307 
H         33.05990       11.16945       17.65940 
H         23.50282        8.25555       17.02943 
H         30.26185        4.98123       10.47061 
C         32.82063       13.24320       18.33901 
C         21.81447        8.52364       15.65268 
C         31.48443        5.69584        8.79318 
H         33.35479       13.06711       19.29498 
H         21.18099        7.76969       16.16091 
H         32.03427        4.73858        8.68851 
C         32.32411       14.52649       18.04858 
C         21.30061        9.21525       14.54170 
C         31.77575        6.75620        7.91695 
H         32.46636       15.36257       18.75999 
H         20.28020        9.01573       14.16144 
H         32.53928        6.63853        7.12375 
C         31.61973       14.76186       16.83837 
C         22.09818       10.18173       13.87972 
C         31.08905        7.99269        8.04100 
C         31.44254       13.68122       15.94573 
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C         23.40404       10.41482       14.35242 
C         30.11611        8.11825        9.05658 
H         30.88566       13.85684       15.00165 
H         24.03777       11.15900       13.82918 
H         29.57338        9.08046        9.16167 
C         28.32979       12.96688       17.82446 
C         24.30912        7.46166       12.13027 
C         32.87020        9.24490       11.23909 
C         28.84989       13.37889       19.07391 
C         23.17398        6.65955       12.39796 
C         33.82838        8.38537       10.65165 
H         28.72291       14.42726       19.40427 
H         22.27447        6.72751       11.75438 
H         34.43660        8.74370        9.79925 
C         29.51406       12.43795       19.88395 
C         23.19929        5.76336       13.48360 
C         33.99157        7.08578       11.16882 
H         29.92388       12.75903       20.86268 
H         22.30599        5.14309       13.69523 
H         34.73805        6.40815       10.70739 
C         29.66541       11.10101       19.47491 
C         24.33779        5.64395       14.29967 
C         33.22517        6.63050       12.25599 
H         30.17479       10.36425       20.12586 
H         24.35283        4.93063       15.14538 
H         33.36678        5.60957       12.66019 
C         29.16403       10.68234       18.21509 
C         25.48164        6.44347       14.04316 
C         32.24957        7.47792       12.84468 
C         28.51175       11.63442       17.40217 
C         25.44113        7.35177       12.96442 
C         32.08072        8.77425       12.30997 
H         28.11813       11.31204       16.41649 
H         26.32945        7.98565       12.76495 
H         31.31845        9.44113       12.76361 
C         23.84335       15.65743       14.84141 
C         25.60738       10.12837        6.94057 
C         32.95146       15.23459       11.08276 
C         25.14883       16.17001       14.97609 
C         24.64095       10.61939        7.84441 
C         32.61710       14.41977        9.98109 
H         26.02055       15.49632       14.84432 
H         24.88806       10.68527        8.92340 
H         31.92610       13.56384       10.12508 
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C         25.37683       17.53034       15.27673 
C         23.35879       11.02145        7.41084 
C         33.15036       14.65409        8.69453 
C         24.25941       18.39052       15.42803 
C         23.04833       10.92792        6.02987 
C         34.02849       15.75612        8.52215 
H         24.42647       19.45984       15.65912 
H         22.04910       11.24039        5.67153 
H         34.45229       15.95694        7.51934 
C         22.95755       17.88574       15.26415 
C         24.01595       10.45275        5.12589 
C         34.33522       16.59150        9.61086 
H         22.08999       18.56698       15.36205 
H         23.76945       10.39581        4.04742 
H         35.00264       17.46366        9.45611 
C         22.73616       16.52772       14.97121 
C         25.29301       10.05360        5.56453 
C         33.80675       16.34541       10.89294 
H         21.70922       16.13756       14.83604 
H         26.05183        9.68713        4.84724 
H         34.04576       17.00806       11.74643 
C         30.06702       16.94775        8.87248 
C         24.77625       17.57365       11.45042 
C         25.45512       14.08966        6.67165 
C         29.96437       17.19553       10.25781 
C         23.89081       16.50013       11.21472 
C         26.75229       13.54948        6.54883 
H         29.33290       16.53545       10.88842 
H         24.29399       15.48472       11.01885 
H         27.37497       13.40652        7.45654 
C         30.62584       18.28573       10.86475 
C         22.49067       16.69946       11.20392 
C         27.29337       13.21239        5.28850 
C         31.42687       19.12869       10.05072 
C         21.97533       17.99277       11.45667 
C         26.48395       13.39043        4.13671 
H         31.94655       19.98782       10.51750 
H         20.88043       18.16203       11.44001 
H         26.89624       13.12979        3.14282 
C         31.55333       18.86715        8.67510 
C         22.85892       19.05596       11.72513 
C         25.17605       13.89226        4.26278 
H         32.18330       19.53021        8.04813 
H         22.44971       20.06392       11.93526 
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H         24.55036       14.02066        3.35694 
C         30.88220       17.78505        8.07438 
C         24.25145       18.85980       11.72500 
C         24.65051       14.24959        5.51944 
H         30.97197       17.58540        6.98990 
H         24.94307       19.69991       11.92544 
H         23.63033       14.66710        5.61340 
Na        21.64199        9.35531       10.27244 
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Cluster Crystals

Probing the Mechanical Response of Luminescent
Dithiol-Protected Ag29(BDT)12(TPP)4 Cluster Crystals

Korath Shivan Sugi,[a] Gangapuram Mallikarjunachari,[b] Anirban Som,[a] Pijush Ghosh,*[b] and

Thalappil Pradeep*[a]

Abstract: Atomically precise clusters of noble metals are

considered to be an important class of advanced materials.

Crystals of these clusters composed of inorganic cores and

organic ligands are fascinating owing to their tunable and

unique properties. Understanding their mechanical properties

can give more insight into the design of nanocluster-based

devices. Here, we probe the mechanical response of single

crystals of Ag29(BDT)12(TPP)4 cluster (BDT=1,3 benzenedithiol,

TPP= triphenylphosphine) under both quasi-static and dy-

namic loading conditions. Surprisingly, the measured reduced

Young’s modulus (Er) and hardness (H) were 4.48 and

0.285 GPa, respectively, similar to those of polymers and

much smaller than the values for bulk silver. These observa-

tions indicate a significant role of capping ligands on the

physical properties of such materials. The observed storage

modulus, loss modulus and loss factor were also found to be

similar to those of polymers. The magnitude of loss factor

suggested the ability of nanocrystals to absorb energy under

dynamic loading. These studies of mechanical properties of

cluster materials could be useful in developing their applica-

tions.

Introduction

Atomically precise nanometer-sized pieces of noble metals,

protected with ligands having well-defined crystal structures[1]

belong to a new category of materials. They are distinctly

different from nanoparticles in their spectroscopic properties,

such as well-defined features in their optical absorption and

emission spectra, just like molecules, which has been efficiently

manipulated to create functional devices. Luminescent proper-

ties of these noble metal nanoclusters (NMNCs) have been used

in the creation of sensors.[2] In contrast, nanoparticles of such

metals composed of thousands of atoms exhibit strong surface

plasmon resonance and nearly undetectable luminescence. Due

to their pronounced luminescence, NMNCs are successfully

conjugated with other functional materials for the creation of

solar cells.[3] They are also used as cocatalysts in improving the

performance of MoS2 towards hydrogen evolution reaction

(HER).[4] Such exciting optical, electronic properties of these

materials can be enhanced further by changing the size and

shape of the metal core during synthesis or by alloying.[5]

These NMNCs, synthesized in solution, make crystals under

controlled conditions. Total structures of many of these clusters

have been solved by growing such single crystals. Kornberg

group in 2007 reported the first crystal structure of the

decahedral Au102.
[1d] Total structures of several other gold

clusters like Au18,
[6] Au20,

[7] Au23,
[8] Au24,

[9] Au25,
[10] Au28,

[11] Au30,
[12]

Au36,
[13] Au38

[14] and Au133
[15] of varying crystal systems have been

reported till date. In the case of silver clusters, although the

developments have been slower, some reports have become

available in recent years which include Ag14,
[16] Ag25,

[17] Ag29,
[18]

Ag44
[1e] and Ag67.

[19] All the clusters are protected with ligands,

often thiolates and have counter ion to compensate charges.

For example, Ag44 exists as [Ag44(SR)30]
4�Na4. Functional groups

present on the organic ligands of these NMNCs interact

chemically between neighboring NMNCs and dictate the

orientation and packing of the nanocluster (NC) in the crystal.[20]

Controlling such ligand-ligand interactions open up possibilities

to further tune and optimize the properties of NMNCs for

applications in optical and electronic devices. In the recent

past, physical properties such as hardness (H) and Young’s

modulus (Er) have been correlated well with molecular proper-

ties.[21] Interesting observations have been made in the context

of solubility and mechanical properties of pharmaceuticals

which are relevant in the context of drug delivery.[22] Due to the

presence of long-range order in the NC crystals, it is likely that

physical properties of such crystals will be closely related to the

molecular structure of the individual NC, much like fullerenes.[23]

Nanoindentation[24] is a reliable method to precisely under-

stand bulk mechanical properties of materials. Recently, the

nanoindentation technique has been widely used for evaluating

the mechanical properties of various organic and inorganic
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crystals as well as metal-organic frameworks (MOFs).[25] Such

studies indicate an important correlation between mechanical

and molecular aspects of materials. Assembly of plasmonic

metal or semiconductor nanoparticles, forming superlattice

crystals, has been a subject of study.[26] Electronic properties of

such materials from the context of origin of metallicity has

been examined in detail.[26a] Nanocrystal superlattices exhibit

superior mechanical strength and are capable of withstanding

repeated indents.[26b,27] Such remarkable mechanical cohesion in

the superlattices are due to the van der Waals interactions

between ligands on neighboring nanocrystals.[28] Due to

versatile properties of Au nanocrystals, considerable effort has

been paid to understand their mechanical properties. Mueg-

genburg et al. had reported that the dodecanethiol-ligated

gold nanocrystal monolayers, have Young’s modulus of the

order of several GPa and they remain intact and able to

withstand tensile stresses up to temperatures around 370 K.[26b]

Nanoindentation studies performed on oleic acid stabilized PbS

nanoparticles by Tam et al. attributed the mechanical properties

to the organic capping agents surrounding the inorganic

core.[29] Similar studies by Podsiadlo et al. on both the shaped

superlattice crystals and the evaporated, layer-by-layer super-

lattice crystals correlated the mechanical properties of PbS,

CdSe, and CoPt3 superlattice crystals with the nanocrystal size,

capping ligands, and degree of ordering.[26c]

Single crystals of NMNCs are different from all these

materials as in former case atomically precise NCs are

assembled into macroscopically ordered crystals. While the

optical and electronic properties of NMNCs are being intensely

researched upon, mechanical properties of such materials are

yet to receive significant attention. However, properties of

NMNC-based devices would depend also on their mechanical

properties (like hardness and modulus, etc.), which emphasizes

the need to study and understand them in detail. Moreover, all

of these properties of a NMNC-crystal will depend upon how

strongly a NMNC interacts with its neighboring clusters. While

such interactions are difficult to study experimentally at single

NMNC level, bulk mechanical properties can be correlated to

NC-NC interactions in the crystal.

Herein, we present an early investigation into the mechan-

ical properties of one such silver NC system. The present study

focuses on mechanical properties of crystals of bidentate thiol

protected, highly stable[30]Ag29(BDT)12(TPP)4 NCs (BDT – 1,3

benzenedithiol, TPP – triphenylphosphine), for which the light-

harvesting capabilities and charge transfer dynamics[31] were

well studied recently. The cluster crystal is referred to as I in the

following discussion. This makes such systems promising

candidates for NC-based devices. Nanomechanical character-

ization techniques, such as nanoindentation, nanoscratch, and

nano-dynamic mechanical analysis (DMA) have been applied to

understand the mechanical properties of I. Quasi-static nano-

indentation was applied to determine the two fundamental

properties, Er and H of the I. The storage modulus, loss modulus

and loss factor at different frequencies were determined by

applying dynamic loading. Nanoscratch technique was applied

to examine the material heterogeneity, if any, along and across

the depth. We find that the Er and H of I are 4.48 and 0.285 GPa,

respectively, far lower than the respective values of bulk silver

(62.52 and 3.57 GPa). Interestingly, these properties are similar

to commonly known polymers such as polymethyl methacry-

late (PMMA). The clusters were found to be intact under

experimental investigations and no change in electronic

properties was observed.

Results and Discussion

ESI MS was employed to confirm the composition and purity of

the Ag29(BDT)12(TPP)4 cluster. The negative ion mode mass

spectrum of the purified cluster is shown in Figure 1a which

agrees well with the reported spectrum of Ag29(BDT)12(TPP)4.

The peak centered at 1603 corresponds to [Ag29(BDT)12]
3� as the

weakly bonded phosphines dissociate during ionization. Ex-

pansion of the peak centered at 1603 shows a characteristic

isotropic distribution in which each peak separation corre-

sponds to m/z=0.33, which in turn corresponds to the �3

charge state. The optical characterization of clusters was done

using UV-vis and photoluminescence (PL) measurements. Fig-

ure 1b shows the UV-vis absorption spectrum (pink trace) and

emission spectrum (green trace) of the Ag29(BDT)12(TPP)4 cluster

solutions. Molecular transitions are observed at 447 and

513 nm. When excited at 450 nm, the emission maximum was

observed around 670 nm. Inset 1 of Figure 1b is the photo-

graph of cluster solution in visible light and inset 2 is the

photograph under UV light. Inset 3 is the photograph of the

cluster powder under UV light. The purified cluster was crystal-

lized in a dark box for a period of 3–4 days. After four days, red

square plate-shaped crystals were observed. Insets 4 and 5 of

Figure 1b are the optical images of the I collected in the

transmission and reflected modes, respectively. The cluster

crystallizes in cubic Pa3 space group. The crystal structure of

Figure 1. a) Negative ion mode SI-MS of Ag29(BDT)12(TPP)4 clusters. The inset

shows the comparison of experimental and simulated mass spectra of [Ag29

(BDT)12]
3� which match exactly. b) Optical absorption (pink) and emission

spectra (green) of Ag29(BDT)12 (TPP)4 clusters. The excitation wavelength is

450 nm. Inset 1 and 2 are the photographs of the cluster solution under

visible and UV light, respectively. Inset 3 is the photograph of the cluster

powder under UV light. Inset 4 and 5 are the optical images of I collected in

transmission and reflected modes, respectively.
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the cluster is shown in Figure S1a (Supporting Information). The

SEM image of the cluster crystals also confirms the formation of

uniform cubical crystals (Figure S2).

Compared to other mechanical investigations, nanoindenta-

tion leaves only a small imprint on materials and can be

considered as a non-destructive technique even though sharp

indenters are used to penetrate the surface of the sample. A

typical load-displacement curve during loading and unloading

is shown in Figure S3. The label, hmax is the maximum

penetration depth associated with the applied maximum load

Pmax; hp is the residual penetration depth at full unloading while

he is the elastic penetration depth recovered at full unloading

and hc is the contact depth under the maximum indentation

force. In our experiments with I, a holding time of 10 s before

unloading was applied to reduce the effect of creep on the

measured quantities. An optical microscope was used to

position the indenter tip over nanocrystals. The Er and H were

determined from load-displacement curves by applying Oliver

and Pharr analysis.[32] The Oliver–Pharr method is the most

common method used for establishing the projected contact

area and predicting the elastic modulus of ordinary materials. In

this method, the unloading portion of indentation graph was

fitted into the power-law,

P ¼ Bðh� hpÞm ð1Þ

where, B and m are fitting parameters and hp is the final

indentation depth after complete unloading.

According to this method, in the absence of creep, the

initial unloading of the sample is elastic and the contact area

stays constant. Stiffness (S) is the measure of the resistance

offered by an elastic body to deformation. The slope of initial

part of the unloading curve thus represents the stiffness of the

indented material. From this data, the initial unloading slope,

i. e., contact stiffness S is estimated by analytically differentiat-

ing Equation (1) and evaluating the result at the maximum

indentation depth.

S ¼ dP

dh

� �

h�hmax

¼ Bmðhmax � hpÞm�1 ð2Þ

where, P is the applied load and h is the displacement. Finally,

in the case of a rigid indenter, the elastic modulus Er, is

calculated by

Er ¼ 1

b

ffiffiffi

p
p

2

S
ffiffiffi

A
p ð3Þ

where, b is the correction factor.

The hardness of a material is the measure of its ability to

resist plastic deformation and is given by the Equation (4).

H ¼ Pmax

A
ð4Þ

where, Pmax is the peak indentation load and A is the projected

area of the impression. The nanocrystals are crystallized on a

glass microscope slide. To avoid the substrate effect, all the

experiments were performed such that the maximum depth of

penetration attained remained below 10% of the crystal size.

We performed load dependent studies initially on I (Figure S4)

by applying a series of loads, such as 50 mN, 100 mN, 150 mN

and 200 mN and corresponding moduli were determined. The Er
depends mainly on S and the A of the residual imprint. As peak

load increases, these two factors changes, thus affecting the

Young’s modulus. The variation of Er and H with increasing load

is shown in Figure S5. The modulus and hardness values

corresponding to lower loads were disregarded since those

represent more of the surface properties and not of the bulk.

Also, due to low displacement in the normal directions at lower

loads, the surface roughness influences the response of the

true material. The load-displacement response of a single

crystal at 200 mN is shown in Figure 2. The schematic of

trapezoidal load function used for indentation is shown in the

inset of Figure 2. The loading part of the curve is elastic-plastic

in nature. The slope of the initial part of the unloading curve

represents the elastic recovery of the material and thus is

applied to estimate the elastic modulus of a material. For

comparison, NI tests were also performed on a silver foil and

PMMA. The values determined at 200 mN load are shown in

Table 1. The Er and H values corresponding to 200 mN can be

considered as representative bulk values. These Er and H values

obtained for I were 4.48 (�0.115) GPa and 0.285 (�0.006 GPa),

respectively.

It is to be noted that the elastic modulus of I is similar to

that of some of the widely-used polymers such as PMMA and

polystyrene[33] and is significantly different from silver metal,

which constitutes the cluster core. The large Young’s modulus

in polymers is attributed to the entanglement of monomer

Figure 2. Load-displacement curves of silver foil (green dotted line), I (blue

solid line) and PMMA (red dotted line) with Berkovich indenter. Inset 1

shows a schematic of the trapezoidal load function.

Table 1. Measured Young’s modulus and hardness of the different

materials

Material Er (Gpa) H (Gpa)

Silver foil 62.52�1.8 3.57�0.250

Ag29 nanocrystal 4.48�0.115 0.285�0.006

PMMA 3.90�0.155 0.187�0.030
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molecules.[34] In case of I the Young’s modulus is presumably a

consequence of the ligand confinement and associated inter-

actions. This observation suggested that the protecting ligands

not only act as spacers but also provide significant mechanical

strength through ligand-ligand interactions.

The initial part of the unloading curve of the load-displace-

ment plot indicates elastic recovery (Figure 2). The area under

the respective elastic recovery region and plastic deformation

region of load-displacement curve provides an insight into the

elastic work done (WE) and the energy dissipated (WP) due to

plastic deformation during the application of load (Figure S6).

WE is the amount of energy utilized in deforming a material

which recovers when the load is removed and plastic work

done WP is the amount of energy dissipated while the material

undergoes plastic deformation. The calculated ratio of WP to WE

from the load-displacement curve of the crystal is 1.89 which

further confirms the permanent deformation in the crystal. The

permanent deformation in the nanocrystal possibly arises from

the relative displacement of the clusters under the applied

load.

It is observed from the load-displacement plot that during

the hold time of 10 s, the crystal underwent a creep displace-

ment of about 14�2 nm. Creep[35] is a phenomenon where

under a constant load; a visco-elastic material undergoes

displacement. Under identical conditions, PMMA showed a

comparable creep displacement of 12�2 nm. The presence of

organic ligands, therefore, contributes to the time-dependent

creep behavior of I.

The residual indentation impression of the indented surface

of the nanocrystal is shown in Figure 3a. In the normal

direction, the maximum depth of penetration of 170 nm was

attained under the maximum load; whereas with the removal

of the load, the nanocrystal recovered, leaving a residual depth

of 40 nm. The number of unit cells subjected to direct load

under the indenter was calculated by measuring the volume of

residual impression from the piezo image. The volume of

indentation imprint is 3.181�10�21 m3. The volume of the

molecular crystal unit cell is 40006�10�30 m3. Therefore, the

number of unit cells subjected to direct load under the indenter

is approximately 7.952�104. This translates to a number of

6.362�105 clusters under the indented volume. These are also

approximately the number of clusters which have undergone

permanent deformation and thus contribute to the plastic

energy (Wp). The variation observed in the values of H for

PMMA and the nanocrystal (Table 1) is due to the difference in

maximum displacement (Figure 2). This is because the area of

residual indentation imprint used for calculating hardness

changes with the change in maximum displacement. The

slightly higher value of hardness of the nanocrystal could be

due to the even distribution of stress in I than a polymer

network.

To investigate the strength of I, we have performed

indentation with a higher load of 10000 mN (Figure S7a). There

was no evidence of fracture even at such high loads (Figure S7b

and c). The indentation was also performed at higher loading

rate, i. e., 10000 mN/s; however, still no fracture or crack

propagation was observed in the SEM image of the residual

indentation imprint (Figure S7d and e). The absence of any

formation or propagation of cracks even at higher loads might

be due to the ligand-ligand interactions in the nanocrystal

which imparts such ductile (visco-elastic) nature to the material.

Pile-up is a phenomenon of accumulation of materials on

the surface around the indenter tip resulting in plastic

deformation due to the applied load. Since the elastic modulus

of I is similar to that of PMMA and also the fact that it exhibits

creep behavior, we have measured the pile-up of I during

indentation. The section profiles of the nanocrystal and PMMA

(Figure 3b) were taken along the indentation impression

(dotted red line) as shown Figure 3a. The PMMA exhibits slight

pile-up whereas no pile-up was observed in the case of I which

might be due to its work hardening capacity. Work hardening

in materials is induced normally when the density of disloca-

Figure 3. a) Piezo image of residual indentation imprint on I. b) Cross-sectional profile of the indentation imprint in I along with the dotted line (in red), is

shown in comparison with that of PMMA (in green).
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tions becomes sufficient that they begin to interact and hamper

further deformation.[36] In general, the pile-up is greatest in

materials with large Er/H and thereby such systems will not

have much work hardening capacity. The capacity for work

hardening inhibits the pile-up because the hardening of

material during deformation at the proximity of indenter tip

constrains the upward flow of material to the surface. The value

of Er/H obtained for I was 15.71 and that of PMMA was 20.85,

respectively. In case of I, the volume of material under the

indenter tip could possibly be experiencing significant compac-

tion thus preventing any pile-up. Under applied stress, the

benzene rings in the cluster might have oriented by tipping of

the planes in the direction of the load. This could result in the

interdigitation of ligands in the proximity of the indenter

(Figure S8).

In order to confirm that the electronic structure of the

cluster remains intact before and after indentation, emission

spectra were collected from the indentation spot before and

after nanoindentation with a confocal Raman microscope. The

emission spectra (Figure 4) remain essentially the same before

and after indentation confirming the stability of the clusters.

The observed shift in the spectra before and after indentation

was found to be 6 nm. However, spectral shifts in nanoclusters

due to structural changes are found to be significantly higher,

to the extent of hundreds of nm. Therefore, we concluded that

the nanoindentation did not affect the overall structures of the

nanoclusters. The observed small shift in the spectra might

stem from the slight reorientation of the ligands due to

compaction caused by nanoindentation. Inset 1 and 2 of

Figure 4 are the optical images of the nanocrystals before and

after indentation.

Since the Er, H and creep behavior of the nanocrystals

strongly resembled that of a polymer, DMA was performed to

understand the frequency sensitivity of different polymeric

properties, particularly the loss and storage modulus. The

storage modulus (in-phase component) is an indication of the

amount of energy restored as the dynamic load is removed,

whereas, the loss modulus (out-of-phase component) is a

measure of energy dissipated or lost in undergoing permanent

changes. The storage modulus is the dynamic counterpart of

elastic modulus. The ratio of loss to storage modulus of a

material is quantified as tan d, also known as damping or loss

factor. This factor indicates the ability of a material to absorb

energy through different internal mechanisms when subjected

to dynamic loading. The tan d values of 08 and 908 represent a

purely elastic and viscous material, respectively. Sinusoidal (AC)

load of 10 mN was applied over a frequency range of 10 to

200 Hz. Assuming linear viscoelasticity, the frequency depend-

ent dynamic response of the material can be determined using

the following Equation 5 and 6, respectively.

E0ðstorageÞ ¼ Ks
ffiffiffi

p
p

2
ffiffiffiffiffi

Ac

p ð5Þ

tan d ¼ wCs

Ks
ð6Þ

where, E’ is the storage modulus and w is the frequency of the

applied load and KS and CS are the sample stiffness and

damping coefficients, respectively and AC is the projected

contact area of the indent on the surface of the specimen.

The variation of storage modulus with frequency for the I is

shown in Figure 5a. The dynamic response of PMMA is also

depicted in Figure 5a for comparison after necessary correc-

tions. The nanocrystal shows increase in storage modulus at

higher frequencies similar to that of a polymer. At higher

frequencies, polymer network does not get sufficient time to

Figure 4. Emission spectra of I before and after indentation collected from

the indentation spot (red dotted circle). Insets 1 and 2 are the optical images

of I before and after indentation.

Figure 5. a) Variation of storage modulus with frequency for I (red) and PMMA (green). b) Variation of tan d with frequency for I (red) and PMMA (green).
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undergo the necessary relaxation and thus behave more like a

stiffened mass, showing higher modulus. The storage modulus

value for the nanocrystal ranges from 4.5 GPa to 5.5 GPa in the

frequency range of 10 Hz to 200 Hz. Also, the value of storage

modulus determined is in the range of the elastic modulus

measured in quasi-static indentation test. The loss modulus

varies from 0.1 to 0.3 GPa in the same frequency range

(Figure S9). The variation of tan d with frequency is shown in

Figure 5b.

Any significant difference in the value of tan d was not

observed with the change in frequency. The magnitude of loss

modulus and tan d obtained for the nanocrystal indicates that

it has the ability to absorb some energy under dynamic loading.

Interdigitation of ligands and segmental motions of the clusters

together could help in the energy dissipation in the nano-

crystal. The characteristic tan d of I is also very similar to that of

PMMA (Figure 5b). However, the observed tan d value is not as

high as shock absorbing polymeric foams, where it’s in the

range of 0.6 to 0.7 at room temperature.[37]

Nanoscratch technique was applied to examine the homo-

geneity across the depth of I. In nanoscratch experiment, the

indenter with constant load is glided through the surface of the

nanocrystal. The lateral force experienced during scratching

was recorded as a function of lateral displacement. Schematic

representation of the nanoscratch technique is demonstrated in

Figure 6a. Different sets of normal loads, 100 mN, 200 mN and

300 mN were applied separately on three different crystals.

Scratch length of 5 mm was made with different penetration

depths. The piezo images of the scratch made with 300 mN load

and a penetration depth of 250 nm are shown in Figure 6b and

6c. The rumpled structures observed at the end of the scratch is

rear pile-up formed by the aggregation of wear debris. The

lateral force-displacement plots (Figure 6d) reveal the slight

uneven force experienced by the indenter tip which presum-

ably is due to the steps or undulations present on the surface

of I. The friction coefficient plots with different scratch depth

are shown in Figure 6e. The coefficient of friction along the

lateral length is calculated from the nanoscratch experiments. It

is defined as the ratio of the lateral load over the normal load.

The variations observed in the friction coefficient plots (Fig-

ure 6e) might be due to the steps or undulations in I. During

nanoscratch, i. e. when the tip slides over the crystal surface, a

sudden change in lateral load is expected due to the presence

of the steps which may be resulted in the variation of the

friction coefficient. Cluster crystals, being grown in solution

may incorporate solvent molecules. There is a possibility that

these molecules may be lost upon storage. While this may not

change the electronic properties such as luminescence of the

crystal as well as structural features, the appearance of the

crystal may be affected. In view of these, we have measured

the mechanical properties of as prepared and aged I which do

not show much difference in the Er value (Figure S10). The

dimensions of the indenter are much below the separation

between the surface defects and therefore the indenter probes

a defect-free region, as has been noted earlier in case of PbS

nanocrystals.[26c] Both the fresh and aged crystals have same

unit cell parameters as that of cubic I. Also, the variation in the

friction coefficient was observed mainly at lower depths but

was not much prominent at a depth of 250 nm. This

observation confirms that the steps or undulations are present

Figure 6. a) Schematic representation of the nanoscratch experiment on I. b) and c) are the 2D and 3D piezo images of I after 300 mN load nanoscratch. d)

Variation of lateral force along the scratch length at different loads on I. e) Friction coefficient plots at different scratch depths.
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only at the surface of the crystal. No cracks due to experimental

load were observed during scratch experiments.

Conclusions

This work probed the mechanical properties of dithiol pro-

tected Ag29 nanocrystals experimentally. Not only the observed

Young’s modulus and hardness values, 4.48 and 0.285 GPa,

respectively, were similar to that of polymers, but the material

also exhibited dynamic mechanical responses similar to poly-

meric materials. These experiments imply that the capping

ligands play a significant role in the mechanical properties of

nanocrystals. Moreover, this also indicates that such materials

could be processed in very similar ways as polymers for device

integration or could be easily incorporated into existing

polymer-based devices to add extra functionality without any

drastic changes in the mechanical properties of parent

polymers. While these mechanical properties can be linked

directly to the structure of the cluster and inter-cluster

interactions in nanocrystals, unraveling those would require

significant computational effort.

Experimental section

Chemicals: All chemicals, including sodium borohydride (NaBH4,

99.99% metal basis), triphenylphosphine (TPP), benzene-1,3-dithiol

(BDT) were purchased from Sigma-Aldrich. Silver nitrate (AgNO3,

99%), was purchased from Rankem. Solvents including methanol,

dichloromethane (DCM), dimethylformamide (DMF) were of HPLC

grade.

Synthesis of Ag29(BDT)12(TPP)4 nanoclusters: Synthesis of Ag29 nano-

clusters (NCs) was performed by following a previously reported

procedure.[18] Briefly, Ag29(BDT)12 NCs were prepared by dissolving

25 mg of silver nitrate in 5 mL of methanol. To this solution, 10 mL

of DCM and 15 mL of BDT were added. After the addition of BDT,

the solution changed to turbid yellow. The yellow colored solution

became colorless by the addition of 200 mg of TPP (in 1 mL DCM).

After 15 minutes, 10.5 mg of NaBH4 in 500 mL deionized (DI) water

was added. The color of the solution changed to dark brown after

the addition of NaBH4. After three hours of continuous stirring, the

dark brown solution turned to orange. The orange solution was

centrifuged and the supernatant was discarded. The residue was

washed several times with methanol to remove excess thiols and

thiolates and it was dispersed in DMF.

Crystallization of Ag29(BDT)12(TPP)4 nanoclusters: The purified clusters

were dispersed in DMF, and filtered using a syringe filter. The

concentrated cluster solution was drop-casted on a microscope

slide and kept undisturbed at room temperature. After 3–4 days

luminescent red crystals were observed.

Characterization

UV-vis measurements: The absorption spectrum of the cluster

solution was measured with a Perkin-Elmer Lambda 25 UV-vis

absorption spectrophotometer. Spectrum was measured in the

range of 190–1100 nm. The cluster was dissolved in the respective

solvents and the spectrum was recorded in quartz cuvettes with

10 mm path length.

Luminescence measurements: Luminescence measurements of sol-

ution were carried out using the HORIBA JOBIN VYON NanoLog

instrument. The bandpass for excitation and emission was set at

3 nm. Diluted cluster solution was used for the measurement.

Emission spectra of the nanocrystals, especially from the inden-

tation spots were collected on a confocal Raman microscope, Alpha

300 S from WiTec GmbH, using a 633-nm laser and 150 g/mm

grating.

ESI-MS measurement: Waters Synapt G2-Si High Definition mass

spectrometer equipped with electrospray ionization, matrix-assist-

ed laser desorption ionization and ion mobility separation was

used. The sample was analyzed in the negative mode of electro-

spray ionization. The instrument was calibrated using CsI as the

calibrant.

SEM and EDAX measurements: Scanning electron microscopy (SEM)

and energy dispersive X-ray (EDAX) analysis were done using an FEI

QUANTA-200 SEM.

Nanoindentation measurements: Nanoindentation (NI) experiments

were conducted using a Hysitron TI Premier nanomechanical

testing instrument. For measuring mechanical properties, a three-

sided Berkovich indenter, of radius 150 nm was used. The

indentation loads ranged from 50 mN to 10,000 mN and a

trapezoidal load function was used, which includes three segments.

In the first segment, the load was increased linearly to its maximum

in 20 s, the second segment corresponds to a constant holding of

10 s and in the third segment, the load was linearly decreased to

zero in 10 s. In-situ SPM was used to examine the surface

topographies prior to and after indentation. The Er and H were

calculated by applying the Oliver and Pharr method.[32] According

to this method, Er and H were determined from the initial part of

the unloading segment of the load-displacement curve.

Nano DMA measurements: DMA was performed by using load

controlled frequency sweep mode of nano-DMA. In this mode, the

oscillating dynamic load was superimposed on static load over a

frequency range of 10–200 Hz. The applied static load for all the

samples was 200 mN and the dynamic load was 10 mN. The tests

were carried out using a Berkovich indenter. A time-dependent

nanomechanical property was analyzed by applying a sinusoidal

force signal and capturing the displacement response at the same

applied frequency by the nanoindentation system. The resulting

phase lag from applied and resultant signal will provide informa-

tion about the storage and loss moduli.

Nanoscratch measurements: Nano-scratch measurements were

conducted using the Berkovich probe. In this technique, a 5 mM
long scratch was made with three different loads (100, 200 and

300 mN) on three different crystals. The image was taken after each

scratch through the in-situ SPM imaging technique to analyze the

scratch response of the nanocrystal. The lateral force experienced

by the probe was recorded as a function of displacement.
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Figure S1. a) Crystal structure of Ag29(BDT)12(TPP)4 cluster. b) The 3D view of the cubic 

unit cell of I. c) The schematic of 2x2 cubic unit cell of I. Color legend: green, silver; yellow, 

sulphur; orange, phosphorous; grey, carbon; white, hydrogen. 
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Figure S2. SEM image of I. Inset 1 shows a single I. 
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Figure S3. A typical load-displacement curve obtained in a nanoindentation experiment. 
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Figure S4. a) Load-displacement curves obtained from multiple indentations by varying the 

magnitude of load. For all loads, elastic recovery is observed. b) Residual indentation 

impressions on I at different loads. 
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Figure S5. Variation of modulus and hardness as a function of load. 
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Figure S6. a) Load-displacement curve for 200 µN load. The red shaded area represents the 

plastic work done and the green shaded area represents the elastic work done. 

 
Figure S7. a) Load-displacement curves for 10000 µN load with trapezoidal load function 

(blue color) and 10000 µN load with higher load rate (i.e.,1000 µN/s) (green color). Image b 

and c are the piezo and SEM image of residual indentation impression with 10000 µN load. 
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Image d and e are the piezo and SEM image of residual indentation impression with 10000 

µN/s load rate. 

 
Figure S8. a) Packing of Ag29 cluster layers in I. b) Expanded view of the intercluster region. 

Color legend: green, silver; yellow, sulphur; orange, phosphorous; grey, carbon; white, 

hydrogen. 

 

 

 

 

 

 

 

 

 

 

 

Figure S9. Variation of loss modulus with frequency for I (red) and PMMA (green). 
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Figure S10. Load-displacement curves for 200 µN load on fresh (blue color) and aged (red 

color) crystal. Inset 1 and 2 shows the SEM images of fresh and aged crystals. 
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ABSTRACT: Collision cross sections (CCSs) of ligand-protected metal
clusters were evaluated using ion mobility mass spectrometry. The targets
used in this study were phosphine-protected clusters [PdAu8(PPh3)8]

2+ and
[Au9(PPh3)8]

3+, for which the total structures have been resolved by single-
crystal X-ray analysis. The arrival time distributions of [PdAu8(PPh3)8]

2+ as
a function of the He flow rate in a cell located just in front of a traveling
wave ion mobility cell filled with N2 buffer gas demonstrated that it got
converted to another structural isomer having a smaller CCS, with the
increase in the nominal collision energy. A similar phenomenon was
observed for [Au9(PPh3)8]

3+. These results were explained by the collisional
excitation and cooling with the buffer gas inducing the conversion of the
packing arrangement of the ligands rather than the atomic structure of the
metallic core: the ligand layer was converted from disordered to the closely packed arrangement found in a single crystal during
this process. This study showed that the ligand layer with a disordered arrangement in solution was retained during desolvation
upon electrospray ionization and was annealed into the most stable closely packed arrangement by collisions.

1. INTRODUCTION

Ligand-protected metal clusters have extended the scope of
materials science owing to their novel properties.1−9 The key
descriptors through which we can tune the properties and
functions of protected metal clusters are the number (cluster
size) and composition of metal atoms at the core. There are
many examples illustrating how the optical, catalytic, and
magnetic properties of protected metal clusters are affected by
their size and composition.
However, the properties and functions of such clusters are

decided not only by size and composition, but also by the
geometric structure. Especially, the atomic packing of the
metallic core is an important parameter because protected
metal clusters can take a variety of structural isomers10,11 and
the electronic structures are strongly coupled with the core
structures. For example, optical spectra of structural isomers
Au28(SPh

tBu)20 and Au28(S-c-C6H11)20 exhibit different
profiles reflecting the difference in the core structures.11

Another example is that the optical absorption spectrum is
strongly dependent on temperature12 due to thermal
fluctuation of the metallic core.13 The structure of the ligand
layer is also an important parameter determining the
physicochemical properties including chirality,14,15 nonlinear
optical activity,16 and electron transfer reactions.17 While the
monolayer of alkanethiolates on an Au cluster exhibits a

disordered structure, that in the solid state forms a bundlelike
structure.18 The electron transfer reaction for an alkanethiolate
(CnH2n+1S)-protected Au25 cluster is independent of n in the
range 12−18 due to the formation of a bundlelike structure.18

Recently, several unique techniques have been used for the
structural characterization of protected metal clusters isolated
in a vacuum. The methods include ion mobility mass
spectrometry (IM MS),19−21 collision-induced dissociation
mass spectrometry (CID MS),22−24 and photoelectron spec-
troscopy (PES).25,26 These methods provide essential
information on the stability and structures without any
influence from the solvents. For example, Ligare et al. reported
IM MS of [Au8(PPh3)7−x(PPh2Me)x]

2+ as a function of x and
found that arrival times decrease abruptly from x = 3 to 4.27

This behavior was ascribed to the formation of a closely packed
arrangement of the phosphine ligands due to dispersion
interactions. However, several interesting questions remained
unaddressed using IM MS: (1) Does the collision cross section
(CCS) value determined by IM MS quantitatively reproduce
those for the structures determined by X-ray crystallography?
(2) Does the CCS value reflect the structure of the protected
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metal clusters in the solution? (3) Can we probe collision-
induced isomerization by IM MS?
To address the above issues, we conducted IM MS

measurements on [PdAu8(PPh3)]
2+ and [Au9(PPh3)8]

3+, the
structures of which have been determined by single-crystal X-
ray analysis (Figure 1).28−31 [PdAu8(PPh3)8]

2+ takes a crown

motif (Figure 1a), while [Au9(PPh3)8]
3+ can take two isomeric

forms in the crystal phase, a crown (Cr) or a butterfly (Bt)
motif, depending on the size of the counteranions (Figure
1b,c).32,33 The single-crystal structures shown in parts a, b, and
c of Figure 1 are hereafter referred to as PdAu8(Cr), Au9(Cr),
and Au9(Bt), respectively. The absence of a butterfly motif in
[PdAu8(PPh3)8]

2+ was ascribed to suppression of the core
isomerization due to stiffening of the intracluster bonds by Pd
doping.33 Their metallic cores [Au9]

3+ and [PdAu8]
2+ can be

viewed as oblate-shaped superatoms with an electron
configuration of (1S)2(1P)4.31,33 Close inspection of
PdAu8(Cr) and Au9(Cr) reveals that the structures of the
ligand layers are different although their cores have crown
motifs; CH−π and π−π interactions between the phenyl rings

of adjacent PPh3 ligands, respectively, play a role in
determining the structures of the ligand layers (Figure S1).
We determined by IM MS the CCS values of electrosprayed
[PdAu8(PPh3)8]

2+ and [Au9(PPh3)8]
3+ and compared them

with those of the structures determined by X-ray crystallog-
raphy. The results showed that the disordered ligand layers of
[PdAu8(PPh3)8]

2+ and [Au9(PPh3)8]
3+ in solution are retained

during desolvation by electrospray ionization (ESI), but can be
converted to more compact structures found in single crystals
via collisional excitation and cooling.

2. METHODS

2.1. Ion Mobility Mass Spectrometry. The synthesis
procedure and characterization of [PdAu8(PPh3)8](NO3)2 or
[Au9(PPh3)8](NO3)3 are described in the Supporting In-
formation. Mass spectra and arrival time distributions (ATDs)
were measured using an ion mobility mass spectrometer
(Synapt G2-Si, Waters Corp., Manchester, U.K.) installed at
Indian Institute of Technology Madras (IIT Madras) (Figure
2).21,34 The apparatus consists of an ESI source, a traveling
wave ion guide (TWIG), a quadrupole mass filter, a trapping
TWIG (not shown in Figure 2), a helium cell, a traveling wave
ion mobility (TWIM) cell, and a time-of-flight mass
spectrometer (TOF MS) equipped with a reflectron.
[PdAu8(PPh3)8](NO3)2 or [Au9(PPh3)8](NO3)3 dispersed in
methanol was introduced into the mass spectrometer via the
ESI source. After the elimination of neutral species by the
TWIG, the ions of interest were mass-selected by the
quadrupole mass filter. The mass-selected cationic clusters
were stored in the trapping TWIG and injected periodically
into the He and TWIM cells35 by applying a pulsed voltage to
the gate electrode. The pressures in the cells were changed by
controlling the flow rates of He and N2 gases (FHe and FN2

) in

the ranges 0−150 and 45−55 mL min−1, respectively. The ions
in the TWIM cell were propelled by the continuous sequence
of traveling waves with a triangular shape, but were unable to
keep up with the wave front in the presence of the buffer gas.
Compared with ions with a low mobility, ions with a large
mobility slip behind the waves less often and so are ejected
from the cell earlier than those of a low mobility.34 The ions
thus separated based on the mobility were orthogonally
extracted by a pulsed electric field between the acceleration
grids and were detected by the TOF MS.
The ATD was obtained by plotting the intensities of

[PdAu8(PPh3)8]
2+ or [Au9(PPh3)8]

3+ as a function of the time

Figure 1. Crystal structures of (a) [PdAu8(PPh3)8]
2+ with a crown

motif and [Au9(PPh3)8]
3+ with (b) crown and (c) butterfly motifs.

Yellow, gray, and purple colors indicate Au, Pd, and P atoms,
respectively. Ph group is shown by wireframe.

Figure 2. Schematic illustration of the experimental setup.
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difference between the ion injection into the He cell and ion
extraction into the TOF MS. Thus, the arrival time giving the
peak of ATD (ATmax) is expressed by

μ
= + = Ω +T T

z
A c

m

z
AT B

max cell drift exp
(1)

where Tcell and Tdrift represent the drift time spent in the cell
and that spent from the exit of the cell to the acceleration
region of the TOF MS.36 The terms m, z, μ, and Ωexp are the
ion mass, the charge, the reduced mass of the clusters and the
buffer gas, and the CCS, respectively.37 The constants A and B
were calibrated with the experimental data on myoglobin
collected at FHe and FN2

values of 43.2 and 55 mL min−1,

respectively, and at room temperature.38 The constant c was
obtained from commercially available software. Key exper-
imental parameters are listed in the Supporting Information.
2.2. Theoretical Calculation of CCS. The CCS values of

PdAu8(Cr), Au9(Cr), and Au9(Bt) were calculated by three
methods: diffuse hard-sphere scattering (DHSS),38 projection
approximation (PA), and exact hard-sphere scattering
(EHSS).39,40 The DHSS method assumes that the cluster
consists of hard-sphere atoms. According to ref 36, we assumed
that 91% of the collisions between the buffer gas (N2) and the
cluster are inelastic and diffusive and the remaining 9% of the
collisions are elastic and specular. The atomic radii of Au, Pd,
P, C, and H atoms were set to 1.66, 2.0, 1.8, 1.7, and 1.1 Å,
respectively. A N2 molecule was regarded as a sphere with a
radius of 1.5 Å. The clusters were rotated three times in a
surrounding environment of 30 000 N2 molecules during the
simulation for DHSS. The re-emission velocity of gas
molecules after collision was assumed to have a Maxwell
distribution. In the PA method, the CCS value was determined
by projecting a three-dimensional ion geometry onto a two-
dimensional plane and averaging all the possible geometries
assuming a hard-sphere model. The clusters were rotated 100
times in a surrounding environment of 30 000 N2 molecules
during the simulation. In the EHSS method, all the collision
events with N2 gas were assumed to be completely elastic. The
temperature and N2 pressure used in these calculations were
300 K and 290 Pa, respectively. IMoS software37 was used for
calculations.

3. RESULTS AND DISCUSSION

3.1. Pressure-Dependent ATD. The ATDs of
[PdAu8(PPh3)8]

2+ are shown in Figure 3 as a function of
FHe. The ATDs exhibit a single peak β when FHe is higher than
120 mL min−1 (Figure 3a,b). When FHe is reduced to 80 mL
min−1, a new peak α appears as a hump at the shorter arrival
time side of peak β (Figure 3c). The relative intensity of peak
α with respect to peak β increases with the decrease in FHe
(Figure 3d−f), and peak α dominates the ATD when FHe is
reduced to 0 mL min−1 (Figure 3g). The decrease in FHe leads
to a decrease of collision frequency of the target cluster and to
an increase in the mean free path. As a result, the ions in the
He cell gain more kinetic energy from the traveling electric
field, collide with the N2 gas with a higher collision energy and
exit the cell in shorter time under low pressure. Therefore, the
transformation from peak β to peak α in Figure 3 indicates that
an isomer for peak β (PdAu8(B)) is “converted” to a more
compact isomer for peak α (PdAu8(A)) by collisional heating.
The gradual decrease in the total ion intensities is due to the
CID of [PdAu8(PPh3)8]

2+.

A similar behavior was observed in the ATD of
[Au9(PPh3)8]

3+ recorded in the range of FHe = 35−80 mL
min−1 (Figure 4). Figure 4 clearly shows that the relative
abundance of Au9(C) giving peak γ with respect to Au9(D)
giving peak δ increases with decrease of FHe. This result
indicates that Au9(D) is converted into the more compact
Au9(C) upon collisional excitation and cooling. The more
rapid decrease in the intensity of [Au9(PPh3)8]

3+ than
[PdAu8(PPh3)8]

2+ at lower FHe is associated with the fact
that the former is more easily dissociated into fragment ions.

3.2. Experimental and Theoretical CCS Values. To
help the assignment of structural isomers found in section 3.1,
we compared the CCS values experimentally determined
(Ωexp) to those calculated for the single-crystal structures in
Figure 1 (Ωcalcn). The ATDs of [PdAu8(PPh3)8]

2+ and
[Au9(PPh3)8]

3+ were dominated by peaks β and δ assigned
to PdAu8(B) and Au9(D), respectively, at FHe = 43.2 and FN2

=

55 mL min−1 employed for calibration. The Ωexp values for
PdAu8(B) and Au9(D) were determined to be 422 and 442 Å2

using eq 1 (Table 1). Peak α for PdAu8(A) and peak γ for
Au9(C) emerged with slight alteration of FN2

, wave velocity,

and wave height as shown in Figure 5 (parameters are shown
in the Supporting Information). The Ωexp values for PdAu8(A)
and Au9(C) were determined to be 404 and 402 Å2,
respectively, using that for PdAu8(B) as a reference. The

Figure 3. Arrival time distributions of [PdAu8(PPh3)8]
2+ at FN2

= 45

mL min−1 and FHe = (a) 150, (b) 120, (c) 80, (d) 60, (e) 43, (f) 35,
and (g) 0 mL min−1.
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Ωexp values for all the isomers were reproduced within the
statistical error of ∼1%.
The Ωcalcn values obtained by the DHSS, PA, and EHSS

methods for PdAu8(Cr), Au9(Cr), and Au9(Bt) are listed in
Table 2. The Ωcalcn values are strongly dependent on the
calculation methods. Especially, the DHSS method over-
estimates the Ωexp values significantly, although it was reported

that DHSS reproduced the Ωexp values determined using
diatomic and polarizable molecules such as N2 as buffer gas
better than other methods such as PA and EHSS.37 This result
suggests that N2 molecules collide with the clusters in an elastic
manner. In addition, there was no appreciable difference in the
Ωcalcn values for the two isomers of Au9(Cr) and Au9(Bt),
indicating that IM MS cannot differentiate isomers having
different core structures in the present case.

3.3. Collision-Induced Isomerization. Significant dis-
crepancies between Ωexp and Ωcalcn do not allow us to make a
straightforward assignment of the isomers in Table 1. In
PdAu8(Cr), the PPh3 layer forms a densely packed structure
around the core due to CH−π interactions between the phenyl
rings of adjacent PPh3 ligands (Figure S1a). Because no other
isomer having a more compact packing than PdAu8(Cr) is
available, we assign PdAu8(A) to PdAu8(Cr). Since no other
isomer with a different core structure is known for
[PdAu8(PPh3)8]

2+, it is reasonable to assign PdAu8(B) to a
less stable isomer having poorly packed ligand structures
compared to PdAu8(Cr). This assignment leads us to conclude
that the structure of [PdAu8(PPh3)8]

2+ introduced into
vacuum via the ESI source is different from PdAu8(Cr) in
terms of the ligand packing. Probably, the structure of the
ligand layer of PdAu8(B) introduced in the gas phase via the
ESI source is similar to that in the solution, which is
determined by the balance between the ligand-to-ligand and
ligand-to-solvent interactions. During the desolvation process
in the ESI source, the disordered packings of the ligand layer
may be frozen at various metastable states. Upon the collisional
activation and subsequent collisional cooling, the ligand layer
of PdAu8(B) is annealed into the most stable, densely packed
structure with the maximal ligand-to-ligand interaction similar
to that in the crystal.
Given that the core of [Au9(PPh3)8]

3+ takes the crown motif
in solution, it is reasonable to assign the final species Au9(C) to
Au9(Cr) found in the crystalline phase. Au9(D) was assigned to
an isomer having poorly packed ligand structures. Thus, the
isomerization from Au9(D) to Au9(C) in Figure 4 can be
explained by a collision-induced crystallization of the ligand
layer. However, we cannot exclude the possibility that core
isomerization from the crown to the butterfly also occurred
because their Ωcalcn values are very close (Table 2). Table 1
shows that the Ωcalcn value of Au9(D) (442 Å2) is much larger
than that of PdAu8(B) (422 Å

2). This may suggest that Au9(D)
takes a more expanded core than Au9(Cr) reflecting the softer
Au−Au bonds than Pd−Au bonds in PdAu8(Cr).
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4. CONCLUSIONS

The CCS values of [PdAu8(PPh3)8]
2+ and [Au9(PPh3)8]

3+,
electrosprayed into the gas phase, were determined by IM MS,
and they were found to be 422 and 442 Å2, respectively. With
the reduction of the flow rates of He into the cell,
[PdAu8(PPh3)8]

2+ and [Au9(PPh3)8]
3+ underwent collision-

Figure 4. Arrival time distributions of [Au9(PPh3)8]
3+ at FN2

= 55 mL

min−1 and FHe = (a) 80, (b) 70, (c) 60, (d) 45, and (e) 35 mL min−1.

Table 1. Experimental CCS Values

isomer peak Ωexp
a (Å2)

PdAu8(A) α 404

PdAu8(B) β 422

Au9(C) γ 402

Au9(D) δ 442
aCCS value experimentally determined.

Figure 5. Arrival time distributions of (a) [PdAu8(PPh3)8]
2+ and (b)

[Au9(PPh3)8]
3+ recorded at FHe = 43.2 mL min−1 and FN2

= 47.2 mL

min−1.

Table 2. Theoretical CCS Values

Ωcalcn
a (Å2)

structure DHSS PA EHSS

PdAu8(Cr) 514 367 420

Au9(Cr) 509 365 413

Au9(Bt) 514 366 416
aCCS value theoretically calculated.
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induced isomerization to smaller species with the CCS values
of 404 and 402 Å2, respectively. However, the CCS values
theoretically calculated for their single-crystal structures were
in the range 360−520 Å2 depending on the calculation
methods. We interpret the experimental observations to
conversion of the clusters with disordered ligand layers in
the solution into their single-crystal structures with packed
ligand layers. The present study illustrates that IM MS will be
useful for structural characterization in ligand-protected metal
clusters in solutions and for understanding their isomers in the
gas phase.

■ ASSOCIATED CONTENT

*S Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.jpcc.8b04722.

Synthesis procedure and geometric structures deter-
mined by single-crystal X-ray diffraction of
[PdAu8(PPh3)8]

2+ and [Au9(PPh3)8]
3+ as well as

experimental parameters for determining the CCS values
and obtaining Figures 3−5 (PDF)

■ AUTHOR INFORMATION

Corresponding Authors

*E-mail: tsukuda@chem.s.u-tokyo.ac.jp.
*E-mail: pradeep@iitm.ac.in.

ORCID

Shinjiro Takano: 0000-0001-9262-5283
Kiichirou Koyasu: 0000-0002-9106-0054
Thalappil Pradeep: 0000-0003-3174-534X
Tatsuya Tsukuda: 0000-0002-0190-6379

Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

K.H. thanks the Materials Education Program for the Future
Leaders in Research, Industry, and Technology (MERIT) for
the financial support of the research in India. This study was
financially supported by the Elements Strategy Initiative for
Catalysts & Batteries (ESICB) and by a Grant-in-Aid for
Scientific Research (JP17H01182) from the Ministry of
Education, Culture, Sports, Science and Technology
(MEXT) of Japan. T.P. thanks the Department of Science
and Technology, Government of India, for continuously
supporting his research program on nanomaterials. P.C. thanks
the Council of Scientific and Industrial Research (CSIR) for a
research fellowship. A.N. thanks IIT Madras for a doctoral
fellowship.

■ REFERENCES

(1) Hak̈kinen, H. Atomic and Electronic Structure of Gold Clusters:
Understanding Flake, Cages and Superatoms from Simple Concepts.
Chem. Soc. Rev. 2008, 37, 1847−1859.
(2) Jin, R. Quantum Sized, Thiolate-protected Gold Nanoclusters.
Nanoscale 2010, 2, 343−362.
(3) Maity, P.; Xie, S.; Yamauchi, M.; Tsukuda, T. Stabilized Gold
Clusters: From Isolation Toward Controlled Synthesis. Nanoscale
2012, 4, 4027−4038.
(4) Konishi, K. Phosphine-Coordinated Pure-Gold Clusters: Diverse
Geometrical Structures and Unique Optical Properties/Responses.
Struct. Bonding (Berlin, Ger.) 2014, 161, 49−86.

(5) Tsukuda, T.; Hak̈kinen, H. Protected Metal Clusters: From
Fundamentals to Applications, 1st ed.; Elsevier, B.V.: Amsterdam, The
Netherlands, 2015.
(6) Fernando, A.; Weerawardene, K. L. D.; Karimova, N.; Aikens, C.
M. Quantum Mechanical Studies of Large Metal, Metal Oxide, and
Metal Chalcogenide Nanoparticles and Clusters. Chem. Rev. 2015,
115, 6112−6216.
(7) Jin, R.; Zeng, C.; Zhou, M.; Chen, X. Atomically Precise
Colloidal Metal Nanoclusters and Nanoparticles: Fundamentals and
Opportunities. Chem. Rev. 2016, 116, 10346−10413.
(8) Kurashige, W.; Niihori, Y.; Sharma, S.; Negishi, Y. Precise
Synthesis, Functionalization and Application of Thiolate-Protected
Gold Clusters. Coord. Chem. Rev. 2016, 320−321, 238−250.
(9) Chakraborty, I.; Pradeep, T. Atomically Precise Clusters of
Noble Metals: Emerging Link between Atoms and Nanoparticles.
Chem. Rev. 2017, 117, 8208−8271.
(10) Jensen, K. M. Ø.; Juhas, P.; Tofanelli, M. A.; Heinecke, C. L.;
Vaughan, G.; Ackerson, C. J.; Billinge, S. J. L. Polymorphism in
Magic-Sized Au144(SR)60 Clusters. Nat. Commun. 2016, 7, 11859.
(11) Chen, Y.; Liu, C.; Tang, Q.; Zeng, C.; Higaki, T.; Das, A.; Jiang,
D.; Rosi, L. N.; Jin, R. Isomerism in Au28(SR)20 Nanocluster and
Stable Structures. J. Am. Chem. Soc. 2016, 138, 1482−1485.
(12) Devadas, M. S.; Bairu, S.; Qian, H.; Sinn, E.; Jin, R.;
Ramakrishna, G. Temperature-Dependent Optical Absorption Prop-
erties of Monolayer-Protected Au25 and Au38 Clusters. J. Phys. Chem.
Lett. 2011, 2, 2752−2758.
(13) Yamazoe, S.; Takano, S.; Kurashige, W.; Yokoyama, T.; Nitta,
K.; Negishi, Y.; Tsukuda, T. Hierarchy of bond stiffness within
icosahedral-based gold clusters protected by thiolates. Nat. Commun.
2016, 7, 10414.
(14) Knoppe, S.; Bürgi, T. Chirality in Thiolate-Protected Gold
Clusters. Acc. Chem. Res. 2014, 47, 1318−1326.
(15) Takano, S.; Tsukuda, T. Amplification of Optical Activity of
Gold Clusters by the Proximity of BINAP. J. Phys. Chem. Lett. 2016, 7,
4509−4513.
(16) Knoppe, S.; Verbiest, T. Resonance Enhancement of Nonlinear
Optical Scattering in Monolayer-Protected Gold Clusters. J. Am.
Chem. Soc. 2017, 139, 14853−14856.
(17) Templeton, A. C.; Wuelfing, W. P.; Murray, R. W. Monolayer-
Protected Cluster Molecules. Acc. Chem. Res. 2000, 33, 27−36.
(18) Antonello, S.; Arrigoni, G.; Dainese, T.; De Nardi, M.; Parisio,
G.; Perotti, L.; Rene,́ A.; Venzo, A.; Maran, F. Electron Transfer
through 3D Monolayers on Au25 Clusters. ACS Nano 2014, 8, 2788−
2795.
(19) Angel, L.; Majors, L.; Dharmaratne, A.; Dass, A. Ion Mobility
Mass Spectrometry of Au25(SCH2CH2Ph)18 Nanoclusters. ACS Nano
2010, 4, 4691−4700.
(20) Baksi, A.; Harvey, S. R.; Natarajan, G.; Wysocki, V. H.;
Pradeep, T. Possible Isomers in Ligand Protected Ag11 Cluster Ions
Identified by Ion Mobility Mass Spectrometry and Fragmented by
Surface Induced Dissociation. Chem. Commun. 2016, 52, 3805−3808.
(21) Baksi, A.; Chakraborty, P.; Bhat, S.; Natarajan, G.; Pradeep, T.
Isomerism in Monolayer Protected Silver Cluster Ions: An Ion
Mobility-Mass Spectrometry Approach. Chem. Commun. 2016, 52,
8397−8400.
(22) Hamouda, R.; Bertorelle, F.; Rayane, D.; Antoine, R.; Broyer,
M.; Dugourd, P. Glutathione Capped Gold AuN(SG)M Clusters
Studied by Isotope-Resolved Mass Spectrometry. Int. J. Mass
Spectrom. 2013, 335, 1−6.
(23) Black, D. M.; Bhattarai, N.; Whetten, R. L.; Bach, S. B. H.
Collision-Induced Dissociation of Monolayer Protected Clusters
Au144 and Au130 in an Electrospray Time-of-Flight Mass Spectrometer.
J. Phys. Chem. A 2014, 118, 10679−10687.
(24) Johnson, G. E.; Olivares, A.; Hill, D.; Laskin, J. Cationic Gold
Clusters Ligated with Differently Substituted Phosphines: Effect of
Substitution on Ligand Reactivity and Binding. Phys. Chem. Chem.
Phys. 2015, 17, 14636−14646.
(25) Hamouda, R.; Bellina, B.; Bertorelle, F.; Compagnon, I.;
Antoine, R.; Broyer, M.; Rayane, D.; Dugourd, P. Electron Emission

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.8b04722
J. Phys. Chem. C 2018, 122, 23123−23128

23127

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.jpcc.8b04722
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b04722/suppl_file/jp8b04722_si_001.pdf
mailto:tsukuda@chem.s.u-tokyo.ac.jp
mailto:pradeep@iitm.ac.in
http://orcid.org/0000-0001-9262-5283
http://orcid.org/0000-0002-9106-0054
http://orcid.org/0000-0003-3174-534X
http://orcid.org/0000-0002-0190-6379
http://dx.doi.org/10.1021/acs.jpcc.8b04722


of Gas-Phase [Au25(SG)18−6H]
7− Gold Cluster and Its Action

Spectroscopy. J. Phys. Chem. Lett. 2010, 1, 3189−3194.
(26) Hirata, K.; Yamashita, K.; Muramatsu, S.; Takano, S.; Ohshimo,
K.; Azuma, T.; Nakanishi, R.; Nagata, T.; Yamazoe, S.; Koyasu, K.;
et al. Anion photoelectron spectroscopy of free [Au25(SC12H25)18]

−.
Nanoscale 2017, 9, 13409−13412.
(27) Ligare, M. R.; Baker, E. S.; Laskin, J.; Johnson, G. E. Ligand
Induced Structural Isomerism in Phosphine Coordinated Gold
Clusters Revealed by Ion Mobility Mass Spectrometry. Chem.
Commun. 2017, 53, 7389−7392.
(28) Schulz-Dobrick, M.; Jansen, M. Supramolecular Intercluster
Compounds Consisting of Gold Clusters and Keggin Anions. Eur. J.
Inorg. Chem. 2006, 2006, 4498−4502.
(29) Wen, F.; Englert, U.; Gutrath, B.; Simon, U. Crystal Structure,
Electrochemical and Optical Properties of [Au9(PPh3)8](NO3)3. Eur.
J. Inorg. Chem. 2008, 2008, 106−111.
(30) Ito, L. N.; Johnson, B. J.; Mueting, A. M.; Pignolet, L. H.
Heterobimetallic Au−Pd Phosphine Cluster Complexes. X-ray Crystal
and Molecular Structure of [Au8Pd(PPh3)8](NO3)2. Inorg. Chem.
1989, 28, 2026−2028.
(31) Matsuo, S.; Takano, S.; Yamazoe, S.; Koyasu, K.; Tsukuda, T.
Selective and High-Yield Synthesis of Oblate Superatom
[PdAu8(PPh3)8]

2+. ChemElectroChem 2016, 3, 1206−1211.
(32) Briant, C. E.; Hall, K. P.; Mingos, D. M. P. Structural
Characterisation of Two Crystalline Modifications of [Au9{P-
(C6H4OMe-p)3}8](NO3)3: The First Example of Skeletal Isomerism
in Metal Cluster Chemistry. J. Chem. Soc., Chem. Commun. 1984,
290−291.
(33) Yamazoe, S.; Matsuo, S.; Muramatsu, S.; Takano, S.; Nitta, K.;
Tsukuda, T. Suppressing Isomerization of Phosphine-Protected Au9
Cluster by Bond Stiffening Induced by a Single Pd Atom Substitution.
Inorg. Chem. 2017, 56, 8319−8325.
(34) Pringle, S. D.; Giles, K.; Wildgoose, J. L.; Williams, J. P.; Slade,
S. E.; Thalassinos, K.; Bateman, R. H.; Bowers, M. T.; Scrivens, J. H.
An Investigation of the Mobility Separation of Some Peptide and
Protein Ions Using a New Hybrid Quadrupole/Travelling Wave IMS/
oa-ToF Instrument. Int. J. Mass Spectrom. 2007, 261, 1−12.
(35) Giles, K.; Williams, J. P.; Campuzano, I. Enhancements in
Travelling Wave Ion Mobility Resolution. Rapid Commun. Mass
Spectrom. 2011, 25, 1559−1566.
(36) Bush, M. F.; Hall, Z.; Giles, K.; Hoyes, J.; Robinson, C. V.;
Ruotolo, B. T. Collision Cross Sections of Proteins and Their
Complexes: A Calibration Framework and Database for Gas-Phase
Structural Biology. Anal. Chem. 2010, 82, 9557−9565.
(37) Shvartsburg, A. A.; Smith, R. D. Fundamentals of Traveling
Wave Ion Mobility Spectrometry. Anal. Chem. 2008, 80, 9689−9699.
(38) Jurneczko, E.; Kalapothakis, J.; Campuzano, I. D. G.; Morris,
M.; Barran, P. E. Effects of Drift Gas on Collision Cross Sections of a
Protein Standard in Linear Drift Tube and Traveling Wave Ion
Mobility Mass Spectrometry. Anal. Chem. 2012, 84, 8524−8531.
(39) Larriba, C.; Hogan, C. J. Ion Mobilities in Diatomic Gases:
Measurement versus Prediction with Non-Specular Scattering
Models. J. Phys. Chem. A 2013, 117, 3887−3901.
(40) Clemmer, D. E.; Jarrold, M. F. Ion Mobility Measurements and
their Applications to Clusters and Biomolecules. J. Mass Spectrom.
1997, 32, 577−592.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.8b04722
J. Phys. Chem. C 2018, 122, 23123−23128

23128

http://dx.doi.org/10.1021/acs.jpcc.8b04722


S1 

 

	

Supporting Information 

Interconversions of Structural Isomers of [PdAu8(PPh3)8]2+ and 
[Au9(PPh3)8]3+ Revealed by Ion Mobility Mass Spectrometry 

Keisuke Hirata†, Papri Chakraborty‡, Abhijit Nag‡, Shinjiro Takano†, Kiichirou Koyasu†,§, 

Thalappil Pradeep*,‡ and Tatsuya Tsukuda*,†,§  

†Department of Chemistry, School of Science, The University of Tokyo, 7-3-1 Hongo, 

Bunkyo-ku, Tokyo 113-0033, Japan. 

‡DST Unit of Nanoscience and Thematic Unit of Excellence, Department of Chemistry, Indian 

Institute of Technology Madras, Chennai, 600 036, India. 

§Elements Strategy Initiative for Catalysts and Batteries (ESICB), Kyoto University, Katsura, 

Kyoto 615-8520, Japan. 

* E-mail: pradeep@iitm.ac.in, tsukuda@chem.s.u–tokyo.ac.jp  

 

Synthesis and characterization 

[Au9(PPh3)8](NO3)3 was synthesized by a method similar to that reported elsewhere.1 

First, ethanolic solution (13 mL) of NaBH4 (9.4 mg, 0.25 mmol) was added to that (13 

mL) of Au(NO3)(PPh3) (521 mg, 1.0 mmol). The mixture was filtrated after stirring for 

15 min at room temperature and the filtrate was evaporated. The residue was poured 

into tetrahydrofurane (THF) (35 mL) and made to standstill overnight. The precipitate 

was collected by filtration and washed with THF and hexane. The green solid (95 mg) 

was obtained by evaporating the residual solvent. 

[PdAu8(PPh3)8](NO3)2 was synthesized by a method similar to that reported 

elsewhere.1 Dichloromethane solution (20 mL) of Pd(PPh3)4 (115 mg, 0.10 mmol) 

was quickly added to that (20 mL) of Au(NO3)(PPh3) (421 mg, 0.81 mmol). After 

stirring for 1 min, ethanolic solution (15 mL) of NaBH4 (20 mg, 0.53 mmol) was quickly 

added into the mixture. The mixture was evaporated after stirring for 1 min. The 

residue was poured into methanol (10 mL). The precipitate was filtrated and mixed 

with acetone (5 mL). The precipitate was filtrated and poured into methanol (50 mL). 

Diethylether (70 mL) was slowly added into the solution to precipitate 

[PdAu8(PPh3)8](NO3)2. The brownish solid (193 mg) was obtained by filtration 

followed by washing with diethylether and hexane. Both samples were characterized 

by UV-vis absorption spectroscopy.  
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Table S1. Apparatus parameters 

 Calibrationa) Figure 3 Figure 4 Figure 5 

Capillary bias (kV) 3.5 3.0 3.5 2.0 
Source temp. (°C) 100 100 100 100 
Sampling core (V) 40 20 0 0 
Source offset (V) 60 20 0 0 
Desolvation temp. (°C) 150 150 150 150 
Cone gas flow (L hr−1) 0 0 0 0 
Desolvation gas flow (L hr−1) 400 400 400 400 
Nebulizer gas (bar) 2.5 2.5 2.5 2.5 
Trap gas flow (mL min−1) 0 0 0 0 
Helium cell flow rate FHe (mL min−1) 43.2 0–150 35–80 43.2 
TWIM cell flow rate FN2 (mL min−1) 55 45 55 47.3 
Sample infusion flow rate (µL min−1) 10 10 10 20 
Trap DC entrance (V) 0 0 0 0 
Trap DC bias (V) 25.6 27.2 25.6 24.1 
Trap DC exit (V) 0 3.0 0 0 
Transfer voltage (V) 0 0 0 2 
IMS wave velocity (m s−1) 650 700 650 658 
IMS wave height (m s−1) 40 40 25 38.2 

a)Acetonitrile/water mixed solution (1:1, v/v) containing myoglobin and 0.1% of formic acid was 
electrosprayed.  
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Figure S1. Ligand packing in the crown-shaped crystals of (a) [PdAu8(PPh3)8](NO3)2 and (b) 
[Au9(PPh3)8](PW12O40).

2,3 
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Self-propagated combustion synthesis of
few-layered graphene: an optical properties
perspective†
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This paper describes a labour efficient and cost-effective strategy to prepare few-layered of reduced gra-

phene oxide like (RGOL) sheets from graphite. The self-propagated combustion route enables the bulk

production of RGOL sheets. Microscopic and spectroscopic analyses confirmed the formation of few-

layer graphene sheets of an average thickness of ∼3 nm and the presence of some oxygen functional

groups with a C/O ratio of 8.74. A possible mechanistic pathway for the formation of RGOL sheets is pro-

posed. The optical properties of the RGOL sample were studied in detail by means of Spectroscopic

Ellipsometry (SE). The experimental abilities of SE in relating the optical properties with the number of

oxygen functionalities present in the samples are explored. The data were analysed by a double-layered

optical model along with the Drude–Lorentz oscillatory dispersion relation. The refractive index (n =

2.24), extinction coefficient (k = 2.03), and dielectric functions are obtained using point-by-point analysis

and are also checked for Kramers–Kronig (KK) consistency.

1. Introduction

Over the last decade, since the invention of graphene by Geim
and Novoselov in 2004,1 graphene and its derivatives have
gained unprecedented attention from the scientific and techno-
logical community. Its perfect 2D structure and extraordinary
electronic, optical, mechanical, and thermal properties make
graphene an ideal choice for diverse applications. Flexibility
and transparency of the sheet along with high electrical conduc-
tivity make graphene an excellent candidate for roll-up and
wearable electronic devices.2 The remarkable optical properties
of graphene have paved the way to its use as filler nano-
composites in photovoltaic3 and optoelectronic devices.4 Being
anisotropic,5 graphene exhibits optical birefringence, which
finds wide applications in optical devices such as LCDs, modu-
lators, colour filters and optical grating.6 Other promising appli-

cations of graphene include its use in memory devices,7

sensors,8 biomedical devices,9 hydrogen storage,10 solar cells,11

super-capacitors,12 transparent electrodes13 and environmental
clean-up.14 However, the ability to produce graphene at an afford-
able cost is the crux to make field level applications a reality.

Several strategies have been developed to produce graphene
sheets by mechanical,1 chemical,15 and thermal16 exfoliation
methods. The first chemical exfoliation of graphite was per-
formed in 1857 by vaporization of graphite intercalating com-
pounds (GICs) such as bromine17 and potassium.18 Since then
several attempts were made to produce few-layer graphene
sheets in laboratories around the world. The isolation of a
single sheet of graphene from a piece of highly oriented pyroly-
tic graphite (HOPG) using ‘scotch tape’ was achieved in 2004.1

Though the technique is still practiced in laboratories, the low
production yield and intensive labour requirements limit its
practical use. Berger et al.19 have demonstrated the epitaxial
growth of few-layer graphene on SiC surface. The chemical
vapour deposition (CVD) method was first reported by Somani
et al. (2006)20 with camphor as the precursor. Efforts have also
been made to grow graphene on various metal substrates like
Ni,21 Ru,22 Ir,23 Cu,24 dielectrics, and insulators25 using
methane as the carbon precursor.26 Though the synthesis of
graphene on a large-scale on Cu foil is performed through
the CVD process, the cost and ease of production is
still a major concern when it is required to be produced on an

†Electronic supplementary information (ESI) available. See DOI: 10.1039/
c7nr09156g

aSchool of Electronics Engineering, Vellore Institute of Technology, Chennai Campus,

Chennai – 600 127, India
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cDepartment of Civil Engineering, Indian Institute of Technology Tirupati,

Tirupati-517506, India. E-mail: shihab@iittp.ac.in, sm.maliyekkal@gmail.com;
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industrial scale. Stankovich et al. (2006)27 demonstrated an
efficient solution-based route for the scalable synthesis of gra-
phene by reducing graphene oxide (GO)28 with hydrazine
hydrate.29 Reduction methods such as thermal,30 microwave,31

photo,32 photocatalytic,33 and solvothermal34 are also
reported. Aerosol pyrolysis,35 ionic-liquid assisted electro-
chemical method,36 electrolytic exfoliation,37 unzipping of
CNTs,38 arc discharge method,39 mechanical delamination,40

and combustion41 are other reported methods of synthesizing
graphene.42 Among these, chemical exfoliation of graphite by
intercalation followed by the reduction of graphene oxide (GO)
to reduced graphene oxide (RGO) is a widely practiced tech-
nique for bulk synthesis.29 Though popular, this wet chemistry
method is laborious, time-consuming and requires harsh
chemicals for production. Various strategies followed for the
synthesis of graphene is summarised in Table S1 of the ESI.†

This paper demonstrates a low-cost strategy to exfoliate
graphite through a combustion route. The self-propagated com-
bustion synthesis method proposed here is simple, reliable and
quick. This method enables the production of few-layered
graphene (RGOL) in bulk quantity compared to the other reported
methods. The optical properties of RGOL sheets are explored by
Spectroscopic Ellipsometry (SE). The first report on the optical
functions of exfoliated single-layer graphene sheet on a silicon
and amorphous quartz substrate was authored by Kravets and
coworkers.43 Weber et al.44 have analysed exfoliated graphene
fragments on a silicon substrate using B-splines parameteriza-
tion. The ellipsometry of epitaxially grown graphene on Ni, Cu
and SiC substrates,45 and CVD grew graphene on Si substrates
are explored.46 The optical properties of the chemically and
thermally reduced graphene oxides are also studied.47 However,
to the best of our knowledge, no studies have been performed
to understand the optical properties of few-layered graphene
synthesized through a combustion route. Efforts are also
required to understand the effect of oxygen functionalities and
defects on the optical properties of graphene.

2. Experimental sections
2.1. Chemicals

All chemicals were used as received without further purifi-
cation. All solutions were prepared in de-ionized water
(0.056 μS cm−1). The graphite sample of particle size 2–5 μm
was procured from Tamil Nadu Minerals Ltd (TAMIN), India.
Potassium persulfate was procured from Rankem Chemicals
Pvt. Ltd, India. Glucose was sourced from a local grocery store
in Chennai, India.

2.2. Synthesis

The RGOL sheet was synthesized from graphite through a self-
propagated combustion route using glucose (C6H12O6) and pot-
assium persulfate (K2S2O8) as a fuel and an oxidizer, respect-
ively, in a ratio of 1 : 1 : 1. Graphite was taken as the carbon pre-
cursor and was mixed thoroughly with the fuel and the oxidizer
using a mortar and pestle. The fuel to oxidizer ratio was fixed by

a trial and error method. The solid homogeneous mixture
was compressed to a pellet and it was kept in a ceramic
crucible and transferred to a temperature programmed furnace.
The furnace temperature was elevated from an ambient con-
dition to 350 °C at a heating rate of ∼3 °C min−1. The tempera-
ture was held at 350 °C for 2 h and then gradually cooled to
room temperature at the ambient rate. The obtained sample
was washed several times with de-ionized water and stored after
drying.

2.3. The proposed mechanism of formation of RGOL sheets

In reality, the mechanism of the combustion process is very
complex. Several parameters including the fuel to oxidant
ratio, the temperature of the reaction, ignition temperature,
maximum flame temperature, chemical composition, and
mass of the precursor reagent affect the process. A possible
mechanism for the formation of RGOL by the proposed self-
propagated combustion process is explained below.

When the temperature of the system reaches 60–100 °C, the
oxidizer K2S2O8 starts to decompose to release oxygen. At this
stage, the oxygen groups are expected to become attached to the
edge of the graphite sheet to form partially expanded graphite
oxide. When the temperature is at 146 °C and above (melting
temperature of glucose is 146 °C), the glucose starts to melt, as
the graphite sheets are partially expanded and exfoliated, and
the fuel (i.e., the melted glucose molecules) tends to intercalate
into the partially oxidised graphite sheets. As the temperature
increases to ∼250 °C (around the ignition temperature of the
fuel), the combustion reaction starts, where the glucose reacts
with oxygen to form CO2 and water as per the reaction (R1). The
reaction is highly exothermic with the heat of combustion of
−2801 kJ mol−1. The pressure exerted due to the release of CO2

helps in further exfoliation of graphite oxide. Subsequently, as
the temperature reaches 350–400 °C, auto-ignition of the fuel
occurs with the release of excess energy and the actual tempera-
ture of the system is higher than the set value (called maximum
flame temperature). The heat that is liberated is sufficient to
trigger graphite oxide for its highly exothermic de-oxygenation
reaction. At this temperature, the oxygen groups are mostly
reduced and the sheets which are formed are almost similar to
reduced graphene oxide (RGO). The combustion of intercalated
graphite oxide may be vigorous and propagating. It is also
reported that once the exfoliation process is initiated in graphite
oxide, the multilayer is ruptured at an accelerating pace. The
pressure that is generated by the release of H2O and CO2 during
combustion of the fuel is 60 MPa and 100 MPa, which exceeds
the van der Waals attraction between two GO sheets (2.5
MPa).48 This facilitates the exfoliation process.

C6H12O6 þ 6O2 ! 6CO2 þ 6H2Oþ�2801 kJ mol�1 ðR1Þ

3. Instrumentation

High-resolution transmission electron microscopy (HRTEM)
images of the graphene sample were measured with a JEM
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3010 (JEOL, Japan) transmission electron microscope. Dilute
dispersion of the sample was spotted on amorphous carbon
film supported on copper grids and dried under ambient con-
ditions. The X-ray photoelectron spectroscopy (XPS) spectrum
of the RGOL sheet sample was recorded using ESCA Probe
TPD of Omicron Nanotechnology. Polychromatic Mg Kα was
used as the X-ray source (hv = 1253.6 eV). The binding energy
was calibrated with respect to C 1s at 284.5 eV. Fourier trans-
form infrared (FT-IR) spectrum of the sample was collected
using a Nicolet 6700 spectrometer. The spectrum was collected
in the range of 650–4000 cm−1. The thermogravimetric analy-
ser (TGA) unit of SEIKO model TG/DTA 6200 (Thermo
Gravimetric/Differential Thermal Analysis) was used to
measure high-temperature transitions and decomposition
peak values. The initial weight of 5.014 mg of the sample was
tested at a temperature ranging from 40–800 °C at a heating
rate of 10 °C min−1 with N2 as the carrier gas. A confocal
Raman microscope, CRM a300 S (WI Tec GmbH), coupled with
an atomic force microscope (AFM) was used for collecting
Raman spectra and AFM images. An UVISEL, HORIBA Jobin
Yvon ellipsometry system was used to measure the refractive
index, thickness and optical constants of the RGOL film. The
RGOL film was obtained by vacuum filtration of the sample
dispersion, through Whatman cellulose acetate filter paper of
pore size 220 nm. Then the filtrate was transferred onto the
surface of the glass substrate and dried. The measurements
were performed at room temperature with a xenon lamp as the
source of radiation. The spectra were obtained with a 0.01 eV
resolution in the photon energy range of 0.5 eV to 6 eV using
the sensitive photoelastic modulator (PEM) model of an ellipso-
meter. The instrument is driven by using the powerful and
advanced DeltaPsi2 software, designed for accurate and flexible
measurement and characterization of thin film structures.

4. Results and discussion

Fig. 1A shows RGOL prepared in bulk quantity (∼10 g) and the
difference in colour between the pristine graphite (left)
and RGOL (right) is shown in Fig. 1B. The shiny texture of
graphite is lost after the thermal exfoliation. A detailed
characterization of RGOL was done by using various micro-
scopic and spectroscopic techniques. The structural evolution
of the graphene derivative, the presence of defects, edge and
grain boundaries, and the number of layers can be learned
from the Raman spectrum.49 Fig. 1C shows the Raman spec-
trum of graphite and the RGOL sample. As expected, the
Raman spectrum of graphite (Fig. 1Ca) displays a prominent G
peak at 1575 cm−1 corresponding to the primary in-plane
vibrational mode and a less intense sharp 2D peak at
2707 cm−1 is due to the second order overtone of in-plane
vibration. The presence of defects and disorders in the crystal
symmetries of the precursor graphite is indicated by the occur-
rence of a small D peak at 1345 cm−1. Fig. 1Bb shows the
Raman spectrum of the RGOL sample. There is a red-shift in
the G band position when compared to bulk graphite flakes

and this shift is attributed to the transformation of the bulk
graphite crystal to graphene sheets.50 The RGOL sheet shows a
prominent D peak (∼1353 cm−1) with intensity comparable to
those of the G peaks (∼1589 cm−1). From the ratio of the peak
intensities, ID/IG of the Raman spectrum, the levels of the dis-
orders can be characterised.51 The ID/IG ratio was calculated
from the deconvoluted spectra with Lorentzian outlines and
the ratios were found to increase from 0.19 for graphite to 1.21
for RGOL sheets. The G band broadens significantly with
respect to that of graphite but there is no shift in its peak posi-
tions indicating that the thermal treatment has not affected
the hexagonal carbon network. Generally, the position and
shape of the 2D band define the number of layers stacked as
sheets. The 2D band at 2673 cm−1 originating from a two-
phonon double resonance is indicative of the graphitic nature.
The 2D peak appears to be shorter and broader, which is
attributed to the destruction of the band structure by the intro-
duction of defects on graphene sheets.52 Close to the 2D peak,
the sample exhibits a (D + G) peak at 2914 cm−1, which is
induced by the presence of smaller disorders. Among the two
types of crystal edges, namely armchair and zig-zag structures,
only armchair edges have the capability of elastically scattering
charge carriers that give rise to an intense D peak.53 The very
intense D peak of the Raman spectrum of the RGOL sheet
suggests that the prepared sample has armchair crystal edges.
Table 2 of the ESI† shows the comparison of the measured
parameters of RGO synthesized through different approaches.

The UV-Vis absorption spectrum (see Fig. 2A) of the RGOL
sheet exhibits a peak at 269 nm, which is attributed to the aro-
matic CvC bonds of the π-conjugation network similar to
RGO prepared by the chemical route.54 The inset of Fig. 2Aa
shows the aqueous dispersion of 0.01 wt% of the RGOL sheet.
The FT-IR spectrum in Fig. 2B shows a broad band in the
range of 3200–3400 cm−1 and is attributed to –OH stretching
vibrations. The peaks centered at ∼2924 cm−1 and 2854 cm−1

correspond to the stretching vibrations of the asymmetric and

Fig. 1 (A) Photograph of RGOL sample (10 g), (B) graphite (left) and

RGOL sheets (right). (C) Raman spectrum of (a) graphite and (b) RGOL

sheets.

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2018 Nanoscale, 2018, 10, 7581–7588 | 7583

P
u
b
li

sh
ed

 o
n
 1

3
 M

ar
ch

 2
0
1
8
. 
D

o
w

n
lo

ad
ed

 b
y
 I

n
d
ia

n
 I

n
st

it
u
te

 o
f 

T
ec

h
n
o
lo

g
y
 C

h
en

n
ai

 o
n
 2

4
/0

5
/2

0
1
8
 1

2
:0

3
:2

2
. 

View Article Online

http://dx.doi.org/10.1039/c7nr09156g


symmetric bands of the alkyl groups (–CH2), respectively. The
small sharp peak observed at 1389 cm−1 is due to the C–H
vibration due to some defects arising from sp3 hybridization.
The presence of defects was also seen in the Raman spectrum
of the RGOL sheet in Fig. 1Cb. The CvC bond at ∼1639 cm−1

is attributed to the skeletal vibrations of the un-disturbed gra-
phitic domains. The prominent peak centered at 1579 cm−1

corresponds to the aromatic CvC bonding. The absorption
band intensities at –C–O (epoxy) and –C–O (alkoxy) groups at
1125 cm−1 and 1089 cm−1, respectively, are weak, indicating
that the oxygen groups are concentrated at the edges and not
in the basal plane of graphene.55

Fig. S1 in the ESI† shows the TG plot of the RGOL sample.
The TG curve shows the details of weight loss from room tem-
perature to 800 °C. The sample exhibits an initial weight loss
of about 5.5% in the temperature range of 30 to 180 °C. This
can be attributed to the loss of adsorbed water. The decompo-
sition of the mixture is displayed by a sharp mass loss of about
21.5% from 330 to 430 °C. This is attributed to the loss of edge
oxygen functionality in the RGOL sheet.

Fig. 3A shows the XPS survey spectrum of the RGOL
sample. The spectrum shows the presence of carbon and
oxygen as the only elements. The XPS peaks were fitted to
Voigt functions having 80% Gaussian and 20% Lorentzian
characteristics after performing Shirley background correc-
tion. In Fig. 3Ba, the sp2 peak of C 1s is centered at 284.6 eV
and has FWHM of 1.72 eV. A small peak at 286.4 eV is
assigned to the epoxide group (C–O–C). The less intense peak
at 288.3 eV is attributed to the carbonyl (CvO) group that
may occur due to the attachment of the oxygen group to the
edges of graphite during the combustion process. In Fig. 3Bb,
the peaks at 531.1 eV and 532.9 eV of the O 1s spectrum
corresponding to CvO and C–O groups, respectively, are
shown. The C/O ratio of the sample is calculated from the C
1s and O 1s regions of the survey spectrum and is found to be
8.74. The quantitative analysis of the individual components
of carbon and oxygen groups obtained from the fitted results
of C 1s and O 1s regions of the XPS spectra is tabulated in
Table 1.

Fig. 3C shows the AFM topological image on which the
height profile is taken, marked with a red line. The height
measurements derived from the AFM image show that the

thickness of the sheet is around 1.7 nm that corresponds to
the presence of approximately 5 layers of graphene. The lateral
dimension of the sheet was found to be ∼0.7 × 1.5 µm. Fig. 4
shows the HRTEM images of the RGOL sample. Fig. 4A shows

Fig. 2 (A) UV-Vis and (B) FT-IR spectrum of the RGOL sheet. The inset

in (A) shows the aqueous dispersion of 0.01 wt% of RGOL sheets.

Fig. 3 (A) XPS survey spectrum of the RGOL sheets, (B) deconvoluted

XPS spectrum of C 1s (a) and O 1s (b) (C) AFM image of the RGOL

sheets along with the height profile and lateral dimension (D).

Table 1 Quantitative analysis of individual components obtained from

fitted C 1s and O 1s regions of XPS spectra of the RGOL sheet

C 1s O 1s

B.E (eV) 284.6 286.4 288.3 531.1 532.9
Assignment Csp2 C–OH CvO CvO C–O
RGOL sheets (%) 71.08 14.06 4.58 4.93 5.32

Fig. 4 (A) TEM image showing the lateral dimension of few-layered gra-

phene sheet along with folds and wrinkles of RGO, the inset shows the

SAED image of the same. (B) HRTEM image showing the lattice fringes

of few-layered graphene. (C) and (D) show the presence of tri- and

bi-layers of RGOL sheets.
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the low magnification TEM image of the sample. The
nanosheets are transparent, wrinkled, and folded at the edge,
indicating the presence of few-layered graphene sheets (2–3
layers). The lateral dimension of the graphene sheet was found
to be ∼500 nm, though, in some regions, some sheets are of
micron size (shown in Fig. S2†). The inset in Fig. 4A shows the
corresponding SAED pattern for the area shown in Fig. 4(A).
Well-defined diffraction rings of (1 0 0) and (1 1 0) confirm the
crystalline structure of graphene.56 It is also worth noting that
(1 0 0) spots are brighter than (1 1 0) spots indicating the for-
mation of good quality graphene.57 A bright spot can be seen
owing to (0 0 2) planes because of defects in sp2 carbon.
The ordered graphitic lattice fringes (shown by the white line
and arrows) are evidently visible in the high-resolution TEM
image of the graphene sheet (Fig. 4B). The interlayer spacing
between the lattice fringes is found to be 0.34 nm. The
HRTEM micrographs in Fig. 4C and D also show the presence
of trilayers and bilayers of graphene sheets. The measured
thicknesses of double, triple, and a few layers of graphene
are 0.7 nm, 1.0 nm and 3.3 nm (Fig. 4B), respectively. This
observation is in close agreement with the AFM and ellipsome-
try data as well. The RGOL layers can be further separated by
performing ultra-centrifugation if required, as reported by
Coleman et al.58

5. Optical properties

Spectroscopic ellipsometry is used to determine the film thick-
ness, optical constants, surface roughness, porosity, compo-
sition, and uniformity on solid surfaces.56 SE measures the
amplitude change (ψ) and the difference in the phase shift (Δ)
between the incident and reflected light. Fig. 5A shows the
measured ψ and Δ, respectively, at the angle of incidence (AOI)
of 65°. The optical parameterization technique is followed to
obtain the optical constants n and k as a function of wave-
length. The method involves (i) constructing a model, (ii)
assigning the dispersion relation to each layer and (iii) model-
ing the parameter and optimising it through an iterative pro-
cedure until a good fit with the measured data is obtained.
Using this model, the refractive index (n), extinction coefficient

(k), and dielectric functions are derived using point-by-point
analysis and are also checked for Kramers–Kronig (KK)
consistency.59

The experimental data of the RGOL sample were studied
using a Drude–Lorentz oscillatory dispersion relationship on
the three-layered model consisting of the bottom glass sub-
strate, a very thin Cauchy mid sublayer (4 nm) that represents
the intercalated air or water between the layers and the top gra-
phene layer. The model parameters were fitted for the lowest
χ
2 value of 0.03.
Fig. 5B shows an intense peak of the refractive index (n)

and the extinction coefficient (k) at 2.24 and 2.03, respect-
ively. The presence of defects in the sample was assessed by
analysing the variation of the amplitude of the imaginary
part 〈ε2〉 of the pseudo-dielectric function, 〈ε〉 = 〈ε1〉 + i〈ε2〉.
The variations in amplitude can give an indication of the
defects caused by the oxidation of the sample. Losurdo
et al.60 have reported that the presence of oxygen functional
groups like –CvO or –C–O can redshift the 〈ε2〉 peak from a
normal value of 4.8 eV (for pristine graphene).46 They
observed a red-shift of 0.5 eV for every 10% increase in
oxygen functionalities. The sample showed a 〈ε2〉 peak of 4.6
eV (Fig. 6B), with a shift of 0.2 eV from that of pristine gra-
phene. This perhaps indicates the presence of around 4% of
oxygen in the form of –CvO or –O–H. These data are also in
close agreement with the % of oxygen groups calculated from
XPS data. Fig. 6A shows the absorption spectra of the RGOL
sheet at room temperature. The absorption peak at 4.9 eV
arises due to the inter-band transition by the resonant exci-
tons.61 The apparent shift of about 0.4 meV from that of the
absorption peak of graphene at 4.5 eV is due to the absence
of electron–hole interactions.62 These features of the absorp-
tion spectra confirm that the synthesized sample consists of
few-layered graphene sheets.63

The good optical properties of RGOL sheets indicate its
possible applications in photonic materials and in the devel-
opment of optoelectronic devices such as LEDs and solar
cells. Table 2 shows a comparative analysis of the optical con-
stants of the RGOL sheet with those shown in the literature
and the data are in close agreement with those in the
literature.43,64

Fig. 5 (A) The experimental ellipsometric parameters of tan(ψ) and cos

(Δ) of the RGOL sheet. (B) The measured refractive index (n) and the

extinction coefficient (k) of the RGOL sheet.

Fig. 6 (A) Spectra showing the measured absorption coefficient of the

RGOL sheet. (B) Spectra of the real (ε1) and imaginary (ε2) parts of the

complex dielectric function of the sample.
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6. Conclusion

A single-pot combustion synthesis approach for the successful
bulk production of a graphenic material from graphite is
demonstrated, with a production efficiency of more than
90%. This method enables the production of few-layered gra-
phene in a short period of time at an affordable cost (INR
∼430 per kg). We believe that this is a significant step towards
the bulk production of few-layered graphene from graphite.
The process can be easily scaled up to produce kilograms of
graphene in few hours. The data reveal that the as-produced
graphene shows excellent optical properties comparable with
that of RGO synthesized by the known conventional methods.
Achieving the bulk production of dispersible graphene with
good optical properties stimulates new research opportunities
in developing low-cost filtration membranes, optoelectronics,
and photovoltaic devices.
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Table 1: Milestones in exfoliating graphite and graphene synthesis

Year Precursor Method of 

Exfoliation

Treatment Applications Ref

1958 Graphite Chemical Intercalation - 1

1987 HOPG Chemical Intercalation - 2

1993 Natural 

graphite

Laser assisted Intercalation - 3

2004 HOPG Mechanical Scotch-Tape Logic circuits, p-n junctions and  

non-transistor 

4

2004 SiC Epitaxial growth Sublimation Electronics and Optoelectronics 5

2006 Camphor CVD Thermal pyrolysis Large area electronic applications 6

2007 Graphite Wet-chemical 

approach

Oxidation-

Reduction

Hydrogen storage and electrically 

conducting filler in 

nanocomposites

7

 

2008 Ferrocene, 

Thiopene 

and ethanol

Aerosol pyrolysis Ultra-sonication 

followed by 

thermal treatment

gas storage devices, electronic 

wires, sensors, catalytic substrates, 

field emission sources, batteries

8

2008 Graphite Electro-chemical 

Exfoliation

Ionic-liquid 

assisted process

Biological labelling and imaging 9

2009 Graphite Electrolytic 

Exfoliation

Electrolysis Electronics, composite materials, 

molecular gas sensor, energy 

storage

10

 

2009 SWCNT/ 

MWCNT

Unzipping of 

CNTs

Annealing Electronics, Energy storage devices 

and batteries

11

 

2009 Graphite 

electrode

Arc-discharge 

method

Arc evaporation in 

the presence of H2

Electronics applications 12

2009 GO Self-assembly Electrostatic 

Interaction

Molecular sensor, transparent 

electronics

13

2010 Graphite Sono-chemical 

Exfoliation

Ultra-sonication in 

highly reactive 

solvent

Preparation of graphene based 

nanocomposite materials 

14

2012 Graphite Combustion Self-propagating 

flame method

Schottky solar cells and energy 

storage devices

15
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Table 2. Comparison of measured parameters of RGO 

synthesized through different approaches

Precursor/Reduction method C/O ID/IG Ref

GO/Hydrazine hydrate 10.3 >1 7

GO/Sulfonic acid groups C/S=35 - 16

GO/NaBH4 5.3 >1 17

GO/Hydrothermal 5.6 0.90 18

GO/Solvothermal 6.4 1.16 19

GO/pre-reduction by NaBH4 and 

heating in H2SO4 at 200 °C

8.57 1.0 20

GO/Electrolytic exfoliation - >1 10

GO/Thermal Exfoliation

(1000 °C- >2000 °C)

10.3 - 21-23

GO/Microwave 5.46 0.96 24

GO/Thermal treatment (DMF) - 1.06 25

GO/photoreduction  in H2 4.1 1.02 26

GO/ Photoreduction (sunlight) 3.54 1.06 27

GO/Fe 7.9 0.32 28

GO/Al powder - 1.81 29

GO/Photocatalytic (ZnO) 33.5 >1 30

GO/organic solvents-DMF

                                  DMSO

                                  NMP

2.8

4.0

4.4

- 31

Self-propagating solid state reduction 

of GO

5.9 - 32
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Propagative exfoliation of graphite - 1.98 33

Self-propagating combustion based 

exfoliation of graphite

8.74 1.2 This

Work
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Figure S2: TEM image of micron sized RGOL sheet
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CHAPTER 7

Capacitive Deionization (CDI):
An Alternative Cost-Efficient
Desalination Technique

Soujit Sen Gupta, Md Rabiul Islam, Thalappil Pradeep

DST Unit of Nanoscience (DST UNS), and Thematic Unit of Excellence (TUE), Department of
Chemistry, Indian Institute of Technology Madras, Chennai, India

7.1 Introduction

Availability of clean drinking water is a basic human right, according to the United Nations [1].

There is a shortage in the supply of clean drinking water because of the exponential growth of

human population. Due to increased industrialization, agriculture, and climate change, the

existing fresh water is also getting contaminated. For meeting the demand of safe drinking water

globally, methods such as brackish and seawater desalination were introduced. Multiple water

desalination techniques to accomplish this, such as distillation, reverse osmosis (RO), and

electrodialysis have emerged successfully in the last few decades. These techniques produce clean

water but are either cost or energy-inefficient. Capacitive deionization (CDI) is an emerging

desalination technology in the 21st century. CDI has multiple advantages over other desalinating

processes: (i) the technique works by the process of electroadsorption, and is even more

energy-efficient, as it does not require any high-pressure pumps; (ii) as the module works in

0.8–2.0V, it can be combined with solar/wind power and can work in remote areas, where

availability of electricity is a major issue; (iii) water reject is much less as compared with other

techniques such as RO; (iv) carbon particles can withstand much higher temperature than

membranes, thereby can be used for wider applications; and (v) as, the device works like a

capacitor and high-energy recovery is possible.

Although CDI has multiple advantages over other techniques, the limitation lies on the

availability of sustainable electrode materials having high electroadsorption capacity and high

average salt adsorption rate (ASAR). An appropriate material for CDI electrode should have the

following characteristics: (i) large surface area; (ii) high porosity (both meso and micropores);

(iii) high electrical conductivity; (iv) electrochemical stability; (v) bio-inertness; (vi) fast

adsorption-desorption kinetics; (vii) good wetting behavior; (viii) low cost; and (ix) scalability.
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Electrodes materials used for CDI are activated carbon, carbon cloth, ordered mesoporous

carbon, carbon nanofibers, carbon nanotubes/multiwalled carbon nanotubes (CNTs/

MWCNTs), and graphene and graphene-based composites.

A CDI cell comprises of a pair of porous electrodes (especially made of carbon), separated by a

nonconducting membrane called a separator. When a potential difference is applied to the

electrodes, the electrodes get charged (called as cell voltage or charging voltage). Typically, the

cell voltage ranges from 0.8 to 2.0V. The ions present in the feed water migrate to the electrical

double layer (EDL) of the oppositely charged porous carbon electrodes. The ions are

electrostatically held at the EDL until an equilibrium is reached when no more ions gets

adsorbed. This step is known as electroadsorption and subsequently, desorption happens when

the potential is reversed or the external power supply is shorted. During this step, the ions

leave the electrodes as the brine stream thereby regenerating them and energy can be recovered

from the charge, that is, leaving the cell.

A major problem of CDI lies in the regeneration step. When the electrodes are saturated with

oppositely charged ions and reaches an equilibrium, the adsorption step is stopped and the

terminals are reversed for desorption. During this step, the adsorbed ionswill get desorbed in the

bulk fluid but simultaneously the oppositely charged ions from the solution will get adsorbed on

the electrodes. Actually, the adsorption and desorption occur at the same time during this step.

Therefore, the amount of salt which is adsorbed in the first cycle is not desorbed completely

during the desorption step. The residual ions in the electrodes decrease the adsorption efficiency

of the material in the next adsorption step. An improvement in the efficiency was shown by the

incorporation an ion-exchange (IEX) membrane on top of the porous carbon electrodes and the

technique is called membrane capacitive deionization (MCDI) [2]. The membrane can be put in

front of the electrodes either as a stand-alone film of 50–200 μm or can be coated on to the

electrode surface with a typical thickness of around 20 μm.

In the case of MCDI, the cations penetrate freely through the cation-exchange (CEX) membrane

and are held electrostatically in the vicinity of the EDL of the negatively charged electrode, that

is, cathode. Similarly, the anions permeate through the anion-exchange (AEX) membrane to

the positively charged electrode, that is, anode and get adsorbed. During the regeneration step,

when the potential is reversed, the cations from the electrode are desorbed and permeate through

the CEX to the bulk fluid, while the presence of CEX will block the anions to penetrate and

get adsorbed on the electrode surface even while the electrodes are positively charged. Similarly,

in the case of AEX, the cations will not permeate through in the desorption step. Thus, during the

regeneration step, no adsorption occurs unlike that of the conventional CDI and all the ions

which get adsorbed are desorbed. The next adsorption cycle happens again by reversing the

polarity of the power supply, having a fresh electrode surface for adsorption. Thus, there is no loss

of adsorption efficiency of the electrodes in the case of MCDI. Schematic in Fig. 7.1 shows the

basic mechanism of CDI (Fig. 7.1A) and MCDI (Fig. 7.1B) process [3]. With this concept,

Lee et al. in 2006 first developed an MCDI unit for desalinating power plant waste water [4].
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They claimed that the salt removal rate was 19% more than of conventional CDI and the salt

removal capacity was 92% at an operational potential of 1.2V using 1000ppm of NaCl, the

energy requirement was 1.96Wh/L. Długołęck and van der Wal in 2013 showed that the energy

recovery for MCDI [5] was 83% as compared with that of 62.1% in case of CDI [6]. They

also suggested that by implementing energy recovery as an essential part of the MCDI operation,

the overall energy consumption can be as low as 0.26 (kWh)/m3 of produced water to reduce

the salinity by 10mM and this value is independent of feed water concentration.

In the 21st century, CDI has gone through various modifications than the early work started

in themid-20th century. Themodifications include the flow-through electrodes where the water

is directed from the top of electrodes, introduction of IEX, constant current operation, salt

release at reverse voltage, energy recovery from the desorption cycles, and stop-flow operation

during ion release. On the materials point of view, new materials and composites are still

emerging in search of novel electrodes having high electroadsorption capacity.

7.2 History of CDI

Historically, the technique of desalination of water using porous “inert” carbon electrodes was

reported by Blair and Murphy in the early 1960s and was termed as “electrochemical

demineralization of water.” In those days, it was assumed that the ions from water were
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Fig. 7.1
A schematic showing the working principle of (A) capacitive deionization (CDI) and (B) membrane
capacitive deionization (MCDI) during the electroadsorption process. Modified from Porada S, Zhao R,

van der Wal A, Presser V, Biesheuvel PM, Review on the science and technology of water desalination by capacitive

deionization. Prog. Mater. Sci. 58(8): 1388–1442, 2013.
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removed by specific functional chemical groups present on the carbon surface by forming an

ionic bond. Evans and Hamilton in 1966 studied the mechanism of demineralization and

regeneration at carbon electrodes using Columbic and mass-balance analysis [7]. The

efficiency of the salt removal capacity was assumed to be proportional to the concentration of

the functional group present on the electrode surfaces. In 1968, Reid designed a 20gallon/day

desalination unit (named as DC-5 demineralization unit, shown in Fig. 7.2) and has shown its

commercial relevance [8]. It was tested with natural saline water and the effect of flow rate, pH,

cell potential, turbidity, bacteria, algae, and the detoriation of the electrodes were demonstrated.

Removal efficiency of various ions like sodium, magnesium, calcium, chloride sulfate, nitrate,

and phosphate in the context of drinking water was also mentioned.

The theory of EDL was proposed by Johnson et al. in 1970 as the actual mechanism responsible

for reversible electrosorption of salt water using porous carbon electrodes [9]. The work stated

that the adsorption capacity of the electrodes depends on the applied potential, available surface

area, and the electrical capacity of the double layer. Multiple reports were published by the

same group in the next few years but they have to discontinue the study because of the

instability of electrodes [10]. A preliminary cost estimation was also presented where it was

claimed that a cost-efficient desalination technique by this technology can be achieved only if

stable high surface area electrodes are produced.

Electrode material development started from the 1990s, Adelmann used activated carbon

electrodes and used as a flow-through capacitor in 1990. The major break-through came by the

Fig. 7.2
The photograph of DC-5, the first 20gallon/day demineralization unit.Data from G.W. Reid, A. Stevens,

J. Abichandani, F. Townsend, M. Al-Awady, Field Operation of a 20 Gallons Per Day Pilot Plant Unit for

Electrochemical Desalination of Brackish Water, U.S. Dept. of the Interior, Washington, DC, 1968.
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pioneering work of Farmer et al. in 1996 [11], where the term CDI was first used. They reported

that deionization was performed using carbon aerogel (CA) electrodes and the ions were

removed from water by applying electricity. When a potential difference was applied on the

electrodes, the ions moved toward the oppositely charged electrodes and get adsorbed

electrostatically in EDL formed at the surface of the electrodes. The methods and apparatus for

CDI, effect of cell voltage, and regeneration of electrodes using CA electrodes were patented by

Joseph Farmer in 1995. Since, then researchers have continuously looked at new and stable

materials for CDI. The same group has consecutively published three patents which served as a

stepping stone of the CDI technology in recent days [12]. Shiue et al. in 2001 introduced CNT

as the electrode material and was first to use nanomaterials in the electrode system [13].

Welgemoed and Schutt in 2005 developed a bench-scale module of CDI unit and evaluated its

performance with respect to other membrane technologies [14]. In all 12pairs of CA electrodes

were used having average density and total accessible area of 0.78g/cm3 and 2.29m2,

respectively. The electrodes were having Brunauer-Emmett-Teller (BET) surface area of

600m2/g, bulk resistivity of 20mΩ cm, and specific capacitance of 2F/cm2. They have

evaluated the cost requirement for treating 800–10,000mg/L of brackish water to be

0.5–2.25Wh/gallon for the CDI technology. Othermembrane-based technologies such as RO and

electrodialysis were found to be 8.5 and 7.7Wh/gallon, respectively, at the same conditions. In

addition, they have claimed that as CA electrodes are chemically resistant oxidizing agents and

therefore the lifetime of the electrodes can be extended to 10years with proper handling.

In 2004, Adelman in a US patent, first introduced “charge barrier flow-through capacitor,”

popularly known as MCDI in recent days. The technique was used to desalinate waste water by

a pilot plant in the work of Lee et al. [4] Theory and physical understanding ofMCDI was given

by a group of researcher in Wetsus and collaborators in 2010 [15]. Researchers have worked to

enhance the maximum adsorption capacity of the electrode material using graphene and its

composites, different composite materials such as nanomaterials, metal oxides, CNTs, carbon

from biomass, etc., Kim and Choi in 2012 showed that it was possible to remove selective ions

from a mixture by modifying the electrode surface and membrane in MCDI [16]. A great

advancement in the field of CDI was made with the introduction of carbon flow electrodes

which was able to desalinate sea water having total dissolved solids (TDS) of 31g/L. [17] The

use of ionic group derivitized nano-porous carbon electrodes for CDI was demonstrated by

Adelman in 2014 as a proof of concept [18]. Different companies and start-ups have come with

CDI products both community and domestic units are now in the market. An overview of CDI

development and important milestones in the area is depicted in Fig. 7.3.

7.3 Patents in CDI

After a gap of almost two decades, CDI was reborn with the introduction of CA by J.C.

Farmer as a stable material for electrodes, in the early 1990s. He showed the method

and apparatus for CDI, electrochemical purification, and regeneration of electrodes.
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Eric D. Nyberg gave the idea of electrochemically assisted IEX for efficient CDI. An energy

efficient flow-through capacitor, particularly for the concentration and/or separation of

seawater was patented by Marc Andelman. He also introduced the concept of charge barrier

flow-through capacitor, that is, the use of an IEX. Lih-Ren Shiue in 2002 showed that energy
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A, Presser V, Biesheuvel PM, Review on the science and technology of water desalination by capacitive deionization.
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can be recovered during the regeneration cycle, thereby reduce the overall energy

consumption of the system. Ho-Jung Yang in 2009 used transition metals with CNT as an

electrode material and introduced an integrated electrode-current collector sheet for CDI.

Ali Altaee in the same year showed a process for separating organic compounds from an

aqueous medium by using a surfactant. The surfactant reacts with the organic molecules and

getting charged, which helps in removing it during the charging cycle. Sean Knapp in the

same year showed a method of operating CDI cell using a regeneration cycle to increase

pure flow rate and efficiency of the cell. Sundara Ramaprabhu in 2011 shows that ions such

as arsenic can be efficiently removed from water using CDI technology. Marc Andelman

again in 2012 introduced the concept of polarized electrode for flow-through CDI, where

the carbon materials are functionalized and therefore the cells can work efficiently without

any IEX. Matthew E. Suss in the same year showed an electrode “flow-through” capacitive

desalination system wherein feed water is pumped through the pores of a pair of monolithic

porous electrodes separated by an ultrathin nonconducting porous film. The feed water

flows through the electrodes and the spacing between electrodes is of the order 10 μm.

Kyung-Seok Kang in 2013 has showed that selective ions can be removed from water using

MCDI. Patrice Simon used flow electrode architecture for removal of ions from water.

Muataz Ali Atieh in 2015 showed that CNT membrane can be used as an electrode for

efficient salt removal at low cost. Different binders, composite materials, apparatus, cell

architecture, and modified electrodes have been patented in subsequent years. Tae Gong

Ryu in 2016 modified the system and showed that ions can be recovered selectively from

the system having complex multiions. Table 7.1 shows the list of patents in the course of

development of CDI technologies over the years.

7.4 Theory of CDI

The principle of ion removal mechanism in CDI is through physical adsorption on to the surface

of the electrodes with the solution and not by oxidation/reduction reaction. It is believed that the

Faradic reactions also take place with the carboxy and phenolic group of the electrodes to form

a chemical bond with cations in the feed solution. Both these processes contribute to the overall

removal efficiency in the CDI cell [53].

In an electrochemical processes when a potential difference is applied to the electrodes, the ions

migrate toward the oppositely charged electrodes. This separation mechanism was first studied

by Helmholtz in 1893 and described it as EDL model [54]. Similar theory was also given by

Perrin in 1904. They assumed that positively charged ions move toward cathode and the

negatively charged ions move toward anode creating external Helmholtz layers, leaving a

hydrated sheet in the middle consisting of water molecules called the inner Helmholtz layer as

shown in Fig. 7.4. This theory has certain limitations as it considered the electrodes to be rigid

blocks and neglected the factors like diffusion, mixing, and adsorption of ions on the electrodes
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Table 7.1 List of patents in the course of development of CDI technology since, early 1990s

Sl. No. Inventor (Year of filing) Patent No. Title

1 Joseph Farmer (1994) [12a] US5425858 A Method and apparatus for capacitive

deionization, electrochemical

purification, and regeneration of

electrodes

2 Joseph Farmer (1995)[12b] US5954937 A Method and apparatus for capacitive

deionization and electrochemical

purification and regeneration of

electrodes

3 Eric D. Nyberg (1997) [19] US5788826 A Electrochemically assisted ion

exchange

4 Tri D. Tran (1999)[12c] US6309532 B1 Method and apparatus for capacitive

deionization and electrochemical

purification and regeneration of

electrodes

5 Marc D. Andelman (2000) [20] US6325907 B1 Energy and weight efficient flow-

through capacitor, system and

method

6 Marc D. Andelman (2001) [21] WO2002086195 A1 Charge barrier flow-through

capacitor

7 Hiroshi Inoue (2002) [22] US20030189005 A1 Ion exchanger

8 Lih-Ren Shiue (2002) [23] US6580598 B2 Deionizers with energy recovery

9 Marc Andelman (2004) [2] US20040174657 A1 Charge barrier flow-through

capacitor

10 Ho-Jung Yang (2009) [24] US20100140096 A1 Electrode for capacitive deionization,

capacitive deionization device and

electric double-layer capacitor

including the electrode

11 Ho-Jung Yang (2009) [25] US20100181200 A1 Transition metal/carbon nanotube

composite and method of preparing

the same

12 Ho-Jung Yang (2009) [26] US8518229 B2 Integrated electrode-current

collector sheet for capacitive

deionization, capacitive deionization

device and electric double-layer

capacitor having the same

13 Ali Altaee (2009) [27] WO2010035004 A1 Capacitive deionization

14 Sean KNAPP (2009) [28] US20100065511 A1 Method of Regenerating A

Capacitive Deionization Cell

15 Kyung-Seok Kang (2010) [29] US2012032519A1 Capacitive electrode for

deionization, and electrolytic cell

using same

16 Chang-Hyun Kim (2010) [30] US20120132519 A1 Capacitive deionization device

17 Kyung Seok Kang (2010) [31] US20110147212 A1 Ion selective capacitive deionization

composite electrode, andmethod for

manufacturing a module

18 Sundara Ramaprabhu (2011) [32] EP2487278 A2 Methods and systems for separating

ions from fluids
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Table 7.1 List of patents in the course of development of CDI technology since,

early 1990s—Cont’d

Sl. No. Inventor (Year of filing) Patent No. Title

19 David J. Averbeck (2011) [33] US20120186980 A1 Ion removal using a capacitive

deionization system

20 David J. Averbeck (2011) [34] US9637397 B2 Regeneration of a capacitive

deionization system

21 Zhuo Sun (2011) [35] US9695070 B2 Membrane enhanced deionization

capacitor device

22 Marc D. Andelman (2012) [36] US20130153426 A1 Polarized electrode for flow-through

capacitive deionization

23 Matthew E. Suss (2012) [13] WO2012129532 A1 Flow-through electrode capacitive

desalination

24 Moon II Jung (2012) [37] S20120273359 A1 Capacitive deionization apparatus

25 Joon Seon JEONG (2013) [38] US 20130206598 A1 Capacitive deionization apparatus

and methods of treating fluid using

the same

26 Kyung-Seok Kang (2013) [39] US20140144779 A1 Method of manufacturing capacitive

deionization electrode having ion

selectivity and cdi electrode module

including the same

27 Antonino ABRAMI (2013) [40] WO2013183973 A1 Method and plant for the reduction

of the concentration of pollutants

and/or valuable elements in the

water

28 Patrice Simon (2014) [41] WO2014024110 A1 Method and device to remove ions

from an electrolytic media, such as

water desalination, using suspension

of divided materials in a flow

capacitor

29 Myung Dong Cho (2014) [42] WO 2014195897 A1 Composition for electrode of

capacitive deionization apparatus,

and electrode including same

30 Yoo Seong Yang (2014) [43] US5425858 A Capacitive deionization electrodes,

capacitive deionization apparatuses

including the same, and production

methods thereof

31 Joon Seon Jeong (2014) [44] US5954937 A Regeneration methods of capacitive

deionization electrodes

32 Yeong Suk Choi (2014) [45] US5788826 A Composition for electrode of

capacitive deionization apparatus,

and electrode including same

33 Zhenxiao Cai (2015) [46] US6309532 B1 Capacitive deionization system,

electrode pack and method for

operating the system

34 Muataz Ali Atieh (2015) [47] US6325907 B1 Fabrication of carbon nanotube

membranes

(Continued)
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in the solution. The model also suggested that the capacitance does not change with potential

and follows the relation:

C¼
dq

dV
¼
220A

d
(7.1)

Gouy and Chapman in 1913 observed that the electrochemical capacitance strongly depends on

the applied potential and the ionic concentration of the feed water. To understand this effect,

Table 7.1 List of patents in the course of development of CDI technology since,

early 1990s—Cont’d

Sl. No. Inventor (Year of filing) Patent No. Title

35 Po-I Liu (2015) [48] WO2002086195 A1 Binder for capacitive deionization

electrode and method for

manufacturing the same

36 Yeong suk Choi (2015) [49] US20030189005 A1 Electrode composition for capacitive

deionization device, and electrode

for capacitive deionization device

containing the same

37 Hyun Sung Choi (2016) [50] US6580598 B2 Capacitive deionization apparatus

38 Jency DANIEL (2016) [51] US20040174657 A1 Electrode for capacitive deionization
39 Tae Gong Ryu (2016) [52] US20100140096 A1 System for recovering multiple kinds

of ions
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they incorporated the parameters of the thermal effect and the gradient of electron density on

the double-layer model leading to the so-called diffuse charge model. In this model, the authors

applied Maxwell Boltzmann statistics. The charge distribution of the ions in the solution was

taken as a function of distance utilizing Thomas Fermi screening distance from the electrodes.

The thermal effect was also incorporated in the model using the Boltzmann constant k. The

Gouy–Chapman developed a model for capacitance accounting the effect of potential

difference φM and temperature T:

C¼ cosh ze0φMð Þ=2kTð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2220z2e
2
0c0

q

=kT

� �

(7.2)

where z is an integer, e0 is the ionic cloud charge, φM is the potential difference, k is the

Boltzmann constant, T is the temperature of the solution, and c0 is the ionic concentration in the

solution.

The limitation of Gouy–Chapman model arises from the assumption of point charge ions and

neglected the ion-ion interaction in the solution, which become significant at higher ionic

concentrations. They also assumed that at the interface between the electrode and the bulk

solution the dielectric constant is constant. Therefore, the model fails for highly charged diffuse

layers. In 1924, Stern combined the Helmholtz–Perrin and Gouy–Chapman models into one as

two capacitors in series with the total capacitance expressed as

1

C
¼

1

CH

+
1

CG

(7.3)

where C is the total capacitance and subscripts H and G denote the Helmholtz–Perrin and

Gouy–Chapman capacitance, respectively.

Stern’s model, is a combination of the Helmholtz–Perrin and Gouy–Chapman model. He

proposed that some ions adhere to the electrode in the internal layer as suggested by Helmholtz,

giving an internal Stern layer, while some forms a Gouy–Chapman diffuse layer. Close to the

electrodes, the Helmholtz–Perrin model dominates, while toward the bulk solution, Gouy–

Chapmanmodel dominates. The limitation in Stern’s model was that he assumed that there is no

interaction of ions and electrodes and therefore, it fails for metallic conductor and in application

such as super-capacitors and Li ion battery. But in CDI, the mechanism of ion adsorption

follows Stern’s model, as the electrodes are inert toward the electrolytes. According to this

model, if there are high Stern layer capacities, then it will allow for a high surface charge and,

thereby, high salt adsorption capacity (SAC).

7.5 CDI Cell Architectures

The architectures of CDI cells have been a great interest of study in recent years. Two main

types of electrode cell architectures are static and flow electrodes. Static electrode architecture

includes flow between and flow-through electrodes andmembrane CDI. Recent modification in

Capacitive Deionization (CDI): An Alternative Cost-Efficient Desalination Technique 175



flow between electrode uses surface-modified anode called inverted CDI (i-CDI) [3]. Flow

electrode architecture is feed in where a carbon slurry continuously flows to desalinate feed

water [13]. Another new class of CDI architecture is electrostatic ion pumping and desalination

through wires. The first and the most used CDI architecture till date is flow between electrodes

and is also called flow by electrodes, introduced by Blair andMurphy in the early 1960, later by

Oren and Soffer in the 1970s and Farmer et al. in 1996 [12a]. It consists of a pair of porous

carbon electrodes, separated by a spacer and the saline water flows perpendicular to the applied

potential as shown in Fig. 7.5A. This architecture is commonly used for fundamental studies to

determine the maximum salt adsorption capacity (mSAC), to determine the performance of

new and novel electrode materials and salt removal at various feed concentrations. Johnson

et al. in the 1970s introduced the concept of flow-through electrodes, where the feed water is

passed parallel to the applied electric potential and straight through the porous electrodes as

shown in Fig. 7.5B. Avraham et al. in 2009 reintroduced the concept after almost 40years,

where they introduced the concept of charge efficiency [55]. Later, the same group compared

the charging efficiency between flow-through and flow-between electrodes and claimed for

faster cell charging for flow-through electrodes. Suss et al. in 2012 also claimed high efficiency

and high rate of adsorption for CA as active electrode in the flow-through architecture [13]. The

main advantage of this architecture over the other is the minimization of the spacer thickness

from 200–500 μm in flow between to 10 μm in flow-through. As the spacer thickness is

reduced, the ionic resistance of the cell is lowered with increased adsorption rate. This

architecture requires the electrode material to be porous with both micropores (which enables

fast mass transfer) and micropores (which helps in adsorption of ions).

One of the major developments in CDI cell architecture occurs with the introduction of IEX in

front of the porous carbon electrodes called MCDI. The concept was first introduced by

Andelman in 2004, where he called it as charge barrier flow capacitor [2]. Lee et al. in 2006

demonstrated the MCDI system for desalination of thermal power plant waste water [4], where

they used an AEX on top of the anode and CEX on top of the cathode as shown in Fig. 7.5C.

They claimed that the efficiency of MCDI was much higher than CDI (flow between) in the

contest of salt removal capacity and rate. The membranes can be either placed as a free standing

or can be coated over the electrodes. The thickness of the membrane while coating can be

thinner and have higher salt removal efficiency with respect to stand-alone membranes [56].

The incorporation of membrane in front of the electrode has two advantages; first, the IEX

blocks the co-ions to leave the electrode surface and thereby increases the SAC and second,

during the desorption step, it fully flushes the counter-ions and therefore completely

regenerated the electrode surface for the next adsorption cycle. In addition to this, membranes

can be tuned for selective adsorption of ions having the same charge sign, which thereby, helps

in selective removal of ions from a multiion system [16]. The architecture is most widely used

in recent days and in the last one decade there have been a tremendous development ofMCDI in

its theoretical understanding [15, 57], membrane materials and in commercial applications.
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A new class of cell architecture called carbon flow electrode/flow electrode capacitive

deionization (FCDI) cell was introduced in 2013 by Jeon et al. [17] In this architecture, carbon

slurry is passed through the electrode compartments having opposite charge as shown in

Fig. 7.5D. The cations migrate toward the cathode and anions move toward the anode and get
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Fig. 7.5
Different cell architectures used for CDI, (A) flow between, (B) flow-through, (C) MCDI, and

(D) carbon flow electrodes.
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electroadsorbed. The main advantage of this architecture is that the carbon slurry is

continuously passed through the compartment and the ions continuously get adsorbed and

desorption happens in a different compartment downstream. In the case of static CDI, the ions

are adsorbed until the electrodes get saturated and then the terminals have to be reversed to

desorb the ions. The steps require complicated fluid handling and loss of efficiency as the

adsorption and desorption cycle repeats at regular intervals. Another advantage of FCDI over

static CDI is that the former introduces uncharged carbon particles continuously and thereby

increases the desalination capacity as the effective capacitance increases. Therefore, FCDI can

desalinate water of higher salinity and even sea water having TDS of 31g/L with an efficiency

of 95% and can overcome the limitation of conventional CDI as claimed by Jeon et al.

7.6 CDI Electrode Parameter Metrics

The field of CDI has enormously grown in the last one decade. Therefore, there is a need for the

standardization of CDI cell performance. Different parameters which affect the efficiency of

the electrodes are the active carbon materials having, porosity, pore size and pore volume,

specific surface area, electrical conductivity, specific capacitance, and chemical inertness.

7.6.1 Maximum Salt Adsorption Capacity

In CDI, the most important parameter for defining the performance of a unit is the SAC. Soffer

and Folman in 1972 first introduced SAC during a charge-discharge cycle [58]. The adsorption

and desorption cycles can have different time duration, ranging from a few minutes, where the

adsorption is fast but not complete and they can also be for a few hours where the saturation or

equilibrium is reached for complete adsorption. For the latter, one can calculate the mSAC of an

electrode, which is better known as equilibrium salt adsorption capacity (eqSAC). To reach the

eqSAC, the cell potential and the salt concentration of the feed water should be constant

throughout the adsorption cycle. At equilibrium, no more adsorption happens and can be

calculated differently for batch mode and single-pass method. In batch mode, the salt removed

is calculated by decrease in the salt concentration in the systemmultiplied with the total volume

and is dependent on the initial salt concentration. For the single-pass method, the equilibrium

concentration is reached when the input concentration of the feed water equals the output

concentration over a time at a constant flow rate. The value of mSAC is calculated by the

change in the effluent concentration over a time multiplied by the flow rate, that is, the total

volume of water passed to reach the equilibrium. The SAC and mSAC is typically reported by

calculating the total salt removal dividing with the total adsorbent weight and expressed inmg/g

of the electrodes. Reports have been made either considering the total electrode weight (i.e., the

carbon and the binder) or only with the active material (i.e., the porous carbon). Fig. 7.6 shows

the maximum adsorption capacity of the electrode materials reported in years.
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Table 7.2 shows the adsorption capacity of different electrode materials at different

concentrations of feed water at different modes of operation. It is important to note that the

mSAC is only an electrode property and does not affect by any cell component when all other

operational parameters are kept constant. This is an important and mostly used metrics in CDI

community to assess the performance (electroadsorption of ions) of electrode material.

7.6.2 Average Salt Adsorption Rate (ASAR)

Another parameter which gives an insight into the performance of CDI cell is ASAR. The value

of mSAC gives an indication for the amount of salt adsorbed by the CDI electrode but it gives

no information for the adsorption kinetics. ASAR helps us to find the rate at which the salt is

adsorbed on the electrodes and it is expressed in mg/g/min. Where, mg is the amount of salt

adsorbed, g is the weight of the adsorbent, and min is the average time for the charging or

discharging step. Unlike mSAC, ASAR depends on multiple external factors such as flow rate,

applied potential, initial feed water concentration, and also the cell architecture. As, for

example, if two systems have the same CDI electrode materials and also the thickness of the

electrodes are equal then flow-through cell architecture have higher ASAR than flow-by

electrode architecture. This is because in the flow-through system, the gap (i.e., the spacer

distance) between the electrodes is smaller than that of flow-by system, thus lowering cell

resistance and thus cell charging time. For the same electrode and at the same operational

potential, ASAR will vary with the flow rate of the feed water. Applied potential plays an

important role in deciding the ASAR value, ASAR will increase with the increase in the

potential, reaches a maximum, and then decreases. The decrease later is due to the possibility of
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Fig. 7.6
The trend in maximum salt adsorption capacity (mSAC) of different materials over the last decade
using different carbon-based electrode materials in batch study, at 500mg/L of NaCl concentration.
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Table 7.2 mSAC of different CDI electrode material at different initial salt concentration (mg/L)

Sl. No.

First Author (Year of

Publication) [Ref.] Journal Materials

Initial Conc.

(mg/L)

mSAC

(mg/g)

1 J.C. Farmer (1996)

[11]

J. Electrochem.

Soc.

Carbon Aerogel (CA) 500 2.90

2 K. L. Yang (2001) [59] Langmuir CA 1000 2.00

3 K. Dai (2005) [60] Mater. Lett. MWCNTs 3000 1.70

4 S. Wang (2007) [61] Sep. Purif.

Technol.

MWCNTs 3500 9.35

5 P. Xu (2008) [62] Water Res. CA 2250 7.10

6 H. Li (2009) [63] J. Mater. Chem. Graphene 25 1.85

7 H. Li (2010) [64] Environ. Sci.

Technol.

Graphene-like

nanoflakes

25 1.35

8 R. Zhao (2010) [65] J. Phys. Chem.

Lett.

Commercial activated

carbon electrode

292 10.90

9 C. Tsouris (2011) [66] Environ. Sci.

Technol.

Resorsinol-based

mesoporous carbon

(MC)

5000 15.20

10 J. Landon (2012) [67] J. Electrochem.

Soc.

Carbon Xerogel 260 3.20

11 H. Wang (2012) [68] J. Mater. Chem. Graphene 86.9 0.88

12 Z. Wang (2012) [69] Desalination Graphene-CA 65 3.23

13 B. Jia (2012) [70] Carbon Sulfonated graphene

Ns

250 8.60

14 M. E. Suss (2012) [71] Energy Environ.

Sci.

Microporous carbon

aerogel monoliths

5800 10.20

15 D. Zhang (2012) [72] Nanoscale Graphene/mesoporous

carbon

40 0.73

16 D. Zhang (2012) [73] J. Mater. Chem. Graphene/carbon

nanotube

29 1.40

17 H. Li (2012) [74] J. Mater. Chem. RGO-AC 29 2.94

18 Z. Peng (2012) [75] J. Mater. Chem. Ordered mesoporous

carbon–CNTs

46 0.63

19 X. Wen (2013) [76] J. Mater. Chem. A 3D Graphene-based

hierarchically porous

carbon composites

25 6.18

20 G. Wang (2013) [77] Sep. Purif.

Technol.

Highly mesoporous AC 500 10.90

21 H Yin (2013) [78] Adv. Mater. Graphene-Aerogel 500 9.90

22 Z. Y. Yang (2014) [79] Adv. Funct.

Mater.

Sponge-templated

graphene

106 4.95

23 Y. Liu (2014) [80] J. Mater. Chem. A CNRs 500 15.12

24 A. G. El-Deen (2014)

[81]

Desalination MnO2-

Nanorods@graphene

�50 5.01

25 X. Xu (2015) [82] Sci. Rep. Graphene sponge 500 14.90

26 P. Nalenthiran (2015)

[83]

ACS Appl. Mater.

Interfaces

Cellulose-derived

graphenic fibers

500 13.10

27 A. G. El-Deen (2015)

[84]

Desalination RGO/TiO2 300 9.10

180 Chapter 7



electrolysis above a certain potential for the electrode material. So, there is an optimum value

where the ASAR is maximum. Also, the CDI electrode material can affect the value of

measured ASAR, as for example, if the electrodes have larger mesopores than micropores,

which allows higher salt sorption then the ASAR will be higher. Thus, ASAR is a combination

of several factors and therefore it should be considered a cell component property rather than

only electrode property.

7.6.3 Charge Storage Capacity

Along with mSAC and ASAR, the third metrics for CDI cell are the charge storage capacity,

this metric is of a great importance in the super-capacitor community. This metric/parameter is

obtained from the amount of current used vs. time during the charging and discharging cycles.

Data for current are expressed in units of Amperes (A¼C/s), and it is integrated with respect to

time to obtain the electric charge transfer between two oppositely charged electrodes of the cell

Table 7.2 mSAC of different CDI electrode material at different initial salt concentration

(mg/L)—Cont’d

Sl. No.

First Author (Year of

Publication) [Ref.] Journal Materials

Initial Conc.

(mg/L)

mSAC

(mg/g)

28 G. Rasines (2015)

[85]

Carbon N-doped CA 1500 8.20

29 Xingtao Xu (2015)

[86]

J. Mater. Chem. A Graphene/CNT 500 18.70

30 R. Kumar (2016) [87] Carbon CA 800 10.54

31 A. S. Yasin (2016) [88] Sep. Purif.

Technol.

Graphene oxide/ZrO2 �50 4.55

32 H. Zhang (2016) [89] RSC Adv. Moderately oxidized

graphene-CNT

500 8.45

33 S. Zhao (2016) [90] Applied Surface

Sci.

N-Doped porous

hollow carbon spheres

500 12.95

34 W. Kong (2016) [91] Nano Res. Holey graphene

hydrogel

5000 26.80

35 X. Xu (2016) [92] J. Mater. Chem. A hCNT/PCP 2000 20.50

36 T. Gao (2017) [93] Desalination Mesoporous carbons 250 4.80

37 D. Xu (2017) [94] ACS Sustain.

Chem. Eng.

N, P codoped meso-/

microporous carbon

1000 20.78

38 S. Zhao (2017) [95] RSC Adv. micro/mesoporous

carbon sheets

500 17.38

39 H. Wang (2017) [96] ACS Sustain.

Chem. Eng.

N-doped hollow

multiyolk@shell carbon

(HMYSC)

500 16.10

40 T. Wu (2017) [97] Environ. Sci.

Technol.

Porous carbon

nanosheets (PCNSs)

500 15.60

Data after 1996 are given.
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(in units of Coulombs, C). For obtaining the capacitance of a single electrode, the capacitive

charge (i.e., C) is divided by the mass of a single electrode material and by half of the cell

voltage (assuming cell symmetry), called as specific capacitance.

7.6.4 Charge Efficiency

The electric charge accumulates on the electrodes during the adsorption cycle (i.e., charging)

and is released during desorption cycle (i.e., discharging). To express the charge in moles, the

accumulated electric charge is divided with Faraday (F¼96,485C/mol) and is a measure of salt

adsorption per cycle. Thus, charge efficiency can be defined as the ratio of adsorbed salt over

charge. Avraham in 2009 [55] first used the term “charge efficiency” and Zhao et al. in 2009

[65] used the symbol Λwhile describing charge efficiency. Λ depends on cell potential and feed

water salt concentration. Generally, Λ increases when the charging voltage increases and

decreases with decreasing salt concentration as shown in Fig. 7.7.

Λ is an important parameter for evaluating the performance of the CDI cell. First, the energy

requirement can be accounted from the value of Λ, a higher Λmeans lower energy consumption.

Zhao et al. in 2012 provided experimental data to compare the energy consumption in MCDI

and CDI at constant voltage and constant current operation [57a]. For a constant charging

voltage, MCDI has higher charge efficiency and therefore, consume lower energy than CDI.

Second, during charging when the equilibrium is reached, equilibrium EDL theory can predict

Λ, or vice versa [57a].

Fig. 7.7
Variation of charge efficiency Λ as a function of cell potential and feed water concentrations of 5 and
20mM. Reproduced with permission from Zhao R, Biesheuvel PM,Miedema H, Bruning H, van derWal A, Charge

efficiency: a functional tool to probe the double-layer structure inside of porous electrodes and application in the

modeling of capacitive deionization. J. Phys. Chem. Lett. 1(1): 2010, 205–210.
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7.6.5 Porosity

Porosity is regarded as one of the most important factors for electrochemical capacitors and

CDI electrodes. The efficiency of CDI electrodes, that is, the capacitance depends on the

accessible pores and the pore sizes. According to the IUPAC, pores are classified into three

types: macropores (>50nm), mesopores (2–50mn), and micropores (<2nm) [98]. Some

reports suggest that the pore size less than 0.5nm [99] is not accessible for ion adsorption as the

ions are in hydrated form in aqueous solutions. As per solvated ion adsorption theory, high

energy of the order of kilojoules per mole is required to remove the hydrated shell [100].

Therefore, it was believed that a bimodal porosity containing both micro and mesopores is

required in carbon material for enhanced capacitance and ion adsorption. Ion adsorption occurs

in the micropores whereas the mesopores allows fast mass transport of electrolyte to the

micropores. Depending upon the pore distribution, Hwang et al. proposed a theory of splitting

of the capacitance in two different regimes of pores. For mesopores, a traditional EDL model

was followed:

C

A
¼ 2r20ð Þ= b∗ ln

b

b�d

� �� �

(7.4)

where C is the capacitance, A is the specific surface area, b is the pore radius, and d is the

distance of approach of the ions to the carbon electrodes. For micropores, it was assumed that

the ions enter the pores gets desolvated and stack as a line, where cylindrical electrical wire

model was followed:

C

A
¼2r20=b∗ ln

b

a0

� �

(7.5)

where a0 is the desolvated ion size.

7.7 Emerging CDI Electrode Materials

7.7.1 Activated Carbon

The most widely used material for CDI since the early 1970s is alternating current (AC). It is

generally derived from raw materials such as petroleum, coconut shell, wood, rice husk, etc.,

having a surface area of 500–2300m2/g, with tunable porosity and varying hardness [101]. Zou

et al. in 2008 claimed that electrosorption capacity of activated carbon can be enhanced by

chemical surface modification or by incorporating metal-oxide nanoparticles such as TiO2

[102]. Zeng et al. in 2017 reported that the electroadsorption capacity of commercially

available AC can be increased 5.09 times by plasma treatment [using coupled plasma of Ar and

10%O2, at a pressure of 4.0Torr, resorsinol-formaldehyde (RF) power ranges from 50 to 100W

for 10min] [103]. Lado et al. in 2017 reported an abundant, low cost biowaste carbon material

(Sugar Cane Bagasse Fly Ash) which after activation with KOH at 800°C, gave high
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electrosorption capacity of 48%–74%. They claimed that the presence of small amounts of

ether/alcohol functional groups increase the carbon hydrophilicity and hence, increase the SAC

[104]. Alencherrya et al. in 2017 showed that the addition of silver and CNTs in AC enhances

the electrical conductivity as well as the hydrophilicity, which in terms increase the

electrosorption capacity by around twofolds [105]. Chen et al. in 2018 economically prepared

ACs recycled from bitter-tea and palm shell wastes and was used for CDI electrodes and

showed removal capacity up to 40% using 1000ppm NaCl solution. They have modified the

electrodes with Ag@C core shell nanoparticles to provide additional disinfection ability during

desalination [106]. Yashin et al. in 2018 used N2 and TiO2/ZrO2 as a support for AC for

enhancing the electrochemical performance [107].

7.7.2 Ordered Mesoporous Carbon

Zou et al. [108] in 2008 had prepared ordered mesoporous composite (OMC) and claimed that

the CDI performance was better than AC. The pore size of the OMC material was found to be

�3.3nm which allows the salt ions to pass through the pores freely and the ordered

mesostructure allows fast adsorption and desorption of Na+ and Cl� ions. Li et al. in 2009 also

found that the CDI efficiency of OMC doped with Ni salt is higher than that of AC.

Transmission electron microscopy (TEM) image of OMC is shown in Fig. 7.8A [109]. In case

of AC, some surfaces are unavailable for electroadsorption as the micropores are smaller than

the hydrated radii of the ions. Tsouris et al. in 2011 prepared self-assembled mesoporous carbon

Fig. 7.8
(A) Transmission electron microscopy (TEM) image of ordered mesoporous composite (OMC) [109]
and (B) scanning electron microscopy (SEM) image of MCs and the inset shows a TEM image of the
same material [93]. Reproduced with permission from Gao T, Li H, Zhou F, Gao M, Liang S, Luo M, Mesoporous

carbon derived from ZIF-8 for high efficient electrosorption. Desalination 108, 2017; Li L, Zou L, Song H, Morris G,

Ordered mesoporous carbons synthesized by a modified sol–gel process for electrosorptive removal of sodium

chloride. Carbon 47(3): 2009, 775–781.
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using phenolic resins, such as resorcinol or phloroglucinol by sol-gel technique and then

carbonization at 750°C [66]. They claimed that the performance of MC was superior to that of

CA due to the fact that most of the pores in CA are micropores in the range of 10Å which are not

accessible for the adsorption of ions. Peng et al. in 2012 prepared OMC/CNT composites by the

organic-inorganic self-assembly route. With a loading of 10% CNT, the material showed

superior electroadsorption capacity and exhibits low energy consumption when compared with

pristine OMC for CDI [75].Wang et al. in 2013 had taken mesoporous activated carbon for CDI

and showed that the electroadsorption capacity of the electrodes depended on the solution

temperature. The capacity decreased with the increase in temperature [77]. Gao et al. in 2017

prepared MCs by direct carbonization of ZIF-8 at 1000°C in Ar/H2 atmosphere. They got an

adsorption capacity of 4.8mg/g using 250mg/L of NaCl solution but claimed that the

theoretical mSAC can reach 17mg/g according to the Langmuir adsorption isotherm. The

scanning electron microscopy (SEM) image of MC is shown in Fig. 7.8B and the inset shows a

TEM image [93].

7.7.3 Carbon Aerogel (CA)

The revolution of CDI electrodes came with the new class of carbon material called CAs in

1996 by Farmer et al. [11] Traditionally, inorganic aerogels were prepared by hydrolysis and

condensation of metal-alkoxides using sol-gel technique. Similar procedure was extended to

form organic aerogels and xerogels using resorsinol (R) and formaldehyde (F)/melanin and

formaldehyde to form cross-linked gels. These gels were dried and pyrolyzed in inert

atmosphere at a temperature of 800–1500°C to form CA [110]. CA has high surface area

(400–2600m2/g), high electrical conductivity (�25–100S/cm), high electrochemical stability

in water and tunable porosity (the ratio of micro and mesopores).

Yang et al. in 2001 prepared CA electrodes and developed EDL model to predict the

electroadsorption of ions. The adsorption largely depends on the pore size of the material. The

smaller pores, that is, the micropores do not contribute to adsorption. As the feed water ion

concentration increases, the cut-off pore width decreases The cut-off pore width is found to

decrease with increasing feed ion concentration and applied potential [59]. Jung et al. in 2007

prepared RF organic aerogel in a cost-effective route using acetone as a solvent exchanger and

used ambient drying conditions. The solid was pyrolyzed after drying in N2 atmosphere at

800°C. They have reported the material having high surface area of 610m2/g, very high specific

capacitance of 220F/g, high electrical conductivity of 13.2S/cm, high porosity of 80%, and low

bulk density of 0.5g/cm3. They have tested the CA electrodes at 50mg/L NaCl solution at a

flow rate of 400mL/min at an applied potential difference of 1.5–1.7V and claimed the removal

efficiency was 92.8% and 97.6% at 1.5–1.7V, respectively [111]. Xu et al. in 2008 had taken

CA electrodes and showed the selectivity of I� is more in the presence of other ions like Br�,

Cl�, etc. Therefore, they claimed that the technology can be used for iodine recovery from

waste water [62].
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Rasines et al. in 2015 prepared N-doped CA polycondensation of resorcinol-formaldehyde-

melamine mixtures [85]. Kumar et al. in 2016 prepared Si-CA using RF and tetraethyl

orthosilicate (TEOS) as silica precursors. They dried the gel in ambient condition and

carbonized it in inert atmosphere at 900°C. The carbonized product formed was Si-CA. CAwas

prepared subsequently by etching Si with 1M KOH. Etching of Si enhances the porosity of

the composites. Both Si-CA and CA were tested as CDI electrode materials and they showed

high efficiency for salt removal with good regeneration property [87]. Spectroscopic and

microscopic characterization data of the material are shown in Fig. 7.9.

7.7.4 Other Carbon Derivatives

Poroda et al. in 2012 reported porous carbide-derived carbon material with tunable pore sizes as

efficient CDI electrodes. The work emphasized that the adsorption capacity of any carbon

material has a positive correlation with subnanometer pores (pore size less than 1nm) [112]. Liu

et al. in 2014 prepared carbon nanorods (CNRs) from nanocrystalline cellulose by heating at

1200°C under inert atmosphere [80]. TEM image of CNR is shown in Fig. 7.10A. CNRs shows

high specific capacitance of 264.19F/g, surface area of 864.10m2/g and pore volume of

Fig. 7.9
(A) The photograph shows the as-prepared carbon aerogel (CA) block of dimension 7cm (length)�
3cm (width)�1cm (thick), field emission scanning electron microscopy (FESEM) images of (B)
Si-CA and (C) CA, and (D) X-ray photoelectron spectroscopy (XPS) spectrum of CA showing the
presence of carbon and oxygen. Reproduced with permission from Kumar R, Gupta SS, Katiyar S, Raman VK,

Varigala SK, Pradeep T., Sharma A, Carbon aerogels through organo-inorganic co-assembly and their application in

water desalination by capacitive deionization. Carbon 99: 2016, 375–383.
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0.47cm3/g. Thematerial shows high adsorption capacity of 15.12mg/g due to large surface area

and low charge transfer resistance. Zhao et al. prepared N-doped hollow carbon spheres as

shown in TEM image in Fig. 7.10B. They used polystyrene (PS) spheres as hard templates and

dopamine hydrochloride as carbon and nitrogen sources [90]. Recently, sustainable materials

derived from biomass are of great interest because of low cost and abundance. The same group

in 2017 prepared micro/mesoporous carbon sheets using watermelon peel as a carbon source

[95], Wu et al. prepared porous carbon nanosheets using starch [97] and Xu et al. developed N

and P co-doped carbon material from biomass with high specific surface area of 2726m2/g and

52% of mesopores [94].

7.7.5 Carbon Nanotubes (CNTs)

CNTs are a class of one-dimensional (1D) tubular carbon materials formed by rolling of

graphene sheets. They are classified into single-walled carbon nanotubes (SWCNTs) and

MWCNTs as per the number of layers. SWCNTs are formed by a single-layer graphene and

MWCTs are formed by multilayer graphitic carbon. CNTs can be metallic or semiconducting

depending on how the sheets are rolled, which results in armchair, ziz-zag, and chiral

configuration [113]. The advantages of CNTs over other carbon materials are that they can

carry high current density through the tubes without electronic scattering, that is, the charge

transport occurs ballistically [113].

Yan et al. in 2012 prepared SWCNT and polyalinine (PANI) composites by in situ

polymerization. The TEM images in Fig. 7.11A and B show that PANI forms a shell around

SWCNT. The addition of PANI in SWCNT decreases the specific surface area due to the

Fig. 7.10
TEM image of (A) carbon nano rods [80] and (B) N-doped hollow carbon spheres [90]. Reproduced
with permission from Liu Y, Pan L, Xu X, Lu T, Sun Z, Chua DH, Carbon nanorods derived from natural based

nanocrystalline cellulose for highly efficient capacitive deionization. J. Mater. Chem. A 2(48): 2014, 20966–

20972; Zhao S, Yan T, Wang H, Chen G, Huang L, Zhang J, Shi L, Zhang D, High capacity and high rate capability

of nitrogen-doped porous hollow carbon spheres for capacitive deionization. Appl. Surf. Sci. 369: 2016, 460–469.
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removal of micropores but the mesopore volume increases appreciably, which in contrast

increases the salt removal efficiency by 12% as compared with SWCNTs. They claimed that the

improvement in the adsorption capacity is due to the pi-pi conjugation of the benzenoid chain of

PANI and aromatic carbon skeleton of SWCNT [114]. Wang et al. in 2013 prepared CNT

sponge electrodes by a chemical vapor deposition (CVD) process using 1,2 dichlorobenzene as

carbon precursor and ferrocene as catalyst [115]. CDI cells were prepared using these CNT

sponges without any use of binder. Fig. 7.11C shows the SEM image of CNT sponges.

Fig. 7.11
Microscopic characteristics of different carbon nanotube (CNT) composites. (A and B) TEM image of

polyalinine (PANI)@CNT composite, PANI forms a shell over single-walled carbon nanotubes
(SWCNTs) as shown in (B) [114]. (C) SEM image of CNT sponge [115], the inset shows a

photograph of the same. (D) High-resolution scanning electron microscopy (HRSEM) image of CNT
sponge showing network-like structure [115]. (E) HRTEM image of hierarchical porous CNT (hCNT)/
porous carbon polyhedra (PCP) [92], both CNT and PCP are marked in the figure and (F) SEM image
of pristine and CNT threads [116]. Reproduced with permission from Xu X, Wang M, Liu Y, Lu T, Pan L,

Metal–organic framework-engaged formation of a hierarchical hybrid with carbon nanotube inserted porous carbon

polyhedra for highly efficient capacitive deionization. J. Mater. Chem. A 4(15): 5467–5473, 2016. Yan C, Zou L,

Short R, Single-walled carbon nanotubes and polyaniline composites for capacitive deionization. Desalination 290:

125–129, 2012. Wang L, Wang M, Huang Z-H, Cui T, Gui X, Kang F, Wang K, Wu D, Capacitive deionization

of NaCl solutions using carbon nanotube sponge electrodes. J. Mater. Chem. 21(45): 2011, 18295–18299;

Moronshing M, Subramaniam C, Scalable approach to highly efficient and rapid capacitive deionization with

CNT-thread as electrodes. ACS Appl. Mater. Interfaces 9(46): 39907–39915, 2017.
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High-resolution scanning electron microscopy (HRSEM) image in Fig. 7.11D shows

continuous three-dimensional (3D) web structure and are randomly cross-linked with each

other having 20–40nm in diameter. The inset in Fig. 7.11C shows the photograph of a CNT

sponge. They claimed the desalination capacity of the material to be 40mg/g of electrodes,

which was highest at that time.

Xu et al. prepared hierarchical porous CNT/porous carbon polyhedra (PCP) (hCNT/PCP)

which is shown in Fig. 7.11E. Hybrid with CNTs and ZIF-8 showed that the material is a good

candidate for effective CDI electrodes [92]. Moronshing et al. in 2017 had prepared CDI

electrodes using CNT threads having specific surface area of 900m2/g, electrical conductivity

of 25S/cm, specific capacitance of 27.2F/g, and porosity of 0.7 and 3.0nm with a

hydrophilicity having contact angle of 25°. In a flow-through experiment using a single pair of

electrodes, having the saline concentration of 50–1000ppm, they have reported the highest

electroadsorption capacity of 139mg/g for the electrode [116]. SEM image of pristine thread

(left) and CNT thread (right) is shown in Fig. 7.11F.

7.7.6 Graphene and Graphene-Based Composites

Since the discovery of graphene by Geim andNovoselev in 2004 [117], it has become subject of

major interest. The one atom thick two-dimensional (2D) material with extraordinary

electronic, thermal, and electrical properties made the material to be called as a “wonder”

material. Graphene and its analogs due to its large surface area, high electrical conductivity,

antibacterial property, and tuneable functionalization make the material a potential candidate in

water purification applications. Overwhelming number of articles is published in the last

decade using graphene as an adsorbent for water remediation.

Li et al. in 2010 first used graphene nano-flakes (GNFs) as a CDI electrode material and showed

the electroadsorption capacity was better than that of AC. GNFs were prepared by modified

Hummers’ method followed by reduction with hydrazine. They conducted CDI experiment

with different cations and reported that the higher valence ions with smaller hydrated radii will

be strongly adsorbed. The cations with same charge with smaller hydrated radii will be removed

preferentially. They concluded that the electroadsorption capacity is in order Fe3+>Ca2+>

Mg2+>Na+ [118]. Till then many groups have worked with graphene and its composites for

making novel and efficient electrode materials. Jia et al. in 2012 prepared graphene nanosheet

(GN) from graphene oxide (GO) by a multistep process and used it as an electrode material for

CDI. The TEM image of GNs is shown in Fig. 7.12A. The material has mean pore size of

3.3nm, surface area of 464m2/g, and specific capacitance of 149.8F/g, the GNs electrodes

showNaCl removal efficiency of 83.4% and electroadsorption capacity of 8.6mg/g of electrode

material [70]. Yin et al. in 2013 reported highly efficient CDI electrode materials using 3D

graphene/metal oxide hybrid composites for the first time [78]. Wang et al. in same year

prepared 3Dmacroporous graphene architecture (3DMGA), which shows high specific surface
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area and porosity for rapid ion and electron transport when used as CDI electrodes [119]. They

prepared 3DMGA by mixing GO and PS, where PS was used as a sacrificial template, which

was further dried and calcinized at elevated temperature in an inert atmosphere. The SEM

image in Fig. 7.12B shows 3D nature of 3DMGA. Earlier the same group used pyridine to

prepare graphene by thermal heating and showed its application in CDI electrodes [68].

El-Deen et al. in 2014 showed that the electroadsorption capacity of graphene increases when

MnO2 nanostructure was incorporate in it. Graphene-wrapped MnO2 nanostructure was

prepared by oxidation-reduction reaction using graphite and manganese sulfate as precursors.

The oxidation graphite was done with ammonium peroxysulfate and hydrogen peroxide in the

Fig. 7.12
Microscopic images of graphenic materials used for CDI electrodes: (A) TEM image graphene
nanosheets (GNs) [70], (B) SEM image of three-dimensional (3D) macroporous graphene

architecture [119], TEM images of (C) graphene@MnO2 nanoparticles and
(D) graphene@MnO2 nanorods [81], (E) SEM image of cellulose-derived graphenic fibers [83],
and (F) 3D composite of graphene@carbon fibers [120]. Reproduced with permission from Jia B, Zou L,

Graphene nanosheets reduced by a multi-step process as high-performance electrode material for capacitive

deionisation. Carbon 50(6):2315–2321, 2012; El-Deen AG, Barakat NAM, Kim HY, Graphene wrapped

MnO2-nanostructures as effective and stable electrode materials for capacitive deionization desalination technology.

Desalination 344:289–298, 2014; Pugazhenthiran N, Sen Gupta S, Prabhath A, Manikandan M, Swathy JR,

Raman VK, Pradeep T, Cellulose derived graphenic fibers for capacitive desalination of brackish water. ACS Appl.

Mater. Interfaces 7(36): 20156–20163, 2015. Luo G,Wang Y, Gao L, Zhang D, Lin T, Graphene bonded carbon

nanofiber aerogels with high capacitive deionization capability. Electrochim. Acta; Li H, Liang S, Li J, He L, The

capacitive deionization behaviour of a carbon nanotube and reduced graphene oxide composite. J. Mater. Chem.

A 1(21): 6335–6341, 2013.
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presence of MnSO4 followed by reduction with piperidine under microwave irradiation. The

morphology of graphene MnO2 nanostructure can be controlled by varying the microwave

irradiation time from 15 to 30min to form graphene@MnO2 nanorods and graphene@MnO2

nanorods, respectively, as shown in TEM images in Fig. 7.12C and D [81]. Pugazhenthiran

et al. in 2015 prepared cellulose-derived graphenic fibers using tissue paper. Tissue paper was

taken along with graphite powder as a conducting agent and TEOS as a silica precursor and the

mixture was pyrolyzed under N2 atmosphere at 700°C. Silica was then etched with aqueous

KOH solution to enhance the porosity, especially the micropores in the carbon structure. The

SEM image of graphite-reinforced carbon (GrC) is shown in Fig. 7.12E, fiber kind of nature of

the material can be seen from the image. The as-prepared material was termed as GrC and was

used as CDI electrodes without any kind of binder in a batch mode. GrC showed high

electroadsorption property of 13.1mg/g for 500mg/L of NaCl solution with an excellent

recyclability [83]. Hierarchical hole-enhanced 3D graphene assembly was prepared by Li et al.

in 2017 [121] and showed the desalinating capacity of 8.0, 16.9, and 29.6mg/g in aqueous NaCl

concentrations of 80, 270, and 572mg/L, respectively, at 2.0V. Luo et al. in 2017 prepared a

fascinating 3D porous structure consisting of 1D (i.e., nanofibers) and 2D (i.e., graphene)

carbon nanomaterials as shown in Fig. 7.12F [120]. The composite was prepared by

carbonization of electrospun polyacrylonitrile with GO sheets. The material showed an

adsorption capacity of 15.7mg/g in 500mg/LNaCl solution and an electrochemical stability for

100cycles.

7.8 Electrochemical Impedance Spectroscopy for CDI Electrodes

Impedance is the measure of the ability of a circuit to resist the flow of electrical current. The

term impedance refers to the frequency dependence to current flow in a circuit. It assumes an

AC of specific frequency in Hz. It can be expressed as

Zω¼
Eω

Iω
(7.6)

where, Zω is the impedance, Eω is the frequency-dependant potential, and Iω is the frequency

dependant current.

Electrochemical impedance spectroscopy (EIS)/equivalent series resistance (ESR) is a great

technique that uses a small amplitude AC signal to measure the impedance characteristics of

electrodes or a cell. To measure the impedance spectrum of an electrochemical cell under test,

the AC signal is scanned over a wide range of frequencies. EIS allows the study of capacitive,

diffusion, and inductive processes which takes place in the electrochemical cell and even the

electron transfer rate of a reaction unlike that of direct current (DC) techniques. EIS has

multiple applications which includes in the area of coatings, batteries, fuel cells, photovoltaic,

sensors, and biochemistry.
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EIS data can be represented as a complex plane (Nyquist) plot. Nyquist plot is defined as the

“representation of the vector response of a feedback system (especially an amplifier) as a

complex graphical plot showing the relationship between feedback and gain.” Nyquist plot is

generally used for assessing the stability of the system with feedback. In the Cartesian

coordinates, the real part is plotted in the X-axis (Z0) and the imaginary part is plotted on the

Y-axis (�Z00).

A Nyquist plot for a graphenic material prepared from cellulose is shown in Fig. 7.13A. The

Nyquist curve has two parts (i) head part (semicircle part) and (ii) tail (inclined line).

A semicircle at high frequency and an inclined line at low frequency were found here.

Meng et al. [122] explained that from Nyquist plot we can know about the equivalent circuit of

the electrodes as shown in Fig. 7.13B, where, Rs is the ohmic resistance, Rct is the

electrochemical charge transfer resistance, Cdl is the electrochemical double-layer capacitance,

and W is the Warburg impedance. Cdl of the electrodes is given as follows:

Cdl¼ 1=T jωð Þφ (7.7)

T¼C
φ

dl R�1
s +R�1

ct

� �1�φ
(7.8)

where ω is the angular frequency (in rad/s) of the AC voltage and φ is the depression angle 90

(1�φ) of the semicircle. T is a constant associated with the double-layer capacitance.

In the high-frequency region, the semicircle refers to the polarization resistance which includes

the charge-transfer resistance between the electrodes and the salt solution interface. Wang et al.

[123] in 2013 in the case of 3DMGAs electrode found a semicircle with small diameter which

indicates the polarization resistance is relatively small. When the diameter of the semicircle is

large as in the case of graphene, the charge transfer resistance is high.

Yang et al. [79] in 2014 showed Nyquist plot of sponge-templated graphene sheets (STGSs)

displays a straight line which indicates a behavior characteristic of capacitive nature at the

lower frequency region, which is attributed because of fast and easy diffusion of salt ions into

-
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Fig. 7.13
(A) Nyquist plot of graphenic material prepared from cellulose and (B) the equivalent electrical circuit

extracted from the plot in part (A). Unpublished data from the authors’ laboratory.
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the 3D macropores. But in case of GNs an inclined line as compared with STGS, implies poor

diffusion behavior of the ions. The intersecting point in the real axis (X-axis) of the Nyquist

plots is referred to the value of the ESR, which includes the electrolyte resistance, electrical

resistance between the current collector and the electrode material and the internal electrode.

The ESR values obtained for STGS and for GN are 0.84 and 1.16Ω, respectively. The ESR for

STGSwas quite small and is because of sufficient exfoliation due to sponge-templated strategy,

indicating low internal resistance and fast charge/discharge rate which is appropriate for CDI

application. Ahmed G. El-Deen et al. [124] in 2016 found that the carboxylic group (COO2�)

rich 3D-activated porous graphene electrode (QC-3DAPGr) cell at high frequency (i.e., left

side) shows lower intercepts with the X-axis and small semicircle diameter, indicating small

intrinsic resistance of electrodes and low charge transfer resistance compared with all cell

configurations. Hence, the asymmetric QC-3DAPGr electrode provides ideal capacitive

behavior and lower internal resistances that can improve the desalination performance for CDI.

7.9 Energy Consumption of CDI in Comparison to RO

The current methods of desalinations are RO, electrodialysis, thermal evaporation, and CDI.

Among these, RO is most popular, around 85% of desalination plants are based on this

technique [125]. RO works on the principle to remove water from the dissolved solids using

external pressure, whereas CDI removes ions producing clean water. The typical TDS in sea

water is around 35,000 and 1000–4000ppm for brackish water. Irrespective of the process, the

minimum energy required (thermodynamically) for desalinating sea water and brackish water

can be calculated theoretically. The minimum energy required for removing ions from a

solution are 1.1 and 0.12kWh/m3, respectively, for sea water and brackish water. In case of RO,

the value depends on the input-output TDS concentration and water recovery [126]. If the ratio

is 0.5 the minimum energy required will be 1.6 and 0.17kWh/m3, respectively, and energy

consumption increases to 2.0 and 0.21, respectively, if the ratio increases to 0.7. Zhao et al.

listed out working RO plants in different parts of the world and seen that majority of the RO

systems consumes energy around 2kWh/m3 with feed concentration below 3.5g/L. If the feed

concentration increases to 8g/L, the energy consumption increases to 6.5kWh/m3 as listed for a

RO plant in Lipari, Italy [127]. Besides energy requirement, the final cost of water depends on

the size of the unit, operation, and maintenance. A smaller unit having a capacity to produce

1million gallon of water per day (1MGD), costs 1.3 $/m3, whereas, a bigger unit of 10MGD

able to deliver water for 0.4 $/m3 [128]. Major operational cost related to RO is the replacement

of the membranes too often.

As discussed earlier, CDI electroadsorb ions from the solution in the double layer formed at the

electrodes when a potential difference is applied. For a parallel plate capacitor, the charge

separation is electrostatic and depends on area of the plates and the distance of the separation as

per the following equation:
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C¼202r

A

d
(7.9)

where C is the capacitance in F, 20 is the permittivity of free space (8.854�10�12F/m), 2r is

the relative permittivity of the material between two plates, A is the area of each plates, and d is

the distance of separation between the plates (in m).

The capacitors can be connected either parallel or in series and the equivalent capacitance (Ceq)

can be calculated by the following equations:

Parallel : Ceq¼
X

Cn (7.10)

Series :
1

Ceq

� �

¼
X 1

Cn

(7.11)

Therefore, the energy stored can be calculated as

Estored¼
1

2
CV2 (7.12)

where E is the energy (in J), C is the capacitance (in F), and V is the potential difference (in V).

Electrochemically, the capacitance can be calculated using cyclic voltammetry. The

operational value is constrained to 1.2–1.5V because of the redox potential of the water.

Considering no Faradic reaction occurs, the capacitance can be directly calculated from the

voltammogram and the sweep rate as per the following equation:

C¼

Z

dq

dV
¼ I �

Z

dt

dV
¼
I

v
(7.13)

where q is the charge (in C), V is the potential difference (in V), I is the current intensity (in A),

and v is the sweep rate (V/s).

In case of CDI, as the energy can be easily recovered during the regeneration step. Thus, the net

energy required is the difference between the charging (i.e., the adsorption step) and the

discharging (i.e., the desorption step)

WCDI ¼Wcharging�Wdischarging (7.14)

The energy recovered during the discharging step makes the system more energetically

favorable that other techniques. Still, much work is needed to develop in electronics and

electrochemical methods to efficiently extract the regeneration energy. Since, this strategy can

decrease the overall energy requirement of the system, it will be an essential and important part

of CDI system in near future. Biesheuvel in 2009 gives a model for calculating maximum

theoretical round-trip efficiency for CDI, which was 96% in the case [129]. The efficiency was

independent of salt concentration and the regeneration cycle uses only 25% of water as that of
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the adsorption cycle. Similarly, Anderson et al. in 2010 theoretically calculated the round-trip

efficiency of CDI to produce 1m3 of 300mg/L of clean water from varying concentration

(0.5–3.5g/L) at 1.2V was 70%–95%.

In the experiments of Farmar et al. in the 1990s, the energy consumption was 0.1kWh/m3 to

desalinate brackish water. For brackish water (TDS less than 2000mg/L), CDI requires much

less energy than that of RO even with a moderate efficiency of 60%–70% as reported by Zhao

et al. [127] If the efficiency of 85% can be attend then CDI will be much energy efficient than

that of RO, not only for brackish water but also for sea water as well. Miller and Burke had

reported that the round-trip efficiency for carbon-based super capacitor can be as high as 95% in

cases [130].

7.10 CDI Technology in Market

The first recognized CDI company to be established was Voltea in 2008, situated in the United

States and the Netherlands. They developed a tuneable water desalination technique using

MCDI and named it as “CAPDI.” They have claimed that the water recovery rate was 95% and

it lowers the waste water production by 60% as compared with other membrane-based

technologies. They have different products ranging from industrial scale (Fig. 7.14) to a

miniature version for domestic use named “DIUSE.” From then, different companies have

come into existence and the most recognized ones are UR-WATERLLC in the United States

Fig. 7.14
A standard industrial-scale MCDI product developed by Voltea. Adapted from voltea.com
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formed as a start up with Prof. Anderson, Atlantis Technologies in Canada, Idropan Dell’Orto

in Italy, Ionic Engineering Technology Pvt. Ltd. in India, PowerTechWater in the United States

and EcoloxTech, which came recently into the CDI market.

Atlantis Technologies claimed that their product removes impurities to 99% and can reduce

salinity up to 100,000ppm with reduced maintenance. Idropan Dell’Orto formed by Tullio

Servida have products named Plimmer 4G Alpha and Delta, where they claimed that a TDS of

2000uS can be reduced to 70%–85% by a single pass and 85%–95% by double pass. They have

different partners in countries such as EUROWATER in Denmark, ECOWATER in the United

States, AquaSphere in India, and others in Russia, Tunasia, Australia, and Saudi Arabia.

PowerTech Water founded in 2014 has just prepared the prototype and is ready for marketing.

InnoDI is a new start-up from IIT Madras, established in 2017 and have launched their first

domestic CDI product in the market in 2017. Table 7.3 shows a list of CDI companies.

Table 7.3 The leading CDI companies in market in 2018 and their location

Sl. No. Company Inventors/MD Technology

Year of

Establish Location

1 Voltea Bryan Brister,

Jonathan

Hodes, Timothy

Cavitt

MCDI/CAPDI 2008 Wasbeekerlaan

24, 2171 AE

Sassenheim, The

Netherlands

2 UR_WATERLLC Mr. John Etter

and Prof. Marc

Anderson

Modified CDI �2012 Madison, WI

53718, United

States

3 Idropan

Dell’Orto

Tullio Servida MCDI �2012 Via Valassina 19

20159 Milan,

Italy

4 Atlantis

Technologies

Patrick Curran,

Brian Hill

Radial

deionization

�2014 32932, Pacific

Coast Hwy #14,

Dana Point, CA

92629, United

States

5 Current Water

Technologies

inc.

Dr. Gene S.

Shelp

Electro-static

deionization

�2016 70 Southgate

Drive, Unit 4

Guelph, ON,

Canada

6 Ionic

Engineering

Technology Pvt.

Ltd.

K.V. Raman CAPDIc �2016 Ground Floor, B

Wing,

Mahalaxmi

Heights,

Mumbai, India

7 PowerTech

Water, LLC

Dr. Cameron

Lippert

Inverted-CDI �2016 Lexington, KY,

United States
8 InnoDI (An IITM

incubated

(company)

Tullio Servida,

Vijay Sampath,

Prof. T. Pradeep

MCDI 2017 Bangalore, India
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7.11 Conclusions

The field of CDI has seen a tremendous growth in the last two decades. It has come out from the

laboratories to commercial market as a product for water desalination. Different novel active

carbon materials have come out in the last few years with high electroadsorption capacity with

different cell architecture. Currently, it is possible to deliver water of any derived quality and

quantity with CDI. Even the cost of clean water is comparable to RO. Thermodynamic energy

requirement for desalination using capacitive electrodes is much less than the actual energy

required. So, there is a scope for further improvement of thermodynamic efficiency in

future [5].
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th
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6. Materials to clean water: Science, technology, incubation and industry, NIT Calicut, India, 
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Nanoscience and its Applications, K. S. Rangasamy College of Technology, Tiruchengode, 
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14. Clean water using advanced materials: Science, technology, incubation and industry, CSIR-

IMMT, India, June 27, 2018. 
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19. Reactions between nanoparticles, ACS On Campus, NIT Calicut, India, September 7, 2018. 
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23. Reactions between nanoparticles, CiHS - 2018, IIT Madras, Chennai, India, September 28, 
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25. Advanced materials for clean water, 9
th

 MRS Trilateral Conference on Advances in 
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28. Atomically precise materials, Emerging Frontiers in Chemical Sciences (EFCS) – 2018, 
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29. Reactions between nanoparticles, TWAS 14
th
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th
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1. Aqueous composition for durable and extremely efficient water repelling 

superhydrophobic materials at ambient condition thereof, T. Pradeep, Avijit Baidya, 

Azhar Ganayee and Jakka Ravindran Swathy, 201741036772, October 17, 2017, 

complete specification filed on October 16, 2018. 

2. Method of making nanoparticles of precise isotopic composition by rapid isotopic 

exchange, T. Pradeep, Papri Chakraborty, Abhijit Nag, Esma Khatun, Ganapati Natarajan 

and Ganesan Paramasivam, 201741037349, October 23, 2017, complete specification 

filed on October 23, 2018. 

3. Monolayer protected noble metal clusters as standards for negative ion mass 

spectrometry, T. Pradeep, Ananya Baksi, Papri Chakraborty, Abhijit Nag, Debasmita 

Ghosh and Shridevi Bhat, 201841029515, August 6, 2018. 

4. An enhanced carbon dioxide sorbent nanofiber membrane and a device thereof, T. 

Pradeep, Anangha Yatheendran, Ramesh Kumar and Arun Karthik, 201841031076, 

August 20, 2018.  

5. A process for low temperature, low pressure synthesis of gas hydrates, T. Pradeep, 

Jyotirmoy Ghosh, Rabin Rajan J. Methikkalam, Radha Gobinda Bhuin, Gopi Ragupathy, 

Nilesh Choudhary and Rajnish Kumar, 201841049836, December 29, 2018. 

6. Synthesis of protein protected luminescent metal clusters and retaining the bioactivity of 

the protein, T. Pradeep, Debasmita Ghosh, Mohammad Bodiuzzaman, Anirban Som, 

Ananya Baksi, Atanu Ghosh, and Jyotirmoy Ghosh, 201841049925, December 31, 2018.  

 

 

 

 



 

PCT applications 

1. Multilayer multifunctional nasal filter, T. Pradeep, Arun Karthick S, Srikrishnarka 

Pillalamarri, Vishal Kumar, Ramesh Kumar, Sathvik Ajay, IDF 1527, 201741007433, 

March 2, 2017. Filed as PCT/IN2017/50108, March 01, 2018. 

2. Method of making nanometer thin sheets of metals in air, T. Pradeep, Depanjan Sarkar, 

Anirban Som, C. K. Manju, IDF 1594, 201741036233, October 12, 2017. Filed as 

PCT/IN2018/50654, October 10, 2018. 

3. Method for creating nanopores in MoS2 nanosheets by chemical drilling for disinfection 

of water under visible light, T. Pradeep, Depanjan Sarkar, Anirban Som, Biswajit Mondal 

and Jakka Ravindran Swathy, PCT/IN2018/050677, October 18, 2018. 

4. Method of field induced photoionization of molecules using low power pointer laser in 

laser assisted paper spray ionization mass spectrometry (LAPSI MS), T. Pradeep, Pallab 

Basuri, Depanjan Sarkar, Ganesan Paramasivam, IDF 1614, 201741040383, November 

13, 2017. Filed as PCT/IN2018/50734, November 13, 2018.  

5. A method of identifying isomers of curcumin and preferential stabilization of one of 

them, T. Pradeep, Abhijit Nag, Papri Chakraborty, Ananya Baksi, Ganapati Natarajan, 

IDF 1609, 201741040570, November 14, 2017. Filed as PCT/IN2018/50749, November 

14, 2018.  

6. Removal of lead from waste water using nanoscale MoS2, T. Pradeep, Biswajit Mondal, 

Ananthu Mahendranath, Anirban Som, Sandeep Bose, Tripti Ahuja, Avula Anil Kumar, 

Jyotirmoy Ghosh, IDF 1584, 201741044447 filed on December 11, 2017. Filed as 

PCT/IN2018/50814, December 05, 2018. 

7. A portable water filtration device for removing impurities from water using contaminant-

specific purification cartridges, T Pradeep, Ramesh Kumar, IDF1638, 201741047404, 

December 30, 2017. Filed as PCT/IN2018/050895, December 29, 2018. 

8. An integrated CDI electrode, T. Pradeep, Md. Rabiul Islam, Soujit Sengupta, 

Srikrishnarka Pillalamarri and Sourav Kanti Jana, filed as PCT/IN2018/050894, 

December 29, 2018. 



 

Patents Granted 

Indian 

1. One container gravity fed storage water purifier, Indian patent application, T. Pradeep, 

Amrita Chaudhary, M. Udhaya Sankar and Anshup, 1522/CHE/2011, granted as patent 

no. 293515 dated February 28, 2018.  

2. A method of preparing self-assembled manganese-zinc oxide nanosheet granular 

composite for pathogens and heavy metals free water, Amrita Chaudhary, T. Saraladevi, 

Shihabudheen M. Maliyekkal, M. Udhaya Sankar, Anshup and T. Pradeep, filed as 

2433/CHE/2010 on August 23, 2010. Granted as patent number 300346 on August 28, 

2018. 

3. Removal of pesticides from water using graphenic materials, T. Pradeep, Shihabudeen 

Maliyekkal and T. S. Sreeprasad, filed as 3587/CHE/2011 on October 19, 2011. Granted 

as patent number 302262 on October 17, 2018. 

4. Method of extraction of silver by glucose, T. Pradeep, Ananya Baksi, Mounika Gandi, 

Swathi Chaudhari, Soumabha Bag, filed as 6730/CHE/2014 on December 30, 2014, full 

specification filed on December 28, 2015. Granted as patent number 302630 on October 

30, 2018.  

5. A method for preparing of monolayer protected silver clusters as antibacterial agents, T. 

Pradeep, Indranath Chakraborty, Udayabhaskararao Thumu and G. K. Deepesh, 

485/CHE/2013, February 4, 2013. Patent No. 303077, granted on November 13, 2018. 

6. Facile synthesis of highly anisotropic gold nanoflowers: a new class of infrared absorbing 

nanomaterials with applications in labeling and printing, P. R. Sajanlal and T. Pradeep, 

provisional application 2262/CHE/2008 dated September 17, 2008. Patent No. 304127, 

granted on December 6, 2018. 

7. Dechlorination of lindane and its removal from water using graphene nanocomposites, T. 

Pradeep, Soujit Sengupta, Indranath Chakraborty and Shihabudheen M. Maliyekkal, 

5988/CHE/2013 filed on December 20, 2013. Patent No. 304213, granted on December 7, 

2018.  



 

8. Water filled organic templated metal oxide/hydroxide/oxyhydroxide particle network for 

water purification and a device thereof, T. Pradeep, M. Udhaya Sankar, Amrita 

Chaudhary, A. Anil Kumar, Anshup, 525/CHE/2013 filed on February 17, 2013. Granted 

as patent number 304463, on December 14, 2018.  

9. Application of nanoscale Zinc Oxide in peanut crop, T. Pradeep, T. N. V. K. V. Prasad, P. 

Sudhakar, T. S. Sreeprasad and P. R. Sajanlal, 3586/CHE/2011, October 19, 2011. 

Granted as 304588 on December 18, 2018. 

 

    PCT Patents Granted 

1. Coated mesoflowers for molecular detection and smart barcode materials, T. Pradeep, 

Ravindranathan Sajanlal Panikkanvalappil, PCT/IB2014/61096. April 30, 2014. Granted 

as US patent US9903821 B2 on February 27, 2018. 

2. A sustained silver release composition for water purification, T. Pradeep, Anshup, Amrita 

Chaudhary, M. Udhaya Sankar, and S.Gayathri, PCT/IB2012/001079, filed on March 25, 

2012. Granted as US patent US2018186667 A1 on July 05, 2018. 

3. Multilayer organic-templated-boehmite-nanoarchitecture for fluoride removal, T. 

Pradeep, A. Leelavathi, Amrita Chaudhary, M. Udhaya Sankar and Anshup, 

PCT/IB2012/002885. Granted in Australia as patent number 2012342118 on April 26, 

2018. In United states as patent no. US 10035131 B2 on July 31, 2018. 

4. Detection of quantity of water flow using quantum clusters, T. Pradeep, Leelavathi A, M. 

Udhaya Sankar, Amrita Chaudhary, Anshup, T. Udayabhaskararao, Issued US patent no. 

US 10041925 B2, issued on August 7, 2018. Issued in Japan patent no. JP6367182 B2 on 

August 8, 2018. 

5. Reduced graphene oxide-based-composites for the purification of water, T. Pradeep, M. 

M. Shihabudheen and T. S. Sreeprasad, PCT/IB2011/002740, September 2, 2011. Granted 

as US patent US2018221850 A1 on August 09, 2018.  

 

 



 

Technology Development 

AquEasy is implementing a new technology based on sustainable materials for clean water. 

Arsenic and iron removal technologies are now delivering clean water to 900,000 people each 

day. In Punjab, the community purifier has crossed accumulative water output of 10 million 

liters each day. 

 

Incubation 

1. Vayujal received funding of 1 crore INR for the development of atmospheric water                           

capture from Engineers India Limited. 

2. InnoDi received a tax holiday of 3 years. 

3. InnoDi received govt. of Karnataka startup grant of 35 lacs. 

 

A new initiative – ICCW 

A new initiative to build the International Centre for Clean Water (ICCW) has begun. It aims 

to be one of the best ecosystems of its kind in the world to ideate, nurture and translate 

disruptive technologies for sustainable clean water, with collective participation of the global 

community, delivering first rate science, leading to wealth and social good simultaneously, in 

the process building water professionals of tomorrow. Construction for the establishment of 

ICCW has started at the IITM Research Park. 
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