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Rapid reaction of MoS, nanosheets with Pb?* and
Pb** ions in solution+

Biswajit Mondal,{ Ananthu Mahendranath,i Anirban Som, ® Sandeep Bose,
Tripti Ahuja, Avula Anil Kumar, Jyotirmoy Ghosh and Thalappil Pradeep (DR

Understanding the chemical changes happening to nanostructures during a process is vital in selecting

them for applications. Here, we investigated the difference in the reactivity of the bulk and nanoscale

forms of molybdenum disulfide (MoS;) in solution with lead ions (Pb%* and Pb*) as probes, at room

temperature. While the bulk form did not show any reactivity in the experimental timescale, the two-

dimensional (2D) nanoscale form showed not only reactivity but also quite rapid kinetics that resulted in

the formation of distinct products, principally PbMoO,4 with anion substitution, in a few seconds.
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Introduction

Inorganic analogues of graphene, due to their unusual
electrical,"™ electronic,”® magnetic,”"" and catalytic
properties, are fascinating materials which have made
great inroads into materials science in the recent past. While
their novel physical properties have been fascinating, most
investigations have left the nanostructures undisturbed. As
modified physical properties have been inherent to nano-
systems, retention of the structure has been essential for the
properties. Likely chemical changes in them during the pro-
cesses have been of limited concern. MoS, has been used as a
hydrodesulphurization catalyst®**>> which requires the edge
sites to be catalytically active. The process by itself leaves the
overall structure chemically unchanged although transient
changes occur during the hydrodesulphurization event. From
various investigations, it is now clear that the chemical pro-
perties of nanoscale materials can be distinctly different from
the bulk and such a reactivity could make the inorganic ana-
logues of graphene new reagents.>*>*

Water is becoming increasingly contaminated by a wide
variety of pollutants, mainly from agricultural and industrial
sources. Among them, heavy metal contamination in water is a
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Depending on the charge state of the cation, and the pH of the reaction mixture, two different kinds of
morphologies of the same reaction product were formed. Furthermore, we demonstrate that this unusual
reactivity of the MoS, nanosheets (NSs) was retained in its supported form and hence, such supported
materials can be effective for the abstraction of toxic lead from water, with fast kinetics.

worldwide concern, because of their extreme toxicity. Many
techniques have been employed for their removal such as ion
exchange, electrochemical precipitation, membrane separ-
ation, adsorption, chemical precipitation, etc. Among them,
adsorption is the most promising one because of its ease of
operation, simplicity in the design of the filter and low cost. In
this context, the use of new materials®*>® is becoming increas-
ingly important and the interaction of these materials with
heavy metals is an interesting topic to look into.

With these objectives, we explored the difference in the
chemical reactivity of bulk MoS, (b-MoS,) versus its chemically
exfoliated nanoscale analogue (n-MoS,) with Pb** and Pb*" in
solution, at room temperature. While b-MoS, turned out to be
completely wunreactive, n-MoS, rapidly transformed to
PbMo0O,_,S, in a reaction utilizing hydroxyl ions in the solu-
tion. The micron-scale particles of PbMoO,_,S, could be
annealed in solution resulting in interesting morphologies.
We utilized reactions of n-MoS, anchored on oxide supports as
an effective means to scavenge Pb>* and Pb*" in solution, creat-
ing novel media for heavy metal remediation in waste water.

Experimental
Materials

All the chemicals are commercially available and were used
without further purification. Molybdenum disulfide powder
(MoS,) and 1.6 M n-butyllithium in hexane were purchased
from Sigma Aldrich. Lead acetate trihydrate (Pb(OAc),-3H,0)
and lead dioxide (PbO,) were purchased from RANKEM.
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Synthesis of chemically exfoliated MoS, nanosheets

The synthesis of chemically exfoliated MoS, nanosheets
(n-MoS,) was carried out using a conventional chemical exfo-
liation method.>® Under an inert atmosphere of argon, 3 mL of
1.6 M n-butyllithium in hexane was added to 300 mg of bulk
MoS, (powder) taken in a round-bottom flask. The system was
left with constant stirring for nearly 48 h, maintaining the
inert atmosphere. After 48 h, the lithium intercalated product
(Li,MoS,) was collected and washed repeatedly with hexane to
remove the unreacted n-butyllithium. 100 mL of distilled water
was then added to this intercalated material and the system
was sonicated for 1 h using a bath sonicator. Finally, this
aqueous dispersion of n-MoS, was centrifuged at 18 000 rpm
for 15 minutes to remove the unexfoliated MoS, as a precipi-
tate. The supernatant containing the n-MoS, NSs was used for
further studies.

MoS, NSs of varying thickness were prepared as follows.
The exfoliated MoS, dispersion was centrifuged at various
speeds to obtain MoS, NSs of varying thickness. First, the dis-
persion was centrifuged at 5000 rpm for 10 minutes to remove
the un-exfoliated MoS, (b-MoS,). When the supernatant was
centrifuged at 10 000 rpm, the precipitate contained 5-8 layers
of MoS, NSs. The supernatant upon further centrifugation at
15000 rpm gave a precipitate containing NSs of 3-5 layers
(data are given in the ESI).

Reaction of n-MoS, with Pb**

4 ml of as-prepared n-MoS, (2-3 layers) dispersion in water
(4.6 mM, in terms of Mo concentration) was taken in a reaction
bottle, to which 1 mL (22 mM) of lead acetate solution was
added. A white precipitate was observed immediately, upon
the addition of Pb(OAc),. The total volume of the reaction
mixture was 5 mL and the final concentrations of MoS, and Pb
(OAc), in the solution were 3.7 mM and 4.4 mM, respectively.
The reaction was continued for 6 h under constant magnetic
stirring and was monitored by UV/Vis spectroscopy (Fig. S1t).
The reaction mixture was then centrifuged at 3000 rpm for
5 min. The precipitate was collected and washed repeatedly
with H,O to remove the excess reactants. Concentration-depen-
dent reactions were performed by keeping the n-MoS, concen-
tration the same (4 mL, 4.2 mM) and varying the Pb(OAc), con-
centration (22 mM, 44 mM, 66 mM and 88 mM). The reactions
were monitored using UV/Vis spectroscopy (Fig. S27).

The reactivity of MoS, NSs depends on the number of layers
of MoS, NSs. It is observed that MoS, NSs with <5 layers are
unreactive towards lead ions (Fig. S37).

Reaction of n-MoS, with Pb**

A reaction with Pb** was carried out in a similar fashion to the
case of Pb*, except for the use of a mixed solvent (H,O : acetic
acid 1:1) as the Pb*" source used (PbO,) is not soluble in H,O.

The reactions were also carried out in tap water to observe
the feasibility of these reactions in such an environment.

Nanoscale
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Results and discussion

The chemical exfoliation of MoS, NSs involved two steps. The
first step involved the intercalation and in the second step, the
intercalated product was exfoliated in water. The quality of the
NSs was examined by spectroscopic and microscopic tech-
niques. Typically, n-MoS, was 200 to 1000 nm in length and
had an average thickness of 2-3 layers (Fig. 1A). The UV-visible
absorption spectra (inset of Fig. 1A) of the n-MoS, dispersion
show the characteristic peaks at 435 nm, 611 nm, and
668 nm.>**" The two features between 600-700 nm are known
to arise from the direct transitions occurring at the K point of
the Brillouin zone.*> The HRTEM image (Fig. 1B) of the
n-MosS, showed a well resolved hexagonal lattice structure and
a lattice spacing of 0.27 nm corresponding to the d(100)
plane.*® The Fast Fourier Transform (FFT) pattern of the
HRTEM image (inset, Fig. 1B) showed the expected hexagonal
pattern for graphenic equivalents.

The quality of the NSs was further probed using Raman
spectroscopy. On comparing the Raman spectra (Fig. 1C) of
b-MoS, with n-MoS,, we find that the peak difference of A,
and E,; modes had decreased (~19 em™) in the latter. This
difference corresponds to a thickness of approximately 2-3
layers in n-MoS,. Also the FWHM for the A;, mode has
increased in n-MoS, (Fig. 1C) suggesting the successful exfolia-
tion of b-MoS,.>*3°

The reaction products between Pb>*/Pb** and MoS,, in its
bulk and 2D nanoscale forms were investigated. Solutions of
Pb>* and Pb**, added to the b-MoS, (powder) separately,
remained unreactive for an extended period of time (24 h)
without any visible change in either the colour of the dis-
persion or the morphology and chemical composition of the
MosS, particles. The inactiveness of b-MoS, towards lead ions
can be explained by thermochemical values (AG; values of
MoS, and PbMoO, are —248.7 k] mol™" (ref. 36) and —89.12
k] mol™" (ref. 37), respectively). In stark contrast to this
behaviour of b-MoS,, n-MoS, showed an immediate reaction
with both the ions.

Upon mixing lead ions (both Pb*>" and Pb*", separately)
with n-MoS, dispersion, an immediate visual change was
noticed. The light green colour of the n-MoS, dispersion
turned milky white, followed by an immediate precipitation of
the reaction products. The white precipitate was collected and
washed several times with water to remove any unreacted reac-
tants. Both the ions (Pb*" and Pb*") gave chemically identical
reaction products, however, with different morphologies
(Fig. 1D). The white precipitate obtained through the reaction
of Pb*>" with n-MoS, was subjected to powder X-ray diffraction
(PXRD) analysis (blue trace, Fig. 2A). The PXRD pattern of the
product was similar to the standard PXRD pattern of PbMoO,,
along with a set of other peaks. These extra peaks are marked
with an asterisk (*). We presumed that these peaks originated
from the presence of other phases, probably metastable ones,
as these could not be matched with any known phases con-
taining the elements Pb, Mo, O, and S, as confirmed from EDS
spectroscopy. To test our hypothesis, the material was then

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 (A) Representative TEM image of n-MoS,. The optical absorption spectrum is shown in the inset. (B) HRTEM image of NSs. The corresponding
FFT pattern is shown in the inset. The lattice plane is marked. (C) Raman spectrum of b-MoS, (above) and n-MoS, (below). Peaks have been fitted
with Gaussian functions, which indicate an increase in width in the nanoscale form. (D) Schematic of the overall reaction between n-MoS, and Pb
ions (not to scale). Two different morphologies formed by the reaction are shown.

treated hydrothermally at various temperatures with the expec-
tation that these metastable phases will transform into a
single, thermodynamically stable phase (Fig. S4t1). An exact
match with PbMoO, in the PXRD pattern was observed after
24 h of hydrothermal treatment of the product at 190 °C (black
trace, Fig. 2A), proving our hypothesis to be correct. The mor-
phological characterization of this hydrothermally treated
product was carried out using an SEM, which confirmed that
the size of the microcrystals is of the order of a few microns
with an 18-faceted polyhedral morphology (Fig. 2B).>®* The
product was further characterized using Raman spectroscopy
in the range from 100 to 1000 cm™" (Fig. 2D). The Raman spec-
trum of the product was dominated by one stretching mode
A at 868.8 cm '.*° The two peaks at 767.3 cm™' and
745.7 cm™! can be assigned to the anti-symmetric stretching
B, and E,’ vibrational modes, respectively.”” The Raman
peaks at 351.3 cm™' and 319.1 em™ ' corresponded to the
weaker B,' mode and stronger A,*/B,° modes, respectively.*
The peaks at 197.1 cm™' and 170.2 cm™ ' were assigned to E,’
and A,' modes, respectively.’® The TEM image of the product
was obtained at different magnifications, for further character-
ization (Fig. 2C, E and F). The HRTEM image (Fig. 2E and F) of
the product showed the lattice spacing of 0.33 nm corres-
ponding to the d(112) plane which further confirmed the for-

This journal is © The Royal Society of Chemistry 2018

mation of the product. EDS intensity mapping was performed
to confirm the presence of all the expected elements (Fig. S57).
A very low intensity of S in the EDS intensity map with a high
intensity of Pb, Mo, and O presumably corresponds to the re-
placement of O positions with S in the PbMoO, lattice.
However, this low degree of S doping does not seem to affect
the crystal structure as well as the interplanar distances.

In contrast, a reaction with Pb*" creates PbMo0O,_.S,
directly, although the particles are much smaller showing a
broad PXRD peak. The morphology of the product was comple-
tely different in the Pb*" case. To confirm whether this
product is indeed the same product as in the Pb*>* case with a
different morphology, the final reaction product was subjected
to PXRD after washing with a mixed solvent (H,O : acetic acid).
The obtained PXRD pattern was an exact match with PbMoO,.
The product was subjected to hydrothermal treatment under
conditions similar to the previous case to ensure that meta-
stable phases are removed. Subsequently, a PXRD measure-
ment was performed. All the peaks of the product became
sharper without the disappearance of any, suggesting an
increased crystallinity of the product after hydrothermal treat-
ment. SEM images at different magnifications showed a rice
grain kind of morphology of the final product (Fig. 3B and C).
The blue shift in A,* and B,’ vibrational modes compared to

Nanoscale
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Fig. 2 Characterization of the reaction product of MoS, and Pb?* ions. (A) Standard peaks of PbMoO, (red) are plotted along with the observed
XRD pattern before (blue) and after (black) the hydrothermal treatment of the reaction product. (B) SEM image showing a polyhedron morphology of
PbMoOQO,_,S,. The inset shows the SEM image of one such 18-faceted polyhedron. (D) Raman spectrum; TEM and HRTEM images of the same are
shown in (C) and (E), respectively. A particular area of image (E) is marked which is magnified in (F).

the same in the MoS, + Pb>" case suggests the reduced particle
size and nanocrystalline nature of the material (Fig. 3D). These
may be inferred from the HRTEM image in Fig. 3F. These also
show a lattice spacing of 0.33 nm corresponding to the d(112)
plane of PbMoO,.

In order to investigate the stability of the final product with
a rice-grain kind of morphology, mechanical grinding of the
product was performed using a mortar and pestle. To our sur-
prise, a visible colour change was observed from white to black
during grinding (inset of Fig. 4A). A broad feature was seen in
the PXRD of the product (Fig. 4A). We attribute this to the for-
mation of smaller particles. The formation of NPs within the
range of around 5-50 nm was further confirmed by the TEM
image (Fig. 4C). The HRTEM images showed a lattice spacing
of 0.33 nm which confirmed that no chemical change occurred
during the grinding (Fig. 4D and E). Furthermore, it was con-
firmed by the Raman spectrum too which showed all the
characteristic peaks of PbMoO, (Fig. 4B).

In order to further confirm the formation of the final
product, the chemical states of the elements were analysed
using XPS (Fig. 5A-D). The XPS survey spectrum showed that
the final product consisted of all the expected elements (Pb,
Mo, O, and S) and no impurity peaks were detected (Fig. S67).
The specific scan in the Mo 3d region showed four peaks

Nanoscale

corresponding to the presence of two types of oxidation states.
The peaks at 229.3 eV and 232.4 eV corresponded to the 3ds,
and 3ds, Mo(wv) state, respectively. But the disappearance of
one oxidation state in the Mo 3d region was observed after
hydrothermal treatment corresponding to the formation of a
single phase in the final product. The peaks at 232.1 eV and
235.2 eV were assigned to 3ds,, and 3ds,, of Mo(vi) in the final
product (Fig. 5A).*° The peaks at 138.7 eV and 143.5 eV were
attributed to 4f;, and 4f5, of Pb(n) in PbMoO,_,S, (Fig. 5B).*°
Another doublet centered at lower binding energy (135.8 eV
and 140.2 eV) was assigned to 4f,, and 4fs, of Pb(u), arising
due to the presence of another binding site. Fig. 5D shows the
XPS at the O, region with a peak centered at 529.9 eV.*® Like
the final product, the material before the hydrothermal treat-
ment also showed one peak in the Oy  region. The presence of
dopant S was further confirmed by scanning the S 2p region
(Fig. 5C). The two peaks at 161.6 eV and 162.9 eV were
assigned to 2ps/, and 2py/, of S*~ in PbM00O,_,S,.

The chemical reaction involves the conversion of Mo(wv) to
Mo(vi) as revealed by XPS. As the starting material is MoS,, it
requires the involvement of oxygen for the formation of the
molybdate anion (Mo0O,>”). In order to test the origin of
oxygen, the reaction was performed at various pH values. It is
observed that the reaction occurred only in basic medium

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Characterization of the final reaction product of (MoS, + Pb** reaction). (A) PXRD pattern of the reaction product before (red) and after the
hydrothermal treatment (black). SEM images at different magnifications are shown in (B, C). (D) Raman spectrum of the final reaction product. (E, F)

TEM and HRTEM images of the same, respectively.

(Fig. S71). The hydroxyl ions present in the reaction medium
are driving the reaction and the decrease in pH during the
reaction has confirmed the origin of oxygen in the product. In
view of this, we propose a chemical reaction in which Mo(wv)
gets oxidized to Mo(vi) driven by OH™ ions while the latter
formed H,O and O,.

4(OH)™ — 2H,0 4 O, + 4~ (1)

Although this reaction is thermochemically nonsponta-
neous (E° = —0.4 V),*" it can be driven forward due to the invol-
vement of metal ions. We conjecture that acetate ions (coming
from lead acetate) are getting reduced to ethanol during the
course of the reaction to balance the charge. To prove this, the
same reaction was carried out using lead nitrate as a precursor
and the formation of NO, was examined by in situ mass spec-
trometric detection. Both the reactant solutions were purged
with Ar to remove the dissolved O,, separately. Then the lead
nitrate solution was injected into the MoS, dispersion taken
into an enclosed vessel. The mixtures of gases inside the vessel
were analysed after 2 h of reaction using a residual gas analy-
zer. An increase in ion current was observed for both NO, and
N, due to the increase in the partial pressures of the corres-
ponding gases. When the control (MoS, dispersion without
lead nitrate solution) was analysed, a reduced ion current for

This journal is © The Royal Society of Chemistry 2018

NO, was observed while the ion current for N, (background
gas) remained the same (Fig. S8t). The control and sample
were analysed under the identical reaction conditions to
account for some unavoidable leakage. So, the overall reaction
for the second and third steps can be written as follows:

2Mo(1v) + 20, + 4NO; ™~ + 2H,0 + 4e”
— 2M00,*" +4NO, + 4H" (2)

Mo00,2~ + Pb*" 4 §*~ — PbM0O,_,Sy (3)

The experiment suggests the formation of an acid which
was again supported by the decrease in the pH during the
course of the reaction (Fig. S71). With tap water, it was
observed that as long as lead ions are present, these reactions
do occur upon introducing n-MoS,.

This unusual reactivity can be used for the capture and
removal of lead ions from water. In a typical batch experiment,
50 mg of n-MoS, adsorbed (0.5 mL, 4.2 mM, in terms of Mo
concentration) on alumina or silica was taken in a 200 mL
conical flask containing 50 mL of Pb>" solution. The
removal % and uptake were calculated using the equations
mentioned below:

Co — Ce
— X

e

Removal % = 100
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(Co — Ce)V

Uptake (g.) = -

where C, and C. are the initial and equilibrium concentrations
of the metal ions, respectively, V is the volume of the solution (L)
and m is the mass of the adsorbent (g). The removal capacities
of Al,O;@n-MoS, (282 mg g~') and Si0,@MoS, (199 mg g™ ')
nanocomposites were evaluated for Pb®" adsorption using the
Freundlich adsorption isotherm. A plot of logg. (g = heavy
metal uptake) vs. log C. (Ce = equilibrium concentration of heavy
metal ions) showed a straight line with intercepts 0.97, 0.68, 2.45
and 2.3 and slopes 0.47, 0.63, 1.05 and 0.80 for Al,O3, SiO,,
n-MoS,@Al,0; and n-MoS,@Si0,, respectively (Fig. 6). The
removal capacities of a few other materials, available in the lit-
erature, are listed separately (ESI, Table 17). Batch experiments
were performed with different initial concentrations ranging
from 1 ppm to 200 ppm. The data were then fitted using the
linear form of the Freundlich adsorption isotherm,

1
log ge = log k¢ + Elog Ce,
where k¢ is the amount of heavy metal ions adsorbed per g of

adsorbent (mg g™ '). Although the Freundlich isotherm is not
perfectly valid due to the chemical reaction between MoS, and

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 Equilibrium Pb?* batch adsorption data, fitted using the
Freundlich isotherm. (i, ii) Adsorption isotherms using only alumina and
silica, respectively. Pb?* removable capacities of Al,Oz@n-MoS, and
SiO,@MoS; are shown in (iii, iv), respectively.

Pb*" ions, such models were used in similar cases where MoO;
reacted with Pb*>".*> Note that supported n-MoS, was used, as in
such applications, nanoscale materials cannot be employed
directly due to potential contamination in the product water.
Nanoscale materials for environmental remediation are generally
used in the supported form.**™**

Conclusions

In conclusion, we present a rapid reaction of n-MoS, which
does not occur in the bulk form. The reaction of Pb>" and Pb*"
with n-MoS, results in the formation of the same product with
different morphologies. Products from each case (Pb>" and
Pb*") were characterized by spectroscopic and microscopic
techniques. The necessity of hydroxyl ions as a source of
oxygen is manifested in the course of the reaction. The use of
this reaction for removing lead from water has also been
demonstrated. These results highlight the relevance of such
reactions that occur at room temperature in solution, which
may be extended to several other heavy metal ions for environ-
mental remediation. At the same time, the reaction and associ-
ated morphologies highlight the need to study a range of
chemical processes involving n-MoS, and n-MX, in general.
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Fig. S1 Concentration-dependent UV/Vis spectra taken after 6 h of reaction. Lead acetate
concentration varied from 23 mM, 46 mM, 69 mM to 92 mM keeping the MoS, concentration
constant (4 mL, 4.2 mM).
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S2. Supplementary Information 2
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Fig. S2 Time-dependent UV/Vis spectra taken up to 5 h from immediately after the addition of
lead acetate for the lowest concentration of lead acetate (23 mM).
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Fig. S3 (A) Photographs of the reaction mixture before (i) and after (ii) the addition of lead ions,
respectively. (B-C) TEM images showing MoS; NS contains 5-8 layers of nanosheets. The MoS,
dispersion containing 3-5 layers of nanosheets corresponding TEM images shown in (E-F),
shows a clear reaction [D (1)] after the addition of lead ions. The method of preparation of these
samples is described in the experimental section.
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Fig. S4 The PXRD pattern of the reaction product (MoS, + Pb?") after hydrothermal treatment at
various temperatures.
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Fig. S5 TEM intensity map showing the presence of all the expected elements (Pb, Mo, O, and
S) for the reaction product (MoS, + Pb?*) after hydrothermal treatment at 190°C for 24 h.
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After the addition of Pb?*

Fig. S7 Photographs of the reaction mixture at various pH showing the spontaneity of the
reaction in basic medium. After successful reaction the pH was reduced (for 11.6 to 11.4).

Page 8 of 11



S8. Supplementary Information 8

lon

4000 5000 6000 7000 8000
Time (min)

Fig. S8 Ion current vs time plot showing the evolution of NO, gas during the reaction of MoS,
NSs with Pb(NO3),.
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Table 1.

The removal capacities of other materials for lead published elsewhere are listed below.

Adsorbents Imax (ME/Q) Link to References
Fe;04 22 1
Oxalate-loaded hematite 50 2
Activated carbon prepared from cherry kernels 180.3 3
Salix matsudana activated carbon 59.01 4
Multiwalled carbon nanotubes 97.08 5
MnO, 139.28 6
NiO 909.0 7
Fe;04 53.1 8
AL O, 114.6 9
TiO, 49.4 9
CeO, 9.2 10
WO;-H,O 315.0 11
v-ALOOH 124.2 12
a-FeOOH 80.0 13
Mg(OH), 775.4 14
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The phase transition of solid propane and a propane—water mixture under ultrahigh vacuum has been
investigated using reflection absorption infrared spectroscopy (RAIRS) and temperature-programmed
desorption mass spectrometry (TPD-MS). Here, the investigation is divided into two sections: the phase
transition of pure propane and the interaction of propane with water. RAIR spectra of pure propane
reveal an unknown crystalline phase at 50 K (phase 1), which gradually converts to a known crystalline
phase (phase Il) at higher temperature. This conversion is associated with certain kinetics. Co-deposition
of water and propane restricts the amorphous to crystalline phase transition, while sequential deposition
(H,O@CsHg; propane over predeposited water) does not hinder it. For an alternative sequential
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deposition (CzsHg@H,O; water over predeposited propane), the phase transition is hindered due to
diffusional mixing within the given experimental time, which is attributed to the reason behind the
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Introduction

The interaction of water-ice with different molecules in the
solid state is significant due to its relevance in the chemistry of
the interstellar medium and planetary science.'™ Low tempera-
ture vapour deposition on metal surfaces generally results in
amorphous molecular solids, which have random molecular
orientations in their structure. Such amorphous molecular
solids, being metastable, upon heating to higher temperatures
transform to their more stable forms, namely crystalline
solids.*"® The amorphous to crystalline phase transition is
an irreversible process, with only a few exceptions reported so
far.” Studies of such phase transitions of molecular solids have
been receiving tremendous interest due to their relevance to
diverse phenomena ranging from biological science to environ-
mental engineering and even the interstellar medium.>*?®
Molecular solids with different phases provide unique physical
and chemical environments, which need to be studied and
analysed.”"" As a result, phase transitions of many different
molecular solids have been investigated over the years, thus
creating a vast area of research.
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Propane, a component of natural gas, is an important
molecule in terms of research and applications. However, there
are limited studies on the phase transitions of solid propane.
The phase behaviour of propane aerosols was studied under
conditions relevant to Titan’s atmosphere."” The glass transi-
tion and crystallization of propane have been studied using
calorimetry’® and time-of-flight secondary ion mass spectro-
metry (TOF SIMS)."* TOF SIMS study revealed that crystalline
propane undergoes mixing with amorphous solid water (ASW)
because a liquid like phase occurs as a result of pre-melting."*
The Cassini-Huygens and Voyager 1 expeditions have shown
that propane is present, albeit in the gas phase, in Saturn’s
atmosphere’ and in its largest satellite, Titan.'® It has been
reported that photochemical reactions of methane in Titan
synthesize propane.’®" Many laboratory studies have been
focusing on the chemistry of solid propane due to its relevance
to Titan. These include the irradiation of propane ice and the
chemical reactions of propane with radicals such as the ethynyl
radical (C,H) or the butadiynyl radical (C,H), which are abundant
in many astrophysical environments.** > These discoveries have
led to an accelerated research on the behaviour of propane.

Infrared spectroscopy has been used to study the phase
behaviour of solid propane. An IR spectroscopic study reveals
that propane forms a crystalline solid at ~77 K.>* The reported
IR bands in the 700-1400 cm™* range of crystalline propane
are very similar to crystalline phase II of the present study. Lang
and co-workers'? identified the phase behaviour of propane
and n-pentane aerosols with relevance to Titan’s atmosphere.
However, to the best of our knowledge, no IR spectroscopic
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studies on the phase transitions of pure propane at cryogenic
temperatures under ultrahigh vacuum (UHV) conditions exist.
A study of this molecule is significant in the context of the
formation of clathrate-hydrates. Propane clathrate hydrates are
one among the well-studied systems in the literature owing to
their application in the energy sector.>* Low temperature is one
of the conditions required for propane to form a clathrate
hydrate at a suitable pressure. The interactions of naturally
occurring gaseous propane with water differ depending on the
local conditions.

Water-ice is omnipresent and is one of the most abundant
condensed phase molecular species in the universe. Water-ice
is known to exist in many structural forms.>>*® Among them,
the crystalline and amorphous forms can be generated through
vapour deposition at a suitable temperature under UHV condi-
tions. Amorphous solid water (ASW) is the most common form
at <130 K.*” The porosity of water-ice (ASW) governs elementary
processes like diffusion,>**® adsorption of gaseous species,*®>°
rapid desorption of trapped gases (termed a molecular volcano),*
phase transition,*® tunneling reactions,* etc. Several different
experimental techniques can be carried out to study these
phenomena. Infrared spectroscopy and temperature-programmed
desorption mass spectrometry are two such tools used in the
investigation reported here.

Here, in this study, we report two investigations. Firstly, we
studied the phase transition of pure propane in the 10-80 K
temperature range. We observed that solid propane undergoes
multiple phase transitions between 50 K and 70 K. Multiple
phase transitions of propane are related to the conversion from
the amorphous state to crystalline phase I and the subsequent
transition from phase I to crystalline phase II at a higher tem-
perature. It is noteworthy that until now there has been no
concrete evidence for the existence of phase I of propane which
is crystalline in nature and stable in the 50-55 K temperature
range. Secondly, the phase behaviour of propane in the presence
of ASW in the same temperature range was investigated. Propane
upon mixing with water resisted phase transitions to a great
extent. In the presence of ASW, diffusion of propane takes place,
which might be the reason behind the restricted phase transi-
tions in such systems.

Experimental

Generally, ice layers were grown in a UHV chamber through
direct deposition of vapour (or a vapour mixture) on a cryo-
cooled substrate. The substrate can be constructed from various
materials, and the choice depends on the purpose of the
experiment.®® Here, a Ru(0001) single crystal was chosen and
used as the substrate because it has no effect on the phase
transition or the interactions between molecular solids. In a
typical experiment, the substrate was cooled to ~10 K prior to
deposition, a temperature achieved through a combination of a
helium cryostat, comprehensive heat-shielding of the sample,
and excellent thermal contact between the substrate holder and
the cryofinger. Once the substrate was cooled, the sample
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vapour was guided to the chamber through a thin gas line.
The angle at which the gas or vapour was directed, the rate of
deposition and substrate temperature together determine the
resulting ice morphology.*?

The present experiment was carried out in a custom-built
instrument to study the interaction or chemical reactions in
molecular solids of interstellar relevance. Details of the instru-
ment are given elsewhere.* This instrument consists of a UHV
chamber made of stainless steel. The pressure inside the chamber
was maintained in the order of 10~'° mbar. The vacuum was
achieved using several turbo molecular pumps.** In this instru-
ment, various spectroscopic components such as a low energy
ion scattering-mass spectrometer (LEIS-MS), an alkali ion based
secondary ion mass spectrometer (SIMS), a temperature pro-
grammed desorption-mass spectrometer (TPD-MS) using a
residual gas analyzer and also a reflection absorption infrared
(RAIR) spectrometer are present. The substrate was mounted on
a copper holder, which in turn was attached at the tip of a closed
cycle helium cryostat.® The substrate can attain any temperature
between 10 and 1000 K. The temperature was measured by
employing a thermocouple sensor attached to the substrate.
Repeated heating at higher temperatures prior to vapour deposi-
tion ensured surface cleanliness. The temperature ramping
was controlled and monitored using a temperature controller
(Lakeshore 336). In the present study, we have used a tempera-
ture window of 10-180 K to investigate the interaction of
propane and propane-water-ice systems.’

Millipore water (H,O of 18.2 MQ resistivity), taken in a test
tube, connected to the sample line through a glass-to-metal
seal, was used for the experiment. The water sample line was
connected through an all metal leak valve to the experimental
chamber. The Millipore water was further purified through several
freeze-pump-thaw cycles before introducing into the UHV chamber.
A propane gas canister (purity: ~99.95%), purchased from Rana
Industrial Gases & Products, was directly connected through a
needle valve to the sample line. During the experiment, samples
were vapour deposited using separate leak valves for propane
and water at a constant pressure onto the cold Ru(0001) single
crystal. Sample inlet tubes were kept very close to the single
crystal to achieve uniform growth of the molecular solids. The
deposition of molecular solids was controlled through leak
valves, and the monolayer (ML) coverage was evaluated assum-
ing that 1.33 x 10~ ° mbar s = 1 ML, which has been estimated to
contain ~1.1 x 10" molecules per cm”.>> Before beginning the
experiment, the chamber pressure was maintained at ~8 x
10~'° mbar to collect the RAIRS background and blank spectra.
The inlet pressure during the sample deposition was decided
based on the coverage desired at the time of the experiment.
Here, for the deposition of 150 MLs of propane, the chamber was
backfilled at ~5 x 10”7 mbar of propane and was exposed to the
surface for 5 minutes.

RAIR spectra were recorded using a Bruker FT-IR spectro-
meter, Vertex 70 model. The IR beam was taken out of the
infrared spectrometer and was focused onto the substrate using
gold-plated mirrors and re-focused out using another gold-
plated mirror to an external MCT detector. The vacuum chamber
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was fitted with ZnSe flanges which are transparent to the
IR beam. The IR beam was passed through this ZnSe window
into the vacuum chamber. The spectra were collected in the
4000-550 cm™* range with 2 ecm ™! resolution. Each spectrum
was averaged to 512 scans to get a better signal to noise ratio.

For the temperature programmed desorption-mass spectro-
metry (TPD-MS) analysis, the surface was moved to a fixed
position using the sample manipulator in order to ensure that
the surface is very close to the mass spectrometer inlet. During
TPD-MS measurements, the surface was heated at a constant
ramp rate (30 K min—"). A suitable mass of the desorbed species
was selected using a linear quadrupole mass spectrometer
analyser, and the intensity of the desorbed species was plotted
as a function of temperature. Mass spectrometers were supplied
by Extrel CMS, USA.

Results and discussion
Phase transition of propane

In this work, the phase transition of propane was characterized
by surface sensitive reflection absorption infrared spectroscopy
(RAIRS). We found an unknown crystalline phase (phase I) of
propane at 50 K, which gradually transforms to the known
crystalline phase II. To start with, 150 MLs of propane were
prepared by the condensation of gaseous propane on a Ru(0001)
substrate at 10 K. Under these low temperature conditions, the
propane ice is in the amorphous state. Previous reports have
suggested that the vapour deposited molecular solid forms an
amorphous structure at low temperature.'® Soon after deposi-
tion, the system was allowed to equilibrate and a RAIR spectrum
was taken at 10 K. Different vibrational modes of amorphous
propane observed in the 10 K spectrum are shown in Fig. S1
(ESIt). The amorphous propane ice was annealed at a ramp rate
of 2 K min~' to induce crystallization. RAIR spectra were
collected at specific temperatures upon warming, and a time
delay of 2 minutes was given for each temperature for the solid
to get equilibrated with the substrate temperature.
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Fig. 1a and b depict the change in the RAIR spectra of
150 MLs of propane in the -CH; deformation and -C-H stretching
regions, respectively, at different temperatures. The absorption
bands of pure propane-ice were identified, and the corresponding
fundamental vibrational modes were assigned. Table S1 (ESIt)
provides a list of the same with other references. In Fig. 1, the
RAIR spectrum at 10 K shows different primary vibrational
modes of propane positioned at ~2962 cm™ " (-CH; symmetric
stretching), ~2935 cm™ ' (-CH, antisymmetric stretching),
~2872 c¢cm ' (-CH, symmetric stretching), ~1471 cm '
(-CH; d-deformation), ~1386 cm ' and ~1369 cm ' (-CH;
s-deformation). The -CH; d-deformation mode of propane was
analysed in great detail as it exhibited a profound change during
the temperature variation. Again various reports*>**2%3" have
suggested that the -CH; d-deformation region around ~ 1430 to
1500 cm™ ' is the most sensitive spectral range for discriminating
between phases of solid propane. Upon heating the system from
10 to 40 K, no spectral change was observed in any of the
vibrational modes as compared to that at 10 K. Annealing to
50 K brought a significant spectral change in Fig. 1b. A new peak
appeared at ~2949 cm™ ", positioned near the ~-C-H stretching
region shown. Upon heating further from 50 to 60 K, the peak at
~2962 cm~ ' split into two peaks positioned at ~2966 and
~2960 cm™'. The other vibrational peaks starting from 2850
to 3000 em™ "' remained the same as before. From Fig. 1a, it is
evident that a broad peak at ~1471 cm ™" in the 10 K spectrum
has split into three peaks at ~1477 ecm™ ', ~1461 cm ', and
~1443 cm ™' upon heating to 50 K. For better understanding,
these three new peaks are termed peak 1, peak 2 and peak 3,
respectively. This splitting of broad peaks into multiple narrow
peaks indicates the phase transition from the amorphous state
to the crystalline state of propane.'® This phase transition has
been termed the “first phase transition” as another phase
transition was observed upon further annealing. The first phase
transition leads to the formation of an unknown crystalline
phase, which we have termed “phase I”. As the temperature of
the system was increased from 50 to 60 K, a new peak appeared
at ~1472 cm™ " (represented as peak 4) along with the other
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Fig. 1 Temperature-dependent RAIR spectra of 150 MLs of solid propane deposited at 10 K on Ru(0001). Spectra corresponding to the (a) —CHs
deformation region and (b) —C—H stretching region, at different temperatures. Each spectrum is distinctly different.
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peaks (peaks 1, 2 and 3). Upon further annealing to 70 K, a
significant change was noticed in Fig. 1a; that is, peaks 2 and 4
remained as such, while peaks 1 and 3 disappeared. The spectral
changes suggest that there exists a second phase transition
which involves the conversion of phase I to another crystalline
phase II. There have been several reports on the phase transition
of different molecular solids based on infrared spectroscopic
observations. The phase transition is generally associated with
the splitting of the peak in the IR spectra of the corresponding
molecules. For example, crystallization of water-ice involves the
splitting of the broad O-H peak of amorphous ice.*”

Pavese and Besley’® measured the triple-point temperatures
of the two solid phases of propane, namely a metastable s(a)
phase and another stable s(B) phase. The triple-point tempera-
tures of s(a) and s(B) were found to be 81.226 + 0.003 K and
85.520 £ 0.003 K, respectively. The transition between these
two solid phases occurred in the 79.6 to 81.2 K temperature
range. Our experiments were performed by the vapour deposi-
tion of propane under UHV conditions, and the amorphous to
crystalline phase I transition was observed at 50 K. Although
there are some similarities between Pavese and Besley’s work and
our experimental observations, we found an important difference
between these two studies. In Pavese and Besley’s work, when
the metastable s(o) phase was left overnight, it converted into
the more stable s(B) phase. However, in our experiments, we
observed that crystalline phase I was stable over 12 hours at
50 K as shown in Fig. S2 (ESI¥).

The phase transition at a lower temperature (50 K) as
compared to the phase transition temperature in an earlier
report*® may be attributed to the UHV conditions. Pavese and
Besley®® suggested that the s(o) phase was metastable and
unpredictable in behaviour, but our crystalline phase I was
stable (as shown in Fig. S2, ESIt) and only converted to phase II
upon annealing to a higher temperature (55 K). This phase
transition occurred at 55 K reproducibly. The difference in the
stability of the phases, reproducible phase transition tempera-
ture, and experimental conditions of our work support our
claim of the existence of an “unknown crystalline phase” in our
system.

A phase transition involving the transformation from an
amorphous to a crystalline state is known as an irreversible
process,'®*® because the latter is thermodynamically more
stable due to its highly ordered structure. Here, both phases I
and II are crystalline. The reversibility of both the first and
second phase transitions was checked by depositing 150 MLs of
propane at 10 K and heating to 50 K to form phase I, following
which the system was cooled back to 10 K. As the IR spectra
remained unaltered after this (as shown in Fig. S3, ESIT), it was
confirmed that the phase transition to phase I was irreversible.
A similar experiment was carried out for phase I at 70 K and IR
spectra are shown in Fig. S4 (ESIf). Once again, the phase
transition was found to be irreversible.

In order to confirm the presence of multiple phase transi-
tions between 50 K and 70 K, experiments were performed
with different surface coverages of propane to examine how
surface coverage influences the phase transition of propane.
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Fig. 2 RAIR spectra in the —CHz d-deformation region of propane at

different surface coverages starting from 30 to 200 MLs at (a) 50 K, (b) 60 K

and (c) 70 K. Various coverages of propane were initially deposited at 10 K

on a Ru(0001) substrate and subsequently heated to higher temperatures,
and spectra were collected.

Fig. 2 illustrates the RAIR spectra of propane at different
surface coverages starting from 30 to 200 MLs at three different
temperatures. Fig. 2a shows the ~-CH; d-deformation region of
propane at 50 K, where peaks 1, 2 and 3 are present. At 50 K, these
peaks are attributed to phase I of propane as shown earlier in
Fig. 1a. The positions of all three peaks remain intact at this
temperature despite an increase in the surface coverage of pro-
pane. The increase in the number of monolayers only resulted in
enhanced intensities of all the peaks, thereby suggesting a linear
relationship between the number of molecules on the surface and
the intensities of the infrared peaks. However, the intensities of
peak 3 for 30 and 50 MLs are much lower as shown in Fig. 2a,
owing to the lower number of propane molecules on the surfaces
of these coverages. Although RAIRS is a surface sensitive techni-
que, it can measure the bulk of a sample up to a few hundred
MLs. Therefore, this phenomenon is well expected.’

Fig. 2b shows at 60 K the presence of both phase I and phase
II at different surface coverages of propane. However, it is
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evident that for lower surface coverages (30 and 50 MLs), only
peaks 2 and 4 exist, indicating the complete conversion of
phase I to phase II. In other words, this temperature is suffi-
cient enough to provide the thermal energy for the completion
of the second phase transition within the experimental time
scale. It is also noticeable that at 60 K itself, for slightly higher
coverages of propane (100, 150 and 200 MLs), all the split IR
peaks (peak 1 to peak 4) are present but at different intensities,
implying that phase I did not convert completely to the other
stable phase II. The number of monolayers plays a crucial role
in the case of the second phase transition, particularly in our
experimental time scale. In Fig. 2b, the gradual decrease in the
intensity of peak 4 for 100, 150 and 200 MLs of propane is
related to the lesser extent of conversion to phase II at these
coverages. As the number of propane molecules is more for
higher coverages, there is only a partial second phase transition
at 60 K. In our experimental time scale, at relatively higher
coverages (100 MLs or more), this temperature is not sufficient
to provide the required thermal energy. The second phase
transition requires a higher thermal energy to form phase II.
The experimental data from Fig. 2a suggest that the conversion
of phase I to phase II is associated with certain kinetics as will
be explained later. Fig. 2c shows the presence of only peak 2
and peak 4 at 70 K, leading to the conclusion that, at this
temperature, phase I is converted completely to the more stable
phase II irrespective of the coverage.

In this work, the formation of phase II from phase I is
associated with temperature- and time-dependent kinetics.
Fig. 3a and b show the changes in the RAIR spectra of propane
in the -CH; d-deformation region and the -C-H stretching
region, respectively. A 150 MLs propane film prepared at 10 K
followed by heating to 50 K leads to the formation of crystalline
phase L. This crystalline phase I is stable at 50 K for over 12 hours
as shown in Fig. S2 (ESIT), and the IR spectra remained unaltered
even after 12 hours. However, upon heating the system to 55 K
and maintaining there for a stipulated amount of time, a
significant spectral change was observed as depicted in Fig. 3.
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No spectral change was observed at 50-55 K until 1 hour of
maintaining the system at 55 K. In Fig. 3a, at 55 K with
increasing time, the intensities of peaks 1 and 3 decreased
and the intensity of peak 4 increased, but peak 2 remained
unaltered with only just a little broadening in the peak width.
The data collected and the behaviour observed strongly support
the existence of phase I of propane at 50 to 55 K. Moreover,
in Fig. 3a, the 3 hour IR spectrum corresponding to 55 K
resembles the 60 K spectrum, which in turn is the same
spectrum obtained at 70 K upon continuous heating (Fig. 2c).
Fig. 3b also shows a similar observation. Here, as time pro-
gresses, the peak at ~2962 cm™ ' splits into two other peaks
which are positioned at ~2966 cm ' and ~2959 cm ™. It is
also noticeable that the intensity of the peak at ~2949 cm™*
reduces as time increases. We have performed the same time
dependent experiments at the two temperatures (60 and 65 K),
and the results acquired show a similar behaviour, except for
the variation in the experimental time scale. This observation
suggests that crystalline phase I of propane readily converts to
the more stable crystalline phase II either upon warming or
keeping it at a particular temperature (above 55 K) for sufficient
time. However, to the best of our knowledge, no reports exist
describing propane’s phase I, which is crystalline in nature, and
that this phase readily converts to crystalline phase II at a
temperature higher than 55 K with associated kinetics.

As we see, the phase I to phase II conversion has a tempera-
ture effect, which indicates not only a thermodynamic influ-
ence but also a rather crucial kinetic one. To study the kinetic
behaviour of the process, we performed experiments at three
different temperatures (55, 60 and 65 K) and monitored the
evolution of different peaks due to the conversion of phase I to
phase II at different time intervals. As mentioned before, the
intensities of peak 1 and peak 4 have a significant effect in the
conversion process; therefore, two peaks have been analysed to
obtain the necessary kinetic information. The intensity of peak
4 is characteristic of phase II, whereas the intensity of peak 1 is
characteristic of phase I, which means that an increase in the
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Fig. 3 Time-dependent RAIR spectra of 150 MLs of propane at 55 K. RAIR spectra in the (a) —CH3z d-deformation region and (b) —C—H stretching region
at different temperatures: 50 K (black), 55 K (at different time intervals) and 60 K (brown).
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intensity of peak 4 or a reduction in the intensity of peak 1 is due
to the increase in the concentration of phase II and reduction in
the concentration of phase I, respectively, and the presence of
both peaks hints at the co-existence of both phases. To perform
the kinetic study, first, the spectra were subjected to a Lorentzian
fit and then the components were analysed. Fig. 4a represents
one such Lorentzian fit at 55 K for 150 MLs of propane at
different time intervals. Here, the peaks are fitted with either two
or three components, which correspond to peaks 1 and 2, or
peaks 1, 4 and 2, respectively. We could notice from the fitted
spectra that at time ¢ = 0 min there are only two components,
namely, peak 1 and peak 2, and gradually peak 1 splits into two
components with time. One component remains at the same
position (peak 1), whereas another component appears in the
lower wavenumber region, which is termed peak 4. As peak 4
starts appearing, the intensity of peak 1 starts reducing, which
indicates the transformation of phase I to phase II, and as time
increases, most of the phase I converts to phase II In Fig. 4b, we
plotted the integrated peak area of both the components (peak 1
and peak 4) against time at three different temperatures. The
plots are suitably fitted with first order exponential fits, which
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indicate that the conversion follows first order kinetics. Based on
this assumption, the rate coefficients at different temperatures
were calculated and subsequently the activation energies of the
conversion processes were also determined. To calculate the rate
coefficient, it was assumed that the peak area of each component
is proportional to the concentrations of the respective phases.
Peak 1 was considered to calculate the rate coefficient, and the
peak area at ¢ = 0 was considered as the initial concentration (4,)
of phase I and 4, as the concentration at time ¢.

Fig. 5a depicts the first order kinetic plots where In(4/4,) vs. ¢
were plotted at three different temperatures and were fitted
to the straight lines, and again the slopes of the straight lines
provide the rate coefficient at each temperature. The rate coeffi-
cients calculated using this method are presented in the Arrhe-
nius plot in Fig. 5b. The plots of Ink vs. 1/T for 150 MLs of
propane at three different temperatures show a good straight-
line fit. From the slope (—E,/R) of the straight line, the conver-
sion activation energy of phase I to phase II was calculated to be
1.095 kJ mol'. Although the calculated activation energy had
a lot of uncertainty due to assumptions and approximations
considered in the calculation, it gives an indication of the energy
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(a) First order kinetic plots of 150 MLs of propane at three different temperatures (55, 60, and 65 K). Slopes of the linear fits give the rate

coefficients of the conversation of phase | to phase Il at respective temperatures. (b) Arrhenius plots of rate coefficients at three different temperatures

(55, 60, and 65 K).
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involved in the conversion process of phase I to phase II in this
temperature range. From the calculated activation energy, it is
thus comprehensible why the transition of phase I to phase II is
possible only at a temperature higher than 55 K.

Phase transition study of propane in the presence of water

In this section, a phase transition study of propane in the
presence of water is discussed. Here, different systems were
chosen depending on the method of molecular vapour deposi-
tion on the Ru(0001) substrate, such as sequential deposition
and co-deposition techniques of propane and water at 10 K. The
sequential deposition was carried out in two ways, viz., a
propane layer over a H,O layer and a H,O layer over a propane
layer, and they are referred to as H,O@Cs;Hg and C;Hg@H,O,
respectively, and C;Hg + H,O is used to refer to the co-deposited
system.

Fig. 6a shows the temperature-dependent RAIR spectra of
the H,O@C;H; system in the -CH; d-deformation region. The
experiment was carried out with a constant amount of water
and propane (150 MLs each). Upon heating the system at a
constant ramping rate, the broad infrared peak at 50 K splits to
give peaks 1, 2 and 3, which were attributed to the formation of
phase 1. Upon further annealing to 70 K, peak 4 appeared and
peak 2 remained constant with the disappearance of peaks 1
and 3, suggesting the formation of phase II. The experimental
observations lead to the conclusion that the H,O@C;H;g system
behaves the same as a pure propane system, as all the RAIR
peaks are identical to the latter with the variation of tempera-
ture. It can be concluded from here that when water is below
the propane layer for the H,O@C3H;g system it is incapable of
influencing the phase transitions of propane.

On the other hand, Fig. 6b shows the temperature-dependent
RAIR spectra of C3Hg + H,0, the co-deposited system. Between
Fig. 6a and b, there is a marked difference; while in the former
there are clear indications of phase transitions occurring in
propane, there are no such signs of the same in the latter. Here,
two major shoulders were observed at ~1471 and ~1466 cm ™
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and remained constant irrespective of the increase in tempera-
ture. This characteristic behaviour has led to the inference that
when propane is thoroughly mixed with water (C;Hg + H,O
system) it results in the restriction of the phase transition, and
subsequently, crystallization does not occur. As a result, propane
remains in the disordered or the so-called amorphous state.
Recent studies on the formation of propane aerosol particles
under conditions relevant to Titan’s atmosphere* revealed that
propane aerosols remain in a disordered state. The IR spectra
reported for the propane aerosol are broad and less structured'?
and match exactly with the IR spectra as shown here in Fig. 6b.
The likely explanation for this behaviour is the formation of
viscous liquid propane droplets.'* This reported explanation is
most likely because, as observed in Fig. 6b, the broad feature of
the IR spectra is due to the amorphous nature of propane. The
spectral features in Fig. 6b suggest that the disordered structure
of propane is due to the presence of water molecules, which
hinders the molecular rearrangement of propane making it
crystalline. This restriction of the phase transition of propane
in the presence of water can be explained using the crystal
structure of propane.’®™? Crystalline propane (space group
P2,/n, Z = 4) is known to have a layered structure. In this, each
propane molecule is described as an irregular pentagon where
its carbon skeleton acts as the plane.*' In the layered structure
of propane, the packing of pentagon motifs is such that it leaves
a little space or gaps in between. There are two types of gaps in
the layered structure of propane leading to the ineffective
packing compared to other alkanes (ethane or n-butane). Each
propane molecule is surrounded by six gaps.*' For the crystal-
lization of propane, the packing of pentagons with the appro-
priate gap is essential. When propane was co-deposited with
water, the gaps are filled by the water molecules, and propane
thus cannot undergo crystallization. As a result, propane
exhibits only the amorphous or disordered structure in the
C3Hg + H,O system.

In the next set of experiments, water was condensed on a
propane ice film to investigate its role in the crystallization
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Fig. 6 (a) Temperature-dependent RAIR spectra in the —CHsz d-deformation region for 150 MLs of propane deposited on 150 MLs of ASW,
and (b) temperature-dependent RAIR spectra in the —CH3z d-deformation region for 300 MLs of propane and H,O co-deposited at a 1:1 ratio on

Ru(0001) at 10 K.
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Fig. 7 (a) Time-dependent RAIR spectra of 300 MLs of sequentially deposited ASW on propane (1:1) at 70 K, and (b) changes in the —CH3z d-deformation
region in the RAIR spectra of a 50 MLs propane film when the overlayer coverage of ASW was varied from (0 to 100 MLs at 70 K). The insets show the
schematics of the surfaces and film thicknesses. Both propane and H,O were deposited at 10 K on a Ru(0001) surface and heated to 70 K.

process of the underlying propane layers. Temperature-dependent
RAIR spectra of the C;Hg@H,O system in the -CH; d-deformation
region are shown in Fig. S5 (ESIt), where a similar trend to that
observed in the case of the H,O@C;H;g system is seen (propane
undergoes crystallization). The experimental data from Fig. 6a
and Fig. S4 (ESI{) suggest that temperature has no role to
play in the H,O@C;3;Hg system for the diffusional mixing of
propane and water to inhibit crystallization. In contrast, the
experimental time influences the diffusional mixing for the
C;Hg@H,0 system as shown in Fig. 7a. Time-dependent RAIR
spectra of 300 MLs of the C;Hg@H,O system (1:1) at 70 K are
shown in Fig. 7a. After the sequential deposition at 10 K, the
system was heated at a constant ramping rate of 2 K min~* to
70 K. At 70 K, RAIR spectra were taken at each 15 minute
interval. As time progresses, the split peaks (peak 2 and peak 4)
merges together to give a single broad peak with a subsequent
loss of intensity. At 70 K, which is very near to the propane
desorption temperature, the propane molecules get enough
mobility on the surface to trigger diffusion through the water
overlayer. Thus propane undergoes a transformation from the
crystalline structure to an amorphous structure. Given enough
time at 70 K, the C;Hg@H,O system becomes completely
amorphous due to the diffusional mixing of propane and water.
During the experiment, some amount of propane molecules
desorbed from the surface, leading to the loss of intensity
with time.

In order to study the effect of water on the phase transitions
of the underlying propane film, at first 50 MLs of propane were
deposited and then different coverages of water (starting from 0
to 100 MLs) were deposited on top of propane at 10 K. These
C;Hg@H,0 systems of different ratios were annealed to 70 K
and RAIR spectra were taken. Fig. 7b shows the results. Here, as
the overlayer coverage of water was increased, peaks 2 and 4
became broader, and finally, it became a nearly single band.
Diffusional mixing of propane molecules into the pores of the
water overlayer leads to an amorphous state for the C;Hg@H,0
system. From Fig. 7b, it is evident that the diffusion of propane
molecules is directly proportional to water overlayer coverage.

Phys. Chem. Chem. Phys.

For 100 MLs of water, as the number of water pores is higher,
the diffusion is complete to give the completely disordered
structure of propane, showing that it is similar to amorphous
propane.

Fig. 8 displays the temperature-programmed desorption (TPD)
spectra for 150 MLs of pure propane, 300 MLs of C3Hg + H,O
and 300 MLs of the C;Hs@H,O system. All the mentioned
systems were heated at a rate of 30 K min ' to get the TPD
spectra. The TPD spectrum of propane shows that it desorbs at
~76 K; however, when co-deposited with water, propane
remains trapped under the film until crystallization of water
at 145 K. Although most of the propane desorbs at ~76 K. This
kind of release of trapped gases from the water-ice is well known
in the literature and termed a “molecular volcano”.>*"** The
reason behind the occurrence of the molecular volcano is the
formation of a release pathway for the trapped gases. This
pathway can be formed by the formation of cracks, fissures, or
grain boundaries that accompany the crystallization kinetics of
amorphous water-ice.” The TPD trace for the C;Hs@H,O system
also shows similar features which contain a “propane volcano”
at ~145 K where ASW undergoes crystallization.
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5x10° Water; m/z =18

4x10°4
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=E 8
S X101 mm
> | s
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e
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Fig. 8 TPD-MS spectra for different propane and water-ice systems, where
the ramping rate was 30 K min~%. The films prepared are schematically
represented in the insets.
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Conclusions

In this paper, we have studied the phase transitions of propane
both alone and in the presence of ASW. Studies carried out
using a combination of RAIRS and TPD-MS techniques have
provided significant insights into the phase behaviour of solid
propane. A temperature dependent RAIRS study of pure propane
showed that it underwent multiple phase transitions between
50 and 70 K. A coverage dependent RAIRS study of propane not
only confirmed the multiple-phase transitions theory but also
gave valuable insights into an unknown crystalline phase
(phase I) observed around 50-55 K. A time-dependent RAIRS
study of propane ice revealed the kinetics associated with the
conversion of phase I to phase II. These two phases of propane,
namely crystalline phase I and phase II, were studied and it was
clear that the latter is a more ordered structure, thus requiring
more time or energy for its achievement. The phase transitions
were all observed as abrupt shifts in the RAIRS peaks or occur-
rences of new peaks at the respective temperatures, viz., 50 K,
60 K and 70 K.

In order to extend our understanding, a study of interactions
between propane and ASW was also carried out. Sequentially
and co-deposited systems of propane and water-ice were
studied. It was seen that propane when deposited on top of
water-ice underwent phase transitions in a manner exactly the
same as pure propane in the absence of water. However, when
it was under a layer of water (C3Hg@H,O), phase transitions
were time dependent. The co-deposited (C3Hg + H,0) system
did not show phase transitions as those observed in pure
propane. TPD-MS of the systems proved the same, with pro-
pane desorption peaks, for both H,0@C;Hg and C;Hg + H,O
systems, appearing at 76 K and 145 K; the latter peak being the
delayed desorption of propane molecules trapped within the
water matrix.

Overall, we conclude that propane undergoes multiple phase
transitions that are severely hindered in the presence of water-
ice. The restricted phase transitions are attributed to the fact
that propane is capable of diffusing into the water matrix when
it is co-deposited with water and when it is below water. This
behaviour of propane is indicative of propane’s capacity to
enter and lodge into small cages of water, namely clathrates.
While no such clathrate hydrates with propane as guest mole-
cules under UHV conditions have been reported so far, the
propane-water interactions positively reinforce the hypothesis
of such clathrates being formed. Further kinetic and thermo-
dynamic studies of the system could possibly give insights into
the right conditions under which such UHV clathrate hydrates
may be formed. Propane being an important abundant species
in Titan’s atmosphere, the phase transition and crystallization
behaviour may be important there. This work addresses several
important fundamental aspects to understand the structure of
solid propane.
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Table S1. IR peaks and vibrational band positions for solid and gaseous propane

Sr. | Symmetry Vibrational Solid phase Gas phase! | Solid phase?
no. | species mode (Experimental) (em™) (em™)
(em™)
10K 70 K
1 A CH3; d-stretch 2977
2 Al CH3 s-stretch 2961.66 | 2965 2962
3 Ai CHa s-stretch 2871.89 | 2873 2887
4 Ay CHj3 d-deformation 1476
5 Ay CHa scissoring 1462
6 Al CH3 d-deformation | 1386.44 | 1388 1392 1382
7 Ay CH3 rocking 1155.70 | 1156 1158 1155
8 Ay C-C stretch 868.77 867 869 869
9 Ay C-C-C deformation 369
10 B CHj3 d-stretch 2968
11 B CHj; s-stretch 2866 2887
12 Bi CHj3 d-deformation 1464
13 B CHj3 s-deformation 1369.69 | 1369 1378 1368
14 B CH; wagging 1338
15 B C-C stretch 1051.09 | 1049 1054 1050
16 B CH3 rocking 920.31 917 922 918
17 B CHj3 d-stretch 922
18 B2 CHj3 d-stretch 2973
19 B2 CH; a-stretch 2957 2968
20 B> CH3 d-deformation | 1471.36 1472
21 B> CH3 rocking 1192
22 B2 CHa rocking 742 747 748 745
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Fig. S2 Study of stability of phase I of propane by RAIR. 150 ML of propane was deposited at
10 K, and it was heated to 50 K for first phase transition. Then, the system was kept at 50 K
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ABSTRACT: By direct analysis of water purification membranes using ambient
ionization mass spectrometry, an attempt has been made to understand the
molecular signatures of bacterial fouling. Membrane based purification methods
are used extensively in water treatment, and a major challenge for them is
biofouling. The buildup of microbes and their extracellular polymeric matrix
clog the purification membranes and reduce their efficiency. To understand the
early stages of bacterial fouling on water purification membranes, we have used
desorption electrospray ionization mass spectrometry (DESI MS), where ion
formation occurs in ambient conditions and the ionization event is surface
sensitive. Biosurfactants at the air—water interface generated by microorganisms
as a result of quorum sensing, influence the water—membrane interface and are
important for the bacterial attachment. We show that these biosurfactants

produced by bacteria can be indicator molecular species signifying initiation of

biofilms on membrane surfaces, demonstrated by specific DESI MS signatures. In Pseudomonas aeruginosa, one of the best studied
models for biofilm formation, this process is mediated by rhamnolipids forewarning bacterial fouling. Species dependent variation
of such molecules can be used for the precise identification of the microorganisms, as revealed by studies on P. aeroginosa (ATCC
25619). The production of biosurfactants is tightly regulated at the transcriptional level by the quorum-sensing (QS) response.
Thus, secretion of these extracellular molecules across the membrane surface allows rapid screening of the biofilm community.
We show that, the ambient ionization mass spectrometry can detect certain toxic heavy metals present in water, using surfactant—
metal complexes as analytes. We believe that such studies conducted on membranes in various input water streams will help

design suitable membrane processes specific to the input streams.

Membrane based purification has become a flourishing
technology, used extensively in various industries.
Membrane damage can be classified into fouling and physical
and chemical damage. Fouling can be due to biofilms,
particulate/colloidal matter, scaling, organics, and metals.
Major impediments to the efficient operation of reverse
osmosis (RO) membranes are the buildup of microbial biofilms
rendering up to 31.3% of the overall volume of fouling and
leads to clogging of these purification membranes.”” These
affected membranes are recovered back by strong alkaline
treatment and disinfection, combined with procedures that
consume excessive water and energy. Therefore, a successful
utilization of membrane technology involves controlling
membrane fouling at the earliest stage of development.

Microorganisms do not live as pure cultures of dispersed
single cells but instead accumulate at the interface to form
polymicrobial aggregates such as films, mats, flocs, sludges, or
biofilms.”* In most biofilms, the extra polymeric substances
(EPS) can account for over 90% of the content with dominant
fraction of the reduced-carbon reservoir serving as nutrients for
the bacteria.”®

-4 ACS Publications  © 2017 American Chemical Society

988

The bacteria living at the same community express cell-to-cell
communication known as quorum sensing (QS)7 by secreting
extra-cellular signaling molecules termed “autoinducers” that
play important roles in biofilm formation.® It has been reported
that the average concentration of these autoinducers produced
is 0.33 pmol/g to 0.49 pmol/g in a well-established biofilm (3—
7 days old).” As detection of these autoinducers at such low
concentrations amidst the extensive EPS is laborious, the
product of QS, namely, biosurfactants can serve as excellent
indicators for biofilm initiation. These biosurfactants, generated
by microorganisms at the air—water interface form a film
known as conditioning film which is important for initial
bacterial attachment."’

Surface active compounds (SACs) produced by micro-
organisms are ideally suited to mediate the interaction,
adhesion and deadhesion, between microorganisms and
surfaces.'”'> SACs produced by different microorganisms
include glycolipids and lipopeptides which are species specific.
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Interestingly, these surface-active extracellular lipids apart from
surface activity have been proposed to act in initial microcolony
formation, facilitating bacterial migration and the formation of
mushroom-shaped structures, preventing colonization of
channels and playing a part in biofilm dispersion."?

The Gram-negative bacterium, Pseudomonas aeruginosa is one
of the best studied models for biofilm formation and has been
chosen for studying these two social phenomena independ-
ently, namely, quorum sensing and biofilm formation.'* P.
aeruginosa is ubiquitous and an opportunistic pathogen causing
serious infections.'> This bacterium was shown to produce
glycolipidic biosurfactants named rhamnolipids, which are
amphiphilic molecules composed of a hydrophobic fatty acid
and a hydrophilic portion composed of rhamnose moieties.'®
Liquid chromatography coupled with mass spectrometry (LC—
MS) allowed the detection of more than 28 different
rhamnolipid congeners with alkyl chains varying from C8 to
C12."” The transcriptional regulation of rhamnolipids occurs in
a cell density-dependent manner through QS."'” Interestingly,
rhamnolipids have been found in the EPS matrix of P.
aeruginosa playing vital roles in biofilm cohesion.””*'

Among the complex EPS, Alginate is a distinct exopolysac-
charide that contributes to biofilm development and
architecture. Polyhydroxyalkanoate (PHA) is a versatile class
of biopolyesters accumulated by many bacteria as carbon
storage compounds. 4-Hydroxy-2-alkylquinolines (HAQs) are a
class of signaling molecules produced by various types of
bacteria and are involved in quorum sensing. The rhamnolipid
biosynthetic pathway shows metabolic links with all the three of
these bacterial products such as alginate, PHA, HAQs and also
with lipopolysaccharides.*”

Understanding biofouling on membranes at a molecular level
has been a desired objective in water purification. Because of
the diversity in input water streams, species specific detection of
bacteria at purification membranes, especially with limited
sample preparation, under ambient conditions can lead to new
insights into the bacterial growth and contribute to appropriate
remediation.”> A mature biofilm affords the bacterial
community with protection from a wide range of intensive
antimicrobial treatments due to which recovering the expensive
water purification membranes is a challenge.”* Biofilms secrete
a matrix of EPSs which obstruct the overall water purification
process leading to choking of membranes, decline in permeate
water flux, decrease in salt rejection, and thus elevating the
osmotic pressure near the membrane surface.”” These result in
increased operation and maintenance costs and ultimately the
membrane life is shortened.”® Hence, good monitoring systems
are necessary for the development and optimization of efficient
antibiofouling strategies. Monitoring techniques should be able
to detect the composition, stages, and kinetics of the growth of
the biofilm. Information on biofouling should be acquired in
situ, in real time, nondestructively, and accurately before
significant irreversible loss occurs.”

Desorption electrospray ionization mass spectrometry (DESI
MS) is a label free, ambient ionization technique which is used
for surface sampling7, high-throughput analysis, and chemical
imaging of surfaces.”” Mass spectrometry imaging (MSI) allows
the two-dimensional visualization of the distribution of trace
metals, metabolites, surface lipids, peptides, and proteins
directly from biological samples without the need for chemical
tagging or antibodies.”® These features make MSI a useful tool
for visualizing small molecules, which can otherwise be difficult
to reliably label and distinguish from structurally similar
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compounds.””*® Thus, DESI MS is one of the fastest and
easiest methods of direct analysis of surfaces, and its adaptation
to membrane fouling can provide molecular information
pertaining to initiation of bacterial biofilms.”’ As molecular
signatures are species specific, immediate identification of the
causative microorganism is possible. As remediation is also
molecular in nature, a DESI MS analysis provides a study of
both the problem and the solution simultaneously.”* Bio-
surfactants being a direct indication of microbial fouling, they
form the analyte of interest in this study. Moreover, these
microbial surfactants have several desirable properties and is a
favorable case for DESI analysis; because, first, they are excreted
in and around the bacterial consortia and so are highly
available; second, they are powerful surfactants and reduce the
surface tension of water, facilitating secondary droplet
formation in DESI; third, their relatively high molecular
weights mean that there is minimal interference from other
molecules outside or within the biofilm; and fourth, their polar
functional groups allow ready ionization in both positive and
negative ion modes of DESI MS.*

Apart from quorum sensing and biofilm formation, the
rhamnolipids produced by P. aeruginosa sequester heavy metals
(e.g, Cd*, Pb**) and degrade hazardous organic contaminants.
The complex class of biosurfactants transform these heavy
metals to less toxic forms or decrease their mobility through
reactions like oxidation, reduction, precipitation, or other
transformations.”* Different approaches have been used for the
determination of trace levels of heavy metals in water. Mass
spectrometric detection of these heavy metals include intricate
procedures like preconcentration for the determination of trace
quantities (ug L™") in water samples, dosed injection of liquid
samples (2.5-20.0 yL) into a vacaum chamber, extraction of
salts containing target components, etc. Whereas, the
rhamnolipid—metal adducts formed on the biofilms of
membrane surfaces can be detected directly by DESI MS, at
ambient atmosphere with no sample pretreatment.

In the following, we present a study of the evolution of
bacterial fouling at water purification membranes. Our study
involves time dependent DESI MS imaging of the substrate
undergoing continuous exposure to input water stream
composed of different organisms separately as well as
collectively. Bacterial adhesion and subsequent biofilm
formation are visualized here. DESI MS analyses were
performed without sample preparation and were carried out
in the presence of common interfering biological matrixes, such
as nutrient broth, extracellular proteins, lipids, cellular fractions,
and other EPS constituents. We show that biosurfactants
produced by bacteria can be indicator molecules with which
biofilm formation can be foreseen and monitored effectively.
Moreover, the complexation of rhamnolipids with heavy metals
can be made useful as a method of ultrasensitive detection. The
rhamnolipids secreted on membranes as a result of biofilm
formation when exposed to water contaminated with heavy
metals can form unique complexes. DESI being a surface
desorption ionization process, it also enables the detection of
metal—rhamnolipid complexes from a biofilm surface. This
demonstrates a way of simultaneous detection of contamination
in input water streams.

B EXPERIMENTAL SECTION

Culturing Bacterial Strains. Pseudomonas aeruginosa
(ATCC 25619) was a gift from Dr. M. Krishnaraj (ABTRI
Biotech Pvt. Ltd., Chennai). Bacillus subtilis (ATCC 21331)
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Figure 1. Positive mode DESI mass spectrum of Gram-negative bacterial biofilm recorded from nylon membranes and corresponding MS/MS
product ion spectra. Mass spectrum of P. aeruginosa (ATCC 25619) biofilm observed in positive ion mode showing peaks at m/z 527.3, $53.4, 673.4,
and 701.4 (bottom). The specified peaks represent the sodium adducts of rhamnolipids secreted by P. aeruginosa at initial stages (24 h) of adsorption
on the surfaces. Fragmentation patterns of mono- and dirhamnolipids secreted by the organism during the biofilm growth and their deduced
structure are shown (top). The peak at m/z $53.4 corresponds to both Rha-C10-C12:1/Rha-C12:1-C10 and that at m/z 701.4 corresponds to both

Rha-Rha-C10-C12/Rha-Rha-C12-C10.

was a gift from Prof. S. Gummadi (Department of
Biotechnology, IITM). A single colony of the bacteria from
Luria—Bertani (LB) agar was inoculated into LB broth. This
overnight culture was rediluted in LB broth enriched with
glucose carbon source (150 L of 1.2 M glucose per 6 mL of
culture, sterilized using 0.2 pm filter)** and were allowed to
grow at 37 °C to late exponential phase with an optical density
(600 nm) of 1. This was used as inoculum for the biofouling
experiments. Growth of biofilms in static and continuous flow
units is described in Supporting Information 1.

B INSTRUMENTATION

Mass Spectrometry and Imaging. Analysis of Biofilm
Extracts: ESI MS and MS/MS. Comparative ESI MS data was
recorded with a commercial Thermo Scientific LTQ (San Jose,
CA) linear ion trap mass spectrometer. Mass spectra were
collected at spray voltage, S kV; capillary temperature, 250 °C;
sheath gas (N,) flow rate, 20 units; sample flow rate, S yL/min.
All the ESI mass spectra shown are an average of approximately
50 consecutive scans. Extraction of biofilm is explained in the
Supporting Information 2.

Direct DESI MS of Membranes. DESI analysis were
performed with a Thermo Scientific LTQ (San Jose, CA)
linear ion trap mass spectrometer equipped with an automated
DESI source of Prosolia (Indianapolis, IN). Biofilm covered
membranes were air-dried and cut in the desired dimension and
fastened onto the glass plate of the DESI stage. The spray
solvent used in the positive mode was 0.1% acidified
methanol—water (50:50) and in negative mode was meth-
anol.’® Mass spectra were acquired in both the modes in the
mass range of m/z 50—2000 under the following optimized
conditions: sample distance 5 mm, spray voltage +5 kV,
capillary temperature 250 °C, capillary voltage +45 V and tube
lens voltage 100 V, nitrogen gas pressure 120 psi, and solvent
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flow rate 3 uL/min. All DESI mass spectra presented
correspond to an average of 30 scans.

Tandem mass spectrometry was performed with collision-
induced dissociation (CID) with isolation width, 1 m/z;
normalized collision energy, 25—35 (manufacturer’s unit);
activation Q, 0.250 (manufacturer’s unit); and activation time,
30 ms.

Mass Spectrometry Imaging. The thickness of these
biofilms were in the range of 3 um which did not alter the
signal intensity. By limiting the solvent flow rate to 3 yL/min,
efforts were taken to prevent smearing of the analyte. To avoid
experimental artifacts, all the substrates in this study were
grown in the same culture condition and analyzed continuously
one after another using a fixed sample stage and spray
parameters.

The membranes were scanned using a 2D-moving stage over
the range of m/z 50—2000. A spatial resolution (pixel size) of
250 pm X 250 pm was used and other parameters were same as
in DESI MS. The Firefly program allowed the conversion of the
raw files acquired by XCalibur 2.0 into a format compatible
with the BioMap (freeware, http:/ /Www.maldi—msi.org) soft-
ware to visualize the images. The individual spectrum acquired
were assembled into a spatially accurate two-dimensional ion
image using the BioMap software.

MS Analysis of Rhamnolipid—Metal Complexes. For a 1:1
ligand—metal ratio, 1 mM rhamnolipid solution with 1 mM
Cd(NO;), or Pb(NO;), were mixed in water and pH-adjusted
to 5.0 with HCL Solutions were diluted 1/10 in acidified
methanol—water (1:1) for ESI MS and were directly spotted on
Whattman filter paper for DESI MS analysis. For MS/MS
analysis, normalized collision energy of 25—35 (manufacturer’s
unit) was used.

Scanning Electron Microscopy Imaging. Substrates
exposed to biofilm growth were rinsed twice with sterile saline
and placed in 5% glutaraldehyde (fixative) for 30 min at 25 °C.
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Figure 2. (A) SEM images, (B) positive mode DESI MS images, and (C) DESI mass spectra from various substrates. The substrates are (a) glass (b)
polypropylene, (c) polyvinyl chloride, (d) polysulfone, (¢) RO membrane, (f) nylon membrane, (g) aluminum, (h) copper, and (i) a water
purification composite. Sodium adducts of different rhamnolipids are seen at m/z 527.3, 673.4, and 701.4, the spatial profiles of which are shown in
part B. The scale bar in DESI MS images corresponds to S mm and are same in all the images. DESI MS images are color coded, and the color code

is shown on the right.

Substrates were then dehydrated using graded series of ethanol
(from 10% to 100%) for 10 min each and air-dried. The
surfaces were metallized by gold sputtering and examined using
a scanning electron microscope (FEI Quanta 200).

RO Membrane, Crossflow Test Unit, and Biofouling
Protocol. A laboratory-scale test unit was used for the
crossflow study. A detailed description of the experimental
setup is given in Supporting Information 3. Five sets of
individual experiments were conducted at 1, 2, 3, 4, and S days
of operation. Biofilm grown samples were collected as such,
stored, and analyzed using DESI MS to track the molecular
signals at different stages of the biofilm.

B RESULTS AND DISCUSSION

Biosurfactants generated by microorganisms at the interface
influence the interfacial tension and thus aid initial microcolony
formation. An alternative ecological role for these surfactants
relates to their toxicity against a variety of microorganisms,
which might confer a competitive advantage in niche
colonization. P. aeruginosa being a notoriously successful and
ubiquitous bacterium establishes its dominance over other
bacterial populations in the habitat using rhamnolipids,37 while
this activity is exhibited by surfactin in Bacillus sp. Therefore,
species specific biosurfactants were chosen as analytes of
interest. Pseudomonas and Bacillus are some of the best studied
models for biofilm formation. Because of their metal
sequestration property, the surfactant—metal adducts were
also demonstrated as analytes for heavy metals detection in
water.

DESI Mass Spectra: Signals of Biofilm Initiation from
Water Purification Membranes. The average positive ion
spectrum and corresponding MS/MS product ion spectra
acquired from the membranes exposed to P. aeruginosa is
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shown in Figure 1. The positive ion data sets were analyzed for
species specific surfactants. These surfactants produced by P.
aeruginosa signifying biofilm formation were identified as
rhamnolipids. The vast majority of P. aeruginosa strains produce
a mixture of mono- and dirhamnolipids. Rhamnolipids are
typically constituted of a dimer of 3-hydroxy fatty acids linked
through a f-glycosidic bond to a mono- or dirhamnose moiety.
In liquid culture and under usual growth conditions, the two
most abundant rhamnolipids observed are L-rhamnosyl-3-
hydroxydecanoyl-3-hydroxydecanoate (Rha-C10-C10, MW 504
g/mol), a monorhamnolipid, and L-rhamnosyl-rhamnosyl-3-
hydroxydecanoyl-3-hydroxydecanoate (Rha-Rha-C10-C10,
MW 650 g/mol), a dirhamnolipid.”® These two abundant
rhamnolipids were observed as sodium adducts at m/z 527.3
and m/z 673.4, respectively. The peak at m/z 553.4 is
accompanied by a peak at m/z 555.4, corresponding to the
Na* adduct of the rhamnolipid congener with MW 532. The
peak at m/z 553.4 corresponds to the Na" adduct of
unsaturated rhamnolipid congeners with MW 530. The fact
that many congeners are produced indicates that enzymes
involved in fatty acid biosynthesis are not highly specific for the
f-hydroxydecanoyl moiety. The mass profiles obtained directly
from unperturbed RO membranes were confirmed as mono-
and dirhamnolipids using MS/MS. The fragmentation pattern
was in a§reement with previously published fragmentation
analysis”"” and that of commercial standards (Figure S1).
Similarly, the surfactant produced by B. subtilis was detected
as shown in Figure S2. The dominant peak at m/z 1059.2 was
identified as the sodiated cation of surfactin (C1S), a cyclic
lipoheptapeptide (C,3H,;HCOCH,CO-Glu-Leu-p-Leu-Val-
Asp-D-Leu-Leu) containing a f-hydroxy Cs fatty acid with a
calculated monoisotopic MW of 1035.7. Lower homologues
due to the known C14 and C13 surfactins occur at m/z 1045.1
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Figure 3. Comparative visualization of biofilms. (a) Photograph of RO membrane after biofilm growth (6 days). Marks on the membrane are due to
the spacers used. (b) Dark field microscopic image of the biofilm (1 day growth). (c) SEM image of the biofilm (1 day growth). (d) Positive mode
DESI MS image of the ion m/z 673.4 (Rha-Rha-C10-C10 expressed on the biofilm after 1 day growth). DESI MS image is color coded, and the color

code is shown on the right.

and 1031.1, respectively. Shown in the left inset is the MS/MS
product jon spectrum of [surfactin (C15) + Na]*. The
fragment ion observed at m/z 945.7 corresponds to the
elimination of a Leu residue, that at m/z 832.7 is due to the loss
of two such residues, and that at m/z 814.6 is due to the further
elimination of a molecule of water.””

The negative ion DESI mass spectra obtained from P.
aeruginosa and B. subtilis grown on purification membranes
under the same experimental conditions are shown in Figure
S3. The two most abundant rhamnolipids shown in Figure S3a
are Rha-C10-C10 (MW 504 g/mol) and Rha-Rha-C10-C10
(MW 650 g/mol), observed as m/z 503.5 and m/z 649.6,
respectively. The other congeners present were detected as m/z
529.3, 531.3, and 677.4. In the case of B. subtilis shown in
Figure S3b, the intact lipopeptide is the dominant species. The
singly charged surfactin(C15) [surfactin(C15) — H]™ is the
dominant ion observed at m/z 1035.0. The spectrum shows the
lower homologue surfactin (C14) at m/z 1021.0 and surfactin
(C13) at m/z 1007.0. The ion m/z 1057.0 is having the
molecular formula [M + Na — 2H]".

Analysis of Biofilm by DESI MS Imaging (DESI MSI). A
signature application of DESI MS is ambient mass spectro-
metric imaging used to map the spatial distribution of
exogenous or endogenous chemicals. Because of the ambient
nature and softness of DESI ionization, the unmodified native
sample can be imaged without sample pretreatment, thus
avoiding any possibility of contamination with exogenous
compounds. DESI being a surface desorption ionization
process, it enables imaging of analytes from a given surface
by directing the spray to small segments, systematically. So a
challenge in DESI MS is to acquire consistent mass profiles
from different sample surfaces. The reported substrates for
DESI MS include polytetrafluoroethylene (PTFE), TLC-plates,
porous silicon, alumina, Whattman filter paper, and nylon.**~*'

To demonstrate the efficiency of this technique, we present
biofilm detection from different surfaces like polymers, water
purification membranes, metals, and water purification
materials. Figure 2 shows typical DESI MS profiles with
corresponding single ion MS images and SEM where the spatial
distribution of both mono- and dirhamnolipids are expressed
on different substrates. Examination of the positive mode single
m/z images revealed the localization of the dirhamnolipid, Rha-
Rha-C10-C10 at m/z 673.4, expressed comparatively at a
higher concentration than m/z 701.4 and m/z 527.3. Reasons
for the difference in the concentration of mono and
dirhamnolipid secretion in different surfaces are unclear from
the available literature. The substrates demonstrated are (a)
glass, (b) polypropylene, (c) polyvinyl chloride, (d) poly-
sulfone, (e) RO membrane, (f) nylon membrane, (g)
aluminum, (h) copper, and (i) a water purification composite.
The study was aimed at illustrating the application of DESI MS
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in the detection of molecular markers of biofilm on multiple
substrates and it does not provide a comparison of chemical
images across substrates which are unrelated to one another.
Irregularities on surfaces promote bacterial adhesion and
biofilm deposition whereas the ultrasmooth surfaces do not
favor it. As surfaces like glass and polypropylene were
ultrasmooth surfaces (as seen in SEM), it is anticipated that
the biofilm growth was limited to the given growth period and
hence reflected in poor DESI signals. Whereas, the surfaces like
polyvinyl chloride, polysulfone, RO membrane, nylon mem-
brane, aluminum, copper, and water purification composite
were found to be microscopically rough. Therefore, expression
of biofilm and the corresponding DESI signals were enhanced
in Figure 2c,d,f—h. It should be noted that RO-membrane (e)
and water purification composite (i) used in Figure 2 serve as
negative controls and are from commercial products which
were already protected with antimicrobial agents. This
prevented the expression of biofilms at the given growth
period depicted by reduced signal intensity in DESI mass
spectra.

Observing Various Stages of the Biofilm. A comparative
visualization of biofilms by digital, optical dark field micro-
scopic, electron microscopic, and mass spectrometric imaging
are shown in Figure 3, which demonstrates the molecular
distribution to understand the age of the biofilms. Figure 3a
represents the digital photograph of a reverse osmosis
membrane after 5 days of growth, as described in the
Experimental Section. The membrane shows a slimy layer of
biofilm grown at the bacteria accumulated regions. Figure 3b is
a dark field image of the development of the biofilm, and Figure
3c is the SEM image of the same and the inset shows the
morphology of a single bacterium. Figure 3d is the mass
spectrometric image collected using DESI MSL In the process
of studying membrane fouling, it is also necessary to
understand the region exposed to excessive fouling revealed
by molecular imaging. Such imaging would be necessary in
order to study the variation in the concentration of the
molecular species across the membranes spatiotemporally,
which are not observable from single spot spectra. For example,
since the ion m/z 673.3 (in Figure 3) is not uniformly
distributed across the surface in all the samples, it could be
missed if not imaged across the membrane. Analysis of B.
subtilis biofilm (surfactin) is shown in Figure S4. Figure S4a
represents the DESI MS spectrum, and Figure S4b shows single
ion DESI MSI collected from the membrane surface where the
spatial distribution of surfactin is revealed.

The evolution of biofilm with time is proportionate to the
increase in concentration of rhamnolipids within the matrix.
Mass profiles of the rhamnolipids produced within and on the
biofilm of P. aeruginosa collected on five consecutive days
(within 4 h and after 12, 24, 48, 72, 96, and 120 h) were
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Figure 4. Mass spectrometric representation of progression in biofilm development with time. (a) Electrospray ionization mass spectra (ESI MS)
corresponds to rhamnolipids of biofilms collected within 4 h, after 12, 24, 48, 72, 96, and 120 h (up to S days). The m/z 443.3 ion is an internal
standard (Rhodamine 6G) used in a fixed concentration in all the samples for normalizing every individual spectrum. (b) Individual DESI mass
spectral image scan collected from the RO membrane cross-flow test unit after 24, 48, 72, 96, and 120 h (up to S days). The scale bar corresponds to
5 mm and is the same in all the images. The images are normalized across the rows, and the corresponding color codes are shown under the heat

map column.

analyzed using ESI and DESI MS as shown in Figure 4. A
quantitative comparison of rhamnolipids secreted at different
ages of the biofilm was performed by analyzing the signal
intensity of the signature analyte from the acquired mass
spectra. The peak at m/z 443.3 is an internal standard
(Rhodamine 6G) used at a standard concentration in all the
samples for normalizing individual spectra. In a typical ESI MS
experiment, the biofilm was extracted as described in the
Experimental Section. Representative positive ion ESI mass
spectra obtained for each concentration exhibiting modest
linearity with time are shown in Figure 4a. A peak area vs time
plot is shown in Figure S5 showing modest linearity. A lab scale
RO membrane cross-flow test unit with S sets of individual
experiments were conducted for 1—5 days of operation and the
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membranes were collected and biofilms were imaged using
DESI MS (Figure 4b). Scanned image profiles are expressed as
heat maps. Different color maps for each of the lipids is given to
emphasize that the comparison is to be made across the rows
and not between the columns. The cross-flow test unit used for
this study is represented schematically in Figure S6a. The fall in
permeation level and the drop in flux are depicted in Figure
S6b,c, respectively. The biofilm formation in Pseudomonas
aeruginosa proceeds sequentially, and five stages have been
proposed. Stage one is generally identified by a transient
association with the surface, followed by robust adhesion in
stage two. Stages three and four involve the aggregation of cells
into microcolonies and subsequent growth and maturation.
Biofilm structures form three-dimensional growth at this stage,
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A. [(Rha-C10-C10)H]* F. [(Rha-Rha-C10-C10)H]*
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Figure 5. (a) Positive mode DESI mass spectrum of thamnolipid—metal adducts of RL—Pb** species, (b,c) isotopic distribution of m/z 857.0 and
m/z 711.1 including simulated MS spectra, (d) positive mode DESI mass spectrum of rhamnolipid—metal adducts of RL—Cd?* species and (e,f)
isotopic distribution of m/z 1121.4 and m/z 1413.3 including simulated MS spectra.

forming a protective cover. Stage five is characterized by a
return to transient motility where biofilm cells are sloughed or
shed.”” These stages are represented directly by the exposure of
rhamnolipids to the surface, shown using DESI MSI. The image
scan shows the decreased distribution of lipids in the initial
sample (day 1), whereas successive samples (days 2 and 3)
showed progressive lipid secretion on the membranes. DESI
MS being a surface analysis technique, the succeeding stages of
cell aggregation and three-dimensional growth masks the lipids
within the EPS leading to decreased signal intensity from the
outer surface. Because of this surface sensitivity, it is impractical
by DESI MS to quantitate the overall lipids secreted within the
entire biomass at any specified time and thus serves only as a
qualitative measure. In order to quantify, liquid extraction
procedures will be required. On scouring off the EPS cover
manually, the rhamnolipids beneath the layer was exposed and
thus corresponding signals started to appear (Figure S7). The
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signal intensities of rhamnolipids were specifically enhanced in
the scrapped regions than other signals that emerged from the
sample surface whose intensity remained the same. This proved
that the process of scraping off the surface revealed the
rhamnolipids trapped within.

Species Specific Identification. In some instances,
biofilms are populated by a single species, whereas in others,
the inhabitants are comprised of a diverse microbial array.
Multispecies biofilms can form stable micro consortia, develop
physiochemical gradients, and undergo intense cell—cell
communication, and these consortia therefore represent highly
competitive environments. In order to test the sensitivity of this
analysis methodology in such diverse conditions, we assayed
single- and dual-species bacterial biofilms (Figure S8). DESI
signals were collected from a mixed biofilm culture of two
dominant species in the environment, namely, Pseudomonas and
Bacillus where the spectrum revealed peaks representing both
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the organisms. Features of both rhamnolipids as well as
surfactin was observed. Thus, this proves that the method can
be used over an assorted biofilm environment to identify the
heterogeneity of the biofilm community.

Heavy Metal Detection from RL—Metal Complexes.
Parent ion masses observed for rhamnolipid (RL) and metal
complexes, RL—Pb** and RL—Cd**, are shown in Table S1, and
their corresponding mass spectra are shown in Figure Sa,d.
Several metal complexes are recognized in MS by the unique
spectral patterns due to their distinct isotopic distributions. For
Pb*, this distribution has ***Pb (1.4%), 2%Pb (24.1%), *’Pb
(22.1%), and *®Pb (52.4%) for an average atomic mass of
207.2. Isotopic patterns of monoRL—Pb adduct at m/z 711.1
and diRL—Pb adduct at m/z 856.9 are similar to their particular
theoretical patterns, shown in Figure Sb,c, respectively. It
should be noted that the standard used was a sample of 90%
pure rhamnolipid mixture. The differences in other adducts
might be due to the bacterial cultures and purification
conditions used by the manufacturers.

The characteristic fragmentation patterns of these adducts
were observed by MS/MS, shown in Figure S9. The weak
fragment as m/z 606.9 in Figure S9a corresponds to a loss of
m/z 104.1 from an inner rhamnosyl fragment. The most
abundant peak with m/z 565.0 corresponds to a loss of m/z
146.1 (complete rhamnose sugar). No fragments corresponding
to a rhamnosyl moiety—Pb** have been observed. These results
suggest that Pb*" is associated with the fatty acid end of the
monoRL. In Figure S9b, the fragmentation of diRL—Pb peak
(m/z 856.9) results primarily in the loss of one and two
rhamnosyl groups from the diRL resulting in peaks at m/z
709.9 and m/z 564.9, respectively, and this supports the
suggestion that Pb*" binds to the fatty acid tails.

The unique isotopic distribution of cadmium is a useful
marker. It includes '%Cd (1.25%), Cd (0.89%), '°Cd
(12.49%), "''Cd (12.80%), ''>*Cd (24.13%), '3Cd (12.22%),
114Cd (28.73%), and '°Cd (7.49%). The Cd-containing ion
observed at m/z 1121.2 corresponds to a monoRL dimer with
one Cd*" in the form of [(Rha-C10-C10) (Rha-C10-C10 —
H)Cd]* and that at m/z 1413.1 corresponds to [(Rha-Rha-
C10-C10),Cd]". The isotopic Cd*" complexes associated with
m/z 1121.2 and m/z 1143.3 ions are shown in Figure Se(f
respectively, and their identity is confirmed by MS simulation
(inset). Fragmentation of the ion at m/z 1121.2 (Figure S9c)
shows the loss of the first (m/z 974.0) and second (m/z 828.1)
rhamnose sugars. The fragment at m/z 656.7 represents further
loss of one C10 lipid tail from the m/z 828.8 species. Since the
observed fragment ions retain Cd*', it may be concluded that
Cd*" is complexed by the resulting lipid tail.”

The production of several virulence-associated traits,
including rhamnolipids, are a result of quorum signaling
regulated at the transcriptional level.** The production of
important structural compounds involved in biofilm architec-
ture like alginate, PHA, etc., have biosynthetic steps common
with these surface-active exoproducts like rhamnolipids, thus
indicating the initiation of biofilms.'”*

DESI imaging enables visualization of molecular distributions
in complex environments like biofilms. Amidst the multifaceted
nature of the self-produced matrix, encompassing hydrated
EPS, mainly polysaccharides, proteins, nucleic acids, and lipids,
a direct identification of the molecule of interest in an ambient
environment is possible without sample preparation. The
approach was validated with P. aeruginosa in order to visualize
the chemical features associated with growth and cellular
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signaling. While several genus, species, and sub species of
bacteria are involved in biofilm formation, P. aeruginosa is noted
to be a notoriously successful and ubiquitous bacterium. This is
because of their dominance over other species empowered by
the surface-active molecules possessing toxicity against various
species. Even when multispecies biofilms can form stable
microconsortia, dominance of a few pervasive and ubiquitous
bacteria like Pseudomonas can be chosen as indicator organisms
to track biofilm initiation. While the production of
rhamnolipids is characteristic of P. aeruginosa, some isolates
of the nonpathogenic pseudomonads, P. putida and P.
chlororaphis as well as the pathogen, Burkholderia pseudomallei
were also shown to produce a variety of rhamnolipids.*”**
Although mass profiles of rhamnolipids varied between 28
different congeners, the presence of the two most abundant
rhamnolipids, MW 504 and MW 650, are found to be common
to confirm the biofilm community.

While mass spectrometric detection of heavy metals involve
intense procedures, their complexation with rhamnolipids made
the detection simple. A simultaneous detection of biofilms by
the presence of rhamnolipids and the detection of heavy metals
by the presence of rhamnolipid—metal complexes on
unmodified membrane surfaces in ambient atmosphere was
possible using DESI MS.

B CONCLUSION

In this study, we have used a spatiotemporal chemical imaging
approach at ambient atmosphere wherein no sample prepara-
tion was required to target bacterial exoproducts amidst the
intricate biofilm matrix. We demonstrated that initiation of
biofouling on RO membranes can be understood using DESI
MS at a species specific level. High-quality mass spectra were
obtained in both positive and negative ion modes, when the
bacterial biofilms growing on membrane surfaces were
subjected to DESI MS studies.

This combination of mass spectrometry with imaging
conveys numerous advantages in an experiment, including (1)
illustration of species specific biofilm initiation from a chemical
map rather than an unperceptive optical image, (2)
classification of the heterogeneity of the biofilms by chemical
images, (3) adaption to nonspecific assorted substrates unlike
microscopy, and (4) capability of DESI MS/MS molecular
characterization.

The detection of biofilms at initial stages can reduce the
burden of intensive treatments for the removal of matured
bacterial matrix which gets strengthened mechanically by
extracellular polymeric substances. Detection at earlier stages
can thus extend the life span of expensive membranes. The RO
membranes were unperturbed after the experiment, which is
understandable due to the small volume of the solvent used and
the exposure of only a small fraction of the surface to the
solvent. We illustrate that both single- and multiple-species
biofilms can be analyzed by this technique. This study
demonstrates the capability of DESI MS for in vivo biofilm
characterization, differentiation of Gram-positive and Gram-
negative bacterial biofouling, and concurrent heavy metal
analysis. The secreted glycolipids and lipopeptides are highly
species-specific and have been previously used as the main
chemical entities in differentiation of different microorganisms.
As analysis is based on rhamnolipids, subspecies differentiation
may be possible in the future. This chemical specificity and
identification of organisms involved in the biofilm formation
can help in deciding the remediation strategies. Most of these

DOI: 10.1021/acs.analchem.7b04236
Anal. Chem. 2018, 90, 988—997


http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.7b04236/suppl_file/ac7b04236_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.7b04236/suppl_file/ac7b04236_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.7b04236/suppl_file/ac7b04236_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.7b04236/suppl_file/ac7b04236_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.7b04236/suppl_file/ac7b04236_si_001.pdf
http://dx.doi.org/10.1021/acs.analchem.7b04236

Analytical Chemistry

lipids are used for bioremediation, as they complex with the
heavy metals in the environment. This complex formation
makes the detection of metals possible using DESI MS. We are
aware that several experiments will be necessary to improve the
application of DESI in simultaneous detection of heavy metals,
hydrocarbons, pesticides, and other contaminants present in
fresh water. In vivo nature of these experiments makes the
analysis instantaneous and thus help advance the subject of
rapid detection of hazardous bioagents and inorganic
contaminants in drinking water. With DESI being a surface
ionization process, it is impractical currently to quantitate the
total analyte present and may be better employed as a
qualitative measure.
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SUPPORTING INFORMATION 1:

Growth of Biofilm - Experimental

Static biofilms: Cell suspensions in the petri dishes were diluted to 50x with the culture medium
under sterile conditions. Pre-sterilized water purification membranes and other substrates of
interest were fully submerged in the nutrient mixture. Static biofilms were permitted to grow for
72 h at 30 °C. Growth medium was then removed from the petri dishes by pipette and the

biofilms were allowed to air-dry completely prior to the preparation for mass spectral analysis®.

Biofilms in continuous flow: P. aeruginosa was grown to a final optical density (600 nm) of 1
and the cells were suspended in the RO unit for the growth of the biofilm. An enriched synthetic
wastewater medium was used for bacterial growth in the RO crossflow test unit. The chemical
composition chosen for the synthetic wastewater is a modified protocol of Moshe Herzberg and
Menachem Elimelech®, based on natural water quality with moderate biological processes. To
achieve an enhanced biofouling behavior, relatively high concentrations of nutrients and carbon
energy sources were designed. Specifically, to prepare the synthetic feed water, deionized water
(DI) was supplemented with 250 ppm of NaCl and 0.25 mM Glucose. In addition, 1 ml of LB
broth was added per 11 of the solution" **. The final pH was 7.4.

SUPPORTING INFORMATION 2:

Extraction of Biofilms from substrates

The biofilm extract was prepared by collecting submerged 2x2 cm?

coverslips, after rinsing
twice with sterile distilled water. About 1 mL of extraction solution (50/50 (v/v%) MeOH:H,0 +
0.1% AcOH) was added to each coverslip and was shaken vigorously for 15 min. This extract

was centrifuged for 5 min at 3000 g. The supernatant was diluted 100 times before injection.
SUPPORTING INFORMATION 3:

Crossflow test unit — Experimental setup

A commercial thin film composite, ‘ULP18112-75 domestic tap water RO membrane’ (Vontron,
China) was used as a model membrane for all the biofouling experiments. The laboratory-scale
test unit consisted of one flat sheet membrane cell with a membrane coupon of active surface
area and feed spacer thickness of 24.1 cm” and 0.7 mm, respectively, operating in re-circulation
mode. The feed tank was filled with 3 L of synthetic feed water spiked with 10> CFU/mL of P.
aeruginosa and was replaced every 5 hours to avoid the feed tank to act as a bioreactor. The

operating pressure was kept constant at 40 psi with a cross flow velocity of 0.65 meter/sec. Both
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permeate and retentate were recirculated back to the feed reservoir. Five sets of individual
experiments were conducted at 1, 2, 3, 4 and 5 days of operation. During each set, feed was
stopped for 12 hours alternatively allowing the growth of biofilm. The lab scale unit was
carefully cleaned each time before running fresh membrane coupons. Prior to experiments with
synthetic feed water, membrane coupons were compacted by operating with autoclaved (DI)
water to 60 psi for 5 hours. Biofilm grown samples (digital image shown in Figure 2a) were
collected as such, stored and analyzed using DESI MS to track the molecular signals of different

stages of biofilm.

SUPPORTING FIGURE S1:
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Figure S1: MS/MS product ion spectra of the sodium adduct of rhamnolipid standards.
Fragmentation pattern of commercial standards of mono and di-rhamnolipids. (a) m/z 527.3, (b)

553.4 (c) 673.4 (d) 701.4.
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SUPPORTING FIGURE S2:
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Figure S2: Positive mode DESI mass spectrum of gram positive bacterial biofilm recorded from
nylon membranes and corresponding MS/MS product ion spectrum. Mass spectrum of Bacillus
subtilis (ATCC 21331) biofilm observed in positive ion mode showing m/z 1059.2. The
specified peak represents the sodium adduct of surfactin (C15) secreted by B. subtilis at initial
stages (24 h) of adsorption on the surfaces. Fragmentation pattern of surfactin secreted by the

organism during the biofilm growth and its deduced structure are shown in the insets.
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SUPPORTING FIGURE S3:
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Figure S3: Negative mode DESI mass spectra of biofilms recorded from nylon membranes. (a)
Mass spectrum of Pseudomonas aeruginosa (ATCC 25619) biofilm observed in negative mode.
(b) Mass spectrum of Bacillus subtilis (ATCC 21331) biofilm observed in negative mode. The
specified peaks represent the rhamnolipids and surfactin secreted by P. aeruginosa and B.

subtilis at initial stages (24 h) of adsorption on the surfaces.

SUPPORTING FIGURE S$4:

(2)

4.91

980 1000 1020 1040 1060 1080
m/z

Figure S4: DESI MSI of a B. subtilis biofilm. (a) Negative ion DESI mass spectrum of Bacillus

subtilis recorded directly on nylon membranes. (b) Single m/z mass spectrometric image of

surfactin.
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SUPPORTING FIGURE Ss:
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Figure S5: A peak area vs time plot of rhamnolipids secreted at different ages of the biofilm.
The dynamic biofilm growth is demonstrated by studying the signal intensity of the signature

analyte m/z 673.3 from the acquired mass spectra, exhibiting modest linearity with time.
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SUPPORTING FIGURE S6:
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Figure S6: Biofouling study on RO membrane using cross flow test unit. (a) Schematic
representation of the laboratory-scale RO membrane test unit. (b) Decrease in permeation due to
biofilm development, plotted with time. (c¢) Small change in the flux thorough the used

membrane coupon area, denoted by the increase in analyte molecule.
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SUPPORTING FIGURE S7:
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Figure S7: Revealing rhamnolipids beneath the EPS cover. (a) and (b) shows a schematic

representation of a fully developed biofilm and the scouring off of the EPS layer in the indicated
directions. (c) DESI MSI of the membrane showing increase in intensity of rhamnolipids in the

regions exposed.
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Figure S8. Positive mode DESI mass spectrum of species specific biofilm
identification/differentiation. Pseudomonas and Bacillus biofilms expressed on the same

membrane, show signals of both rhamnolipid and surfactin simultaneously.

PAGE. S-9



SUPPORTING FIGURE S9:
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Figure S9. MS/MS product ion spectra of the Rhamnolipid-Metal complexes. Positive ion ESI-
MS-MS spectra of Rhamnolipid — Pb*" complex. (a) m/z 711.1, (b) m/z 856.9; Positive ion ESI-
MS-MS spectrum of Rhamnolipid — Cd*" complex. (c) m/z 1121.4; normalised collision energy

(CE) at 30 to 50 (manufacturer’s unit).
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SUPPORTING TABLE S1:

Table S1: Positive ion mode mass spectrometric assignments for solutions containing

Rhamnolipid/ Rhamnolipid + M" (Cd*"/Pb*").

S.N m/z Category Assignments
1 505.2 Mono-RL [(Rha-C10-C10)H]"
2 522.1 Mono-RL [(Rha-C10-C10)NH,"
3 527.4 Mono-RL [(Rha-C10-C10)Na]"
4 543.2 Mono-RL [(Rha-C8-C10)K]"
5 553.4 Mono-RL [(Rha-C10-C12:1)Na]"
6 555.4 Mono-RL [(Rha-C10-C12)Na]”
7 565.1 Tails + Pb*" [(C10-C10 tails)Pb]"
8 650.9 Di-RL [(Rha-Rha-C10-C10)H]"
9 667.9 Di-RL [(Rha-Rha-C10-C10)NH,]"
10 673.3 Di-RL [(Rha-Rha-C10-C10)Na]"
11 683.1  Mono-RL + Pb*"  [(Rha-C8-C10 — H)Pb]"
12 689.3 Di-RL [(Rha-Rha-C10-C10)K]"
13 701.3 Di-RL [(Rha-Rha-C10-C12)Na]"
14 711.1  Mono-RL + Pb*"  [(Rha-C10-C10 — H)Pb]"
15 856.9 Di-RL [(Rha-Rha-C10-C10 — H)Pb]"
16 884.9 Di-RL [(Rha-Rha-C10-C12 — H)Pb]"
17 1030.9 (Mono-RL), [(Rha-C10-C10),Na]"
18 1047.3 (Mono-RL), [(Rha-C10-C10),K]"
19 1075.4 (Mono-RL), [(Rha-C10-C10)(Rha-C10-C12:1)K]"
20 11212 (Mono-RL),+ Cd*"  [(Rha-C10-C10)(Rha-C10-C10-H)Cd]"
21 1149.1  (Mono-RL),+ Cd*"  [(Rha-C10-C10)(Rha-C10-C12-H)Cd]"
22 12428  (Di-RL),+ Pb*" [(Rha-C10-C10)(Rha-C10-C12 — H)Pb]
23 1301.5 (Di-RL), [( Rha-Rha-C10-C10),H]"
24 1339.2 (Di-RL), [(Rha-Rha-C10-C10),K]"
25 1413.1 (Di-RL), + Cd*" [(Rha-Rha-C10-C10),Cd]"
26 1441.1 (Di-RL), + Cd*" [(Rha-Rha-C10-C10)(Rha-Rha-C10-C12)Cd]"
27 1506.9  (Di-RL),+ Pb*" [(Rha-Rha-C10-C10),Pb]"
28 1624.5  (Mono-RL);+ Cd**  [(Rha-C10-C10 - H), (Rha-C10-C10)Cd]"
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An Aqueous Composition for Lubricant-Free, Robust,
Slippery, Transparent Coatings on Diverse Substrates

Avijit Baidya, Sarit Kumar Das, and Thalappil Pradeep*

Transparent, durable coating materials that show excellent liquid repellency,
both water and oil, have multiple applications in science and technology. In
this perspective, herein, a simple aqueous chemical formulation is developed

of both industries and academia.™?! Lig-
uids usually have a high contact angle
(CA) and a low contact angle hysteresis
(CAH = advancing angle [6,] — receding

that provides a transparent slippery coating without any lubricating fluids,
on various substrates extended over large areas. The coatings repel liquids
having a range of polarity (solvents) as well as viscosity (oils and emulsions)
and withstand mechanical strains. Exceptional optical transparency of

99% in the range of 350-900 nm along with high stability even after cyclic
temperature, frost, exposure to sunlight, and corrosive liquids like aqua regia
treatments, makes this material unique and widens its applicability in dif-
ferent fields. Besides, being a liquid, it can be coated on an array of substrates
independent of their underlying topography, by various easily available tech-
niques. Aside from these interesting properties, the coating is demonstrated
as a potential solution contributing to the remediation of one of the biggest
global issues of tomorrow: affordable drinking water. The coated surface can
capture 5 L of water per day per m? at 27 °C when exposed to an atmosphere

of 63% relative humidity.

1. Introduction

Materials capable of imparting amphiphobic (hydrophobic and
oleophobic) coatings are highly desirable for today’s varied
applications such as touch screen displays to glasses used in
buildings, automobiles, etc. and are being intensely researched
upon.ll Although robustness toward chemical and mechanical
stresses is one of the most needed/desired criteria of such coat-
ings, high optical transparency has also drawn much attention
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angle [By]) on these surfaces. In some
cases, the surface energy of these coatings
is so low that it makes liquids to bounce
or roll over the surface and sit as a sphere,
an effect known as superamphiphobicity
11be3] While lotus leaf effect is the inspi-
ration behind these developments,* the
trapped air in the microstructured surface
of lotus leaf is ineffective against liquids
with low surface tension.’! To address
this, recent research has come up with a
“re-entrant surface curvature technology,” a
hierarchically developed surface structure
with sufficient recess between the surface
structure and its base causing liquids to
sag below, without coming in contact with
its sides or the base.’® These materials
have ultralow CAH and consequently high
repellency for oils. Modulating the aspect
ratio of these microstructures allowed the construction of sur-
faces with a static CA close to 160° for hexadecane, although
the flat surface was oleophilic.”! However, the creation of these
microstructures compromises the transparency!®d of the mate-
rial due to increased refractive index.'™”8] Moreover, intricate
microfabrication technology needed to create such surfaces
makes them rather expensive and in addition offer limited sur-
face compatibility.>%3 On the other hand, stability or longevity
of such surfaces are questionable, although a few reports on
robust liquid repelling coatings exist.'™ Furthermore, high
CA leading to lower contact area between the liquid drops and
these surfaces makes it difficult to accomplish various industri-
ally significant features including heat transfer, condensation,
and many others.’% In this context, slippery liquid-infused
porous surfaces (SLIPS), with equally efficient liquid repellent
property, known to possess low CA and low CAH while allowing
high contact area, is an alternative.>'! Nepenthes pitcher-plant
inspired surfaces of this kind were developed by infusing low sur-
face tension liquids, such as perflurinated oils, inside the nano/
microstructured porous matrices.?>>12l Recently, Chen et al.
have reported a cellulose-based transparent slippery surface
that repels both liquids and ice.?’ Kang et al. have developed
transparent hydrophobic electrodes in the context of outdoor
solar cell devices where nonwetting property keep the surface
clean and allows efficient/effective absorption of sunlight.!**l
Application of these bioinspired surfaces is also known in

© 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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different fields of science and technology.'4>!4 Furthermore,
such water repelling surfaces having large contact area of water
droplets are more efficient for condensation-based technolo-
gies like water/humidity harvesting that can help to solve the
water scarcity. In this context, Kim et al. have developed a gra-
phene-based hydrophobic surface.l">] However, large scale pro-
duction of such surfaces can be an issue and expensive as it
was obtained at very high temperatures (=1000 °C) through in
situ chemical-vapor-deposition. Therefore, designing a simple
coating material to develop an affordable and scalable liquid
repelling surface (both for water and for other liquids) devoid of
lubricating fluids with durability is important. Incorporation of
transparency can also explore the applications of such surfaces
toward different global issues including energy crisis.

Several methods have been introduced to create amphi-
phobic surfaces.'™ Among these, designing coating mate-
rials through the sol-gel process is one of the increasingly
developing methods and is intensely researched upon because
of its reduced complexity (in production) and diverse substrate
compatibility.'*%17) However, most of the time, organic solvents,
such as ethanol, acetone, hexadecane, dimethylformamide,
and tetrahydrofuran, are heavily used that increase the concern
related to the production cost and associated environmental
problems.[6816218] Similar problem exists for slippery coating
material as well.2%! A few reports on aqueous coating materials
for superhydrophobic surfaces exist.'”) However, such mate-
rials for superamphiphobic or slippry surfaces are not explored
much.?% Recently Lin and co-workers have demonstrated a
robust superamphiphobic surface by spraying a stable aqueous
fluorinated nanoparticle dispersion.l') Such waterborne coat-
ings yielding high transparency are desired for various applica-
tions. In this perspective, use of polydimethylsiloxane, a widely
used hydrophobic coating material, also gets limited attention
because of its solvent (organic) and substrate (except glass)
compatibility. It also possesses inherent limitation in transpar-
ency when exposed to different temperatures. This suggests the
necessity to develop a coating material in water that can provide
a robust liquid repellent slippery coating over various substrates,
irrespective of their shape, size, and surface morphology.

In this work, we present a novel waterborne material which
is a liquid at room temperature and shows excellent liquid
repellent property (without any lubricating fluids) upon curing
over the surface. The material can be painted or coated as a thin
film on various substrates, such as metal, glass, hard plastic,
and paper, etc., despite their varying surface morphology. Being
a liquid, large area coating by processes such as spray coating,
spin coating and doctor blading are possible which widen its
applicability. Coated substrates show excellent liquid repellency
with 99% transparency when compared to clean room treated
glass slides. Interestingly, coating withstands various thermo-
mechanochemical damages without any adhesives and retains
its properties intact. We believe, a combination of reduced sur-
face energy along with rigid nanoscale structures, which form
during the rapid polymerization process, helps these coatings to
repel a wide variety of liquids irrespective of their polarity and
viscosity. Beside these multiple effective properties, applicability
of this coating for efficient water condensation is demonstrated
as a proof of concept for atmospheric water capture that can
resolve one of the biggest global issues namely, the water crisis.

Global Challenges 2018, 1700097 1700097 (2 of 7)
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2. Synthesis

In the synthesis protocol, two different functional silanes,
perfluorooctyltriethoxysilane (FS) (1.8 vol%) and aminopro-
pylaminoethyltrimethoxysilane (AS) (40 vol%), were added
in water and stirred for 6-7 h at room temperature. The final
composite was in liquid form and was coated on various sub-
strates by spray coating and was cured in an oven at 110 °C for
2 h. Although spray coating technique was used to prepare the
samples, other methods such as spin coating, dip coating, and
doctor blading methods may be used to prepare the samples
without compromising the transparency of the surface. While
the thickness of the coating can be modified depending on the
volume of the material used, nearly 100 uL of the as synthe-
sized composite material was sprayed to make a thin film on a
surfaces area of 75 X 26 mm?. To demonstrate the wide applica-
bility of this material, different types of substrates were coated
and tested for material compatibility and mechano-thermo-
chemical stability. These are explained and demonstrated later
in the text. Although AS is known to be nontoxic in biological
experiments,/?!l and C—F bonds of FS are stable, the formula-
tion can be used with caution.

3. Results and Discussion

Figure 1A demonstrates that a wide variety of liquids from
water to toluene and even corrosive acids such as aqua regia sit
over the coated surface without spreading. This indicates low
surface free energy of the coating which was investigated fur-
ther. Inset shows the static CA of those respective fluids over the
surface. Exceptionally high optical transparency of the coated
glass was observed using UV-vis spectrometry (Figure 1B).
About 99% transmission in comparison to clean room-treated
glass is shown in Figure 1B, Insets 1 and 2, and Video S1
in the Supporting Information. No observable differences in
the visibility were found even when the coated surfaces were
tested in front of an electronic display, =8-10 cm away from the
surface (Figure 1B, Inset 2). Initially, the wetting property of the
coated surface was tested with the movement of the water drop
on the surface when it was tilted manually for a few degrees
(details are in the Experimental Section and the Supporting
Information). The velocity of the slipped water drop was meas-
ured as 5.4 cm s7! (Figure 1C and Video S2, Supporting Infor-
mation). Such a property of the coating resembles the slippery
surfaces and was further studied in detail later on. This phe-
nomenon can lead to a range of applications in energy reduc-
tion, in the context of liquid transport.

Low surface tension liquids (such as oils and emulsions) usu-
ally wet the surface and spread easily. Here, the wetting behaviors
of the coated surface toward various liquids having different sur-
face tensions were assessed by both static and dynamic CA meas-
urements where dynamic CA is represented in terms of CAH.
For instance, water droplet placed on the coated surface formed
a static contact angle of 134° £ 2°; whereas, for toluene and sili-
cone oil, it was 86° + 2° and 52° £ 2°, respectively (Figure 2A).
It correlates with the surface tensions of the respective liquids.
However, low CAH in the range of 10° £ 2°, 4° £ 2°, and 3° £ 2°
for water, toluene, and silicone oil, respectively, reveals the extent

© 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. A) Photographs of the coated surface with different liquids; 1-water, 2-toluene, 3-aqua regia. Inset: The static contact angle of the respective
liquids. B) Percentage transmission of coated glass in comparison to a normal glass. The coated surface showed 99% transmission when compared
to the normal uncoated surface. 1. Coated surface just before the written letters. 2. Electronic letters through the coated surface (distance: 8-9 cm

approximately). C) Image shows that at low tilting angle (5°) of the coated surface water rolled off at a speed of 5.4 cm s™'.

of the slippery nature of the coating toward different liquids
despite having low static contact angle on the coated surface
(Figure 2A). Inset shows a picture of advancing and receding
angle of the respective fluids. Surface structure and the chem-
ical composition, being the underlying reasons of the wetting
property, the coated surface was characterized in detail through
various spectroscopic and microscopic techniques. X-ray photo-
electron spectroscopy (XPS) spectra reveal that the coating is
largely composed of silica and fluorocarbons (Figure 2B). Peak
at in the region of 103.5 eV corresponds to the deconvoluted Si
3p peak of Si*" which matches exactly with that of silica (SiO,).
The presence of silicon, nitrogen, and other elements along
with fluorine was proved from the energy dispersive analysis of
X-rays (EDAX) spectrum and mapping as well (Figure 2C and
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Figure S1, Supporting Information). Wide area powder X-ray
diffraction of the film showed an amorphous background, sim-
ilar to the glass substrate (Figure S2, Supporting Information).
This was also observed in the qualitative elemental distribution
of silicon and oxygen (1:2) in the EDAX mapping of the surface
(Figure S1, Supporting Information). This detailed chemical
characterization concludes that the backbone of the coating is
made of silica network. This was also reflected in the robust-
ness of the coating toward thermo-mechanochemical pertur-
bation, explained later on. Though scanning electron micros-
copy (SEM) reveals the absence of micrometer scale structure
(Figure 2D), atomic force microscopy (AFM) imaging con-
firms that the roughness of the coatings is very low, less than
1 nm (Figure 2E). Both of these studies (spectroscopic and
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Figure 2. A) The advancing angle (6,), receding angle (6g), and contact angle hysteresis (6y) of water, toluene, and silicone oil, respectively. Inset
shows the corresponding images. Physicochemical properties of the coated substrate. B) The XPS spectra of the coated surface showing fluorine
1s and silicon 2p region. C) EDAX spectrum shows the elemental composition of the coating. D) SEM image reveals the absence of micrometer scale
morphology. E) AFM image and the average roughness of the coating, which is in nm scale.
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microscopic) suggest that the nanostructuring and the presence
of appropriate functionalization are the reasons of this observed
wetting property. To demonstrate the extent of water repellency
of the coating material a glass slide was coated in the shape
of = consisting of two uncoated patches in the middle. The
hydrophobic coating in the periphery of the glass slides acted
as an invisible barrier to contain ~4 mL of water in the uncoated
hydrophilic patches having a surface area of 7.8 cm?. As a result
of this confinement, the water could reach a height of 0.4 cm
in each of the patches (Figure S3 and Videos S3 and S4, Sup-
porting Information). This concept of the invisible barrier has
been used by others too and can be used in trapping, directing
as well as retaining water and can have immediate applications
in biological and environmental areas.??!

For applications in touch screens, goggles, and windscreens,
the coating needs to be resistant to acute temperature fluctua-
tions and chemical disruptions without compromising transpar-
ency of the surface. The stability and wettability of the coating
against thermal and chemical damages were evaluated with
extreme temperatures (high and low) and aqua regia (corro-
sive acid mixture). For all the cases, water, toluene, and silicone
oil were used to study the wettability of the treated surfaces in

www.global-challenges.com

terms of static CA and CAH. Glass substrates were assessed
primarily to monitor the transparency and integrity of the
coating. For high temperature treatment, surface was annealed
at 200 °C for 4 h and it was observed to retain its surface free
energy intact compared to the control sample (coated slides at
room temperature). This was reflected in the CA and CAH of
the liquids over the treated surface (Figure 3A and Video S5,
Supporting Information). The stability of the coating at low
temperatures was tested by incubating the surface at —80 °C
for 8 h. In this case, a similar liquid repellent property was
observed for the treated surface (Figure 3A and Video S6, Sup-
porting Information). Chemical robustness of the material was
tested by incubating the coated glass in aqua regia for 10 min.
Interestingly, the wettability of the coating remained unaltered
and the surface functioned properly (Figure 3A and Video S7,
Supporting Information). Optical transparency of all the treated
surfaces was also found to remain unchanged from that of the
control (Figure 3B). Inset of the figure pictorially represents
the treated surfaces. These seem to be highly advantageous for
places where frost formation on windshields is a serious con-
cern. To be used as a nonwettable coating material for day to
day use, mechanical stability is a mandatory compliance. This
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Figure 3. A) Stability of the coating upon high temperature (200 °C), low temperature (—80 °C), and aqua regia treatments. CA and CAH of the liquids
(water, toluene, and silicone oil) on the treated surfaces compared to the control. B) Corresponding percentage transmission of the treated substrates
shows no change in comparison to the control. Inset: Pictorial representation of treated surfaces. C) Test for mechanical robustness. 1) Peeling-off
experiment, 2) sand paper abrasion, 3) knife scratch, and 4) reusability measurements using write and erase experiments. D) Durability test in cyclic
fashion. Sets 1 and 2: Treating at high temperature (200 °C) and low temperature (—80 °C). Set 3: Effect of chemicals (surface was dipped inside

different organic solvents, oil and emulsion). Set 4: Direct exposure to sun
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was assessed by knife scratch, peeling off, and abrasion tests.
These tests were done using scissor, scotch tape, and a sand
paper (keeping aload of 50 g on the sand paper) (Figure 3C, 1-3).
For all the cases, even after 20 complete cycles, the coatings
remained pristine with uncompromised wetting behavior
toward different liquids (Figure S4, Supporting Information).
Transparency of the treated surfaces also remained intact
although there was some sign of knife scratches on the par-
ticular surface (Figure S5, Supporting Information). Reusability
as well as stability of the coating was further evaluated by write
and erase tests (Figure 3C, 4) where pencil streaks were easily
erasable without damaging the unique properties of the coating.
In this case also treated surface was also checked for wettability
and transparency (Figures S4 and S5, Supporting Information).

Longstanding durability of the coating to different cyclic per-
turbations was studied by subjecting the sample to consecutive
cycles of different sets of conditions such as high temperature,
frost, chemical treatment (organic solvents, oil and emulsion),
and exposure to sunlight. Change in the wettability was meas-
ured (CA and CAH) after each and every cycle of different sets
(details in the Experimental Section and the Supporting Infor-
mation), which shows a constant value of 134° + 2° and 86° + 2°
for CA and 10° £ 2° and 4° £ 2° for CAH on an average for
water and toluene, respectively. These values remained unal-
tered even after four different sets of experiments (total of
20 cycles) (Figure 3D).

Application of such materials is not confined to glass sub-
strates alone. To explore the universality or compatibility of the
material with different substrates, this material was applied to
a wide variety of substrates starting from metal to wood and
plastic (Figure S6, Supporting Information). Consistency in
the physical appearance of the original substrates even after
the coating provides an added advantage (Figure S7, Sup-
porting Information). All the substrates (coated glass and wood
surface shown here) showed excellent resistance to wetting by
nonpolar fluids such as oil and oil-water emulsion (Figure S8
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and Video S8, Supporting Information). Stability of the coat-
ings on metal substrates was evaluated by treating them
with the corrosive acid, aqua regia. The metal surface coated
with the newly synthesized material remained unaffected
(Figure 4A—C and Video S9, Supporting Information) while
uncoated surface changed its color immediately with the evolu-
tion of hydrogen gas.

Figure 4D schematically demonstrates effective application
of such slippery coatings in real life. Affordable drinking water
being a global issue to concern, atmospheric water capture has
become a hot topic of research. This needs efficient condensa-
tion of humidity and transportation of the droplet formed on
the surface. In this context, low hysteresis and low contact
angle (high contact area) surfaces having excellent durability
can be a good solution as water condenses over such surfaces
easily. Figure 4E demonstrates a proof of concept experiment.
Humidity and temperature are the governing parameters for
this phenomenon. At 63% humidity and 27 °C, our coated sur-
face enables condensation of 5 L of water per m? in a day. Here,
a peltier cooling system was used to cool the surface down to
8 °C. We believe that the efficiency of such water collection can
be maximized by patterning the surface. We note that overall
collection efficiency is not only an issue of efficient condensa-
tion but also transport which is mostly controlled by the wet-
tability of the surface as well as CAH.

High liquid repellent nature of the coating originates from
the presence of low surface energy molecules as well as the
nanostructures formed in situ. While efficient adhesion prop-
erty of silanes on the surface of various substrates makes this
coating universal, the formation of amorphous silicate struc-
ture upon curing, which is inert toward a range of chemicals
including strong acids, makes this material robust toward var-
ious mechanical and chemical perturbations. Stability and high
transparency of the coating at varying temperatures also can be
explained easily from the physical and the chemical structure of
the material, which are similar to silicate glass.

Uncoated ‘
JPosans :
Coated \

Corroded by
aqua regia

E e hs

Figure 4. Properties of the coated surface. A). Response of the surface to aqua regia treatment. The metal surface (stainless steel) was dipped into
aqua regia. B) There was an evolution of hydrogen gas from the uncoated part and C) it eventually corroded, while the coated region remained intact.
D) Schematic representation of atmospheric water capture. E) Real time experimental setup with condensed water drops over the coated surface
where surface temperature was cooled down to 8 °C by a peltier cooling system. The environmental temperature was 27 °C with 63% relative humidity.
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4, Conclusion

In conclusion, a waterborne, easy to synthesize, robust coating
material has been formulated that shows high liquid repellency,
without the use of any lubricating fluids. The coating showed
excellent stability toward mechanical strains with uncompro-
mised optical transparency. Transparency as well as liquid-repel-
lent properties of the coating was maintained even after extreme
thermochemical treatments. Being a water-based liquid mate-
rial, it enables the creation of large surface area slippery surfaces
with a simple coating procedure and decreases environmental
concerns and risk of organic solvents at the same time. While
extreme repellency toward a wide variety of liquids can widen
its industrial use by minimizing transportation cost of fluids
through pipelines, transparency in extreme conditions along
with other properties can provide easy solutions for display and
automobile industries. Beside these, application of this surface
toward solving one of the biggest global issues, namely afford-
able clean/drinking water, is demonstrated as a proof of concept.

5. Experimental Section

Contact Angle Measurements with Cyclic Thermo-Mechanochemical
Perturbation: To measure the durability of the material, the coated
surface was tested with cyclic thermo-mechanochemical perturbations.
For all experiments (Sets 1-4), the same surface was used repeatedly.
Change in wettability after each cycle of every set was tested with static
CA and CAH measurements. Here, water and toluene were used as test
liquids. To test thermal stability, the coated surface was treated at high
(200 °C, Set 1) and low temperatures (—80 °C, Set 2), respectively for
5 h in every cycle. This was repeated for five times for both the cases.
For assessing chemical inertness, the coated surface was dipped inside
the solvent and kept for 2 h. Various polar and nonpolar solvents such
as ethanol, Tetrahydrofuran (THF), Dimethylformamide (DMF), hexane,
silicone oil, and an emulsion (a mixture of paraffin oil and water) were
used to simulate chemical strain. To quantify the effect of direct sunlight,
coated surfaces were exposed to sunlight and checked at regular time
intervals of 8 h for a duration of 40 h.

Tilting Angle Experiment: To measure the extent of slipperiness,
movement of a water droplet upon tilting the slip surface was captured
by camera and its velocity was calculated, which is directly related to the
friction or slipperiness of the coated surface. The motion was induced by
tilting the surface manually.

Chemicals: All the chemicals were commercially available and were
used without further purification. FS was purchased from Aldrich. AS
was purchased from Rishichem Distributors. Ethanol, THF, DMF,
hexane, and silicon oil (Analytical Reagents (AR) grade) were procured
from RANKEM, India. Sand paper (P320) was purchased from a local
hardware shop. Peltier cooling system was purchased from a local
electronics shop.

Instrumentation: UV-vis absorption/extinction spectra were recorded
using a Perkin-Elmer Lambda 25 spectrophotometer in the range of
200-1100 nm using absorption cells having a path length of 1 cm.

AFM imaging was done with Witec Alpha300 S confocal Raman
spectrometer with an AFM attachment (Zeiss 20x objective). AFM
imaging was carried out in noncontact mode with a cantilever of
following parameters: thickness 4 um, length 125 um, width 30 pum,
resonance frequency 320 kHz, and force constant 42 N m™.

Electron microscopy imaging was done using an FEl Quanta
200 environmental scanning electron microscope with EDAX energy
dispersive spectroscopy (EDS) system, to study the surface morphology
of the coated substrates.

XPS measurements were carried out using an Omicron electron
spectroscopy for chemical analysis (ESCA) Probe spectrometer with
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polychromatic Mg K 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 the
specific regions. The sample solution was spotted on stainless steel XPS
sample plates and dried in vacuum. The base pressure of the instrument
was 5.0 X 107'% mbar. The binding energy was calibrated with respect to
adventitious CTs feature at 285 eV.

Contact angle and CAH of liquid droplets (water, toluene, and silicone
oil) 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.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Figure S1: SEM EDAX mapping and quantitative distribution of elements.
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Figure S2: Powder XRD: Amorphous structure of glass is unchanged with coating.
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Figure S7: Physical appearance of different substrates before and after coating. There was no
change in color in wood as there was no temperature fluctuation (see S8, where there was a
color change).
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and glass). Change in color and contrast of the wood is because of temperature fluctuations
during the sample preparation. See Figure S7 for a surface without change in color after
coating.



THE JOURNAL OF

PHYSICAL CHEMISTRY

pubs.acs.org/JPCC

@ Cite This: J. Phys. Chem. C2017, 121, 26483-26492

Reactivity of Monolayer Protected Silver Clusters toward Excess
Ligand: A Calorimetric Study

Ananya Baksi,”® M. S. Boothara;u,_{_’” Pratap K. Chhotaray,”" Papri Chakraborty,” Biswajit Mondal,’
Shridevi Bhat,T Ramesh Gardas,”” and Thalappil Pradeep*’T

"DST Unit of Nanoscience and Thematic Unit of Excellence, Department of Chemistry, Indian Institute of Technology Madras,
Chennai 600036, India

J:Depalrtment of Chemistry, Institute of Technology Madras, Chennai 600036, India

© Supporting Information

ABSTRACT: Reactivity of monolayer protected atomically precise clusters of rr
noble metals is of significant research interest. To date very few experimental
data are available on the reaction thermodynamics of such clusters. Here we
report a calorimetric study of the reaction of glutathione (GSH) protected silver
clusters in the presence of excess ligand, GSH, using isothermal titration
calorimetry (ITC). We have studied Ag;;(SG), and Ags;,(SG), clusters and
compared their reactivity with GSH protected silver nanoparticles (AgNPs) and
silver ions. Clusters show intermediate reactivity toward excess ligand compared o
to nanoparticles and silver ions. Several control experiments were performed to s
understand the degradation mechanism of these silver clusters and nanoparticles. w5
The effect of dissolved oxygen in the degradation process was studied in detail,
and it was found that it did not have a significant role, although alternate
pathways of degradation with the involvement of oxygen cannot be ruled out.
Direct confirmation of the fact that functionalized metal clusters fall in-between
NPs and atomic systems in their stability is obtained experimentally for the first time. Several other thermophysical parameters of
these clusters were also determined, including density, speed of sound, isentropic compressibility, and coefficient of thermal
expansion.

Nanoparticles

Heat Change
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1. INTRODUCTION ters.'*>**7%7 As mentioned, these clusters undergo degrada-
tion with time if they are in solution. The rate of degradation

Monolayer protected atomically precise clusters of noble metals
are an emerging class of materials composed of well-defined
metal cores and li§and shells.' ™ Starting from phosphine
ligand protection®™® in the early period of this work, thiol
ligands are used most extensivel;r these days. While the use of
water-soluble ligands is limited, -1 organic-soluble thiols are
commonly used for the synthesis of clusters.””~'® Although
single crystal structure is the most preferred way to understand
the atomic framework of these materials, only a few silver
clusters have been crystallized so far.'"®'” Most of the cluster
compositions have been deduced from their optoelectronic
properties and mass spectral signatures, especially in the case of
sitver.”~>"' 1729732 Organic-soluble clusters are more stable
than their water-soluble analogues due to the inherent tendency
of degradation of such species in aqueous media. Glutathione
(GSH), a tripeptide, mercaptosuccinic acid (MSA), and
mercaptobenzoic acid (MBA) are the commonly used water-
soluble ligands for silver cluster synthesis.””'"'>*” Among the
water-soluble ligands, GSH has been used extensively for
synthesizing gold and silver clusters in aqueous medium. High
fluorescence quantum yield, aggregation induced luminescence
enhancement, bioviability, high degree of cellular uptake, and
antimicrobial activities are a few topics where intense research
has happened using GSH protected noble metal clus-

-4 ACS Publications  © 2017 American Chemical Society

varies depending on the ligand and metal core composition. For
example, glutathione protected silver clusters are more stable
than MSA protected clusters in solution. However, there have
been no systematic studies of the reactivity of clusters in the
context of their thermodynamic stability in solution. The first
report on alloying of different nanoparticles was by Toshima et
al., where they found highly exothermic reactions while alloying
Ag/Pd/Pt/Rh nanoparticles.*®

Isothermal titration calorimetry (ITC) is a powerful tool to
find parameters of reactions in solution.””*’ In a typical ITC
experiment, analyte is titrated against the reactant at a constant
temperature. A fixed amount of reactant is injected through a
syringe, and a constant power is applied to maintain the same
conditions in the reactant and reference cells (filled with the
same solvent). During mixing of two reactants, the heat
released/absorbed has to be compensated by the power supply.
This change is observed as a thermograph, which may be
converted to heat change, and an appropriate fit will provide
the desired thermodynamic parameters. In the beginning,
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Figure 1. (A) Real-time isothermal titration calorimetric data of Ag;,(SG)o(1 mM) vs GSH (10 mM) and (B) respective heat change data. The data
were fitted with a one-site model, and the thermodynamic parameters obtained are listed in Table 1. Photographs of the cluster before and after
reaction are shown as an inset of (B). During titration, colored Ags,(SG), clusters react with GSH and form colorless thiolates where silver is in Ag*
state as revealed from XPS, shown in (C). UV—vis absorption spectra (D) of Ag;,(SG),o before and after titration with GSH.

enough reactants are available to interact and hence one may
observe a sharp heat change. As time goes on, more and more
analyte is consumed and the heat change will decrease until all
the analyte is consumed. Once the reaction is over, some heat
change will still be observed due to heat of dilution. The peaks
are integrated to acquire total heat change during the reaction.
From a proper fitting of the data, the binding sites (N), rate
constant of the reaction (k), enthalpy change (AH), and
entropy change (AS) can be calculated, using the change in
Gibbs free energy (AG).

In the case of monolayer protected clusters, stability depends
on many factors. When there is excess ligand, it interacts with
existing clusters and finally degrades to smaller chain thiolates.
In a standard synthesis of thiolate protected clusters, metal
thiolates are reduced to clusters using a reducing agent in
solution.”” Thus, the reverse reaction, i.e., clusters decornposin%
to thiolates, can be used to find their thermodynamic stability."*
This is also the case of nanoparticles protected with thiolates.
In view of this, we have designed a condition to study the
thermodynamic parameters of the reaction of glutathione
protected silver clusters and excess glutathione, using ITC as
the method. We used two different clusters, namely,
Ag;,(SG) 1'% and Ag;(SG),,” and the heat change was
compared with silver nanoparticles (AgNPs) protected with
GSH. Among the various available clusters, we have chosen
these two as they were characterized previously, are stable in
water, and react with glutathione in the experimental
conditions, and the reaction goes to completion.

2. EXPERIMENTAL SECTION

2.1. Materials. Silver nitrate (AgNO;, 99%), glutathione
reduced (GSH, 97%, Aldrich), sodium borohydride (NaBH,,
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99.99%, Aldrich), ethanol (HPLC grade, 99.9%, Aldrich), and
methanol (HPLC grade) were used as received, and all the
chemicals were used without further purification. Milli-Q water
was used throughout the experiments.

2.2. Instrumentation. Isothermal calorimetric studies were
conducted in a GE Healthcare Microcal iTC200 instrument.
The optimized parameters were as follows: cell temperature,
30—50 °C; reference power, 8 pcal/s; initial delay, 60 s; stirring
speed, SO0 rpm; volume of sample in cell (cluster, nano-
particles, etc.), 200 uL; and volume of sample in syringe
(GSH), 40 uL.The data were fitted using Origin software. The
instrument is calibrated using ethylenediaminetetraacetic acid
(EDTA) and CaCl,.

Electrospray ionization mass spectrometric (ESI MS)
analyses were carried out using a Waters Synapt HDMS
instrument. Spectra were collected in the negative mode for a
mass range of m/z 100—2000, and data were averaged for 300
scans. All the spectra were collected at a source voltage of 500
V. The source temperature and desolvation temperature were
set at 120 and 200 °C, respectively. The flow rate was set at §
uL/min. Masslynx 4.1 software was used for analyzing the data.

For UV—vis absorption spectra, a PerkinElmer Lambda 25
instrument was used and the spectra were collected in the range
200—1100 nm with a band-pass filter of 1 nm. X-ray
photoelectron spectroscopy (XPS) measurements were done
using an Omicron ESCA Probe spectrometer with poly-
chromatic Mg Ka X-rays (hv = 1253.6 eV), and the data were
analyzed by CasaXPS software.

The density and speed of sound were measured using an
Anton Paar (DSA 5000M) instrument. It can measure the
density from 0 to 3 g'cm™ and the speed of sound from 1000
to 2000 m-s~* with accuracies of 1 X 107 grem > and 0.1 ms™/,
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Table 1. Thermodynamic Parameters of Ag;,(SG),y vs GSH at Different Reaction Conditions

sample no.  cluster (mM) GSH (mM) N (sites) kX 10> (M) AH x 10* (cal/mol) AS (cal/deg mol) T (K) AG X 10° (cal/mol)
1 1 5.0 0.50 35.0 -2.56 —-53.40 303 -9.42
2 1 10.0 0.60 188.0 -1.67 —-31.10 303 —7.28
3 1 7.5 0.50 85.2 -2.26 —-53.90 303 —6.27
4 1 7.5 0.60 114 —2.48 —60.40 313 —5.80
S 1 7.5 0.60 9.9 —-2.98 —74.20 323 —-5.83

respectively. The instrument enables us to measure both
properties simultaneously, where the temperature was con-
trolled by a built-in Peltier thermostat with a temperature
accuracy of 0.001 °C. The instrument was calibrated with dry
air and Millipore water at regular intervals of time.

2.3. Synthesis of Ag;,(SG);. Ag;;(SG), was synthesized
following a previously reported method.” Briefly, 650 mmol of
GSH was added to 50 mL of MeOH under ice-cold conditions
and stirred for 10 min. About 130 mmol of AgNO;, dissolved in
0.5 mL of Millipore water was mixed with the GSH solution,
and the mixture was stirred for 15 min to form silver thiolates.
About 7 mL (1.4 mol) of ice-cold sodium borohydride was
added to the mixture dropwise. The solution was stirred for
another 15 min for complete reduction of Ag thiolates to
clusters. The as-formed clusters were not completely soluble in
methanol, and they started precipitating. Excess MeOH was
added for complete precipitation. The sample was centrifuged
at 7000 rpm and washed repeatedly with methanol to remove
the excess ligand and thiolates. The precipitate was dried using
a rotavapor to obtain a dry powder.

2.4. Synthesis of Ags,(SG)g. Ag1,(SG);o was synthesized
following the solid state synthesis method reported previ-
ously."” In a typical synthesis, 200 mg of glutathione (GSH)
was mixed and ground with 23 mg of AgNO; using a mortar
and pestle. Thus-formed AgSG thiolates were reduced by 50
mg of NaBH,. Successful cluster formation was confirmed by
the color change to dark brown. The sample was dissolved in
deionized water and excess MeOH was added to precipitate the
cluster. The precipitate was centrifuged at 8000 rpm and
washed repeatedly with MeOH. The reddish brown sample was
then freeze-dried to get a dry powder.

2.5. Synthesis of AQNPs@SG. AgNPs were synthesized in
solution by mixing 8.5 mg of AgNO; in 100 mL of 1 mM
aqueous GSH. The color changed from colorless to pale yellow.
The AgSG thiolates in solution were reduced by 7 mL of 1 mM
NaBH,. Once the solution changed to yellow, 15 mg of GSH
was added and the mixture was incubated for 4 h until a dark
yellow solution was achieved.

2.6. Measurement of pH. In order to compare the true
change in pH during degradation of the cluster, the following
experiment was performed. To 1 mM Ag;,(SG), fixed
volumes of 10 mM GSH were added, and the pH change
was measured after 10 min. Data corresponding to five such
additions are presented in the Supporting Information. As free
GSH, upon dilution, can also result in a pH change, this effect
was subtracted by conducting a separate experiment. In this, the
pH change due to dilution of GSH was measured after each
aliquot as above (five in all).

3. RESULTS AND DISCUSSION

3.1. Reaction of Ag3,(SG);s vs GSH. Ag:,(SG),s and
Ag,,(SG), were prepared following the previously reported
methods.”'? In view of their reported properties, character-
ization of clusters is not discussed here. About 1 mM purified
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cluster solution was used for the reaction, and the ligand
concentration was varied accordingly to get a proper saturation
curve in ITC. Figure 1A shows a real-time thermograph of
Ag;,(SG)ys vs GSH titration, and the corresponding heat
change is shown in Figure 1B. The data were fitted using a one-
site model, and the corresponding thermodynamic properties
are listed in Table 1. Different fitting models were tried, but the
best fit was achieved using the one-site model; hence all the
data presented here were fitted using this model.

In the one-site model, it is assumed that the cluster has one
type of binding site, which may be a multiple number of
identical sites, in terms of reactivity. We have performed several
concentration-dependent studies to get the exact ratios of
cluster and glutathione. At lower concentrations of GSH (S
mM) (see Figure S1), the binding constant was lower (3.5 X
10* M) and it took a longer time to reach the end point. At a
higher concentration of GSH (10 mM), the binding constant
was larger (1.88 X 10° M™!, which is 5.3 times faster than the
reaction with S mM GSH). At intermediate concentration (7.5
mM) (see Figure S2), we achieved a moderate binding constant
(8.5 x 10* M", which is 2.4 times higher than the reaction with
5 mM GSH and 2.2 times lower than the reaction with 10 mM
GSH) as well as saturation. The data clearly suggest that the
degradation of clusters to thiolates is directly proportional to
the excess ligand in the medium.

For better understanding of the parameter K, the reaction
happening within the microcalorimeter should be understood.
Microcalorimeters are used typically to understand the
interaction of biomolecules such as proteins, DNA, etc. with
various ligands, and the experimental parameters are also
termed accordingly. Models are written generally in this
context. In a typical macromolecule—ligand reaction, there is
a noncovalent interaction to form a complex. There are three
species in equilibrium in the solution that are receptor, free
incoming ligand, and the complex formed. The reaction is
always considered to be first order. Fundamental understanding
of the interaction can be achieved from the equilibrium
constant (binding constant) K for a binding process with
binding stoichiometry N (how many molecules of the incoming
ligand can bind to the receptor at saturation) as given below:

cluster + glutathione 2 thiolate

o }
q [ .

AG® = —RT n K,
[thiolate]

[cluster][glutathione]

[thiolate]
cluster][ glutathione]

AG = AG° + RT In{

}actual
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where K, or K is the equilibrium constant, [X] is the molar
equilibrium or actual concentration of species X, AG® is the
standard Gibbs free energy change, R is the universal gas
constant, T is the temperature in kelvin, AG is the actual free
energy change, and AS is the entropy change for complex
formation.*”** The reaction studied may also be considered as
first order or pseudofirst order, when pH is not changing
significantly and when one of the reagents is in excess.

In all cases, the reactions are exothermic in nature. As two
species are reacting to give one type of product, the entropy
change is negative. The overall free energy is negative (—7.28 X
10%cal/mol) mainly due to a highly negative enthalpy change
(—1.67 x 10* cal/mol). Therefore, the reaction is thermody-
namically favorable and enthalpy driven. Consolidated data are
listed in Table 1.

Ags,(SG) o was well-characterized by mass spectrometry in
the previous work by Rao et al.'’ After the reaction, the product
was analyzed by ESI MS, which showed peaks at m/z 414,
1134, 935, and 1548 due to AgSG™, Ag,(SG);™, Ag;(SG),
and Ag;(SG),”, respectively”'® (see Figure 2). All of these
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Figure 2. ESI MS of reaction products of AgNO;, Ag;;(SG), and
Ag;,(SG),, with excess GSH showing formation of similar thiolates.

thiolates are formed when Ag" reacts with GSH. From the
experimental ITC data, binding sites are always less than 1,
which can be justified in terms of the conversion of a cluster to
linear thiolates, (AgSG),. In Ag3,SG;,, the SG:Ag ratio is 0.59,
which becomes 1 in a linear (AgSG), thiolate. Thus, the
increase in binding sites is only 0.41. The value measured is 0.6;
the difference observed appears to be due to the various linear
thiolates formed, which have larger SG:Ag ratios. Reaction
between 1 mM Ags,(SG); and 10 mM GSH is shown in
Figure 1A. Photographs of the cluster before and after reaction
are shown in the inset of Figure 1B. As all the clusters have
degraded, the solution became colorless (Ag thiolates are
colorless), which is clearly visible in the photographs.

This was again proven from an XPS study where the
oxidation state of silver has changed from 0 to +1, confirming
the degradation of the cluster in the presence of excess
glutathione. Note that in the case of Ag(I) the binding energy
(BE) is lower than that of Ag(0) by 0.5 eV.* The cluster to
begin with is close to Ag(0), and after the reaction the BE is
lowered. The data were further verified using UV-—vis
absorption spectroscopy. Agy,(SG);e cluster has characteristic
peaks at 485 and 427 nm which are completely absent after
reaction with GSH, and a sharp peak appeared at 360 nm due
to thiolate formation, which was independently tested.'’
Previous reports by Shen et al. and Bellina et al. on Ag
thiolates su§gest the absorption maximum to be around 260—
280 nm.">*® When GSH and Ag" react segarately, the thiolates
formed show absorption at ~280 nm*>*® along with another
peak at 360 nm. While the peak at 280 nm was attributed to
smaller thiolates, the latter at 360 nm was attributed to
polymeric (AgSG)." In the present study, a similar
absorption feature was observed for the products obtained
from the reaction of clusters or nanoparticles (see later) with
excess GSH. In this process, GSH molecules can react with
each other and dimeric and polymeric GSSG may form. While
smaller thiolates could be detected by ESI MS, the polymeric
thiolates were too heavy and could not be detected.

The reaction was conducted at three different temperatures
(see Figures S3 and S4). The data are listed in Table 1.

3.2. Reaction of Ag;;(SG); vs GSH. To validate our
method, we have used another glutathione protected Ag cluster,
Ag,,(SG);, for a similar degradation study. In this case,
degradation of the cluster in the presence of excess GSH was
faster than for Ag,(SG),s under similar reaction conditions,
indicating less stability of the Ag;;(SG), cluster in the
mentioned experimental condition. When 1 mM Ag;,(SG),
was reacted with 7.5 mM GSH, the reaction was almost
complete within five injections and the binding constant was
5.15 X 10° M™!, 6 times higher than the binding constant of
Ag;,(SG);o under similar conditions (Figure 3). The reaction is
strongly enthalpy driven, which dominates the total free energy
change, and is more negative than Ags;,(SG),s (see Tables 1
and 2 for comparison). The entropy obtained during
degradation of Ag;)(SG);, was more negative than for
Ag,,(SG), [AS = —2.59 cal/deg mol for Ag,,(SG), and AS
= —31.1 cal/deg mol for Ag;,(SG) o]

Note that AgSG is not the only thiolate that is formed during
the degradation process; some other thiolates such as Ag,(SG);
and Ag,(SG), were also formed (Figure 2). Also note that
these are not written as a redox reaction and may be used
purely for understanding the mechanism. There might be many
other pathways and steps which are involved in the degradation
process. In the present study, only the lowering of pH through
proton release is observed (see later). Ag;,(SG), has three
characteristic absorption features at 487, 437, and 393 nm
which disappeared after the reaction with the appearance of a
new peak at 360 nm due to thiolates. In Ag;;(SG); cluster, the
SG:Ag ratio is 0.63. After thiolate formation, it is expected to
create a binding site increase of 0.37. The experimental binding
site was found to be 0.41, which is due to different types of
thiolates as discussed in the case of Ag;,(SG);y. A temperature
dependent study (Figure S6) suggests that the products formed
are comparable and the total free energy change in all cases is
nearly the same. The data are listed in Table 2.

3.3. Reaction of AgNP@SG vs GSH. We have further
extended our study to GSH-capped AgNPs. We have
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Figure 3. (A) Real-time isothermal titration calorimetric data of Ag;;(SG), vs GSH and (B) respective heat change data. (C) UV—vis absorption

features of Ag;;(SG); before and after reaction with excess GSH.

Table 2. Thermodynamic Parameters of Ag;;(SG), vs GSH at Different Reaction Conditions

sample no. cluster (mM)

GSH (mM) N (sites) kx 10° (M) AH (cal/mol) AS (cal/deg mol) T (K) AG (cal/mol)
1 1 7.5 0.41 5.51 —8706 -2.59 303 —7921
2 1 7.5 0.50 2.05 —13510 —17.5 323 —7857
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Figure 4. (A) Real-time isothermal titration calorimetric data of AgNP vs GSH and (B) respective heat change data. (C) UV—vis absorption feature

of AgNPs before and after reaction with excess GSH.

Table 3. Thermodynamic Parameters of AGNP@SG vs GSH Reaction

sample GSH
no. AgNP x 107% (mM) (mM)
3.6 7.5 2.94 1.18
2 3.6 10.0 4.18 228

N x 10* (sites) kx 10" (M™') AH X 10° (cal/mol) AS x 10° (cal/degmol) T (K) AG X 10° (cal/mol)

—1.51
-2.79

—5.06
—9.36

298
298

—1.46
-1.50

synthesized AgNPs protected with GSH of ~20 nm diameter
and carried out the ITC study (Figure 4). Detailed character-
ization of the nanoparticles is shown in Figures S6 and S7.
When 10 mM GSH was allowed to react with 3.6 X 10~* mM
AgNP, we found a large enthalpy change (—3.43 X 10° cal/
mol). The reaction is dominated by enthalpy.
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The binding constant was found to be very high (10° times
more than the clusters; note that here all the rates are in M™%,
Also note that all the rate constants are presented as per mole
of reactant). High number of binding sites indicates
involvement of core Ag atoms in the reaction to form thiolates,
which is reflected in the UV—vis absorption spectra. Typically,
AgNPs show a surface plasmon band centered at 407 nm which

DOI: 10.1021/acs.jpcc.7b07557
J. Phys. Chem. C 2017, 121, 26483—-26492


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b07557/suppl_file/jp7b07557_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.7b07557

The Journal of Physical Chemistry C

was absent after the degradation, and two new peaks at 280 and
360 nm (similar to Ags;,(SG),s and Ag;;(SG); cases). At lower
GSH concentrations (7.5 mM), there is a shoulder peak at 407
nm indicating the incomplete degradation of the AgNPs to
thiolates, indicating incomplete reaction (Figure S8). The
thermodynamic parameters are listed in Table 3.

3.4. Reaction of AgNO; vs GSH. Finally, we compared
these reactions with the Ag" vs GSH reaction where we used 1
mM AgNO; and titrated against 10 mM GSH. Here, we
observed nearly 1:1 binding of GSH toward Ag* (Figure ).
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Figure 5. (A) Real-time isothermal titration calorimetric data of
AgNO;(1 mM) vs GSH (10 mM) and (B) respective heat change data
at 303 K.

The thiolate formed in this reaction is also comparable with the
degradation product of the two clusters studied. This
observation was supported by comparing the ESI MS data of
the thiolates formed by direct reaction of Ag* and GSH with
the degradation product of the clusters. In both cases, the
thiolates formed are similar in nature (Figure 2).

Looking carefully into the gold/silver cluster structure, they
have a core, generally composed of metals in the oxidation state
0, and the shell is always made of metal thiolates (M—SR),
where the metal is in +1 oxidation state (+1 for Ag/Au) and the
ligand is RS™. Thus, ligand protected clusters can be

represented as M(0),M(I),SR,. Generally, m = y as —SR is
in the thiolate (SR™) form. However, in several cases, m and y
are not the same. Besides, there can also be an overall charge of
the cluster to attain a stable electronic structure and the formula
becomes M(O)"M(I)mSRy(zi). For example, Au,;SR;g has 18
thiolates which makes it possible to be considered as
Au(0),Au;5(I)SRyg; in this case, the cluster as a whole acquires
one electron to make a closed shell structure (of eight
electrons, counting one electron each of Au, and one extra
charge). The structure may be formally considered as
Au(0),Au5(I)SR5(—). Thiols have great affinity toward Au/
Ag in any form, and they can interact to form respective
thiolates. Therefore, the reaction could be written as follows:

M(0),M(I),,SR,,” + nRSTH" — (n + m)M(I)—SRK"
+ nH'

Please note that the equation is not charge balanced. The
detailed mechanism is given below. The number of protons
released may be different depending on the charge state of the
cluster. One important aspect that can be checked to ascertain
the reaction is the change in pH. We see that the pH decreased
slightly during the decomposition reaction (Figure S9) when
the experiment was done outside the calorimeter keeping the
same final concentration of the reactant as discussed earlier.

During addition of GSH to pure water or cluster solution, the
pH of the solution decreases from the initial pH, and hence the
pH change is denoted with a negative sign. The change of pH
during addition of GSH to water was subtracted from the pH
change during addition of GSH to the cluster solution, and this
value was denoted as ApH. As the pH change during GSH
addition to cluster was higher than during its addition to water,
the ApH value appears negative. During reaction of 10 mM
GSH with 1 mM Ags,(SG);q, the overall pH change was —0.73.
The pH change due to dilution of 10 mM GSH was —0.60, and
hence the ApH was —0.13. Therefore, the additional lowering
of pH was due to the release of protons during the degradation
process. The estimated ApH for the degradation was —0.09,
which is close to the observed value of —0.13, for Ags,(SG) .
The observed variation may arise due to other factors such as
additional reaction pathways involved as discussed earlier,
variation in ionization in the presence of thiolates, etc. Similarly,
for the reaction of 1 mM Ag;(SG), vs 7.5 mM GSH, the
estimated ApH was —0.12, close to the experimental value of
—0.10.

3.5. Effect of Oxygen. This reaction can be affected by
dissolved oxygen in the medium as shown recently by Ackerson
et al.,, where they studied thiol-induced etching of nanoparticles
and the role of dissolved oxygen in the process.”” As the
reaction was performed solely in water, there is a high
probability that dissolved oxygen may play some role. This can
result in various oxygenated sulfur species. In an experimental
setup, it was not possible to maintain a perfectly inert
atmosphere in the reaction cell while doing the experiment in
a standard microcalorimeter. However, for any experiments
done in a microcalorimeter, it is a general practice to purge the
sample with nitrogen to avoid air bubbles, the presence of

Table 4. Comparison among Thermodynamic Parameters of 1 mM Ag;,(SG);o vs 10 mM GSH with and without N, Purging

N (sites) kx 10® (M) AH X 10* (cal/mol) T (K) AS (cal/deg mol) AG X 10° (cal/mol)
with N, purging 0.60 188.0 303 -311 ~728
without N, purging 0.63 200.0 303 —-29.1 —-7.31
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which can lead to large heat change, and the data could be
misleading. The same procedure was followed here, too.
Therefore, the effect of dissolved oxygen is expected to be less
significant here. The thermographs obtained from with and
without nitrogen purging for the samples were compared, and
there was not much difference in the results. The comparison is
shown in the Supporting Information (Figure S10), and the
data are listed in Table 4. From the data it is clear that dissolved
oxygen is not playing a role in the degradation process. It may
have some role in a longer time scale which is not of relevance
to the present study.

To understand the effect of dissolved oxygen in more detail,
a systematic study was performed. Experimental conditions
used during ITC measurement were reproduced in normal
laboratory conditions (outside the ITC instrument) where
better control of parameters is possible. Ag;;(SG); cluster was
used for this study. The concentration of cluster and GSH
obtained from the ITC experiment for complete degradation of
the cluster was used in this case. Briefly, about 1 mM cluster
was dissolved in Milli-Q water and 10 mM GSH was added;
UV—vis absorption spectra were monitored for the mixture.
Nitrogen was purged in Milli-Q water for 1 h, and the water
was used for dissolving the cluster and GSH. All dilution was
also performed with N, purged water for UV—vis studies. This
N, purged water is expected to be free of any dissolved oxygen,
and the data obtained were used as the standard for
comparison. The data are compared in Figure 6. Degradation
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Figure 6. Degradation of Ag;;(SG), cluster at various conditions
studied using UV—vis absorption spectroscopy. The absorbance values
at 485 nm were normalized and plotted against time.

of the cluster in the presence of excess GSH followed similar
orders in both N, purged and regular Milli-Q water, which
indicates there might not be any effect of the dissolved oxygen.
In a similar way O, was purged for 1 h and the water was used
as O,-rich water. In this case, the degradation of the cluster was
faster than with N, purged water. This increased degradation

rate is expected when excess oxygen is present along with
excess ligand. To understand the true effect of O,, an oxygen
scavenger was used to scavenge the O, in O,-rich water and the
degradation study was performed in O,-depleted water.
Ascorbic acid (AA) is a well-known oxygen scavenger in
aqueous systems. The cluster was stable in ascorbic acid for a
sufficiently long time without any change (Figure S11). About 1
mM AA was added in O,rich water and the degradation
kinetics was comparable with that of the N, purged system,
which signifies that there might be a synergetic effect of higher
concentration O, along with excess ligand although O, alone
could not degrade the cluster in the absence of excess ligand.

To confirm this claim, the reaction was conducted in ITC
where O, purged water was used as the diluent for the cluster as
well as GSH. The thermodynamic parameters obtained from
the experiment are listed in Table S (see Figure S12). The data
clearly show that dissolved oxygen does not contribute to the
degradation process to a large extent. However, there could be
a small contribution from oxygen, which cannot be evaluated by
the current experimental setup.

Although we have studied the role of oxygen in detail, we
note that complete removal of oxygen was not possible in
normal atmospheric conditions. There could always be some
oxygen, which may be involved in the degradation or to
catalyze the process. From the present study it cannot be
confirmed which pathway is more favorable. We believe that
there could be multiple other pathways involved in this process.
However, the current experiment shows a path to under-
standing the stability and reactivity of such cluster systems and
may shed light on their lower stability compared to their
thiolates or nanoparticle analogues.

Apart from the equations stated above, the following
reactions may happen during the degradation (considering
involvement of O, in the degradation process):

Ag, (SG),y + 13GSH — 32AgSG + 13H" + 13¢”

0,(g) + 4H' + 4¢” - H,0

Ag32(SG)19 + 13/40, — 13/2H,0(1) + 32AgSG

Considering an alternate pathway (without the involvement
of oxygen):

Ag, (SG),y + 13GSH — 32AgSG + 13H™ + 13e”

13/2GSSG + 13H" + 13e” — 13GSH
and polymerization of AgSG could also occur.
mAgSG — (AgSG),,

3.6. Other Thermodynamic Parameters. We have
studied other thermophysical properties such as the density
(p), speed of sound (u), isentropic compressibility (S5 = 1/
pu*), and coefficient of thermal expansion () for both the
reactants and products (see Figures S13—S17). The same
concentration (as used for ITC experiments) of reactants was
used. At the experimental conditions, 1.93 X 10", 6.4 X 10",

Table 5. Comparison among Thermodynamic Parameters of 1 mM Ag,,(SG), vs 7.5 mM GSH with and without O, Purging

sample no. cluster (mM) GSH (mM) N (sites) kx 10° (M) AH (cal/mol) AS (cal/deg mol) T (K) AG (cal/mol)
1 1 7.5 0.41 5.51 —8706 —2.59 303 —=7921
2 1 7.5 0.52 5.72 —8452 -191 303 —7870
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and 1.4 X 10" Ag atoms are present in 1 mL of Ags,(SG)is,
Ag;,(SG), and AgNP, respectively. Considering that the
contribution of total density is through the heavier Ag atoms,
an almost similar density is expected for all the reactants. We
also have observed almost the same (experimental) density in
the reaction condition. When the thiolates are formed, due to
their small size, the compactness is more compared to its
starting materials, which enhances the density significantly. As
Ag:,(SG);y degradation leads to a higher number of smaller
thiolates compared to Ag;;(SG); and AgNP (at the
concentration used for each sample), the product density is
more in the case of Agy,(SG);s + GSH. The higher values of
sound velocity in the case of thiolates (Ag;;(SG), + GSH,
Ags,(SG) o + GSH) also reveal that thiolates are packed more
tightly as compared to corresponding clusters. AgNO; and
AgNO; + GSH show almost equal sound velocities, probably
due to similar structural arrangements. By considering the
uncertainty associated with the measurements, the thermal
expansion coefficients (a) of the studied systems indicate that
there is an equal effect of expansion when subjected to
temperature. Furthermore, the isentropic compressibility (/)
data indicate that thiolates are less compressible as compared to
corresponding clusters and the values decreased from AgNO; +
GSH to Agy;(SG)io + GSH as the number of small size
thiolates increased. As most of the parameters are highly
dependent on concentration and not exactly on the nature of
the sample, some of the data are quite similar.

4. SUMMARY AND CONCLUSIONS

In summary, we have studied thermodynamic properties of
monolayer protected clusters for the first time. Reaction of
excess ligand with clusters and NPs formed thiolates which
were identical irrespective of the starting materials, as revealed
by UV—vis absorption spectra and mass spectra. All the
reactions were thermodynamically favorable and mostly
enthalpy driven. We have performed detailed concentration
and temperature dependent reactions for clusters and
compared the data with those for nanoparticles. From the
concentration dependent study, it was confirmed that the rate
of degradation of clusters to thiolates is directly proportional to
the concentration of excess ligands present in the medium,
although the rate differs for different clusters as seen for
Ag;,(SG)yy and Ag;(SG),. The rate of degradation was
enhanced at higher temperature. From the data it is clear that
clusters possess intermediate stability compared to metal ions
and NPs. Dissolved oxygen does not have much effect in the
degradation process, although a slight enhancement in the rate
of degradation was observed. This study would help in
choosing the right cluster system for different applications in
solution. Although the exact mechanism of degradation is not
tully understood from the current study, this is the first attempt
toward understanding such a complex phenomenon using
calorimetric approaches. Several other cluster systems should
be tried to obtain one-to-one correlation between the various
factors responsible. The pH decrease observed may happen due
to also some other factors which could not be understood from
the present study. Further extension of this study to organic-
soluble gold and silver clusters would reveal the enhanced
thermodynamic stability of some clusters. The current finding
of ligand induced degradation in solution will give an idea about
the applicability of the specific cluster in realistic situations.
Once the reaction with the same ligand which protects the

cluster is understood in detail, the studies may be extended to
other ligand systems.
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Figure S1. A) Real time isothermal titration calorimetric data of Ag;»(SG)e (I mM) vs. GSH (5 mM) (top) and B)
respective heat change data (down) at 303 K. The thermodynamic parameters obtained are listed in C). Corresponding

features were seen in UV-vis absorption as shown in D).
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Figure S2. A) Real time isothermal titration calorimetric data of Ag;:(SG)19(1 mM) vs. GSH (7.5

mM) (top) and B) at 303 K respective heat change data (down). The thermodynamic parameters

obtained are listed in C).
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mM) (top) and B) at 323 K respective heat change data (down). The thermodynamic parameters
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GSH (7.5 mM) (top) and B) at 298 K respective heat change data (down). The thermodynamic
parameters obtained are listed in C). Corresponding change in the UV-vis absorption is shown

in D).
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becomes increasingly acidic in the course of the reaction. Free GSH contribution was ruled out
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solution (in water) and time dependent UV-vis spectra were measured. As the cluster was stable
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Figure S13. Temperature dependent change in density of various samples is showing decrease in
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Figure S14. Temperature dependent change in sound velocity of various samples is showing
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Figure S15. Temperature dependent change isentropic compressibility of various samples is

showing thiolates are more compressible than clusters or nanoparticles.
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In view of a great demand for paper-based
technologies, nonwettable fibrous substrates with excellent
durability have drawn much attention in recent years. In
this context, the use of cellulose nanofibers (CNFs), the W — . S
smallest unit of cellulosic substrates (5—20 nm wide and [ > Z ShoMNaSE
500 nm to several microns in length), to design waterproof [ g sopa
paper can be an economical and smart approach. In this
study, an eco-friendly and facile methodology to develop a
multifunctional waterproof paper via the fabrication of
fluoroalkyl functionalized CNFs in the aqueous medium is
presented. This strategy avoids the need for organic
solvents, thereby minimizing cost as well as reducing safety
and environmental concerns. Besides, it widens the applicability of such materials as nanocellulose-based aqueous coatings
on hard and soft substrates including paper, in large areas. Water droplets showed a contact angle of 160° (+2°) over these
surfaces and rolled off easily. While native CNFs are extremely hydrophilic and can be dispersed in water easily, these
waterborne fluorinated CNFs allow the fabrication of a superhydrophobic film that does not redisperse upon submersion in
water. Incorporated chemical functionalities provide excellent durability toward mechanochemical damages of relevance to
daily use such as knife scratch, sand abrasion, spillage of organic solvents, etc. Mechanical flexibility of the chemically
modified CNF composed paper remains intact despite its enhanced mechanical strength, without additives.
Superhydrophobicity induced excellent microbial resistance of the waterproof paper which expands its utility in various
paper-based technologies. This includes waterproof electronics, currency, books, efc., where the integrity of the fibers, as
demonstrated here, is a much-needed criterion.
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s a convenient way to tune the characteristic properties
of various materials, surface engineering has become
one of the most important research areas of recent
decades. Various techniques such as plasma deposition,’
chemical vapor deposition (CVD),” atomic layer deposition
(ALD),” nanoparticle deposition,* and sol—gel methods’ have
been developed to create micro/nanoscale coatings that
essentially control the properties of materials by introducing
functionalities on the surface. Among these, developing
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research direction that expanded to several potential
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Figure 1. (A) Schematic representation of CNF-based waterborne superhydrophobic material, the building block of waterproof paper. (B and
C). Water droplet on modified and native CNF-coated surface. (Inset) The static contact angle of the water droplet. (D) Continuous jet flow
on coated glass. KMnO, and NiSO, aqueous solutions were used in B—D, respectively, instead of pure water to have color contrast.

als,”* microfluidic devices,”® smart windows,”* etc. Surfaces with
low surface energy also minimize bacterial adhesion which
essentially prevents the growth of biofilms, known as
biofouling.”>~*” Mother nature is bestowed with such surfaces
which are characteristic of several species of plants, insects,
animals, and birds, etc.>°~>* In this account, lotus leaves,** water
striders,” and rose petals®” have already been studied in great
detail. Surface roughness (nano/microscale) and controlled
chemical functionalities are the underlying reason for such
phenomena.’* While different approaches have been intro-
duced,”**>™* in most of the cases, surface compatibility,
complicated manufacturing processes, cost, and limitation of
large-scale production restrict the use of such surfaces in real-
life applications.*” Meanwhile, availability of different chemi-
cally functionalizable materials has enhanced the interest to
design such materials by wet-chemical techniques*"** that are
applicable on various substrates of nonidentical surface
morphology through easily accessible coating processes.
Clays,” polymers,"* oxide nanoparticles,” cellulosic materi-
als,"**” etc. are often used as templates for the same. Yet,
stability, strength, and adhesion of such coatings are the
limiting factors.”® For instance, small mechanical perturbations
like gentle touch with tissue paper or finger wiping can damage
these surfaces permanently.” > The nano and/or microscale
structures that support the trapped air layer get damaged easily
by mechanical abrasion, leading to failure of the Cassie state of
wetting. Therefore, there is a need to design a material that
provides superhydrophobic films of sufficiently robust nature
for real-life applications.

Cellulose-based materials being economical, green, sustain-
able, and biodegradable, they are increasingly investigated both
in research and industry.”>>>~>> Even though the presence of a
large number of functionalizable hydroxyl groups makes it
hydrophilic, different forms of cellulose fibers such as napkins,
papers, cotton, efc. are developed to exhibit nonwettable
properties,' 353743464756 Recently, Zhang and co-workers and
Li and co-workers have developed hydrophobic/lipophobic
paper-based sensors where fibrous substrates were treated with
different fluoroalkyl silane compounds to demonstrate non-
wettability.'"®** However, such surfaces have not been built
starting from cellulose nanofibers (CNFs), the smallest subunit
of cellulosic materials. In addition, for such materials to be
industrially viable, synthesis in the aqueous medium is needed.
Though a few reports on waterborne superhydrophobic
materials are known,***”°® in most of the cases, organic
solvents are used extensively as the primary solvent
medium***”% which limit the dispersibility of hydrophilic
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CNFs. In addition, use of organic solvents also raises a concern
regarding the safety, environmental pollution, and cost of
production. Therefore, fabrication of waterborne superhydro-
phobic materials starting from CNFs is desirable.

Here, an easy strategy to develop a multifunctional flexible
waterproof paper through the chemical modification of
hydrophilic native CNFs in water is reported. As a well-
dispersed liquid material, it was also used for creating
superhydrophobic coatings over various substrates. While
coated surfaces show excellent durability upon various chemical
and mechanical damages, incorporated functionality induces
enhanced strength and integrity of the waterproof paper upon
exposure to water for extensive periods. This material also
exhibits inhibition to both bacterial and fungal growth in the
cellulosic material. Being synthesized in water at room
temperature and at neutral pH, environmental concerns are
eliminated. We also demonstrated the extent of water resistivity
and enhanced integrity of the waterproof paper for use in
paper-based flexible electronics, the publishing industry, and
currency printing. The science presented here is useful in
converting waste to wealth in the form of superhydrophobic
paints, packaging materials, affordable sensors, etc.

RESULTS AND DISCUSSION

Figure 1A illustrates the synthesis of chemically modified/
fluorinated CNFs in water that forms excellent water repelling
thin films upon coating over various substrates. Briefly, native
hydrophilic CNFs were chemically functionalized with two
different functional silanes, 1H,1H,2H,2H-perfluorooctyltrie-
thoxysilane (FS) and 3-(2-aminoethylamino)-
propyltrimethoxysilane (AS) by a wet chemical process in
water at room temperature and spray coated both on hard
(glass) and soft (paper) substrates. Though nanoscale cellulose
fibers impart surface roughness (Figure S1), an important
parameter to achieve nonwetting property, the hydroxyl groups
present on such surfaces make them hydrophilic. However,
these active functional groups also facilitate the covalent
attachment between CNFs and silane molecules, FS and AS.
Thus, a complete reversal of the hydrophilic property of
cellulose not only increases the wetting resistance of the coating
but also forces water to sit as a droplet (Figure 1B). This
minimizes the air—water—solid interaction energy on the
superhydrophobic surface, unlike unmodified CNFs-coated
surface where water spreads easily (Figure 1C). The extent of
the water repelling property of the coated surface was also
demonstrated by rolling off or jet motion of water drops on the
modified CNFs-coated substrate (Figure 1D, Video S1). This
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Figure 2. Mechanical damages induced on modified CNF-coated glass surface. (A) Scratching with a knife, (B) tape adhesion test, (C) sand
paper abrasion with 50 g of load, and (D) finger wiping. (E) Durability test for the water repelling surface. Change in CA of water droplet
during multiple abrasion cycles. One experiment consists of 10 complete abrasion cycles. (Inset) Photograph showing static contact angle of
water on mechanically tested surfaces (after the 9th experiment, i.e., 90th cycle). (F—I) Physical appearance and flexibility of waterproof paper

before and after abrasion tests.

was further studied with a droplet drag experiment where water
droplet (~2 uL) attached with a needle was dragged back and
forth over the coated surface by S cm. Deformed shape of the
water droplet during the experiment can be related to contact
angle hysteresis (CAH) which is the result of fibrous structure
induced macroscale roughness of the prepared film (Figure S2,
Video S2). This was also observed during the roll off angle
measurement. Water droplet having a volume >10 yL rolls off
easily with a roll-off angle <10° (+2°). However, for smaller
volume droplets, they did not either roll off or stick to the
surface and immediately flew off with a gentle blow of air.
Excellent water repellent property of the material was also
evaluated with a vertical drop adhesion test for multiple cycles
where a water droplet (~2 uL) was seen to detach from the
superhydrophobic surface without leaving any trace (Figure S3,
Video S3).

Modified CNF-coated superhydrophobic surfaces (glass)
showed excellent durability when they were subjected to
mechanical damages (presented below). These experiments
also reflect the extent of adhesion of the material on different
surfaces without any adhesive (e.g, glass and paper). This
binding ability of the material originates from the chemical
functionalities incorporated in the CNFs. Tackiness of the
modified CNF dispersed solution was compared with native
CNF dispersion and pure water (Figure S4). CNF concen-
trations in both the cases (modified and native) were the same.
Interestingly, water-like nature was observed for both the
dispersions. In contrast, the same modified CNF forms a
rugged coating that did not show any tackiness. Ruggedness of
coating was studied through various methods of mechanical
abrasion tests. Initially, the coated surfaces were subjected to
knife scratch and peel-off tests (Figure 2A,B). Despite having a
few scratches on the surface, the exposed underlying layers of
the coating recover/retain a superhydrophobic nature of the
surface and made water drops roll off (Video S4) through the
damaged areas. Interestingly, a similar response was observed
after a peel-off test of the surface (Video SS). Durability of the
coating was further tested against sand paper abrasion with a
load of SO g and a finger wiping experiment (Figure 2C,D,
Videos S6 and S7), wherein the surfaces were abraded for a
length of 5 cm, back and forth. For all the tests, contact angle
(CA) of water droplets was measured after each of the 10

consecutive cycles and plotted in Figure 2E (for knife scratch
test, in every cycle, one scratch was made on the coated
surface). Negligible variation in static CA over the mechanically
perturbed surfaces implies the robustness and stability of the
coating. Similar mechanical robustness with retention of
superhydrophobicity was also observed for the waterproof
paper upon the above-mentioned abrasion tests (except knife
scratch test) (Video S8). Notably, mechanical flexibility of the
abraded paper remained unchanged compared to native CNF
paper and unabraded waterproof paper (Figure 2F—I). This
was tested manually by bending the paper multiple times.
However, the mechanical strength for the waterproof paper was
enhanced (Figure SS) compared to native CNF paper
(uncoated). We believe that the incorporated chemical
functionality (secondary amine) on the CNFs which gets self-
polymerized at room temperature, increases the adhesion
between the fibers as well as with the substrate leading to
durability of the coating. Long-term stability of the coating
(while it was coated on a surface and in the dispersion form) as
well as the attachment of FS and AS with CNFs were also
studied in detail and explained in the Experimental Section.
Surface characteristics of chemically functionalized CNF-
coated glass substrates were studied with AFM and SEM.
Increased surface roughness of the order of 200 nm was
observed for the modified CNF-coated film (Figure 3A,B)
compared to native CNF-coated film (Figure S1). This may be
a result of the hydrophobic effect,’’ namely an interaction
between water and low surface energy molecules (here,
fluorinated CNFs), leading to the more organized surface
structure of fluorinated CNFs by minimizing the interaction
energy during drying. Similar rough surface morphology was
also observed in SEM (Figure 3C,D). These were compared
with the modified CNF film (Figure S6). The reduced Young’s
modulus (E,) and hardness (H) of the modified CNF were
measured through nanoindentation tests (Figure S7). The
loading part of the load—displacement curve is elastic-plastic in
nature. The slope of the initial part of the unloading curve was
used to measure the stiffness(s). The values determined at 500
uN peak load are shown in the table of Figure S7. The E, and H
values corresponding to 500 yN can be considered as
representative bulk values obtained using equations (i) and
(ii) (below table in Figure S7), respectively. Chemical
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Figure 3. Characterization of the modified CNF-coated thin film. AFM image of the coated glass substrate: (A) 2D and (B) 3D views. (C and
D) SEM images in different magnifications showing the inherent roughened fibrous nature of the film. (Inset) Tilted (45°) view showing the
roughness of the surface. (E) Deconvoluted XPS spectrum in the C 1s region showing the presence of carbons having different electronic
environment. (F) FT-IR spectra of the dried material (normal and modified CNF). Peaks at 1121, 1145, 1198, and 1241 cm™" (shaded area)

indicate the presence of C—F functionalities in the modified CNF.

composition as well as the nature of the chemical bonding of
the foreign molecules, which are considered to be the
underlying reasons for both stability and robustness of the
material, were characterized in detail with XPS and IR
spectroscopy (Figure 3E,F). The presence of two chemically
different carbons, that is, (i) cellulosic carbons (C—C/C—-0/
0O—C-0) and (ii) carbon attached with fluorine (C—F bond in
FS) in the deconvoluted C 1s spectrum of the modified CNF
sample, confirmed the covalent linkage of molecules with
CNFs. These features of carbon were not seen in native CNF
(Figure S8). The C—C, sp® bonded carbon gave a peak at 284.6
eV which remained unchanged for both modified and native
CNFs. However, the peak for C—O and O—C—O shifted
slightly to a lower binding energy value (0.6 eV), suggesting the
formation of a bond between Si (from AS or FS) and OH
(from CNF). Carbons attached with fluorine appear in the
higher binding energy region of the XPS spectrum (291—293
eV), as fluorine polarizes the C—F bond (Figure 3E). Peaks at
686.9 and 684.5 eV of the XPS survey spectrum correspond to
the deconvoluted F 1s peak of C—F bonds (—CF, and —CF;,
respectively) (Figure S9). The difference in IR spectral features
(Figure 3F) between modified and native CNFs also imply the
change in its chemical signature. Observed characteristic peaks
at 1121, 1145, 1198, and 1241 cm™ in the modified CNF
correspond to the various stretching modes of —CF, and —CF;.
New features at 1165 and 1130—1000 cm™' correspond to
different Si—O—C and Si—O—Si vibration modes, respectively.
Therefore, microscopic and spectroscopic studies suggest that
the unusual water repelling property of CNFs should arise from
both enhanced roughness and low surface energy.

The self-cleaning property of the superhydrophobic surfaces
has attracted people in various ways. This was demonstrated
with iron oxide particles in the form of inorganic dust which
eventually got washed away with rolling water droplets (Figure
4A—C, Video S9). The coated paper when exposed to

bacterial/fungal species showed no growth over its surface in
spite of providing favorable conditions for growth. Even after
prolonged incubation, the paper remained resistant to
microbes. The observed color change around the unmodified
CNF paper (Figure 4D) implies the growth of bacteria. For
fungal contamination also, visible color change was seen unlike
the coated paper (Figure 4E). This microbial resistance is
attributed to the water repelling nature of the coated surface.
The coating prevented the access of the organisms to the
nutrients and moisture needed for growth. Moreover, it has
been seen that reduced protein adsorption plays an important
role in reducing bacterial adhesion on surfaces.”” Chemical
inertness or the stability of the modified CNF-coated surfaces
were studied upon exposing the surface to organic solvents of
different polarity such as hexane and ethanol (Figure 4F—H,
Video $10). Despite having porous morphology of the CNF
film, which enhances the penetration and contact of organic
solvents with fibers, characteristic superhydrophobic nature of
the treated surface remains unchanged. This chemical robust-
ness of the material was further studied and discussed later
(Figure SB).

Though cellulose-based newly synthesized superhydrophobic
material has shown significant resistance toward conventional
mechanical and chemical stresses, the longevity of the material
under various hazardous conditions is an important parameter
for real-time applications in different technologies. This was
tested in two different ways. In the first case, the same sample
was kept in laboratory atmosphere and examined (by static CA
measurements) for a long time (2 months) without applying
any external stresses (Figure SA). Second, the effect of different
external perturbations such as exposure to various organic fluids
(a diverse range of polarity), temperature, and direct sunlight
was investigated in a cyclic fashion (Figure SB). Details of the
cycles are explained in detail in the Experimental Section (for
each set of experiments, the same surface was used). For both
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Figure 4. (A—C) Self-cleaning property of the superhydrophobic material coated glass surface. Iron oxide (Fe,O;) powder was used as the
model dirt. (D and E) Microbe-resistive nature of modified CNF-coated paper. Antibacterial (D) and antifungal (E) properties with native
CNF paper as a reference sample. (F—H) Water-repelling behavior after artificially induced chemical damages with various organic solvents.
Organic solvents having different polarities such as hexane and ethanol were used to demonstrate the effect. Ethanol treated surface was used
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Figure S. Durability of the coatings in (A) ambient condition (without any external perturbation) and (B) externally applied cyclic
perturbations: (Set 1) exposure to various organic fluids; (Set 2) high-temperature (200 °C) treatment; (Set 3) low-temperature (—80 °C)
treatment; and (Set 4) exposure to direct sunlight (longevity test). For both the cases (A and B), static CA of water droplet was measured at a
regular time interval. (Inset) Photograph showing static CA of water droplet after (A) S5 days and (B) each set of experiments. Details of the

durability experiments are presented in the Experimental Section.

of the cases, the wettability of the surfaces was studied by
measuring the static CA of the water droplet. The consistent
value of CA, on an average 160° (+2°), for both the
experiments demonstrates the durability of the material for
day to day applications.

While hydrophilic in nature, normal papers easily get wet
through the diffusion (capillary action) of water, and this affects
the integrity of the papers. In this context, waterproof paper
with excellent resistance toward bacterial and fungal growth is
advantageous for books, currency notes, medical diagnostic
devices, and paper-based electronics. Proof of concept
experiments have been performed as shown in Figure 6. A
higher integrity factor for the modified CNF paper in
comparison to normal CNF paper was observed when both
the papers were put in a water bath for the same amount of
time. The modified CNF paper was coated only on one side,
and the same side was exposed to water during the experiment.
Within a few minutes, normal CNF paper got wet and sank in
the water (see the change in contrast). After 15 min of water
treatment, while the normal CNF was destroyed by a small
force, the modified CNF paper showed excellent resistance and
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remained intact (Figure 64, Video S11). In both of the cases,
the forces were almost equal (neglecting the human error),
which were applied manually. Furthermore, to show the quality
of waterproof nature, native CNF and modified CNF-coated
paper (single side coated) were tested with ink diffusion, where
both the papers were written with blue ink (water-diffusible)
and exposed to a water bath at the same time (ink written side
was facing water). In this case also within a few seconds, the ink
from the native CNF paper started diffusing in water, whereas
the letters on the modified paper remained intact (Figure 6B,
Video S12).We believe that these important properties of the
multifunctional waterproof paper will enhance the usability of
such paper in paper-based technologies including flexible
electronics as well as microfluidic devices.”®

CONCLUSIONS

In summary, we have demonstrated a simple strategy to
develop a durable waterproof paper from chemically modified
CNFs building blocks. Wettability of native hydrophilic CNFs
was controlled through covalent linkages with low surface
energy molecules in water. However, being synthesized and
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Figure 6. Key features of the prepared waterproof paper for paper-based technologies: (A) Integrity of the fibers upon exposure to water for a
longer time (the waterproof paper was compared with normal cellulose paper). (B) The extent of waterproof nature. Ink on the normal paper
diffused as it came in contact with water, whereas it remained intact on waterproof paper. Change in contrast of ink color is because of the

uncontrollable soaking of ink in hydrophilic cellulose paper.

dispersed in water, this material also facilitates its applicability
as an environmental friendly coating material for creating large
area superhydrophobic surfaces. While the incorporated
chemical functionalities enhanced the binding capability of
the material with various substrates without any adhesive,
physical appearance along with the mechanical flexibility of the
waterproof paper remained unchanged, unlike the normal CNF
paper. This material shows a durable water-resistant property
which can withstand multicycle abrasion as well as chemical
damages. Finally, chemical functionalization-induced enhance-
ment of integrity (between the fibers) and excellent microbial
resistance of the waterproof paper provide a basis for its
applications in different paper-based technologies.

EXPERIMENTAL SECTION

Materials. All the chemicals were purchased from commercial
sources and used without further purification. Native cellulose
nanofiber (2.8 wt %) was purchased from BioPlus. These nanofibers
were also characterized with TEM and AFM (Figure S10).
1H,1H,2H,2H-perfluorooctyltriethoxysilane (FS, 98%) was purchased
from Aldrich. 3-(2-Aminoethylamino)propyltrimethoxysilane (AS,
commercial grade) was purchased from Rishichem Distributors.
Ethanol, heptane, hexane, benzene, toluene, dimethylformamide
(DMF), tetrahydrofuran (THF), chloroform, dichloromethane, and
acetone were procured from RANKEM, India. All of the chemicals
were used without further purification. Sand paper (P320) was
purchased from a local hardware shop.

Synthesis. Chemical Modification of Native Hydrophilic CNF.
Chemical modification of CNFs was made through a wet chemical
process in an aqueous medium where well-dispersed native hydrophilic
CNF (1 wt %) was mixed with two different functional silanes, FS
(0.61 v/v%) and AS (0.92 v/v%), under vigorous stirring conditions
and kept for 6—7 h at room temperature (Figure 1A). Before mixing
with these chemicals, hydrophilic CNFs were well dispersed by
sonication for 30 min in water (Figure S10). These chemically
modified well-dispersed CNFs, obtained in a wet chemical process,
were diluted in water and spray coated on a glass slide (for
characterization) and laboratory made hydrophilic CNF paper.
Though spray coating was used to prepare all of the samples, other
techniques such as dip coating, doctor blading, etc., are equally efficient
for sample preparation. Coated samples were dried at room
temperature (30 °C) and tested through various experiments. The
observed morphology (macroscopic roughness) over the dried surface
is related to the fibrous structure of CNF. Synthesized homogeneous
aqueous dispersion (modified CNF) can be stored at room
temperature in the laboratory environment for more than a year
without any special precaution. Though the silanization reaction is
very fast in the aqueous medium, it was controlled with the solubility
of FS in water which is very low because of its long hydrophobic tail.
We believe that this particular fluorosilane gets adsorbed on the
cellulose surface slowly due to the numerous hydroxyl groups and gets
hydrolyzed gradually. Presence of unreacted FS and AS/Completion
of the reaction between the FS and AS with CNFs was studied through
IR spectroscopy, where the spectrum of the supernatant solution (after
centrifugation of as synthesized modified CNF dispersion) was
compared with all the reagents (AS and FS) and pure water (Figure
S11). In the figure, the spectrum of the supernatant (blue) does not
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contain any characteristic peaks of AS (black) and FS (red). The
spectrum was similar to pure water (oran§e). Although AS is known to
be nontoxic in biological experiments®** and C—F bonds in FS are
stable, they may be used with caution.

Preparation of Superhydrophobic/Waterproof Paper. The water-
proof paper was prepared by spraying a waterborne chemically
functionalized CNF dispersion on laboratory-made hydrophilic native
CNF paper. Such CNF paper was prepared through the evaporation
method, where homogeneous CNF solution was poured carefully in a
plastic petridish maintaining the homogeneity of the solution
everywhere in the solution bed. Once the solution was dried properly
at room temperature, the film was taken out by applying mild heat
(30—-35 °C) and was used to prepare superhydrophobic/water
repellent paper with modified CNF coating. In short, as synthesized
aqueous dispersion of modified CNF composite was diluted with
water at 1:2 volume ratio and sprayed on laboratory made hydrophilic
CNF papers. Later it was dried at room temperature (30 °C) and
tested with different experiments.

Long-Term Stability Test. Long-term stability of the coating was
checked in two ways. First, the synthesized material was kept at
laboratory environment for 6 months and later on was coated on the
surface. No difference in the water repelling property of the coated
surface was observed compared to the surface coated with the freshly
prepared material. Second, immediately after synthesis, the surface was
coated with the material and kept at laboratory environment for 6
months. In this case also, a similar water repelling property was
observed compared to the surface coated with the freshly prepared
material. To check the stability of the chemical attachment between FS
and AS with CNF, the superhydrophobic surface (modified CNF
coated) was sonicated in a water bath for 30 min, and the water was
examined using IR spectroscopy along with all the used reagents (AS
and FS) and pure water (Figure S12). The spectrum of “water after
sonication” (blue) does not contain any characteristic peaks of AS
(black) and FS (red). However, it is similar to pure water (orange).
Please note that characteristic peaks of AS and FS are marked in the
spectrum which are absent in water after sonication with the coated
surface. The study confirms that under normal conditions, the coating
does not degrade.

Abrasion Resistance Test. Multiple abrasion tests such as sand
paper abrasion with a load of 50 g, scratching with a knife, finger
wiping, and tape adhesion were performed to evaluate the abrasion
resistance and adhesion strength of the coating on different substrates
(glass and laboratory made paper). For sand paper abrasion, a piece of
sand paper (P320) was kept between the coated glass surface with a
load of 50 g, and the set up was moved for 5 cm along the coating.
After completion of 10 cycles, the wettability of the abraded surface
was tested with both jet motion and CA of water droplets. This
experiment was further repeated with multiple cycles. A similar
methodology was adopted for the finger wiping test, where the surface
was rubbed back and forth multiple times with a thumb and subjected
to water flow and CA measurements. For knife scratching and tape
adhesion tests, surfaces were evaluated with similar water jet motion
and CA measurements after each experiment, and the same was
repeated 10 times.

Durability of the Coated Surface upon Cyclic Thermo-
Chemical Perturbations. Durability of the coating was evaluated by
measuring the static CA of water droplet on the tested surface. Various
external stresses such as (Set 1) exposure to various organic fluids, (Set
2) high-temperature treatment, (Set 3) low-temperature treatment,
and (Set 4) exposure to direct sunlight (longevity test) were used to
test the surfaces. Stability of the water repelling coating upon chemical
stresses was tested by keeping the coated surface within various
organic fluids for 1 h. Different polar and nonpolar solvents like
ethanol, tetrahydrofuran (THF), dimethylformamide (DMF), toluene,
and hexane were used to simulate chemical damages. After each
solvent treatment, the surface was dried at room temperature, and CA
of water droplet was measured. Each solvent was tested 2 times.
Thermal effects on the surface in extreme conditions were performed
by keeping the surfaces at 200 °C and —80 °C for 2 h (Set 3). Effect of
direct sunlight on the coated surfaces was tested upon exposing it
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outside for 2 months (Set 4). While the same coated glass surface was
used 10 times in cyclic fashion for each set (for Sets 1—3), due to time
constraints, 10 different surfaces were used to perform the Set 4
experiment.

Antibacterial and Antifungal Test. Interaction of bacteria with
the superhydrophobic paper was tested on equally sized paper samples
using Gram-negative Escherichia coli (ATCC 10536). E. coli was
inoculated in 10 mL of Luria—Bertani broth (LB) (Himedia) and
incubated overnight in an air bath shaker at 37 °C and 300 rpm to
reach the exponential growth phase. The bacterial solution was
centrifuged at 3000 rpm for S min to remove the used media and
washed twice with sterile saline. The suspension was diluted 1000X in
sterile saline. Using the spread plate method, plating concentrations
were determined as 10° colony forming units (CFU)/ mL. For testing
the bacterial resistance property, the coated and uncoated papers were
surface sterilized and dipped in the bacterial solution for 2 min.
Substrates were tilted at 90° to allow the bacterial solution to roll off; if
possible. Subsequently, samples were rinsed with 50 uL of sterile
saline. The surfaces of the substrates were then stamped face-down in
MacConkey agar plates (Himedia) to transfer residual bacteria. The
agar plates were incubated for 24 h at 37 °C in an incubator. Images
were taken after 24 h and bacterial growth in coated and uncoated
paper samples was compared. Agar was prepared prior to experiments
according to the manufacturer’s protocol. For interaction of fungi with
the superhydrophobic paper, isolated airborne Aspergillus sp. was
placed beside the equally sized test paper samples. This paper was
placed on a square block of potato dextrose agar in a Petri dish. A
sterile moist cotton was also placed inside the Petri dish to maintain
the humidity. This setup was incubated for 4 days at 25 °C until visible
spores appeared.
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Figure S1. AFM image (2D & 3D view) of unmodified cellulose nanofibers (coated on glass).
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Figure S2. Droplet pinning test: Dragged water droplet (~ 2 pL). Droplet moved back and forth 5 cm on

coated surface without any sign of pinning.



Figure S3. Vertical drop test. Volume of water drop ~ 2 pL.
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Figure S4. Tackiness measurement. Both native and modified CNF show water-like nature.
Concentrations of CNF in both the cases were the same.



Waterproof paper (coated paper) Normal paper

Stress - Strain Plot Stress - Strain Plot

704 34

65 32 s
3 .mn.n.,n ‘lYA

f

55
50
= 45
a
S a0
% 35
230

Stress, MPa
=

0 02 04 05 08 i 12 14 15 18 2

Figure S5. Mechanical strength of modified cellulose nanofiber composed waterproof paper (without any

adhesive). This is compared with the unmodified cellulose nanofiber paper.

Figure S6. SEM images of the unmodified cellulose in different magnifications at a tilt of 45°. Fibrous

nature of the surface is lear in the images.
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Where, E, is the reduced Young's modulus

s is the stiffness of the material
A, is the contact area
B is the constant

'
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the modified

CNF (coated on glass). The values determined at 500 uN peak load are shown in the Table. The E, and H
values corresponding to 500 uN can be considered as representative bulk values obtained using equations

(i) and (i1), respectively.
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Figure S8. Deconvoluted XPS spectrum of Cls shows the presence of only cellulosic carbons. The

reduced Young's modulus and hardness of the modified CNF.
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Figure S9. Deconvoluted XPS spectrum of F1s of the modified CNF. Spectrum of the unmodified CNF is
also shown.

Figure S10. Characterization of the native cellulose nanofiber. (A) TEM image and (B) AFM image of
the sample.
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Figure S11. Characterization of the supernatant of modified CNF dispersion. (A) IR spectra of
supernatant, AS, FS, and water. (B) Expanded view of marked area in A. IR spectrum of supernatant
(blue) does not contain any characteristic peak of AS (black) and FS (red). It is similar to pure water

(orange).
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Figure S12. Long term stability test of chemically attached FS and AS with CNF. (A) IR spectra of ‘water after
sonication’, AS, FS, and water. (B) Expanded view of marked area in A. IR spectrum of ‘water after
sonication’ (purple) does not contain any characteristic peak of AS (black) and FS (red). It is similar to
pure water (orange).

Supporting videos are given separately.
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We report the formation of naked cluster ions
of silver of specific nuclearities, uncontaminated by other
cluster ions, derived from monolayer-protected clusters.
The hydride and phosphine co-protected cluster,
[Ag;s(TPP),H,s]** (TPP, triphenylphosphine), upon acti-
vation produces the naked cluster ion, Ag;,", exclusively.
The number of metal atoms present in the naked cluster is
almost the same as that in the parent material. Two more
naked cluster ions, Ag," and Ag,,", were also formed
starting from two other protected clusters,
[Ag,s(DPPE)¢H,,]*" and [Ag,,(DPPE)sH,,]**, respectively

v O oH
N T — Mkvtv
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[Ag45(TPP) gHy6]?*

d

Agq/Hy," Ag*

(DPPE, 1,2-bis(diphenylphosphino)ethane). By systematic fragmentation, naked clusters of varying nuclei are produced
from Ag,," to Ag," selectively, with systematic absence of Ag,,", Ags", and Ag,". A seemingly odd number of cluster ions are
preferred due to the stability of the closed electronic shells. Sequential desorption of dihydrogen occurs from the cluster
ion, Ag,,H,,*, during the formation of Ag,". A comparison of the pathways in the formation of similar naked cluster ions
starting from two differently ligated clusters has been presented. This approach developed bridges the usually distinct fields
of gas-phase metal cluster chemistry and solution-phase metal cluster chemistry. We hope that our findings will enrich

nanoscience and nanotechnology beyond the field of clusters.

monolayer-protected clusters, naked clusters, gas-phase clusters, Ag;,H,,", Ag,,", dihydrogen, mass spectrometry,

nanomaterials

aked clusters of metals produced by laser desorption,

sputtering, and thermal evaporation have been studied

intensely in the past several years.'”’ Unusual
chemical reactivity, origin of catalysis, emergence of metallicity,
etc., are some of the fascinating aspects of the science of these
systems, prompting interdisciplinary studies."”*~"" The feasi-
bility to create monolayer-protected atomically precise clusters
of varying nuclearities suggests the possibility to generate naked
clusters at will by ligand desorption. Although the synthesis of
such naked clusters appears simple, ligand desorption can lead
to significant changes in the core structure, especially when the
core—ligand interaction is strong (AH; = 418 kJ/mol as in the
case of gold clusters protected with thiolates).””>* Con-
sequently, the naked clusters observed are very small such as
Aut, Aug*, and Au," from well-known clusters such as
Au,s(pMBA) ¢ and Auzs(pMBA),; (pMBA = para-mercapto-
benzoic acid).””> Formation of even such very small naked

-4 ACS Publications  © 2017 American Chemical Society
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cluster cores has not been observed for protected silver
clusters.”'~>* The recent synthesis of hydride-rich silver
clusters, co-protected by phosphines in solution, suggests easy
desorption of weakly interacting ligands and consequent
formation of large naked silver cluster ions.”* This paper
reports the formation of naked cluster ions of specific
nuclearities, uncontaminated by other cluster ions where the
number of metal atoms present in the naked cluster is almost
the same as that in the parent material. By systematic
fragmentation, clusters of varying nuclearities are produced
with ease, paving the way for systematic investigation of their
chemistry. Pathways for the formation of such naked cluster
ions have been explored.
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Figure 1. Mass spectrum of naked cluster ion (Ag;,") produced from cluster I. The absence of other peaks in the mass range of m/z 1000—
3000 confirms that the product is uncontaminated by other cluster ions. Insets: (A;) UV—vis spectrum of the parent cluster I in methanol;
(A,) full-range ESI MS spectrum of cluster I. The experimental (olive) and simulated (red trace) isotopic distributions are compared in the
inset, which confirms the assigned composition of the parent cluster I, [Ag,s(TPP),,H,¢]*". Peaks marked with black asterisks (*) are due to
multiple phosphine losses from the parent cluster. (B) Simulated isotopic distribution (red trace) of Ag,," ion is compared with the
experimental data (blue trace). Exact matching of the two spectra confirms the assignment. Schematic illustrations of the protected parent
cluster I (C;) and the naked cluster (C,). All phosphines are not shown in C;.

Adsorption of hydrogen on transition metal surfaces is a
popular area of research because of its application in
heterogeneous catalysis and fuel cells.”>™" A number of
reports are available in the literature on the understanding of
associative desorption of dihydrogen from transition metal
surfaces.”” In many cases, hydrogen-adsorbed solid surfaces act
as hydrogen sources.”’ ~** Effects of adsorbed hydrogen on the
catalytic activity of transition metals have also been studied in
detail*®* Here, we isolated a gaseous species, Ag;;H,,", which
also undergoes associative desorption of seven hydrogen
molecules (7H,), leading to the formation of naked Ag;," ion.

RESULTS AND DISCUSSION

We have used hydride-rich silver clusters reported by the Bakr
group for our experiments. [Ag;s(TPP);(H;s]** and
[Ag;s(TPP),,Ds]*" (TPP, triphenylphosphine) were synthe-
sized by modifying the procedure used for Ags,(BDT),o(TPP);
(BDT, 1,3-benzenedithiol).”* Another two clusters,
[Ag,s(DPPE)¢H,,]*" and [Ag,,(DPPE)sH,,]**, were synthe-
sized following the procedure reported by the Bakr group
(DPPE, 1,2-bis(diphenylphosphino)ethane).”* Hereafter, we
will refer to [Ags(TPP),;Hs]*", [Agys(DPPE){H,,]*", and
[Ag,,(DPPE)gH ]** clusters as clusters I, II, and III,
respectively. Details of the synthetic procedures are given in
the Materials and Methods section. Structures of these clusters
have not been solved yet.”* After being cleaned, the synthesized
clusters were dissolved in methanol and used for experiments.
The UV—vis and mass spectra of cluster I are shown in Figure
1A;, A,, respectively. Comparison of the experimental and
simulated isotopic distributions confirms the assigned compo-
sition (inset of Figure 1A,). UV—vis and mass spectra of
clusters II and III are shown in Figure S1, which match well
with the reported data. After complete characterization, the
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clusters were used for the synthesis of naked cluster ions in the
gas phase.

Atomically precise, uncontaminated naked cluster ion Ag,,"*
was produced from cluster I using mass spectrometry.
Electrospray ionization mass spectrometry (ESI MS) was
performed using a Waters Synapt G2-Si high-definition mass
spectrometer equipped with electrospray ionization, matrix-
assisted laser desorption ionization, and ion mobility separation.
Mass spectrum of the naked Ag," cluster ion is shown in
Figure 1. The peak at m/z 1833.1 corresponds to Ag,". The
isotopic structures of silver are quite useful to assign the exact
composition. Silver has '”’Ag and 'Ag isotopes with nearly
similar abundances. The isotopic distribution is likely to reflect
on the characteristic features of this cluster. The experimental
(blue trace) and simulated (red trace) isotopic distributions are
compared in Figure 1B. Exact match of the two spectra
confirms the assignment. ESI MS data (Figure 1) show that the
cluster ions formed are in highly pure state as no peaks other
than Ag,," are found in the mass range of m/z 1000—3000. The
naked Ag)," cluster ion is generated by applying higher cone
voltage (150 V). Details of the instrument and conditions are
given in the Materials and Methods section and Supporting
Information. The process of naked cluster formation does not
involve any mass selection. Cone voltage-dependent total
ligand desorption from cluster I is described in a later section of
the article. We have also demonstrated the creation of two
more naked cluster ions, Ag,;* and Ag,", from clusters II and
III, respectively, using mass spectrometry/mass spectrometry
(MS/MS) (Figure S2). Here, the intensities of the naked
cluster ions are quite less than that of the Ag;," ion as the
process involves mass selection.

The formation of a hydrogen-free naked Ag,,* cluster ion
was further confirmed by using the deuterated parent material,
[Ag;s(TPP) (D ]*". There is a shift in the peak position of

DOI: 10.1021/acsnano.7b05406
ACS Nano 2017, 11, 11145—-11151


http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b05406/suppl_file/nn7b05406_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b05406/suppl_file/nn7b05406_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b05406/suppl_file/nn7b05406_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b05406/suppl_file/nn7b05406_si_001.pdf
http://dx.doi.org/10.1021/acsnano.7b05406

ACS Nano

parent cluster I when hydrogen atoms are replaced with the
deuterium atoms (Figure 2A). Black and red traces correspond
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Figure 2. (A) ESI MS spectra of the parent materials
[Ag,s(TPP),H,(]** (black trace) and [Ags(TPP),,Ds]** (red
trace). Peaks with asterisks (*) are due to [Ag;s(TPP);o_,D;s]*"
(where n=1,2, 3, 4, ...). Inset: Corresponding peaks are expanded.
(B) Naked Ag;," cluster ions produced from the H (black trace)
and D (red trace) protected parent clusters, respectively. Inset:
Corresponding peaks are expanded. Exact match in the isotopic
distributions confirms the absence of hydrogen atoms of the naked
Ag,," cluster ion.

to the parent clusters, [Ag,;s(TPP),(H;4]*" and
[Ag,s(TPP) (D 4]*, respectively. Inset of Figure 2A shows
that the peak is shifted by Am/z = 8, due to the replacement of
16 hydrogen atoms (m/z 16) by deuterium atoms (m/z 32).
The naked cluster ions produced from both materials appear at
the same position, as expected (m/z 1833.1, Figure 2B). The
peaks are expanded in the inset of Figure 2B, which shows an
exact match in the isotopic distributions. It confirms the
absence of hydrogen atoms in the naked Ag," cluster ion.
Next, we attempted to produce all the lower naked silver ions
starting from Ag,,". Systematic fragmentation of Ag,," ion was
performed using the MS/MS technique. The collision energy
(CE)-dependent fragmentations of Ag;," are presented in
Figure 3. Details of the other instrumental conditions for the
MS/MS study are given in the experimental section of the
Supporting Information. Fragmentation of Ag,," ion starts at
CE S (black trace). The intensity of the peak corresponding to
Ag;" ion decreases with increasing CE, resulting in the
formation of clusters of lower masses. At higher CE, the peak
corresponding to Ag;,* ion has disappeared completely (blue
trace). Finally, the peak corresponding to naked Ag," ion was
observed at CE 200 (violet trace). Almost all the jons starting
from Ag,* to Ag,," were formed. Surprisingly, Ag,*, Ags", and
Ag|," ions were not seen during such fragmentation. The
expected peak positions corresponding to these ions are
marked with dotted red lines in Figure 3. For more clarity,
the Ag,", Ags’, and Ag," regions are expanded in Figures S3
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Figure 3. Collision energy (CE)-dependent MS/MS spectra of the
Ag,," ion. Almost all the ions (Ag,") starting from Ag,," to Ag,* are
formed except Ag,,*, Ag;", and Ag,". Absence of these ions is
marked with red dotted lines. CEs (in instrumental units) are
marked.

and S4. The absence of Ag," and Ag,," ions can be explained
with the superatom model, according to which systems with 2,
8, 18... electrons have better stability in the gas phase. Ag;" and
Ag," ions have hisgher stability as they contain 2 and 8 electrons,
respectively.”* "> Because of this reason, Ag* ion is directly
fragmented to Ag;" ion during the MS/MS process and not via
Ag," (a three-electron system). The same is true for the direct
conversion of Ag,," to Ag," ion, which does not involve any
Ag10+ (a nine-electron system).

During production of the naked cluster ion, Ag,", from the
protected cluster I, a species protected only with hydrogen was
observed. The assignment of the species, Ag;;H;,", was
confirmed from a comparison of the experimental and
simulated isotopic distributions (Figure SS). The presence of
14 hydrogen atoms is further confirmed by synthesizing the
deuterium analogue of Ag;;H,," (ie, Ag;;Dy,"). The spectra
are shown in Figure S6. Mass difference Am/z = 14 confirms
the assignment, Ag;;H,,". Formation of Ag,-H,," ion from the
parent cluster I is described in a later section of the article.

We were curious to know how the hydrogen atoms were
knocked out from Ag,;H,,* during the formation of Ag,," ion.
To study this, cone voltage-dependent conversion of Ag;,H,,"
to Ag," cluster was investigated (Figure 4A). One of the
experimental spectra shown in Figure 4A (red trace) are
compared with the simulated spectra. The comparisons are
shown in Figure 4B. The positions of the simulated spectra of
Ag,," ions with the even number of hydrogen atoms (blue
traces) are matching exactly with the experimental data (red
trace), whereas the spectra of an odd number of hydrogen
atoms (olive traces) do not show such type of matching. It
confirms the existence of an even number of hydrogen-
protected Ag," cluster ions during the conversion process. The
above observation suggests that the hydrogen atoms are
knocked out from the Ag;H,," cluster ion as dihydrogen
(H,). Sequential loss of dihydrogen from the surface of an
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peak corresponding to [Ag,,(TPP);H,]* ion is expanded (pink trace). TPP is represented by “L”. The peak corresponding to Ag,," ion is
observed at a cone voltage of 150 V. Changes in the charge state and the dihydrogen desorption steps are marked with red and blue arrows,

respectively. The process does not involve any mass selection.

atomically precise cluster (gaseous Ag;H,,;") has not been
observed before.

We have created naked cluster ions from the protected
cluster where the number metal atoms are almost the same as
the parent material. Change in the charge state was also
observed from the parent (+2) to the naked cluster (+1). So it
was quite important to explore the fragmentation pathways of
such a process. The cone voltage-dependent fragmentation
pathway of cluster I is shown in Figure 5. Corresponding mass
spectra are shown in the inset of Figure 5. Initially, the parent
ion [Ags(TPP),oHc]** (m/z 2290.0) undergoes sequential
loss of five TPP ligands to produce [Ag s(TPP)Hs]*" (m/z
1634.3). By losing one [Ag(TPP),]" unit, doubly charged
[Ags(TPP) H,(]*" is converted to singly charged
[Ag,(TPP);H c]" (m/z 2635.5). The peak corresponding to
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this singly charged species is expanded in the inset of Figure 5
(pink trace). The charge-stripping step is marked with a red
arrow in Figure 5. It further loses two TPP ligands followed by
the loss of one TPP ligand and hydrogens to produce Ag;,H,,"
(m/z 1847.1). Sequential loss of seven dihydrogen molecules
(H,) from the Ag;H,,* species leads to the formation of the
naked Ag,," (m/z 1833.1) ion. The hydrogen desorption steps
are marked with blue arrows in Figure S. Steps involved in the
formation of the Ag;," ion from the Ag,;H,," species are shown
in Figure 4A. Simulated peak positions are compared with the
experimental data (Table S1 in Supporting Information), which
confirm all the above assignments. Unlike cluster I, clusters II
and III do not produce naked cluster ions at higher cone
voltages.
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Formation of naked clusters were also investigated by
tandem mass spectrometry. Clusters II and III produce naked
cluster ions Ag,,* and Ag,,", respectively, during MS/MS study
(Figure S2). Such observations drive us to compare the
fragmentation pathways of clusters I, II, and IIL Collision
energy-dependent fragmentation pathway of cluster I follows
the same pathway as shown in the Figure S. Cluster I loses all of
the TPP ligands initially and produces Ag,,H,,*, which further
loses hydrogen to generate the naked cluster ion. Unlike cluster
I, cluster III starts to lose DPPE ligands and hydrogens
simultaneously (Figure 6). Initially, the 3+ charge state of the
parent cluster IIT converts to 2+ by losing one [Ag(DPPE),]*
unit. The charge-stripping step is marked with a red arrow. At
higher collision energy, cluster III loses all the hydrogens and a
few DPPE ligands, resulting in the formation of
[Ag)(DPPE),]** (m/z 1477.2), which further loses one
[Ag(DPPE),]* unit to produce the naked Ag;s* ion. Mass
spectra corresponding to different steps involved in the
formation of Ag)," ion from cluster III are shown in Figure
S7. The peaks are expanded in Figure S8. Mass of a DPPE
ligand is 398.42. So mass loss of m/z 199 is equivalent to one
DPPE ligand as the charge state is 2+. Green arrow represents
the loss of maximum hydrogens (Figure S8). Loss of 16
hydrogens was observed at this step (Figure S8). The formation
of the [Ag,o((DPPE),]*" ion is confirmed by comparing the
experimental and calculated data (inset of Figure 6). It also
confirms the complete loss of all the hydrogen atoms from
cluster ITI. We further confirmed the formation of hydrogen-
free [Agy,(DPPE),]*" ion by comparing the fragmentation data
of the deuterated analogue of cluster ITI. Mass spectra of parent
cluster III and its deuterated analogues are shown in Figure
S9A. Mass spectra of [Ag,,(DPPE),]*" ions generated from the
H (black trace) and D (red trace) protected parent clusters are
compared in Figure S9B. Exact match of the peak positions
confirms the complete removal of H or D and the formation of
[Ag,o(DPPE),]** ion. DPPE-protected cluster II also follows

the same fragmentation pathway like cluster III. Here, we
confirmed the complete removal of hydrogens and formation of
[Ag,,(DPPE),]*" ion by comparing its mass spectrum with that
derived from the deuterated analogues (Figure S10). Positions
of the naked cluster ions, Ag," and Ag,,* (generated from
deuterated analogues, Figure S11), match exactly with those
shown in Figure S2. Such fragmentation pathways suggest that
the DPPE ligands are more strongly bonded with the metal
core than the TPP ligands. We believe that in cluster I, TPP
ligands are connected with the metal core through one
phosphine end, whereas DPPE ligands use two phosphine
ends in cluster III. DPPE-protected cluster II also follows the
same fragmentation pathway like cluster III. The above
observation implies that the number of phosphine ends of a
ligand connected with the metal core plays an important role in
the formation of naked cluster ions without involving mass
selection.

CONCLUSION

In conclusion, atomically pure naked cluster ions Ag,*, Ag,",
and Ag, " were created from the ligand-protected clusters,
[Agls(TPP)10H16]2+; [Agzz(DPPE)3H19]3+; and
[Ag,s(DPPE)gH,,]**, respectively. Notably, the number of
metal atoms present in the naked cluster is almost the same as
that in the parent material. We explored the different steps
involved in the formation of the naked cluster ions from two
differently ligated (TPP and DPPE) clusters. As such clusters
(Ag);") can be created at ambient conditions, without mass
selection, their deposition can create cluster-assembled solids.
Because clusters are produced from solutions during electro-
spray, it is possible to pattern the structures derived from the
spray, and with clusters of different nuclearities now accessible,
these cluster-assembled solids may be possible with an array of
cluster systems. Such naked clusters could open the door to an
exciting field of study of cluster reactions in the gas phase,
starting with solution-phase clusters that can be synthesized in
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very large quantities. During the fragmentation of
[Ag,s(TPP),(H¢]**, we have isolated a species, Ag;,H,,"
Sequential loss of seven dihydrogen molecules (7H,) was
observed from Ag ;H,,* cluster ion in the gas phase. Associative
desorption of hydrogen from metal cluster ions in the gas phase
will be an interesting aspect of research in the future. Such
isolated gaseous Ag;,H,," species can be used as a potential
source of hydrogen molecules for diverse applications. The
naked metal cluster ions may be used for applications in
catalysis, patterning, spectroscopy, etc., expanding the scope of
cluster science.

Composition of such clusters is tunable, and there is a
possibility to create naked alloy clusters by the same approach.
All of these together can expand the scope of cluster science to
catalysis, photonic materials, plasmonic crystals, porous
materials, and other areas. Soluble ligand-protected clusters
with weakly binding ligands is one of the major reasons for the
success of this experiment. Need for naked clusters with precise
nuclearity would intensify the search for better ligands that can
leave without affecting the cluster core. It is likely that larger
cluster alloys and more complex cluster systems may be made if
easily leaving ligands are available. Naked clusters could
become starting materials especially for gas-phase reactions.
All of these will enhance the scope of cluster science. Although
many of these are speculative right now, indications of research
directions in the area of nanoparticles, quantum dots, and such
materials suggest possibilities.

MATERIALS AND METHODS

Chemicals. Sodium borohydride (NaBH,, 98%) and sodium
borodeuteride (NaBD,, 98 atom % D) were purchased from Sigma-
Aldrich. Silver nitrate (AgNO;) was purchased from Rankem
Chemicals. Triphenylphosphine (TPP) and 1,2-bis-
(diphenylphosphino)ethane (DPPE) were purchased from Spectro-
Chem. All the chemicals were used as received without further
purification. All solvents (dichloromethane (DCM), n-hexane,
methanol (MeOH), and chloroform (CHCl,)) were purchased from
Rankem and were of analytical grade. Water used in the synthesis was
Milli-Q grade with a resistivity of 18.2 MQ-cm.

Synthesis of [Ag;s(TPP);oH;¢** (Cluster ). The material was
synthesized by modifying the procedure used for Ags;(BDT),,(TPP),.
Initially, 20 mg of AgNO; was dissolved in 5 mL of methanol.
Triphenylphosphine (70 mg in 10 mL of chloroform) was added to
the above solution under stirring conditions. After 20 min of reaction,
6 mg of NaBH, dissolved in 0.5 mL of ice-cold Millipore water was
added to the above reaction mixture. On addition of aqueous NaBH,
solution, the colorless solution immediately turned light yellow. The
stirring was continued for 3 h. Final color of the reaction mixture was
deep green, which confirmed the formation of cluster I. The solvent
was removed from the reaction mixture by rotary evaporation. The
cluster was then washed 3—4 times with Millipore water to remove the
unreacted silver ions and NaBH,. After being washed, the green
colored precipitate was dissolved in methanol for characterization.
Following the same procedure, [Ag;sTPP;oD4]*" was synthesized by
replacing NaBH, with NaBD,.

Synthesis of [Ag,s(DPPE)gH,,1** and [Ag,,(DPPE)gH,,>*
(Clusters Il and Ill). These materials were synthesized by following
the reported procedure. Initially, 20 mg of AgNO; was dissolved in §
mL of methanol. Seven milliliters of DCM solution containing 75 mg
of DPPE was added to the above solution under stirring conditions.
After 20 min of stirring, aqueous solution (1 mL) of NaBH, (35 mg)
was added to the above mixture. Immediately, the color of the reaction
mixture turned light yellow from colorless. The reaction was continued
for 60 min. Formation of the Ag,s and Ag,, clusters was confirmed by
the appearance of orange color reaction mixture. Solvent was removed
from the reaction mixture by rotary vacuum evaporation. The material
was washed with 10 mL of Millipore water to remove the excess silver

precursor and reducing agent. The process was repeated 3—4 times for
complete removal of water-soluble ingredients. The purified material
was dissolved in methanol for further characterization and use.

Mass Spectrometric Measurements. A Waters Synapt G2-Si
high-definition mass spectrometer was used for all the ESI MS
measurements. The instrument is equipped with electrospray
ionization, matrix-assisted laser desorption ionization, and ion mobility
separation. All of the samples were analyzed in the positive mode of
electrospray ionization. The instrument calibration was done using CsI
as the calibrant. Different instrumental conditions were used for the
different types of measurements, as shown in the experimental section
of the Supporting Information.
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Experimental Section

Different instrumental conditions were used for the different type of measurements as shown

below.

Synthesis of Ag;;" ion from cluster I
Capillary voltage: 2kV

Sampling cone: 150 V (variable)
Source offset: 150 V

Source temperature: 100°C
Desolvation temperature: 150°C
Cone gas flow (L/Hr): 0

Desolvation gas flow (L/Hr): 400
Nebulizer gas flow (bar): 2.5

MS/MS of Agy;" ion

Capillary voltage: 2 kV

Sampling cone: 150 V

Source offset: 150 V

Source temperature: 100°C
Desolvation temperature: 150°C
Cone gas flow (L/Hr): 0
Desolvation gas flow (L/Hr): 400
Nebulizer gas flow (bar): 2.5

Trap collision energy: 200 (variable)

Synthesis of Agy" from cluster III by MS/MS
Capillary voltage: 2.12 kV

Sampling cone: 0 V

Source offset: 0 V

Source temperature: 100°C



Desolvation temperature: 100°C
Cone gas flow (L/Hr): 0
Desolvation gas flow (L/Hr): 400
Nebulizer gas flow (bar): 2.5

Trap collision energy: 87 (variable)



Supporting Information 1

Characterizations of [Ag,,(DPPE)sH;o]** and [Ag,s(DPPE)sH,, 1>
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Figure S1. A) UV-vis spectrum of as synthesized mixture of clusters II and III. Inset: Schematic
illustration of cluster. B) Comparison of experimental (black) and calculated (red) isotopic
distribution of cluster III. C) Comparison of experimental (black) and calculated (red) isotopic

distribution of cluster II. The UV-vis and mass spectra are match with the reported data.
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Naked cluster ions Ag;" and Ag;o*
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Figure S2. ESI MS spectra of naked cluster ions Ag;o" (red trace) and Ag," (black trace),

synthesized from clusters II and II1, respectively.
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Expanded region for Ag¢" and Ag," ions
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Figure S3. Ags" and Ag," regions from Figure 2 is expanded. All the ions from Age" to Ag;" are
present except Age" and Ag,". Dotted red lines are used to mark the absence of Age" and Agy"

ions.
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Expanded region for Agy," ion

7 8 9 10 11 12 13 14 15 16 17 Ag,*

SRR NV B W

900 1200 1500 1800
m/z

Figure S4. Ago" region from Figure 2 is expanded. All the ions from Ag;;" to Ag;" are present

except Agjo". Dotted red line is used to mark the absence of Agjo" ion.
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Isolation of Ag;;H 4" ion
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Figure S5. ESI MS spectrum of the ion which was formed during the formation of Ag;;" ion
from parent cluster I. Inset: Comparison of experimental (black) and calculated (red) spectra.

The composition of the isolated ion is Ag;7H 4"
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ESI MS of Ag17H14+ and Ag17])14+
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Figure S6. ESI MS spectra of Ag;7Hy4" (m/z 1847, black trace) and Ag;7D14" (m/z 1861, red
trace) ions synthesized from [Ag;s(TPP) 10H16]2+ and [Aglg(TPP)10D16]2+, respectively. The peaks
shown by asterisks (34% in intensity) in the spectrum of Ag;7D," are arising due to the presence
of hydrogen, which are coming due to the partial isotope exchange (principally due to

Ag7D3HY) from non-deuterated solvents (methanol (MeOH) and water (H,0)).
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Formation of Ago" ion from cluster I11
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Figure S7. Collision energy-dependent fragmentation of cluster III. The process produces naked

Agio" cluster ion. L represents the DPPE ligand. Charge stripping and hydrogen loss steps are

shown with red and blue arrows, respectively.
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Different ions formed during the formation of Agys* ion
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Figure S8. Peaks from Figure S7 are expanded here. Different ions formed during the formation
of Ago" ion. The charge stripping step is marked with the red arrow. Fragmentation step leading
to the loss of maximum hydrogens is marked with the green arrow. Loss of sixteen hydrogens is

observed at this step.
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Comparison with the deuterated analog of Cluster I11
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Figure S9. A) ESI MS spectra of the parent materials [Agzz(DPPE)8H19]3+ (black trace) and
[Ag2(DPPE)sD o]’* (red trace). B) [Agy(DPPE),]* cluster ions produced from the H (black
trace) and D (red trace) protected parents clusters, respectively. Exact match of the isotopic

distributions confirms the absence of hydrogen atoms in [Agzo(DPPE)2]2+cluster ion.
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Comparison with the deuterated analog of Cluster II
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Figure S10. A) ESI MS spectra of the parent materials [Agzs(DPPE)gH22]3+ (black trace) and
[Ag25(DPPE)gD22]3+ (red trace). B) [Ag24(DPPE)2]2+Cluster ions produced from H (black trace)

and D (red trace) protected parents clusters, respectively. Exact match in the isotopic

distributions confirms the absence of hydrogen atoms in [Ag24(DPPE)2]2+Cluster ion.
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Naked cluster ions Agio" and Ag,,*, synthesized from deuterated analogs of clusters II and
111
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Figure S11. ESI MS spectra of naked cluster ions Ago" (red trace) and Agy;" (black trace),

synthesized from deuterated analogs of clusters II and III, respectively.
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Table S1: Comparison of positions of experimental and calculated spectra

Formula Calculated mass (m/z) | Experimental mass (m/z)
[AgisTPPoH 6]"" 2290.1 2290.0
[AgsTPPoH 6] 2159.0 2158.9
[AgisTPPgH ]"" 2028.1 2028.0
[AgisTPP;H ] 1897.1 1897.1
[AgisTPPH 6]"" 1765.5 1765.4
[AgisTPPsH]"" 1634.4 1634.3
[Ag7TPP3H q]* 2635.6 2635.5
[Ag7TPP,H 4" 2373.5 2373.4
[Agi7H 41" 1847.2 1847.2
Agir 1833.1 1833.1

15
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ABSTRACT: This article adds a new direction to the
functional capability of protein-protected atomically precise
gold clusters as sensors. Counting on the extensively
researched intense luminescence of these clusters and
considering the electron donating nature of select amino
acids, we introduce a dual probe sensor capable of sensing
changes in luminescence and conductivity, utilizing bovine
serum albumin-protected atomically precise gold clusters
hosted on nanofibers. To this end, we have also developed a
hybrid nanofiber with a conducting core with a porous

Voltage (V)

dielectric shell. We show that clusters in combination with nanofibers offer a highly selective and sensitive platform for the
detection of trace quantities of trinitrotoluene, both in solution and in the vapor phase. In the solution phase, trinitrotoluene
(TNT) can be detected down to 1 ppt at room temperature, whereas in vapor phase, 4.8 X 10° molecules of TNT can be sensed
using a 1 mm fiber. Although the development in electrospinning techniques for fabricating nanofibers as sensors is quite
substantial, a hybrid fiber with the dual properties of conductivity and luminescence has not been reported yet.

B INTRODUCTION

Atomically precise clusters of noble metals encapsulated in
proteins belong to an expanding area of research.' Because of
their diverse properties they have been used in areas, such as
catalysis,z’3 energy, sensors,” biomedicine,""® and environ-
ment.” One of the most fascinating properties of such materials
is luminescence, which has been used extensively in sensing,”"
mostly in solutions. On the basis of this inherent property, the
protein-protected noble metal clusters were deemed to be a
new class of nanoscale sensors for label-free detection of
various biomolecules, such as Protease11 and hemoglobin12 as
well as several metal ions'>™"> and others. Sensing is mainly
due to the large quantum yield and associated enhancement in
emission upon binding on solid surfaces, enabling extremely
low levels of detection down to a few tens of ions. Research on
the use of these materials as optical sensors'’ using
luminescence has been so intense that the possibility of
utilizing the same clusters as conductivity sensors has not been
considered seriously. The luminescence of protein-protected
clusters (PPCs) arise from the intraband transitions in the
cluster.'® The existing literature suggests that proteins in both
dry and wet states are capable of increasing the conductivity of
a system as they are semiconducting in nature.'” The protein
protecting the cluster can also contribute to conductivity.
Besides, free protein present along with PPCs also contribute to
conductivity. During the formation of the metallic core,
interprotein metal-ion transfer occurs in the solution, leading
to the regeneration of free proteins from protein—metal
adducts.'® Increase in the core size within a protein further
increases the free protein content in the solution.'® To utilize

-4 ACS Publications  © 2017 American Chemical Society 7576

both the conductivity and luminescence attributes of the
protein-protected cluster to the maximum, suitable detection
techniques and substrates are required.

Most of the detection protocols at the device level prefer
electrical conductivity-based probes because of the ease of
fabrication, cheaper components, and their quantitative
analysis. Optical sensors have also started making an impact
in the field of lab-on-a-chip devices owing to the miniatur-
ization of the various components involved in it, providing
faster on-the-spot qualitative analysis. A platform combining
these two sensors provides quantitative and qualitative analysis,
reducing false alarms. A dual mode sensor can be useful in
point-of-use devices with extreme sensitivity. Incorporation of
clusters in suitably modified electrospun nanofibers enables the
fabrication of such dual mode sensors.

Electrospinning as a fabrication technique has acquired
prominence in the area of sensors due to its versatility and
flexibility. On the basis of the materials used, electrospun fibers
can be used as conductivity sensors,'* "> optical sensors,”>*
strain sensors,*¥*> electrochemical sensors,”® etc. Electro-
spinning is considered to be a versatile technique as it allows
the user to play around with materials to modify the inherent
ability of the polymer utilized. Composite fibers produced using
electrospinning find applications in various areas.”” Addition-
ally, coaxial electrospinning provides the opportunity to make
hybrid fibers out of two or more completely different materials,
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Figure 1. (a) Coaxial electrospinning setup; (b) scanning electron microscopy (SEM) image of a single fiber on the electrode assembly; inset shows
a single fiber at higher magnification; (c) Raman spectra of the fibers (green trace: as-spun fiber before carbonization, violet trace: SiO, fibers post
carbonization, pink trace: CNTs@SiO, fibers post carbonization); (d) X-ray diffraction (XRD) of the fibers, (inset shows the Au@BSA cluster under
visible and UV light); (e) matrix-assisted laser desorption ionization mass spectra (MALDI-MS) of BSA and Au@BSA; and (f) excitation and

emission spectra of the Au@BSA cluster.

with each material adding a different functionality to a single
fiber, allowing the use of such a fiber for various applications.”®
Oxide-based nanofibers have carved a niche as gas sensors”
either by conductivity””’" or by optical properties.”” Conduct-
ing additives like carbon nanotubes (CNTs), graphene, etc,
have been utilized to enhance the conductivity of a conducting
polymer or to induce it in a usually insulating fiber.”” Although
the development of nanofibers as conductivity sensors or
optical sensors is individually an extensively researched area, a
fiber which can combine both these properties has not been
fabricated to the best of our knowledge.

The main deterrent for the development of fibers with dual
functionality of conductivity and luminescence is the common
dark color of conducting polymers, which make them
inappropriate as luminescent substrates. The main aspect of
this article is to show that protein-protected clusters
immobilized on a composite fiber with a conducting core and
a dielectric shell can be utilized as dual functionality sensors.
Thus, as a whole, the system acts like a lab-on-a-fiber. The
amorphous nature of the dielectric material used helps to act as
a good host for the cluster and can be conjugated with the
cluster by either surface modification or simply by phys-
isorption. In this article, we have utilized the multiwalled
carbon nanotube (MWCNT) core with silica (SiO,) sheath
fibers obtained in a dual-step synthesis process for sensing.
These fibers were then utilized to host Au@BSA clusters, which
were further utilized to demonstrate the dual mode sensing
strategy using an analyte of large social relevance. We have
focused on the ability of bovine serum albumin (BSA) to
conjugate with the nitro groups in trinitrotoluene for selective
sensing.
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B RESULTS AND DISCUSSION

Structural and Morphological Characteristics. Unidir-
ectionally aligned nanofibers were electrospun, as discussed
before, with a parallel plate collector'” modified for the use of
coaxial spinneret, as shown in Figure la. The parallel plate
alignment of the ground consists of two indium tin oxide
(ITO) plates separated at a distance of 2.5 cm. This alignment
of the ground facilitates the collection of a single nanofiber or
multiple nanofibers as required. To deposit a single nanofiber
on the substrate, electrospinning was done for 2 s at 25 kV.
Because of the short time duration, very few fibers were
deposited onto the ground. The fibers act as a bridge to
connect the space between the parallel plates. These fibers are
then lifted onto the substrate manually. These fibers are
submerged in octane overnight to remove the mineral oil and
then carbonized at 350 °C for 4 h. The fibers consisted of a
CNT core and a porous SiO, shell. The core size of the SiO,
layer is around 1—1.5 nm, as shown by transmission electron
microscopy (TEM) measurements (Figure S-1).

The morphology of the as-prepared and carbonized nano-
fibers was analyzed using SEM, as shown in Figures S-2 and 1b,
respectively. The inset of Figure 1b shows the fiber at a higher
magnification. The as-prepared fibers were ~900 nm in
diameter, whereas the carbonized fibers were in the range of
600—700 nm. Shrinking of the fibers post carbonization by
150—200 nm is attributed to the loss of solvents and the
polymer during heating. Raman spectra of the fibers at various
stages were collected to understand the chemical composition
of the fibers, as depicted in Figure lc. The green trace is of the
fibers before carbonization. The spectrum shows sharp peaks at
2950, 1740, and 640 cm™, which can be attributed to aliphatic
C—H stretching, C=0 stretching, and C=0O deformation,
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Figure 2. [-V characteristics of fibers before and after treatment with Au@BSA cluster. (a) SiO, fibers and (b) CNTs@SiO, fibers.

respectively. Multiple peaks in the range of 1450—1300 and
1200—1000 cm ™" arise due to C—H deformation and C—C
stretching, respectively. The peaks between 600 and 300 cm™!
arise due to C—H in- and out-of-plane bending, and C—CH,
out-of-plane bending.”® The violet trace corresponds to only
SiO, fibers that are electrospun without the CNTs and
subsequently calcined at 350 °C. No characteristic Raman
peaks were observed in the spectrum, which might be because
of the amorphous nature of SiO, in the fiber. As the Raman is
collected post calcination, the peaks arising from the polymer
poly(vinyl acetate) (PVAc) are not present. The pink trace is of
the carbonized CNTs@SiO, fiber mat. These show the
characteristic D and G bands that correspond to the carbon
nanotubes in the fiber. The XRD spectra in Figure 1d of the
fibers show a prominent wide peak at 22° that corresponds to
amorphous silica. As the concentration of CNTs is too low
compared to that of SiO,, no features of CNTs are visible. The
photographs in the inset of Figure 1d correspond to the Au@
BSA cluster in visible and UV light. The red luminescence of
the cluster under UV light is stable. Figure le shows the
MALDI-MS of the parent BSA protein and Au@BSA cluster.
BSA shows a peak at 66.7 kDa, whereas the peak at around 72
kDa is attributed to the cluster indicating the formation of the
Auy@BSA cluster. Figure 1f shows the excitation and emission
spectra of the cluster. The excitation peak at 320 nm and the
emission peak at 630 nm also confirm the cluster formation. All
of these data are in accordance with the previous reports.'®

Electrical Characteristics. For characterizing the electrical
properties of the nanofiber, substrates with single nanofibers
were probed. To understand the difference in the current
conduction before and after the cluster treatment, I-V studies
of SiO, fibers and CNTs@SiO, fibers pre- and post-treatment
were conducted and the data are plotted in Figure 2.

Figure 2a shows the I-V curve of silica fibers in the absence
and presence of clusters. In the case of SiO, fibers, before the
cluster treatment, the fibers do not show any current. Even
though the fibers are SiO,—carbon composites, the core is
hollow and the carbon content in the shell as compared to silica
is too low, which leads to high resistance, characteristic of
amorphous silica. Coating the fiber with PPCs increases the
current slightly, although still in the insulating regime. This
slight increase can be attributed either to the proteins in the
cluster which is on the surface and surrounding the fiber or the
Na* ions present in the cluster solution. The absence of a
conduction pathway hinders the movement of the charge
carriers, leading to a low current.

In Figure 2b, the violet trace shows the I-V curve of
CNTs@SiO, fiber. The fibers show current in the range of
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500—600 nA at an applied voltage of 10 V. This proves that the
core—shell fibers are conducting in nature. Fluctuations of the
current in the above-mentioned range might be because of the
variations in the loading of CNTs in each fiber. The presence of
carbon in the outer shell of the fiber from the polymeric
backbone and the pores in the silica are expected to provide a
transduction pathway for electrons to flow to the CNTs in the
core, thus providing a linear current. The pink trace
corresponds to the I-V curve of the same fibers after they
have been treated with Au@BSA and washed subsequently. An
increase of more than two times is observed in the current of
the functionalized fibers as compared to that of its precursor,
with the current being in the range of 1.4 yA. The diameter of
the protein-protected cluster is ~5 nm; hence, the possibility of
its penetration through the silica shell and direct interaction
with the core is ruled out. The increase in current may be
attributed to a combination of electron hopping from the
cluster to the CNTs and the presence of free Na" ions on the
surface of the fiber.

CNTs are well known to act as electron acceptors in a
conducting system, whereas the PPCs can act as electron
donors. The presence of carbon in the shell, although minimal,
might play a role in providing a transduction pathway for
electron transfer from the cluster to the core. The chemical
pathway of the formation of protein-protected clusters has been
studied and release of proteins during the synthesis process has
been established.'® The conduction of electricity by proteins is
a known phenomenon although investigations are still
underway to determine the exact factors responsible.
Specifically, BSA has a semiconducting nature with activation
energy of 2 eV,** which is close to the activation energy of
CNTs.>® Coating BSA on the fiber shows a high current, as
shown in Figure S-3, although the current is not stable and
decreases substantially in repetitive cycles. In contrast to this,
the fibers coated with Au@BSA cluster exhibit a moderate
current that is highly stable, as given in Figure S-4. A reasonable
conjecture is to assume that the presence of gold cluster in the
proteins decreases its activation energy while increasing the
inherent conductivity and thus regulating the proton transfer,
leading to the observation of a stable current. This conjecture is
backed by a decrease in current of the system in presence of
TNT as the nitro groups of TNT bind to the amino groups in
BSA, decreasing the charge carriers in the system (explanation
provided later). The other possibility for the increasing current
might be the presence of Na" and Cl~ ions that are supplied
from the cluster, although the literature suggests that even in
the presence of such ions, the conductivity in proteins is
predominantly due to mobile protons.*® The stability of the
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Figure 4. Schematic of setup for vapor-sensing experiments. Inset shows the fiber on the electrodes which is probed for I-V studies and the current

variation with exposure to TNT.

cluster-coated fiber has been checked up to 48 h, and no
decrease in the I-V characteristics was noted, as represented in
Figure S-S.

Sensing Experiment. Sensitivity of Au@BSA clusters
toward TNT has been explained by the formation of a
Meisenheimer complex between the nitro group of the TNT
and the free amino groups present in BSA.”” This was also
established by the change in the photoluminescence profile of
the Au@BSA cluster after the addition of TNT, as shown in
Figure S-6. Intense scattering from the silica fibers caused
interference in the measurement of the photoluminescence
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spectrum of the composite. The physisorption of the cluster on
the fiber enables them to detect TNT in both solution and the
vapor phase. For the solution phase experiments, 2.5 yL of the
analyte was introduced onto the luminescent fiber and
luminescence quenching was analyzed using a fluorescence
microscope. The dependence of the fiber sensitivity toward the
concentration of TNT, acetonitrile, and its response to another
commonly utilized explosive material is shown in Figure 3.

In Figure 3, images (a—e) correspond to the optical images
of the cluster-coated fiber before the introduction of the
analyte. The (al—el) images are the fluorescence images of the
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Figure S. Exposure to TNT vapor: fluorescence measurements of the fibers (al) before exposure, (a2) after 30 s exposure, (b) I—V measurements of
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fiber/fibers before the introduction of the analyte, whereas the
(a2—e2) images are the fluorescence images taken a few
seconds after the analyte has been introduced. Figure 3a2—c2
corresponds to the luminescence quenching of the fiber at
varying concentrations of TNT, ranging from 1 ppt to 100 ppb.
It can be seen that at 100 ppt and above, complete
luminescence quenching is observed at 1 ppt, although not
completely quenched, a noticeable level of decrease was
noticed.

The number of TNT molecules required to bring about the
quenching in Figure 3a2 is calculated to be 119, when the fiber
length is taken to be 40 um, as per the calculation shown in S-7.
Figure 3d2 shows the fiber’s response to 100 ppm of RDX.
Although the concentration taken is very high as compared to
TNT, the decrease in luminescence intensity is miniscule. As
the TNT was dissolved in acetonitrile, to prove that the
luminescence quenching was happening due to the TNT
molecules and not due to solvent, a control experiment in
which acetonitrile was introduced to the cluster-coated fibers is
shown in Figure 3e2. No change in luminescence was observed
proving that the solvent plays no role in the quenching
mechanism.

For the vapor phase experiments, the setup consisted of the
inverted substrate utilized as a lid for the container containing
the analyte, kept in a sand bath. This was to ensure that the
fibers are in direct contact with TNT vapor when an external
temperature of 70 °C was applied, as shown in Figure 4.
Another added advantage of the setup was that the same fiber
being exposed to vapor was extended onto another set of
electrodes on the substrate outside the exposure zone. Hence,
the same fiber has both analyte-exposed and unexposed areas
for which I-V studies can be done and variations in current at
these positions were compared. The graph in Figure 4 shows
the difference in the conductivity of the fiber at the exposed and
unexposed zones with clear visible decrease in the current
conduction where the fiber has come in contact with TNT.

Figure Sal shows the fluorescence image of the cluster-
coated fiber. Figure 5a2 shows the fluorescence image of the
same fiber, as shown in Figure Sal, after exposure to TNT
vapor for 30 s. Complete luminescence quenching is noted
when the cluster-coated fibers are exposed to TNT vapor.
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Figure Sc shows the change in current of the fiber with varying
exposure times (30—300 s) of TNT vapor. When exposed to
the TNT vapor, within 30 s, the inherent current of the fiber
decreases to about half of the initial value and with increasing
exposure time, the conductivity of the fiber was lost and it
reached the insulator regime. The exposure measurements were
done taking the fiber length as 1 mm, on the basis of the
channel width and because the approximate diameter of the
fiber was known from SEM measurements, the area of exposure
could be calculated.

Assuming that the cluster forms a monolayer covering on the
fiber, the number of TNT molecules required for Meisen-
heimer complexation to occur between TNT and BSA in the
exposed region is about 10°, whereas the number of TNT
molecules present in the container at a temperature of 70 °C is
about 10'2. Thus, adequate molecules are present for the
reaction to happen. Detailed calculations are given in S-8. The
number of molecules required for sensing to happen can be
further decreased by modifying the interelectrode distance. The
decrease in the fiber current intensity does not happen
instantaneously but with increase in the exposure time, which
might be attributed to the excess cluster present on the fiber
surface. The nanoporous surface of the fiber facilitates the
diffusion of the vapors® inside the fiber, allowing Meisen-
heimer complex formation to occur, leading to high sensitivity.
Although there is a significant decrease in the current after
TNT exposure, exposing the fiber to air afterward for a few
hours allows the fiber to regain the conductivity to that before
the cluster treatment, as can be seen in Figure S-9. The
specificity of the fiber was analyzed by comparing it with the
closest analogue of TNT, namely 2,4-dinitrotoluene (DNT).
Fluorescence imaging shows the change in the fluorescence of
the fibers after exposing the fibers to DNT vapors for 30 s. The
quenching is substantial although a trace level of cluster
luminescence can still be observed while using conductance
measurements; current decrease in the fiber when exposed to
DNT was approximately 50% after S min (Figure S-10)
compared with the same depletion within 30 s in presence of
TNT.

Meisenheimer complex formation happens between the
electron withdrawing groups and nucleophiles, i.e., electron
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donating groups. The increase in electrical conductivity of
cluster-coated fibers is attributed to the conducting nature of
the proteins, mostly aromatic amino acids. Exposure of the fiber
to TNT brings about the interaction of amino acids with the
nitro groups. Nitro groups being electron withdrawing groups
form adducts with the amino acids, leading to a decrease in the
charge carriers of the fiber, leading to an overall decrease in the
electrical conductivity of the fiber. A schematic representing the
formation of the Meisenheimer complex in our system is given
in Figure S-11.

B CONCLUSIONS

In the present article, we introduce the functional ability of
protein-protected clusters to act as conductivity sensors along
with them being utilized as luminescence sensors. Hosting
these clusters on dielectric porous shell nanofibers with
conducting cores allows qualitative and quantitative measure-
ments to be done with high precision, both in solution and in
the vapor phase. In the solution phase, TNT can be detected
down to 1 ppt at room temperature, whereas in the vapor
phase, 4.8 X 10° molecules of TNT can be sensed using a 1 mm
fiber. The cluster-immobilized fibers show high sensitivity and
specificity to TNT in vapor phase; when further developed
these can be used as disposable sensors for TNT in point-of-use
devices.

B EXPERIMENTAL SECTION

Materials and Methods. Poly(vinyl acetate) (PVAc) (MW
10 000 Da) was purchased from Alfa Aesar. Ethanol, propane-2-
ol, acetone, and hydrochloric acid (HCI) were purchased from
Fisher Scientific. Mineral oil (liquid paraffin) and octane were
obtained from Spectrochem. Tetraethoxysilane (TEOS),
MWCNTs of average length of 110 nm, and 2,4-dinitrotoluene
(DNT) were purchased from Sigma-Aldrich. Sodium hydroxide
(NaOH) was purchased from Rankem, India. Bovine serum
albumin (BSA) was purchased from Sisco Research Labo-
ratories. 2,4,6-Trinitrotoluene (TNT) and hexahydro-1,3,5-
trinitro-1,3,5-triazine (RDX) were gifts from Indira Gandhi
Centre for Atomic Research, Kalpakkam, India. All chemicals
were of analytical grade and were used without further
purification. Triply distilled water was used throughout the
experiments.

Synthesis of Au@BSA Cluster. The Au@BSA nanoclusters
with red luminescence were prepared following a reported
method'® by adding aqueous solution of HAuCl, (10 mL, 6
mM) to BSA (10 mL, 25 mg/mL in water) under vigorous
stirring for 5 min. The pH of the solution was adjusted to
around 11.0 with the addition of NaOH (1 mL, 1 M). The
reactions were kept for 24 h. The solution turned from pale
yellow to dark orange, with deep red emission, indicating the
formation of Au@BSA nanoclusters. The sample was stored at
4 °C.

Instrumentation. Electrospinning was done by utilizing an
ESPIN-NANO needle-based electrospinning machine. UV—vis
spectra were recorded using a PerkinElmer Lambda 2§
spectrophotometer. Scanning electron microscopy (SEM)
images and energy-dispersive analysis of X-ray (EDAX) studies
were performed using a FEI QUANTA-200 SEM. Raman
measurements were done with a WiTec GmbH, CRM RS300
instrument having a 532 nm Nd:YAG laser as the excitation
source, and the dispersed light intensity was measured by a
Peltier-cooled charge coupled device. The photoexcitation and
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luminescence (PL) studies were done using a NanoLog
HORIBA JOBINYVON spectrofluorimeter. Fluorescence
imaging measurements were done with the Cytoviva HSI
system containing an Olympus BX-41 microscope equipped
with a Dage high resolution camera and a Specim VI10E
spectrometer. Dark field fluorescence microscopy was used
with an excitation band at 492 + 18 nm, and emission was
collected using a triple pass emission filter DAPI/FITC/
TEXAS RED (DAPI, 452—472 nm; FITC, 515-545 nm;
TEXAS RED, 600—652 nm). The electrical measurements were
done using Cascade Microtek Summit 11000 M probe station.

Preparation of SiO, and MWCNTs@SiO, Fibers. For the
preparation of SiO, fibers, a reported method™ was followed
utilizing coaxial electrospinning. For the shell solution, TEOS
(3.66 mL) was hydrolyzed by adding ethanol (3.26 mL) to
TEOS under vigorous stirring for 1 h. To the solution, HCI
(0.06 mL) was added and stirred for 1 h. Subsequently
deionized water (1.81 mL) was added to the solution and left
for stirring overnight. To this solution, PVAc (1.75 g) was
added and stirred further for 4 h.

The above-mentioned solution was taken in the outer syringe
and mineral oil was taken in the inner syringe of the coaxial
setup. MWCNTs@SiO, fibers were obtained by the addition of
MWCNTs to the mineral oil in the inner syringe of the coaxial
spinneret. MWCNTs will be referred to as CNTs throughout
the text. The coaxial spinneret consists of the core needle size
of 18 G. The shell solution was fed at a rate of 1.2 mL/h and
that of the core at 0.6 mL/h, with an applied voltage of 25 kV.
The tip-to-collector distance was set to 10 cm. The as-spun
fibers were collected on parallel indium tin oxide (ITO) plates
separated by 2.5 cm gap and manually transferred to electrodes
patterned on glass or silicon wafer and immersed in octane for
12 h to remove mineral oil existing in the core of the as-spun
fibers. The fibers were dried and subsequently carbonized at
350 °C for 4 h to remove remaining mineral oil (ignition
temperature ~230 °C) solvents and to carbonize the polymer
present.

Preparation of SiO,@Au@BSA and CNTs@SiO,@Au@BSA
Fibers. For the preparation of Au@BSA-coated SiO, fibers, the
cluster solution was drop cast on the substrate containing the
fibers and left for 15 min. The substrates were then washed
with water and dried at room temperature for 3 h and used.
The same protocol was followed to obtain CNTs@SiO,@Au@
BSA fibers.

Electrode Fabrication. The gold electrodes on the silicon
wafer were patterned using photolithography, which was
preceded by washing of the silicon substrate in hot acetone,
followed by boiling isopropanol (IPA) and then rinsed with
deionized (DI) water. Electrodes were obtained using a lift-off
process. The wafer was then blow dried and stored in vacuum
for further use. The gold electrodes were 100 ym wide, with a
thickness of 120 nm. The interelectrode distance was 20 pm.
These electrodes were utilized mostly for SEM measurements.

For most of the experimental purposes, ITO electrodes on
glass substrates, henceforth referred to as the substrates, were
utilized, as transparency of glass was crucial for fluorescence
experiments. For the fabrication of these electrodes, an ITO-
coated glass slide was cleaned by blowing air and then
patterned using lithography. ITO was etched using dilute HCI
for about 10 min. The substrate was then washed in boiling
acetone, then IPA, followed by rinsing in DI water and dried by
blowing air and finally stored in vacuum till required. The
electrodes were of 300 ym width and 150 nm height. The
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distance between the two electrodes was 1 mm that acted as the
channel.

Fluorescence Sensing Experiment. For the single fiber
sensing experiment, we placed the cluster-coated fiber under
the microscope. About 2.5 uL of the analyte solution was added
on the fiber. Fluorescence images of the fiber were taken before
and after addition of the analyte.

Conductance Sensing Experiment. For the conductance
measurements, the fiber was placed in a probe station. The
probes utilized are gold-coated tungsten, with a tip diameter of
20 pm.

Vapor-Based Experiments. The fiber-containing substrate
was placed at the mouth of the beaker in which the analyte was
placed. The beaker was subsequently heated to 70 °C by
placing it in a sand bath. The substrate was then removed as
required and kept in a sealed environment to minimize air
exposure. A detailed explanation of the setup with a schematic
is provided in Results and Discussion.
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Figure S-1. TEM of the calcined fibers at different magnifications.
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Figure S-2. SEM of the fibers: a) before carbonization and b) after carbonization.
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Details of the calculation for solution based fluorescence experiments

For the fluorescence experiments, 2.5 pL of water is drop casted onto the slide containing and the
measurements were done. The area of droplet measured is 8.34 x10 ® m”.
1 ppt of analyte= 4.403 x10™ M TNT

No. of molecules per litre = 4.403 x10™* X 6.023 x 10

=2.652x10"
Hence,
2.5 L of water droplet contains = 2.5 x 10 x 2.652 x 10"
= 6.625 x10° TNT molecules
Surface area of a fiber = 2nrh Fiber radius = 600 nm

Fiber length = 40 pm
=2X314X6x107x4Xx10°m’
=1.5x10 °m’
8.34 x10 ° m* (2.5 pL of water droplet) contains 6.625 x 10° TNT molecules
Hence,
1.5x10"° m” (single fiber) contains = 1.5 x 10" m* x 6.625 x 10° / 8.34 x10
=119 TNT molecules
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Details of the calculation for TNT vapor exposure experiments

TNT powder was placed in a beaker as shown in Figure 4.
Beaker, height = 3.5 x10° m
Radius =1.1x10> m
Volume of the beaker = nr*h
=13.297x10° m’
Surface area of a fiber = 2nrh Fiber radius = 600 nm
Fiber length =1 mm
=2Xx3.14 X 600X10° X1X10°
=3.768 x10° m*

To calculate the number of TNT molecules in the beaker at 343.15 K
Gas equation, PV = nRT

Here,

P is taken as the vapor pressure,

Hence, P = 4.24 Pa (From literature), V = 13.297 x 10° m’
R=8.314,T=34315K

Therefore,
n=4.24X13.297X10° / 8.314 X 343.15
=1.97x10"°
Hence,
Number of molecules present in the beaker = 1.97 x 10™ x 6.023 x 10®

=119 x10"
= ~10" TNT molecules
To calculate the number of TNT molecules for monolayer coverage on the fiber
Size of TNT molecule, d =1 nm
Number of molecules required for mono layer coverage = Surface area / mr’
=3.768 x10° / 314 x (0.5 x107)’
= 4.8 x10° molecules of TNT
4.8 x10° molecules of TNT are required for a uniform monolayer coverage for 1 mm length fiber.
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Figure S-9. I-V studies of cluster coated fiber.
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Figure S-10. Flourescence image of the fibers, a1) before exposure to DNT, a2) after exposure to DNT for
30s, b) I-V studies of cluster coated fiber exposed to DNT.
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Figure S-11. Schematic representing the formation of Meisenheimer complex between the nitro groups of
TNTand the free amino groups of BSA of the Au@BSA cluster immobilised on CNTs@SiO, fibers.
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ABSTRACT: Materials are making inroads into mass spectrometry, and an example is
the use of advanced materials for enhanced ionization by transformation of a less-
ionizable molecule to an easily ionizable one. Here we show the use of Pt nanoparticle-
decorated nanotubes as highly active catalysts for the reduction of 2,4,6-trinitrotoluene
to 2,4,6-triaminotoluene and subsequent easy detection of the product by in situ

ambient ionization mass spectrometry.

he ability to generate ions under ambient condition has

been one of the major developments in mass spectro-
metric analysis in recent years.l_9 Ambient ionization
techniques such as desorption electrospray ionization
(DESI),'"™"* paper spray (PS) ionization,' ™" leaf spray
(LS) ionization,””~** low-temperature plasma (LTP) ioniza-
tion,23_26 etc, made mass spectrometry more important for
real-life applications”” like therapeutic analysis,'**® explosive
detection,”” " forensic applications,””*® etc. Paper spray
ionization, which works based on the principle of electrospray
ionization, uses a triangularly cut paper as the ionization source.
Ions are generated by applying a high voltage (3—5 kV) to the
wetted paper on which the analyte is transferred earlier by
dropcasting from a solution or by simply rubbing the paper
against a surface to be investigated. The paper is made of
porous cellulose fibers that help in the storage of analytes in
their native form, and these transferred analytes can be
dissolved by eluting them with a suitable solvent. Use of
paper as the ionization source further combines the
effectiveness of paper chromatography to separate a mixture
of compounds into individual components, thereby removing
the need for prior sample preparation.””> The availability of a
variety of papers at low cost and the ability to easily couple PS
sources with portable mass spectrometers while providing fast
qualitative and quantitative analysis has made paper spray
ionization one of the most promising ambient ionization
techniques for point-of-care applications.

Fast ambient ionization in PS ionization has also enabled
monitoring of chemical reactions and reaction intermediates in
real time.”*"** Direct probing of fast chemical reactions and
reactive intermediates was possible due to this direct mass
spectrometric method. One of the reactants in these reactions is
taken on the paper, and the other is mixed with the spray
solvent. They react on the surface of the paper or inside the
droplets generated, and the reaction intermediates and products
are detected with MS.

-4 ACS Publications  © 2017 American Chemical Society

Nanostructures are known to be capable of electric field
enhancement at the sharp tips, which forms the basis of surface-
enhanced Raman scattering (SERS),”™* a technique for
ultratrace detection of Raman-active molecules.*”** However,
application of such a phenomenon to boost the ionization
efficiency in mass spectrometry has been very limited. An
example of such enhancement was demonstrated from our
group where carbon nanotubes (CNTs) were used to bring
about ionization in PS at an applied voltage of as small as 3 V.**
Anisotropic ionization from an aligned array of ultrathin
tellurium nanowires (Te NWs) also pointed to a prominent
role of such nanostructures for field ionization.”> Nanostruc-
tures are also very active catalytically, due to their very high
surface-to-volume ratio. Coupling the high catalytic efficiency
with the enhancement of ionization efficiency of nanostructures
is likely to further improve the scope of PS ionization.

In this Article, we demonstrate a PS-based easy vapor-phase
detection of TNT (2,4,6-trinitrotoluene) by modifying the
paper with platinum (Pt) nanoparticle-nanotubes (NP-NTs).
Apart from being one of the commonly used explosives, TNT is
highly toxic, carcino§enic, and mutagenic, hence posing a high
environmental risk.*” TNT is not easily ionized by electrospray
ionization (ESI) due to the lack of easily ionizable functional
groups. However, recently developed ambient ionization
techniques such as atmospheric pressure chemical ionization
(APCI),"” secondary electrospray ionization (SESI),** desorp-
tion atmospheric pressure chemical ionization (DAPCI),"
desorption electrospray ionization (DESI),” and direct analysis
in real time (DART)* can generate TNT ions. All these
methods generate M~ ions of TNT. On the other hand, here
we show that by using Pt NP-NTs as a heterogeneous catalyst
in PS ionization (PSI)-MS, the nitro (—NO,) groups are
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converted to easily ionizable amine (—NH,) groups in situ,
which facilitated the mass spectrometric detection of this
compound, generating +ve ion derived from TNT. The process
enables the detection of TNT in any form, solid, liquid solution
(either in organic or aqueous solvents), or gas. It also enables
the detection of TNT from any surface, allowing for monitoring
environmental and forensic samples. We have shown the
detection of TNT from solid surfaces by this method by first
extracting the analyte from the surface using methanol. The
same catalyst (Pt NP-NTs)-modified paper could be used
several times as a PSI source without any significant loss of
catalytic activity. This demonstrates the possibilities of using
PSI-MS for nanostructure-catalyzed detection of socially
important nonionizable molecules as well as for the study of
reaction mechanisms in nanoparticle catalysis.

B MATERIALS AND METHODS

All the chemicals were commercially available and were used
without further purification. Tellurium dioxide (TeO,, 99.9%)
powder, hydrazine monohydrate (N,H,-H,0, 99—100%), and
PVP (polyvinylpyrrolidone, K30) were supplied by Alfa Aesar,
Fischer Scientific, and SD Fine Chemicals, respectively.
Ethylene glycol (LR) and sodium hydroxide (NaOH) pellets
were procured from RANKEM, India. H,PtCls from Sigma-
Aldrich, India, was used as the Pt source. MeOH was purchased
from Finar Chemicals India Pvt, Ltd. Locally available
deionized (DI) water was used.

Synthesis of Te NWs. Ultrathin Te NWs were synthesized
by hydrothermal reduction of Te(IV) precursor with hydrazine
hydrate.’’ In this modification of a reported synthetic
strategy,52 66.5 mg of TeO, was dissolved in 2 mL of 2 M
NaOH solution. This solution was mixed with a polyvinylpyr-
rolidone (PVP) solution containing 500 mg of PVP (K30) in
30 mL of distilled water in a Teflon-lined stainless steel
autoclave. To this, 2.5 mL of 25% aqueous ammonia solution
was added dropwise under constant magnetic stirring followed
by the injection of 500 uL of 99% N,H,-H,O. This mixture was
further stirred for 15 min, and the mixture then was maintained
at 180 °C for 3 h. Formation of a dark-blue-colored suspension
indicated the formation of Te NWs, which was subsequently
confirmed by optical absorption spectroscopy and transmission
electron microscopy (tens of micron long wires of ~8 nm
diameter).

Synthesis of Pt NP-NTs. Pt NP-NTs were synthesized
following a reported methodology.” In a typical synthesis, as-
synthesized Te NWs (0.0S mM) were dispersed in ethylene
glycol (20 mL) through vigorous magnetic stirring at room
temperature. An H,PtCl, solution in ethylene glycol (1.5 mL,
80 mM) was then added to this homogeneous dispersion of Te
NWs, and the mixture was maintained at 50 °C and stirred at
300 rpm on an IKA C-MAG H7 magnetic stirrer/hot plate for
1S h. The products were collected by centrifugation at a speed
of 12 000 rpm for 15 min. After this, the precipitate was washed
thoroughly with distilled water and absolute alcohol to obtain a
black precipitate, which was further characterized to confirm
the formation of Pt NP-NTs.

Preparation of Paper Spray Emitters. For all the paper
spray experiments, Whatman 42 filter paper was cut in the
shape of an isosceles triangle of 10 mm long and 5 mm wide at
the base. Then the paper was coated with Pt NP-NTs by
dropcasting an ethanolic suspension of Pt NP-NTs on the
paper and subsequently drying it under ambient conditions.
Mass spectra were collected using an ion trap LTQ XL

(Thermo Scientific, San Jose, California) mass spectrometer.
For all mass spectrometric experiments, the following
parameters were used: source voltage 3—3.5 kV, capillary
temperature 150 °C, capillary voltage +35 V, and tube lens
voltage 100 V. All the paper spray mass spectrum shown are
an average of 50 scans. Tandem mass spectrometric study was
performed using collision-induced dissociation.

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. A Gatan 794 multiscan charge-coupled device
(CCD) camera was used for image acquisition. Energy-
dispersive spectra (EDS) were collected on an Oxford
Semistem system housed on the TEM. Samples were dropcast
onto 300-mesh, carbon-coated copper grids (spi Supplies,
3530C-MB) and dried under ambient condition before
examining in TEM. Ultraviolet—visible (UV—vis) spectra
were measured with a PerkinElmer Lambda 25 instrument in
the wavelength range of 200—1100 nm.

B RESULTS AND DISCUSSION

Pt NP-NTs structures were synthesized by taking advantage of
a galvanic replacement reaction, in which ultrathin tellurium
nanowires (Te NWs) were used as sacrificial templates. A
typical large-area TEM image of these ultrathin Te NWs is
shown in Figure 1A. A high-resolution transmission electron
microscopy (HRTEM) image of the same is shown in the inset
of the figure which confirms their single-crystalline nature.
Addition of PtCls*™ ions in the solution initiates the following
reaction.

0. . 75
Bimding Energy (eV)

Figure 1. TEM images: (A) Te NWs used as sacrificial templates
(inset shows HRTEM image of the same), (B) PtNTs after washing
(with saturated Na,COj;) process, showing uniform coating of PtNPs,
(C) higher-magnification image of the same showing PtNP-coated
PtNTs, and (D) higher-magnification image showing the tubular
structure. Inset shows XPS spectrum of PtNTs, showing the pure
metallic nature of it.
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PtClg*™ + Te + 3H,0 — Pt + TeO,"” + 6CI” + 6H*
1)

Elemental Pt formed in this reaction deposit over the NW
body and created a Pt shell. A definite difference in contrast
across the diameter after 10 h of reaction (Figure S1) indicated
a hollow morphology, forming nanotubes (NTs). Outward
diffusion of the soluble TeO,>” ions (oxidation product of Te)
is most likely responsible for this hollow morphology.
Formation of nanoparticle aggregates on some of the regions
of these NTs was also observed. Monitoring of the Pt
concentration in the supernatant through inductively coupled
plasma mass spectrometry (ICPMS) suggested the completion
of the reaction after 15 h. The nanostructures formed at this
stage appeared to be of different morphologies (Figure 1B). A
higher-magnification image (Figure 1C) revealed these to be
NP-decorated NTs (NP-NTs). The presence of well-crystalline
ultrasmall NPs (size of individual NP being ~S nm) attached
across the diameter of the ultrathin tubular structure was
evident from the high-resolution TEM image (Figure 1D).
Lattice distance (0.392 nm) of these NPs matches exactly with
the (111) plane of Pt (Figure S2A), and EDS spectra collected
from these showed the presence of only Pt, thus confirming
these to be Pt NP-NTs.

It is to be noted that we used a higher concentration of
H,PtClg in the reaction than suggested by the reaction
stoichiometry, and this resulted in the formation of a uniform
coating of Pt NPs on the NT body. Ethylene glycol has been
used as both the solvent and the reducing agent to synthesize
various metal nanostructures at elevated temperatures (polyol
method) and is likely to be responsible for the reduction of
excess PtCl,>~ ions into Pt NPs. Decoration of ultrathin Pt N'Ts
with these ultrasmall NPs is expected to provide increased
surface area for enhanced catalytic activity. The X-ray
photoelectron spectrum (XPS) shown in the inset of Figure
1D proves that these NTs are made of Pt(0) metal. The XPS
spectrum shows peaks corresponding to Pt 4f5,, and Pt 4f; ).

Catalyst-assisted reactive paper spray experiments were
performed using Pt NP-NTs-coated paper. Pt NP-NTs act as
catalytic nanostructures for instant in situ conversion of —NO,
into —NH,, the latter with increased ease of ionization resulting
in enhanced mass spectrometric detection. The coating was
done by a simple dropcasting method. An ethanolic dispersion
of the Pt NP-NTs was dropcast on the paper and kept for
drying under laboratory conditions. Once the paper was dried,
it turned black in color, due to the presence of Pt NP-NTs on
it. Using these catalyst-coated papers, we have detected 2,4,6-
TNT in its vapor phase. Figure 2A shows a schematic
representation of the experimental setup. In a typical
experiment of vapor detection, 2,4,6-TNT was taken in a
closed 5 mL glass bottle and it was pumped using a vacuum
pump. The bottle was maintained at 60 °C during the
experiment, as the vapor pressure of TNT is very low (0.0002
mmHg) at 20 °C (The National Institute for Occupational
Safety and Health Pocket Guide to Chemical Hazards, https://
www.cdc.gov/niosh/npg/ npgd0641.html). Then, for collecting
the vapor of TNT, a PtNT-coated paper was held in the path of
the air flow. After 30 min of collection, the paper was cut into a
triangular shape and the paper spray experiment was carried
out. In this case, the paper was eluted with an aqueous solution
of NaBH,. Figure 2B shows the schematic of the paper spray
experiment. Figure 2C shows the mass spectrum collected from
the above-mentioned experiment. The presence of a few other

Pump

Intensity C?
¥ &8 8 8 8
E 138

Figure 2. (A) Schematic of the process for accumulation of TNT
vapor on PtNT-coated paper, (B) schematic of a typical paper spray
ionization process, showing that, after eluting the TNT-adsorbed Pt
NP-NT-coated paper with NaBH, solution, it transformed to
triaminotoluene (TAT), and (C) typical mass spectrum showing
peak of TAT at m/z 138.

peaks along with the peak at m/z 138 (for 2,4,6-TAT) was
visible in the mass spectrum; these may be impurities present in
the sample or in the paper itself. The amount of TNT collected
on the paper was calculated from the vapor pressure of TNT at
60 °C. It was found that ~4.5 ng of TNT was collected during
this time. This shows the high detection efficiency of this
method. Formation of the product was also confirmed by
tandem mass spectrometry. Figure S3 shows MS? spectra of m/
z 107, 123, and 138, respectively. In all these cases, we see a loss
of 17 mass units, a loss of an NH,*.

In the case of solution-phase detection, the Pt NP-NT-coated
paper was held in front of the mass spectrometer inlet, at a
distance of S mm, using an alligator copper clip, and high
voltage of the order of 3—3.5 kV was applied. The paper was
eluted with 20 uL of 1:1 reaction mixture of 2,4,6-TNT (0.5
ppm, MeOH solution) and sodium borohydride (250 mM,
aqueous solution), and the mass spectrum was collected
immediately. Figure 3A shows a positive-mode mass spectrum
collected from the above-mentioned experiment. The peak at
m/z 138 is due to 2,4,6-TAT. In this reaction, NaBH, was used
as a reducing agent, and Pt NP-NTs act as a catalyst. In the
absence of Pt NP-NTs, with only NaBH,, complete reduction
of nitro to amino group did not happen within a significant
time (30 min). Figure S6 shows a mass spectrum collected from
the reaction mixture of 24-dinitrotoluene (in MeOH) and
NaBH, (in water), without the presence of catalyst, after 30
min of mixing. Without Pt NP-NTs, reduction stops at the
intermediate stage, forming the azo compound. TNT can be
detected from solid surfaces also. In this process first it was
extracted with methanol followed by reactive paper spray. The
same experiment was also tried with different other nitro
aromatic compounds like 2,4-dinitrotoluene (2,4-DNT) and p-
nitrotoluene (p-NT). In both cases reduction of nitro to amino
group was observed. Parts B and C of Figure 3 show the mass
spectrum collected for reduction of 2,4-DNT and p-nitro-
toluene, respectively. Peaks at m/z 123 and m/z 107 are due to
the formation of 2,4-diaminotoluene (2,4-DAT) and p-
aminotoluene. In both cases, the color of the solution turned
red just after the addition of NaBH,. In the case of 2,4-DNT
(Figure 3B), the mass spectrum shows a peak at m/z 301,
which is an intermediate of the reduction process. We speculate
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Figure 3. PtNTs-assisted paper spray mass spectrum for (A)
trinitrotoluene, showing the product peak at m/z 138, (B)
dinitrotoluene, showing both the intermediate and product peaks at
m/z 301 and m/z 123, respectively, (C) p-nitrotoluene, showing both
the intermediate and product peaks at m/z 212 and m/z 107,
respectively, and (D) mass spectrum corresponding to the vapor-phase
detection of dinitrotoluene.

this intermediate to be an azo compound. The azo intermediate
was also visible in case of p-NT.

Hence, the possible reaction scheme may be conversion of
—NO, groups to —NH, groups, one by one. We could not
detect the other intermediates because the reaction is very fast.
The absence of the intermediate in the case of TNT is likely to
be due to the reduced concentration (0.5 ppm) of it, used in
comparison to DNT. The large excess of catalyst surface area
facilitates the rapid conversion of the intermediate to the
product. Increasing the concentration of TNT to observe the
intermediate was not feasible due to its explosive nature. In real
applications, vapor-phase detection of explosives is more
important than solution-phase detection. We detected these
nitro compounds in their vapor phase using this reactive paper
spray mass spectrometric technique. Figure 3D shows a mass
spectrum where 2,4-DNT was reduced and detected from its
vapor phase. The peak shown at m/z 123 is due to 2,4-DAT. In
this case, the peak at m/z 301 was not detected. Presence of
very less amount of analyte molecules, with respect to the
catalyst resulting in the rapid conversion of the analyte to the
product, may be the reason for this. Pt NP-NT-catalyzed
reduction of 2,4-DNT was also confirmed by absorption
spectroscopy. Figure 4A shows time-dependent absorption
spectra collected for the reduction reaction of 2,4-DNT by
NaBH,, using Pt NP-NT as catalyst. The spectra show that
with time the peak due to the nitro group goes down and a
peak near 350 nm comes up, which is due to a feature of 2,4-
DAT. Parts B and C of Figure 4 show the photograph of the
reaction mixture just after adding NaBH, (Figure 4B) and the
same reaction mixture after 20 min (Figure 4C). In the absence
of the Pt NP-NTs, the reaction stops at an intermediate stage.
Any catalyst is useful if it regains its catalytic activity after the
reaction. The reusability of PtNTs for the reduction of 2,4-
DNT to 2,4-DAT was checked. Figure 4D shows that, up to 20
cycles, the catalyst works with more or less similar efficiency. In
Figure 4D the maximum intensity of the product, in the mass
spectrum (average of 100 scans) collected from the reduction
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Figure 4. (A) UV—vis spectrum of the reaction mixture with time,
showing the peak for nitro group, which goes down slowly, and the
peak due to amino group coming up, (B) photograph of the reaction
mixture in the intermediate stage, (C) photograph of the reaction
mixture after completion of the reaction, (D) plot of signal intensity
(considering 10% RSD) of the product peak (m/z 123) vs number of
cycles, showing that a single paper substrate can be reused for a
number of times, and (E) average mass spectrum during these cycles.

reaction, was plotted against the number of cycles. Figure 4E
shows the corresponding mass spectrum. These data show
nearly similar catalytic activity for the nanotubes. TEM imaging
of the PtNTs after catalysis reaction was also done, to prove
that the catalyst is the same before and after the reaction. Figure
S4 shows TEM images of the PtNTs after reaction, at different
magnifications.

B CONCLUSIONS

We show a method of preparing PtNTs with rough surfaces,
which involves the use of sacrificial Te NW templates. The
roughness on the surface gives more surface area, and hence
more catalytically active areas. The PtNTs were used as highly
active catalysts for the reduction and detection of 2,4,6-TNT.
Vapor-phase detection of the explosive was also shown.
Sensitivity in the range of 4.5 ng was demonstrated.
Simultaneous chemical conversion and detection provides
additional advantage for such modified ionization platforms.
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Figure S1. A) TEM image of unwashed PtNTs, B) TEM image of the same showing tubular
nature of it.
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Figure S2. A) HRTEM of PtNTs, B) EDX spectrum of PtNT, inset shows the weight percentage
of Pt.
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Figure S3. Tandem mass spectrum for all the product peaks A) p-aminotoluene, B) 2,4-
diaminotoluene, and C) 2,4,6-triaminotoluene.
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Figure S4. A) TEM image of PtNTs after catalysis reaction, B) TEM image of the same at
higher magnification.
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Figure S6. Mass spectrum collected from the reaction mixture of 2,4-dinitrotoluene and NaBH,,
without catalyst, after 30 min of mixing.
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ABSTRACT: Fragile transition metal complex ions such as
[Cr(H,0),CL]* difficult to be observed by gas-phase spectros-
copy, are detected easily with carbon nanotube (CNT)-assisted
low-voltage ambient ionization mass spectrometry. Observation of
various substituted ions with D,O and ROH (R = CH;, C,H;, ...)
established the versatility of the technique in detecting diverse
species. Ligand substitution occurring in solution was captured
by the low-voltage technique. The extreme softness of the tech-
nique coupled with nanoscale ion sources enabled the creation
of such species. Analysis was extended to other halides as well.
The intensity of these fragile ions gradually disappeared at voltages
beyond 500 V and are completely absent in standard high-voltage
ionization. Detection of inorganic complexes further enhances

the scope of low-voltage ionization.

E ver since the celebrated efforts of Alfred Werner, coordination
complexes of transition metal ions have been the subjects
of continued interest."”” While many of the structural insights
of these complex ions have been derived from physical property
measurements,?’_7 as in the case of magnetism,s_ existence
of individual ions in solution has been a question. Optical spectra
of these complexes and their interpretation in terms of ligand
field theory are some of the highlights of introductory coordi-
nation chemistry."'~'* Observing such complex species directly
in solution has been difficult, although there have been reports
of this in the recent past.''® Although coordination complexes
have been studied in solution phase, only a few studies have
been carried out in the gas phase.'” "’

Mass spectrometry (MS), being the most prominent tool to
observe molecular species in isolation, is an automatic choice
for such investigations, although dissociation of the fragile
gas-phase ion prohibits the observation of intact complexes.
Recent advances in ambient ionization, and especially low-
voltage ionization,””*' have prompted us to look again at the
possibility of observing intact transition metal complexes directly
from solution. Incorporation of carbon nanotubes (CNTs) on
paper substrates has helped us to achieve molecular ionization
at low voltage (1 V) from various substrates.”” Extension of
this technique to other nanostructures showed anisotropy in
molecular ionization when two-dimensionally aligned Te
nanowires (NWs) were used for ionization.”" Analytical perfor-
mance was shown with volatile and nonvolatile compounds and
a variety of matrixes. Being a soft ionization process, the low-
voltage ionization technique has helped us in identifying mole-
cular systems with minimum internal energy. In this paper,
we describe a systematic investigation of transition metal complex

-4 ACS Publications  © 2017 American Chemical Society

ions and present a case study of their rapid substitution with
other ligands.

Low-voltage ionization has many advantages in comparison
to other ambient ionization methods. One simplification is that
the ionization source can be driven by ordinary batteries,
which reduces the complication of having larger power supplies.
Another advantage is the ability to provide a cleaner mass
spectrum with high signal-to-noise ratio (S/N). The spectrum
contains only molecular ion peaks (in most cases) with very
less fragmentation. These factors led us to utilize this technique
for the analysis of weakly bound coordination complexes in
detail.

B EXPERIMENTAL SECTION

Carbon nanotube-coated paper was made by drop-casting a
CNT suspension over Whatman 42 filter paper. The paper was
cut in rectangular shape (4 mm X 6 mm, base X height) and
dried at room temperature. This was held in front of the mass
spectrometer inlet with the help of a copper clip at a distance of
1 mm from it (schematic representation in Figure 1). All measure-
ments were done on an ion trap LTQ XL of Thermo Scientific,
San Jose, CA. A source voltage of 1 V was used for all the
measurements. All analytes were used at concentrations of
50 ppm, and a 2—3 uL volume of analyte was used for each mea-
surement. Following are the experimental conditions: capillary
temperature, 150 °C; capillary voltage, 0 V; tube lens voltage, 0 V.
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Figure 1. Mass spectrum of CrCl;-6H,0O in water at 1 V. The hexa-
coordinated aquochloro chromium complex ion at m/z 194 is seen as
the most prominent feature. A schematic of the process along with the
field emission scanning electron microscopy (FE SEM) image of the
CNT-coated paper (a), experimental and simulated (sticks) mass
spectra of the complex ion peak (b), and fragmentation patterns of the
base peak at 194 by MS/MS methods (c) are shown in the inset.

CrCl;-6H,0 and CrBr;-6H,O were purchased from Sigma-
Aldrich, India. D,O was bought from Acros Organics, India.
All organic solvents used in this experiment (methanol, ethanol,
propanol, butanol, and pentanol) were purchased from Sigma-
Aldrich, India. The collision-induced dissociation technique was
used for MS? analysis. A field emission scanning electron
microscope (FE SEM) was used for imaging measurements.

B RESULTS AND DISCUSSION

A modified paper spray ionization source, consisting of a
rectangularly cut CNT-coated Whatman 42 filter paper (see the
Experimental Section) connected with a low-voltage power
supply, was used for the current experiments. The paper spray
source was held in front of the MS inlet at a distance of 1 mm
from it, and analytes were introduced with a micropipette on
the paper. Volumes of 2—3 uL of the analyte solution in a
suitable solvent were used for each measurement, and the ions
ejected were detected.

The initial set of measurements were done with CrCl;-6H,0,
which is the most common chromium hydrate that imparts
green color to its solution due to the presence of the
[CrCl,(H,0),]CI-2H,0 complex.””** The green crystals
were weighed, and solution was made in water at a concen-
tration of 50 ppm. This was analyzed at 1 V with the help of a
CNT-coated rectangular paper spray source. The spectrum
collected is shown in Figure 1.

The mass spectrum shows a series of peaks starting from
m/z 192 to m/z 200 with m/z 194 as the base peak. The peak
at 194 corresponds to [*Cr("H,'°0),*Cl,]*, which is due to
the most probable isotopic combination for the complex ion
system. A well-resolved mass spectrum of the complex ion is
shown in Figure 1b along with the simulated spectrum.
The experimental and simulated mass spectra show good
agreement in both signal intensity and isotope distribution.
Various signals in the resolved experimental mass spectrum
represent different combinations of all the isotopes in the

complex ion, with signal intensity determined by the isotopic
abundance. A schematic of the ionization process is shown in
Figure 1a. It shows the rectangularly cut CNT-coated Whatman
42 filter paper and the MS inlet. The presence of CNTs on the
paper was confirmed by microscopic imaging, and an FE SEM
image is shown in Figure la. The image shows CNTs spread
over the paper, part of which also project out of the paper.
These CNTs expel gas-phase ions from the paper at voltages
above 1 V. The mechanism of ionization has been explained
in our previous publication.”” The identity of the gas-phase
complex ion was confirmed by collision-induced dissociation,
and the results are shown in Figure lc. The MS? spectrum of
the mass-selected molecular ion, [**Cr(*H,'°0),%Cl,]*, shows
the loss of a water molecule from the complex, resulting in a
peak at m/z 176. Further loss of water molecules from the
fragmented ion and the resulting ions are shown in the MS?
and MS* spectra (Figure 1c). The peak at m/z 194 can also be
due to other combinations of isotopes that are less significant.

The ion [Cr(H,0),Cl,]* has been well-studied in solution
phase by various techniques. Its crystal structure has been
investigated by X-ray diffraction. The complex ion is a hexa-
coordinated entity with four water and two chloride ligands
surrounding the chromium, which has a d® Cr(Ill) center.
The transition of electrons between the d orbitals give the
complex a green color. Ligands surrounding the central metal
ion (Cr*) in the complex system can be replaced by other
ligands resulting in various ligand-substituted complexes.
These ligand-substituted complexes will show corresponding
shift in the mass and can be analyzed at low voltage along with
the main complex ion system ([Cr(H,0),Cl,]*). The four
water ligands surrounding chromium can be substituted by
D,O0 by treating the precursor metal halide with D,O. For this,
a 50 ppm solution of CrCly;6H,0 was made in 50:50 (by
volume) water/D,0O mixture and the spectrum was collected at
low voltage. The result is shown in Figure 2.
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Figure 2. Mass spectrum of CrCl;:6H,0O in water/D,0 (1:1 by
volume) at 1 V showing the presence of [Cr(H,0),ClL]* and
[Cr(D,0),CL]*. The experimental and simulated (sticks) mass
spectra are shown in the inset.

The mass spectrum shows two sets of peaks with a mass
difference of 8 units. The first series represents the aquohalo
complex ion ([*Cr(*H,'°0),*Cl,]*) with a base peak at 194.
The second series is a D,0-substituted complex ion where all
the water ligands of the parent complex ion are replaced by
D,O. This series consists of many peaks due to different
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possible combinations of various isotopes of the constituent
elements, as explained above. The base peak is at m/z 204,
which represents [*Cr(*D,'°0),**ClL,]* which is the most
probable isotopic combination possible. The inset represents
the experimental and simulated mass spectra for the two complex
ions. The identity of the species was confirmed from these and
also from MS/MS. We have not observed other mixed ligand
complex systems (like [Cr(H,0),(D,0),CL]*). The cause of
this needs additional investigation.

The ligand exchange experiment was extended to many other
ligands, which resulted in a variety of gas-phase complex ions.
Another batch of experiments was done with a homologous
series of alcohols from methanol to pentanol. Alcohols are
neutral ligands and have the potential to exchange with other
neutral ligands in the coordination complex. For this, a solution
of CrCl;-6H,0 was made in water/methanol (1:1 by volume)
and it was analyzed by low-voltage paper spray ionization mass
spectrometry. Figure 3 shows the results.
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Figure 3. Mass spectrum of CrCl;-:6H,0 in methanol at 1 V showing
the presence of [Cr(H,0),CL]" and ligand (methanol) substituted
complexes. MS? spectra of various complex ions are shown in the inset.

The main spectrum (Figure 3) shows five sets of peaks with
base peak positions at m/z 194, 208, 222, 236, and 250.
The first series of peaks around m/z 194 (base peak)
correspond to the parent complex ion ([**Cr(H,0),CL]").
This hexacoordinated complex ion gave another four sets of
methanol-substituted ions in the high-mass range. These new
ligand-substituted ions occur at different m/z values and differ
by 14 mass units. The peak at 208 represents [**Cr('H,'°0),
("*CH,'*0'H)*Cl,]*, which is a monoligand-substituted
complex ion where one among the four water molecules is
substituted by a methanol molecule. Similarly, the other peaks
at m/z 222, 236, and 250 represent [**Cr(*H,'°0),(**CH;'°O'H),
3CL), [2Cr(*H,'0)(2CH,*0'H),CL,]*, and [Cr-
(**CH;'%0'H),*CL,]", respectively. As the methanol to aquo
ligand substitution proceeds, there will be a crowded environ-
ment around the central metal ion, which will lead to a steric
instability in the system. This instability is reflected in the peak
intensity in the mass spectrum. All substituted complex ions are
less intense compared to the parent complex ion. Among the
ligand-substituted complex ions, that at m/z 236 shows the
least intensity. This ion 236 represents [**Cr('H,'°0),
(**CH;'*0'H);**Cl,]*, which is an asymmetrically substituted

system. Symmetrical configuration around the central metal ion
gave more stability to the system and is reflected in the peak
intensity in the mass spectrum. As a result, the peak at m/z 250
due to [**Cr(**CH;'%0"'H),*Cl,]", although the most sterically
crowded entity, shows a slightly more enhanced intensity than
the trisubstituted ion. Each of these methanol-substituted
complex ions was fragmented by collision-induced dissociation,
and the resultant fragment ion peaks along with the parent
peaks are shown in the MS® spectra. This is shown in the inset
of Figure 3. Similarly, the experimental mass spectra of all the
four methanol-substituted complex ions were compared with
the theoretical spectra, and the results are shown in Figure S1.
Both experimental and simulated mass spectra showed exact
match in both intensity and mass. Ion formation with CNT-
coated paper is not a 0 V process. A minimum of 1 V is
required for the ionization to happen. In order to prove this, a
control experiment was performed with CrCly;:6H,0 in
methanol with and without voltage. The results are shown in
Figure S2. Here the CNT-coated paper gave a blank mass
spectrum at 0 V while analyzing the complex species.

Moreover, 0 V ionization requires specific experimental condi-
tions and is applicable only in exceptional cases. An additional
experiment was performed with DPA and thymine under different
pH values, and the results illustrated the strong dependence of pH
in ionizing these molecules. The results are shown in Figure S3.
DPA under highly acidic (pH = 2) and neutral conditions gave
absolute intensity of 6 X 10° at 0 V. But it did not give any
signal at basic conditions. Similarly, it gave an absolute intensity
of 2 X 10° at acidic pH at 0 V but did not produce ion signals at
neutral pH at 0 V. Moreover, the signal intensities of both these
species at 0 V are negligibly small compared with those at 1 V.
By comparing these two results, it is clear that 0 V ionization is
a phenomenon which is heavily dependent on the molecular
characteristics as well as experimental conditions.

The experiment was continued for the other alcohols in the
homologous series too. For this, CrCl;-6H,O solution was
made at a concentration 50 ppm in four different alcohols—
ethanol, propanol, butanol, and pentanol, respectively. These
were analyzed in the same manner as explained above. Figure 4
depicts the resultant spectra collected at 1 V. The mass spectra
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Figure 4. Mass spectra of CrCl;-6H,O in various alcohols at 1 V,
showing the presence of [Cr(H,0),CL]* and ligand (alcohol)
substituted complexes. The ligand-substituted complexes for alcohols
are represented by a general formula, and the peaks show a
corresponding shift in the m/z values. Guide lines indicating the
peaks are also shown.
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showed the presence of alcohol-substituted complex ions along
with the parent aquohalo complex system. These substituted
complex ions showed similar variation in peak intensity as in
the case of methanol. The symmetrically substituted systems
showed higher peak intensity compared to the asymmetric
ones.

The possibility of creating ligand-exchanged complex ions in
the gas phase at low voltages has led to the thought of creating
new mixed ligand complex ions. For this, a slight modification
was done in the previous experimental procedure. CrCl;-6H,0
was taken in different alcohol mixtures (in equimolecular
proportions), and the analysis was done at low voltages.
This has resulted in new mixed ligand complex ions, along with
the normal complex ions. Figure 5 shows the results obtained
with this experiment.

Intensity

150 200 250 300 350 400 450

Figure S. Low-voltage analysis of various chromium complexes in
different combinations (equimolecular proportions) of alcohols:
CrCl;-6H,0 (1:1 by volume) in (a) methanol/ethanol, (b) ethanol/
butanol, and (c) propanol/butanol. The peaks corresponding to the
mixed ligand complexes are indicated by their m/z values (black, in
large font size). Other peaks are due to normal ligand-substituted
complexes (indicated in red font).

In the figure, trace a represents the complex ions obtained
with a 50 ppm solution of CrCl;6H,0 in 1:1 (by volume)
methanol/ethanol. There are nine sets of peaks including the
starting parent complex ion centered around m/z 194. These are
around m/z 194, 208, 222, 236, 250, 264, 278, 292, and 306,
respectively. The feature at 194 represents [Cr(H,0),CL]%
which we have noted before. The other eight series include
methanol-substituted complex ions, ethanol-substituted com-
plex ions, and mixed ligand complexes. Peaks at m/z 208
and 236 represent methanol-substituted complex ions,
[Cr(CH,0H)(H,0),CL]* and [Cr(CH,0H),(H,0)CL]",
respectively. Peaks at m/z 222 can be a mixture of both
[Cr(CH;0H),(H,0),CL]* and [Cr(H,0);(C,H;OH)CL]",
since both have the same molecular mass. Same is the case
with the peak at m/z 250, representing a mixture of both
[Cr(CH;0H),CL]* and [Cr(H,0),(C,H;OH),CL]*. Simi-
larly, the peak at m/z 306 represents an ethanol-substituted
complex ion, [Cr(C,H;OH),ClL,]*. Among the other three
peaks (m/z 264, 278, and 292), that at m/z 278 is a mixture of
an ethanol-substituted complex ion and a mixed ligand complex
ion ([Cr(H,0)(C,H;OH);Cl,]* and [Cr(CH;0H),
(C,H;OH),CL]*). The other two peaks at m/z 264 and 292
represent mixed ligand complex ions, [Cr(CH;0H),
(C,H;OH)CL]" and [Cr(CH;0H)(C,H;OH),CL]*, respec-
tively. The second spectrum shows gas-phase complex ions
from the solution of CrCl;-6H,0 in ethanol/butanol, and the

third represents complex ions from propanol/butanol (all 50:50
by volume). Here also we can see both the mixed ligand
complexes as well as normal alcohol-substituted ones. All the
mixed ligand complexes are listed in Table S1 with molecular
formula and m/z values.

One of the main advantages of low-voltage ionization
compared to normal high-voltage paper spray is its ability to
detect molecular systems with extreme fragility. We have
proved this with the identification of fragile hydrated adducts of
halides at low voltage.”””" Gas-phase metal—aquo complexes
are other classes of fragile systems. Their identification can be
done very well at low voltage, and there is a chance for them to
undergo degradation with increase in voltage. This has been
tested with various complex ions. CrCl;-6H,0O was dissolved in
a water/methanol (1:1) mixture, and the resultant ions were
detected at various voltages starting from 1 to 600 V. Results
are shown in Figure 6. Here we can see mass spectra collected

600 5 o

A) s 2¥ e g - B) |No |m/z |Complex
608 1 194 | [CrH,0)ClI*
300
ol ‘l J_10v 2 208 [Cr(CH;OH)(H,0),Cl]*
300 50V 3 222 | [Cr(CHOH)(H,0),Clsl*
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>0} 1100V 5 250 | [Cr(CH;OH),Cl,]*
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Figure 6. (A) Mass spectra collected for methanol-substituted Cr
complexes at various voltages, (B) list of the complexes identified with
their m/z values, and (C) variation of signal intensity ratio of each
complex ion with respect to the voltage applied.

at 1—-600 V (Figure 6A). The identified species are listed in
Figure 6B. From the mass spectra, it is clear that there is a
gradual and sudden decrease in the peak intensities with
increase in voltage (Figure 6C). This is true for all the complex
ions. Complex ions show their maximum intensity in the
low-voltage range, and their intensities drop almost to zero at
500—600 V (the absolute intensity values of these complexes
are shown in Figure S4). This variation can be correlated with
their poor stability. Several control experiments have been
performed on various fragile systems in order to prove the
capability of the low-voltage ionization technique for their
analyses. For that, CrCl;-6H,O was taken and the solution was
made in different solvents (water, methanol, ethanol, propanol,
butanol, and pentanol) at SO ppm concentration. This was
analyzed with normal paper spray (PS) and electrospray
ionization (ESI). The results are shown in Figures S5—S8.
The results suggest that there is extensive fragmentation of
complexes at high voltage using normal PS and ESL
Dependence of the inlet temperature on the intensity of
various complexes has been studied in a separate set of experi-
ments. For that, various samples were chosen and analyzed at
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1 V by varying the MS inlet temperature from 30 to 500 °C
with all other parameters being the same as that of the previous
experiments. The results are shown in Figures S9 and S10.
The results suggest that the ion intensity is dependent on the
MS inlet temperature; the intensity starts appearing from a
minimum value at 30 °C and reaches the maximum at 150 °C.
The gas-phase ion formation requires desolvation first, and this
is assisted by various factors including the MS inlet temper-
ature. At 30 °C, desolvation is slow and it results in weak ion
intensity. After that, the intensity reaches a peak value, and
finally it degrades due to the effect of high temperature on
the fragile systems. These results suggested the possibility of a
solvent-assisted ionization mechanism. A similar set of experi-
ments was performed with the conventional paper spray method
(high voltage) by using CrCl;-6H,O in methanol, and the
results are shown in Figure SI11, which indicate reduced
temperature dependence on ion intensity. The results suggest
that the ionization mechanism is different from that of ESL

An additional experiment was done by introducing 3 uL of
solution of CrCl;-6H,0 in methanol directly in front of the MS
inlet, and the mass spectrum was collected at different MS inlet
temperatures from 30 to 500 °C. This was compared with the
normal 1 V spectrum, and the results are shown in Figures S12
and S13. It shows the presence of additional peaks along with
the normally observed peaks (Figure S12) with strong
molecular ion abundance as there is a chance to suck more
molecules compared with the normal 1 V ionization process.
Results from a temperature-dependent study (Figure S13)
show the role of solvent in the jonization mechanism.

The experiments conducted here mainly focus on the detec-
tion of various complexes in the gas phase and not on their
existence in solution. However, to show the existence of dif-
ferent ligand-substituted complexes in solution, we have carried
out a set of UV—vis spectroscopic measurements on CrCl;-
6H,0 in different solvents from water to butanol. Cr** (having
d* electronic configuration) exhibits two absorption maxima at
437 and 627 nm in water. These peaks are due to 4A2g — 4T1g
and 4A2g - 4T2g transitions, respectively.”* These peaks further
show a red shift (from 437 to 449 nm and from 627 to 633 nm)
when there is a change in the solvent. This is reflected in the
UV—vis spectrum (Figure S14A) as we change the solvent from
water to methanol and other alcohols (ethanol to butanol).
The shift is principally due to the change in the electronic
splitting energy (A value) as we move from one ligand to the
other. Change of water to methanol changes A due to the
crystal field. Solvent-dependent red shifts in the optical
absorption spectrum of Cr(NO;);-9H,0 were attributed to
changes in the complexation shell.”

Measurements were conducted by varying the solvent
composition also. For that, CrCl;-6H,O was taken in different
compositions of water/methanol and spectra were collected
(Figure S14B). Here a systematic red shift in the high-energy
peak (437 nm) can be observed as we move from 0% methanol
to 25% methanol and so on (437 nm — 439 nm — 445 nm —
449 nm). This is due to the stepwise formation of different
mixed ligands which includes [Cr(H,0);(CH,;OH)CL]*
[Cr(H,0),(CH;0H),CL]*, [Cr(H,0)(CH;0H);CL], and
[Cr(CH;0H),CL]* along with [Cr(H,0),Cl,]*. Ligand
combinations around the central metal ion change the A and
are reflected in their UV—vis spectra.

The last set of experiments was done with the Cr—bromide
system. For those, we have prepared solutions of CrBr;-6H,0
in various solvents and analyses were done at low voltage.

The results suggest the existence of gas-phase Cr—bromide
complex ions similar to the Cr—chloride system. The mass
spectra collected at low voltage are shown in Figure 7. A table

A) [Cr(H20)4Br2]+
>
=
(72
c
(4]
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=
>
o=
[72]
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Figure 7. Mass spectra of CrBry-6H,0 at 1 V in (A) water, (B) methanol,
(C) ethanol, (D) propanol, and (E) butanol. Different complex ions
detected are indicated in the mass spectra. The inset of panel A
compares the experimental and simulated (sticks) mass spectra of
[Cr(H,0),Br,]".

depicting the list of different Cr—Br complex ions is shown in
the Supporting Information (Table S2).

B CONCLUSIONS

The present study shows that it is possible to observe the gas-
phase transition metal complex ions by the low-voltage
ionization technique using CNTs. The extreme softness of
the technique allows us to identify many complex ions with
good S/N ratio. The main system under study was a hexa-
coordinated chromium ion, [Cr(H,0),CL]*. The spectrum
showed a well-resolved isotopic distribution with base peak at
194. The system was then used for ligand exchange reaction
with many other ligands including D,O and alcohols. Several
alcohol-substituted complex ions were detected, and further
study revealed the presence of gas-phase mixed ligand complexes
too. A voltage variation study was performed on these complexes,
and it confirmed the weak bonding in the system. These
experiments proved the potential application of the low-voltage
ionization technique to probe fragile molecules.
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Figure S1. A) Experimental and simulated (sticks) mass spectra of different methanol

substituted chromium complexes and B) a list of different methanol substituted chromium

complexes observed.
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Figure S2. Analysis of CrCl;.6H,O at A) 1 Vand B) 0 V.
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Figure S3. 0 V mass spectra of DPA at A) pH 2, B) pH 7, C) pH 9 &14, and thymine at C) pH 2
and, E) pH 7.
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Figure S4. A) Absolute intensity values of various complexes detected at various voltages, B) 1

V mass spectrum of CrCl;.6H,0 in methanol and C) mass spectrum of CrCl;.6H,0 at 600 V.
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Figure S5. Comparison between low voltage and normal paper spray analysis. Mass spectra
represent paper spray analysis of various complex ions of CrCls;.6H,0 at different voltages in A)
water, B) methanol, and C) ethanol. The 1 V spectra are collected from a CNT coated paper (low
voltage PS). All other high voltage spectra are collected from a normal Whatman 42 filter paper

(normal PS). All the complexes are indicated with their m/z ratio.
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Figure S7. Comparison between low voltage and ESI MS analysis. The figure represents mass
spectra of various complex ions of CrCl;.6H,0 at different voltages in A) water, B) methanol,
and C) ethanol. The 1 V spectra are collected from a CNT coated paper (low voltage PS). All
other high voltage spectra are collected from ESI measurements. All the compelxes are indicated

with their m/z ratio.



Supporting Information 8:

1.2x 105
8.0x 10¢

4.0 x 104

0.0
1.2% 105

8.0x 104
4.0 x 104

ity

0.0°
1.2% 105

Intens

8.0x 104
4.0 x 104

0.0
1.2% 105

8.0x 104

4.0x 104

B =
QU 2
o Q
= =
= 5
= 3 2
=) z %
= o ]IS
QU = 8=
z S |8
= g
8

-

LU

50200 250 300 350 400

1.5kV

25kV

3.5kV

12¢10g & 2 12x105 ¢
sox104 5 3§ poxto
40104 5 5 7| 7| 5y a0x10dd
0.0 0.0l
1.2x 105 1.2% 108
8.0x 104 8.0x 104
4.0% 104 15kv 4.0x 104
0.0 0.04-1
1.2 x 109 1.2x10°
8.0 % 104 8.0 x 104
4.0 x 104 25KV 4 0x 104
0.0. 0.0/l
1.2 % 105 1.2x10°
8.0 104 8.0x10¢
4.0 % 104 3.5kV 4.0x 104
o,o.—ﬁt 0.0
150 300 450 150
miz

[2Cr(C5H1OH)(H,0).Cl,]*

264
[%Cr(CsH1OH)(H,0)Cl]*

[2Cr(C5H11OH),(H,0),Cl,]*
404

334

1Ll

[2Cr(CsHOH)ClyI*

474

1V

b1.5kv

L

U 25kV

U3.5 kv

300

450

Figure S8. Comparison between low voltage and ESI MS analysis. The figure represents mass
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Figure S9. Mass spectra of CrCl;.6H,0 at different MS inlet temperatures in A) water, B)
methanol and C) ethanol. The variation of signal intensity of various complexes with respect to

the MS inlet temperature is also shown.
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Figure S10. Mass spectra of CrCl;.6H,0 at different mass inlet temperatures in A) propanol, B)
butanol and C) pentanol. The variation of signal intensity of various complexes with respect to

the mass inlet temperature is also shown.
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Figure S11. Conventional paper spray mass spectra of CrCl;.6H,O at different MS inlet
temperatures. The variation of signal intensity of the base peak with respect to the MS inlet

temperature is also shown.
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Figure S12. Mass spectra of CrCl;.6H,0O in methanol, A) at 1 V and B) that collected by

introducing 3 uL. of solution in front of the MS inlet.
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Figure S13. Mass spectra of CrCl3.6H,O collected by directly introducing the analyte in front of
MS inlet at different MS inlet temperatures. Variation of signal intensity of the base peak with

respect to the MS inlet temperature is also shown.
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Figure S14. UV-visible spectra of CrCl;.6H,O in A) different solvents and B) different
percentage composition of methanol (in water). Shift in the peak positions is due to the formation
of different complexes in solution. The spectra are shifted vertically for clarity. The peaks
marked a and b are due to 4A2g —>4T1g and 4A2g—>4T2g transitions, respectively. Systematic

red shift is seen in B upon changing the solvent composition.
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Table S1. List of different mixed ligand complexes detected at 1 V with their m/z values

No m/z Mixed complex ions

1 264 [Cr(CH30H)3(C,HsOH)CL,]*
2 278 [Cr(CH30H),(C,HsOH),Cl,]*
3 292 [Cr(CH30H)(C,HsOH);Cl,]*
4 334 [Cr(C,H50H)3(C4HyOH)Cl,]*
5 362 [Cr(C,HsOH),(C4HyOH),CL,]*
6 390 [Cr(C,HsOH)(C4HyOH);Cl,]*
7 376 [Cr(C3H,OH)3(C4HyOH)Cl,]*
8 390 [Cr(C3H;OH)»(C4HyOH),CL,]*
9 404 [Cr(C3H;0H)(C4HyOH);Cl,]"
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Table S2. List of different chromium bromide complexes detected at 1 V with their m/z values.

No | m/z Complex ions

1 |284 [Cr(H,0)4Br,]*

2 | 298 [Cr(H,0)3(CH;0H)Br,]"

3 312 [Cr(H,0),(CH;0H),Br,]"

4 [326 [Cr(H,0)(CH30H)3Br,]"
5 |340 [Cr(CH3;0H),Br,]

6 |312 [Cr(H,0)3(C,HsOH)Br,]*
7 1340 [Cr(H,0),(C,HsOH),Br,]*
8 |368 [Cr(H,0)(C,HsOH);Br,]

9 |39 [Cr(C,HsOH),Br,]*

10 | 326 [Cr(H,0)3(C3H;0H)Br,]*

11 | 368 [Cr(H,0),(C5H;0H),Br,]*

12 410 [Cr(H,0)(CsH,0H);Br,]"

13 | 452 [Cr(C3H,O0H)4Br,]*

14 340 [CI'(HQO)3(C4H1()OH)BI'2]+

15 | 396 [Cr(H20)2(C4H1gOH),Br]"

16 452 [CI‘(HQO)(C4H1()OH)3BI'2]+

17 |508 [Cr(C4H;(OH)4Br,]*

17
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ABSTRACT: Structure—reactivity correlations in metal atom
substitution reactions of three model monolayer-protected
alloy clusters, Ag,s_,Au,(SR) ;g (I), Auys_,Ag,(SR)g (I), and
Au,Ag,, (SR)y, (III) where (—SR = alkyl/arylthiolate), are
demonstrated. We show that the Au atoms of I and III and Ag
atoms of II can be substituted by their reactions with the
parent clusters Ag,s(SR);5, Agi(SR); and Au,s(SR)g,
respectively. Though these alloy clusters possess certain
common structural features, they exhibit distinctly different
reactivities in these substitution reactions. The Au of I and III
and Ag of II at the outermost sites, i.e., M,(SR); staples of I
and II and M,(SR); mounts of III, were substituted more
easily compared to those at the inner, icosahedral sites. Au

Ease of Ag (Au)
atom substitution
S>1>C

Ease of Ag (Au)
atom substitution
M>D;/D,, > 4

Au,Ag4,,(SR)so

Au,s Ag,(SR);5 OF Agys AUL(SR),q

atoms at the icosahedral shell of I were completely substituted while Ag atoms of II at similar positions were not labile for
substitution. This shows that the icosahedral shell of II is more rigid compared to that in I. We show that the Au atom in
Ag,,Au,;(SR) 5 cannot be substituted, which indicates that this Au atom is located at the center of the icosahedral shell. Similarly,
when x < 12, the Au atoms of III cannot be substituted, indicating that these atoms are located in the innermost icosahedral
shell. In summary, our results demonstrate that metal atom substitution reactions correlate with the geometric structures of these

clusters.

B INTRODUCTION

Structure—reactivity correlations are some of the central aspects
of chemistry. Chemistry of ligand-protected, atomically precise
noble metal clusters' " is an emerging area in nanomaterials
science. The molecule-like nature of these clusters has been
well-established by their discrete optical absorption features,’
luminescence,’ atomically precise compositions,7_14 and well-
defined geometric structures. Typically, these clusters consist of
a core containing a precise number of metal atoms protected by
a specific number of ligands; Au;p,(SR),0, Auys(SR) ™"
Agys(SR) 15" ® Auzg(SR),s' " Agus(SR)30, ' etc., where —SR is
an alkyl/aryl thiolate, are some of the better known examples.
Crystallographic studies”'"'>'*'® show that metal atoms and
the ligands of these clusters occupy distinct, symmetry-unique
sites. For example, M,s(SR);3 (M = Ag/Au)l4’18’16 clusters
constitute an M,; icosahedron which is protected by six
M, (SR); staple motifs. Therefore, metal atoms of these clusters
can be classified into three symmetry-unique sites, namely,
center of the icosahedron (C), surface of the M,; icosahedron
(I), and M,(SR); staples (S). The ligands on M,s(SR)g
clusters can be classified into two groups, namely, terminal
and bridging ligands."”** Recent spectroscopic investigations
revealed conformations and stereochemistry of protecting
ligands of such clusters.”””” Structural models have been
evolved to understand the growth mechanisms, structural

-4 ACS Publications  © 2017 American Chemical Society

23224

diversity, and reactivity of ligand-protected clusters.””™>* In

spite of significant advances in understanding the structural
details of these clusters, their structure—reactivity relationships
are rarely addressed, except for a few studies on ligand-
exchange reactions.'”*’

Substitution or exchange of the ligands is one of the
earliest of their reactions. Ligand substitution reactions is the
only type of their reactions explored to date to understand the
structure—reactivity relations in these clusters, and such studies
indicated that the ligands on M,5(SR) ;3 (M = Ag/Au) clusters
occupy two distinct sites, terminal and bridging, as mentioned
earlier. However, because the ligands are connected to the
outermost sites, ligand substitution cannot provide overall
structural information on these clusters. Structural framework
of these clusters is largely determined by the arrangements of
metal atoms in the form of polyhedral shells, such as
icosahedra, dodecahedra, etc., and metal—ligand staples
(M,(SR);, for example)'* and mounts (M,(SR);, for
example).'” Hence, the metal atom substitution reaction is
expected to provide useful structural information about these
clusters. Metal atoms in these clusters can be substituted by
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reactions with metal ions, metal—ligand cornplex<>_s,31_34 or

with other clusters.” " Recently we have shown that metal
atoms, ligands, and metal—ligand fragments of these clusters
can be substituted through intercluster reactions.”>**%*!

Here we demonstrate that metal atom substitution reactions
of three well-known classes of alloy clusters, namely,
Agys_ Au,(SR) s (1), Auzs—xAgx(SR)ls (I1), and
Au,Agy, (SR);, (III) can be used to establish structure—
reactivity correlations in them. These alloy clusters were chosen
because the positions of metal atoms in them are precisely
known either from crystallography or from accurate computa-
tions.""****~* Though these clusters possess certain common
structural features, we demonstrate that they exhibit distinct
reactivities in substitution of their metal atoms. The metal
atoms at the outermost shells, i.e,, M,(SR); staples for I and II
and M,(SR); mounts for III, were substituted more easily
compared to those at the inner shells. Metal atoms at the
middle icosahedral shell of I could be completely substituted
while those of IT were not labile for substitution. This shows
that the icosahedral shell of II is more strongly bound than that
in I. The Au atom in Ag,,Au,(SR),5 cannot be substituted,
which indicates that this Au atom is located at a unique
position, namely the center of the icosahedral shell. Similarly,
when x < 12, the Au atoms of III cannot be substituted,
indicating that these atoms are located in the innermost shell.
In summary, we show that the metal atoms belonging to
various sites could be distinguished using these substitution
reactions.

B EXPERIMENTAL SECTION

Materials. Chloroauric acid trihydrate (HAuCl,-3H,0), n-
butanethiol (BT), 4-fluorothiophenol (FTP), 2-phenylethane-
thiol (PET), 2,4-dimethylbenzenethiol (DMBT), tetraoctylam-
monium bromide (TOAB), tetraphenyl phosphonium bromide
(PPh,Br), and sodium borohydride (NaBH,) were purchased
from Sigma-Aldrich. Silver nitrate (AgNO;) was purchased
from Rankem India. All the solvents used, tetrahydrofuran
(THF), methanol, and dichloromethane (DCM), were of
analytical grade and used without further purification.

Synthesis of Clusters. [Ag,s(DMBT),;][PPh,] was
synthesized by adopting a method reported by Bakr et al.'®
[Au,s(PET),s][TOAB] was synthesized using a reported
method.””

[Auys(FTP),5][TOAB] was synthesized through the ligand
exchange of Au,s(BT),;; with FTP. For the synthesis of
Auy(BT),5, 2 mL of S0 mM HAuCl,-3H,0 in THF was
diluted to 7.5 mL using THF. About 65 mg of TOAB was
added to this solution, and the mixture was stirred at 1500 rpm
for 30 min at room temperature. The initial yellow color of the
solution turned deep red during stirring. About 0.5 mmol of
pure BT was added at a stretch while stirring at the same speed.
The deep red color slowly turned to yellow, and the solution
eventually became colorless after about 45 min. After the
solution was stirred further for about 1.5 h, 2.5 mL of ice cold
aqueous NaBH, (0.2 M) was added in one shot. The solution
turned black immediately, and the mixture was stirred for 5 h.
The solution was then rotary evaporated; methanol was added,
and the precipitate was washed repeatedly with the same and
dried.

The [Agy,(FTP)5,][PPh,], cluster was synthesized following
a previously reported method. A 20 mg sample of AgNO; and
12 mg of PPh,Br were thoroughly ground using an agate
mortar and pestle for S min. About 76 uL of FTP was added to

it at a stretch, and the mixture was ground further for about 3
min. About 45 mg of dry NaBH, was added, and the mixture
was ground until the pasty mass became brown. This paste was
extracted with about 7 mL of DCM and kept undisturbed at
room temperature until all the characteristic features of the
cluster appeared in the ultraviolet/visible (UV/vis) spectrum.
The clusters were purified adopting the same protocol used for
Auys(SR) 5.

Synthesis of | and its Reactions with Ag,5(DMBT);s.
Ag,s_.Au,(SR) 5 clusters containing 1—6 Au atoms, ie., x = 1—
6 (denoted as Ia), were prepared by adding SO uL of
Ag,s(DMBT),4 solution (0.63 mM, in DCM) to 700 uL of
DCM followed by the addition of 15 uL of Au,s(PET),s (1.25
mM, in DCM). Because the concentration of Agzs(DMBT)IS in
this reaction mixture was higher than that of Au,s(PET),s, the
latter was consumed completely. Due to this, Ag,s_.Au,(SR)g
alloy clusters formed were rich in Ag, and no Au-rich alloy
clusters, i.e., clusters such as Auy;_,Ag,(SR) were observed.
The solution of Ia thus formed was kept at room temperature
for about 1 h for equilibration. This solution of alloy clusters
was used for further reactions without any purification. In order
to substitute Au atoms in Ia by Ag atoms, 120 uL of a solution
of Ag,s(DMBT),; (0.63 mM) was added to the above Ia
solution at a stretch. The extent of metal atom substitution was
monitored by measuring the mass spectra of this reaction
mixture at various time intervals.

The Au-rich Agys_ Au,(SR)s, containing 15—22 Au atoms
(denoted as Ib) were prepared by adding 25 uL of
Ag,s(DMBT),4 solution (0.63 mM, in DCM) to 475 uL of
DCM followed by the addition of 40 uL of Au,s(PET),s (1.25
mM, in DCM). The concentration of Ag,;(DMBT); in this
reaction mixture was less than that in the previous synthesis
(where 1—6 Au atoms were substituted); therefore, the Ib
clusters formed in this synthesis contained higher number of Au
atoms. In order to substitute the Au atoms of these alloy
clusters with Ag atoms, 40 uL of a solution of Ag,s(DMB)
(0.63 mM, in DCM) was added to it. The extent of metal atom
substitution was monitored by measuring the mass spectra of
this reaction mixture at various time intervals.

Synthesis of Il and Its Reactions with Au,;(PET);s.
Auzs_xAgx(SR)lg clusters containing 1—7 Ag atoms, i.e, x = 1—
7 (denoted as Ila) were prepared by adding 25 uL of
Auys(PET) 4 solution (1.25 mM, in DCM) to 475 uL of DCM
followed by the addition of 5 uL of Ag,s(DMBT);5 (0.63 mM,
in DCM). Because the concentration of Ag,s(DMBT); in this
reaction mixture was lesser than that of Au,s(PET)s, all of the
Ag,s(DMBT),; was consumed by Au,s(PET),s. Therefore, the
ITa clusters formed were rich in Au and no Ag-rich alloy
clusters, i.e., clusters such as Ag,s_.Au,(SR) were observed.
The solution of IIa thus formed was kept at room temperature
for about 1 h for equilibration. We used this solution of alloy
clusters for further reactions without any purification. In order
to substitute the Ag atoms of these alloy clusters with Au
atoms, 20 uL of a solution of Au,s(PET),s (1.25 mM) was
added to the above Ila solution at a stretch and mass spectra of
this reaction mixture were measured at various time intervals to
monitor the substitution of the Ag atoms in ITa by Ag atoms
from the added Au,(PET);s. The extent of metal atom
substitution was monitored by measuring the mass spectra of
this reaction mixture at various time intervals.

Auys_,Ag,(SR)s clusters containing 9—16 Ag atoms
(denoted as IIb) were prepared by adding 25 uL of
Auy(PET),s solution (1.25 mM, in DCM) to 475 uL of
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Figure 1. Schematic of the crystal structures of M,s(SR),5 (M = Ag/Au) (A) and Ag,,(SR)3, (B) showing various symmetry-unique sites of metal
atoms and sulfur atoms of the thiolate ligands. The —R groups are omitted for clarity. Color codes of atoms: red, Ag/Au at the center (C) of
icosahedron; green, Ag/Au at the surface of icosahdedron (I); magenta, Ag/Au at the staple (S) and the mount (M) positions; blue, Ag/Au at the
dodecahedral cube vertex (D) positions; cyan, Ag/Au at the dodecahedral cube face (D) positions; yellow, sulfur.

DCM followed by the addition of 80 uL of Ag,s(DMBT);s
(0.63 mM, in DCM). In order to substitute the Ag atoms of ITb
with Au atoms, 60 uL of a solution of Au,s(PET),s (1.25 mM,
in DCM) was added to it. The extent of metal atom
substitution was monitored by measuring the mass spectra of
this reaction mixture at various time intervals.

Synthesis of Il and Its Reactions with Ag,,(FTP);,.
Au,Ag,,_(FTP)s, clusters containing 4—9 Au atoms (denoted
as IIla) were prepared by adding 25 uL of Ag,(FTP);,
solution (0.67 mM, in DCM) into 225 uL of DCM followed
by the addition of 10 uL of Au,(FTP)s (0.48 mM, in DCM).
Because the concentration of Ag,(FTP);, in this reaction
mixture was higher than that of Au,s(FTP)s, all of the
Au,(FTP) s were consumed by Ag,,(FTP);,. Therefore, the
IMTa clusters formed were rich in Ag and no Au-rich alloy
clusters derived from Au,((FTP)s i.e. clusters such as
Auys_Ag (FTP),q were observed. The solution of IIla thus
formed was kept at room temperature for about 1 h for
equilibration. We used this solution of alloy clusters for further
reactions without any purification. In order to substitute the Au
atoms of IITa with Ag atoms, 20 uL of a solution of
Ag,,(FTP)3, (0.67 mM) was added to the above IIla solution
at a stretch. The extent of metal atom substitution was
monitored by measuring the mass spectra of this reaction
mixture at various time intervals.

AuAgy, (FTP)y, containing more than 12 (x > 12) Au
atoms (denoted as IIIb) were prepared by adding S0 uL of
Ag,,(FTP),, solution (0.67 mM, in DCM) to 450 uL of DCM
followed by the addition of 105 uL of Au,s(FTP);s (0.48 mM,
in DCM). In order to substitute the Au atoms of IIIb with Ag
atoms, 40 uL of a solution of Ag,,(FTP), (0.67 mM, in DCM)
was added to it. The extent of metal atom substitution was
monitored by measuring the mass spectra of this reaction
mixture at various time intervals.

Mass Spectrometric Measurements. Electrospray ioniza-
tion (ESI) mass spectrometry (MS) measurements were
performed using a Waters Synapt G2-Si mass spectrometer
which had a maximum resolution of 50 000 in the mass range of
interest. More details about the measurements and exact
instrumental parameters are given in the Supporting
Information.

Ultraviolet—Visible Absorption Spectroscopic Meas-
urements. The UV/vis spectra were recorded using a
PerkinElmer Lambda 25 UV/vis spectrometer. Absorption
spectra were typically measured in the range of 200—1100 nm.

Visualization of Crystal Structures. The structures of
M,5(SR);s (M = Ag/Au) and Agy(SR); (—R groups not
shown for clarity) in Figure 1A,B were built up with the help of
Avogadro software package.”> We used the coordinates from
the crystal structure of Auys(SR) g, without any structural
relaxation, for building the structures of M,s(SR),s (M= Ag/
Au) because the overall structure of Au,s(SR)5 and Ag,s(SR) 4
are the same. The actual structures of these two clusters are not
exactly the same because of differences in the bond angles in
the ligand shell. The structure shown in Figure 1B is built up
using the coordinates from the crystal structure of
Ag,(FTP);,."> All visualizations were created with visual
molecular dynamics (VMD) software.*®

B RESULTS AND DISCUSSION

Structures of M,;(SR);g (M = Ag/Au), Ag,4(SR)3, and
Alloy Clusters Derived from them. The clusters
Agzs(DMBT)ls; Auys(PET),5, Ag44(FTP)30r and Au,s(FTP);s
were synthesized as described in the Experimental Section.
Mass spectra and the UV/vis absorption spectra of these
clusters, presented in the Supporting Information (see Figures
S1—S4), confirm the purity and the identity of these clusters.
Schematics of their crystal structures showing various
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Figure 2. ESI mass spectra (A—C) and UV/vis absorption spectra (D) of Ia before and after the addition of Ag,;(DMBT),s. Traces A—C are the
mass spectra of Ia before, 2 min, and 5 h after the addition of Ag,s(DMBT)g, respectively. All the features are with isotopic resolution, as illustrated
in the respective insets. Red, blue, and green traces in panel D are the UV/vis absorption spectra of Ia before, 2 min, and S h after the addition of
Ag,s(DMBT),q, respectively. UV/vis spectrum of pure Ag,;(DMBT),; is shown in the inset of panel D. The exact numbers of PET and DMBT
ligands in Ia are not known; hence, —SR is used in their formulas instead of PET and DMBT. Because the total number of ligands is the same as that
of parent clusters and the masses of these ligands are equal, peak positions are not affected by any difference in the exact numbers of PET and

DMBT in their formulas.

symmetry-unique sites of metal atoms and sulfur atoms of the
thiolate ligands are shown in Figure 1. Au,s(SR);3 and
Ag,s(SR) ;g possess identical structural framework,'®'¢ consist-
ing of three symmetry-unique metal atom sites, namely, center
(C) of the icosahedron, surface of icosahedron (I), and the
staple (S) positions, as shown in Figure 1A. Ag,,(SR);, has an
innermost, hollow Ag), icosahedron, middle Ag,, dodecahe-
dron, and six outermost Ag,(SR)s mounts (see Figure 1B)."”
The Ag,, dodecahedron can be considered as made up of an
Agg cube whose faces are capped by a pair of Ag atoms.
Therefore, there are four symmetry-unique metal atom sites in
Ag,4(SR);0, namely the icosahedral (I), cube vertices and faces
of dodecahedron (D, and D respectively), and the mount
(M) positions (see Figure 1B).

The alloy clusters Ag,;_.Au,(SR);s (I), Auys_.Ag,(SR)g
(11), and Au,Ag,_.(SR);s (III) were synthesized by inter-
cluster reactions between the suitably chosen undoped clusters
as described in the Experimental Section. It has been shown
that I and II possess overall structural frameworks which are
similar to that of M, (SR);3 (M = Ag/Au).‘M’42
AuAg,, (SR);s (III) alloy clusters were also reported
recently."*”*° In the following sections, we show that the
Au atoms of I and III and Ag atoms of II can be substituted by
their reactions with undoped Ag,s(SR);5, Ags(SR)s and
Auys(SR),, respectively. We also show that these reactions can
be correlated with the positions of the metal atoms and the
rigidity of the icosahedral shells of these alloy clusters.

Substitution of Au of | with Ag Using Ag,5(DMBT);s.
The mass spectrum of Ag,s_,Au,(SR),s alloy clusters
containing 1—6 Au atoms (denoted as Ia) is presented in
Figure 2A. These alloys were formed by the substitution of Ag
atoms of Ag,s(DMBT),s by Au atoms of Au,s(PET),s (see
Experimental Section for details). Apart from Ag—Au
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substitution, DMBT can also be substituted by PET.>* Because
the masses of these ligands are equal (137 Da), the substitution
of DMBT with PET cannot be detected from standard mass
spectrometric measurements. Hence, we do not know the exact
numbers of these ligands in Ia. Therefore, we use —SR in their
formulas instead of PET and DMBT in the discussion about
the reactions of Ia.

In order to substitute the Au atoms in Ia with Ag atoms, a
solution of Ag,;(DMBT);; was added to the as-prepared
solution of Ia (see Experimental Section for details). The mass
spectra of this reaction mixture, measured within 2 min after
the addition of excess Ag,s(DMBT),; (see Figure 1B), reveals
that (i) the intensity of the features due to Ia with x > 1
decreased significantly and (i) Agy,Au;(SR);s was the most
prominent alloy cluster present in the reaction mixture. The
mass spectrum of the same reaction mixture measured after
about § h is presented in Figure 2C which showed that (i) the
only prominent clusters remaining in the solution were
Ag,,Au,(SR) g and Ag,;Au,(SR)5 and (ii) features due to Ia
with x > 2 disappeared. These observations show that Au atoms
of Ia were substituted by the Ag atoms of Ag,;(DMBT),; to
form Agy,Au;(SR);s and Ag,;Au,(SR),s. Furthermore, note
that Ag,,Au,(SR), is present in solution even after S h without
any significant decrease in the intensity. This could be due to
the higher stability of Ag,,Au;(SR),;5 over alloy clusters
containing larger numbers of Au atoms. In order to confirm
this, Ag,s(DMBT);; was added to the solution, the mass
spectrum of which is shown in Figure 2C, containing
Ag,,Au;(SR) g and Ag,;Au,(SR) ;g Within 1 h, Ag,;(DMBT);g
disappeared (see Figure 3C), and Ag,,Au,(SR);s was still
present as the most prominent cluster in solution even after 12
h (see Figure 3D). The above set of experiments confirm that
(i) AgyAu;(SR);5 is more stable compared to Ag,s(DMBT)
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Figure 3. ESI mass spectra of a mixture of Ag,,Au;(SR);s and
Agy3Au,(SR) ¢ before (A), 2 min (B), 1 h (C), and 12 h (D) after the
addition of Ag,s(DMBT),; into it. The exact numbers of PET and
DMBT ligands in these clusters are not known; hence, —SR is used in
their formulas instead of PET and DMBT. Because the total number
of ligands is the same as that of parent clusters and the masses of these
ligands are equal, peak positions are not affected by any difference in
the exact numbers of PET and DMBT in their formulas.
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and (i) Au atom in Ag,,Au;(SR),¢ cannot be substituted by
reaction with Ag,(DMBT),,. A possible reason for this will be
described later.

Changes in the UV/vis absorption spectrum of Ia, before and
after the addition of Ag,(DMBT),g, are presented in Figure
2D. Absorption spectrum of the as-prepared solution of Ia (red
trace in Figure 2D) changed significantly compared to those
after the addition of Ag,s(DMBT),; into it (blue and green
traces in Figure 2D). The addition of Ag,;(DMBT), resulted
in the appearance of new features in the absorption spectra at
~630 and ~475 nm (see green and blue traces in Figure 2D).
Note that the UV/vis spectrum after 2 min (see blue trace in in
Figure 2D) resembles that of undoped Ag,s(DMBT),,. This
resemblance is not due to the presence of excess
Ag,s(DMBT),s in the reaction mixture because the mass
spectra of Ia before the addition of Ag,;(DMBT), (see Figure
2A) does not contain any features due to Ag,s(DMBT) 5 We
note that the absorption spectrum of Ag,,Au,; (SR),4 and that of
Ag,s(DMBT), 4 are almost similar’* except for a slight blue shift
in their peak maxima. Hence, our UV/vis spectroscopic
measurements further confirm that Au atoms of Ia were
substituted by the Ag atoms of Ag,s(DMBT);; to form largely
Ag,,Au;(SR) g along with some Ag,;Au,(SR) .

Crystal structure of Ag,s(SR),s (see Figure 1A) shows that
Ag atoms can occupy three symmetry-unique sites, namely,
center of the icosahedron (C), surface of the icosahedron (I)
and the staple (s).' Crystal structure of Ag,,Au,(SR),5 shows
that the Au atom occupies the C position.”* In the case of
Agys_Au,(SR)yg, it has been theoretically predicted that when

x = 2—12, Au atoms prefer to occupy the I positions,”
however, this has not yet been verified experimentally.
Therefore, we think that the Au atom in Ag,,Au;(SR)g
formed in this reaction, is located at the at the C position and
that this atom will not be accessible for substitution because it
is well-protected by the compact Ag;, icosahedron and six outer
Ag,(SR); staples. In comparison to the Au atom at the C
position, those at the I positions would be more accessible
because (i) they are at the surface of the M;, (M = Ag/Au)
icosahedron and (ii) they can be considered as part of the
dynamic Agg(SR), rings.35

In order to check whether the Au atoms present at the I and
the S positions of I can be distinguished by metal atom
substitution reactions, we carried out a reaction between
Ag,s_.Au,(SR)5 alloy clusters containing 15—22 Au atoms
(denoted as Ib) with Ag,;(DMBT),, (see Figure SS). Because
there are only 12 positions for I and S sites, at least 3—7 Au
atoms in Ib can occupy the S positions. Panels B and C of
Figure S5 show that number of Au atoms in Ib has decreased
from 15 to 22 to 11—19 and 11—17 within 2 min and within 20
min, respectively, after the addition of Ag,s(DMBT) . These
observations clearly show that some of the Au atoms at the S
positions of Ib were substituted by Ag atoms of Ag,(DMBT)
within 2 min after its addition. Therefore, our experiments
show that Au atoms at the S positions of Ib were substituted
faster compared to those at the I positions. The experiments on
Ia and Ib presented above clearly demonstrate that the Au
atoms at the C, I, and S positions of Ag,s_,Au,(SR); can be
distinguished using metal atom substitution reactions.

Substitution of Ag of Il with Au Using Au,5(PET),g. The
mass spectrum of Au,s_,Ag,(SR),s alloy clusters containing 1—
7 Ag atoms (denoted as IIa) is presented in Figure 4A. The
alloys were formed by the substitution of Au atoms of
Au,s(PET) 5 by Ag atoms of Ag,s(DMBT);5 (see Experimental
Section for details). As mentioned earlier in the case of I, the
substitution of PET with DMBT cannot be detected by
standard mass spectrometric measurements. Hence, we do not
know the exact numbers of these different ligands in Ila.
Therefore, we use —SR in their formulas instead of PET and
DMBT in the discussion about the reactions of Ila.

In order to substitute the Ag atoms of ITa with Au atoms, a
solution of Au,s(PET);s was added to the as-prepared solution
of ITa (see Experimental Section for details). The mass spectra
of the resulting mixture, measured within 2 min after the
addition of undoped Au,s(PET),; (Figure 4B), shows an
intense feature due to Au,s(PET)q itself and features due to
the alloy clusters. Figure 4C shows that (i) the intensity of the
feature due to undoped Au,s(PET)s decreased and (ii) most
of the alloy clusters which were originally present in Ila (see
Figure 4A) remain in solution even after S h. From Figure
4A,C, we see that Au,,Ag,(SR) 5 was the most abundant cluster
in the parent solution of Ila (see the peak corresponding to x =
4 in Figure 4A) while Auy,Ag;(SR);s5 Au,3Ag,(SR)s and
AuyAg;(SR) g (see the peaks corresponding to x = 1-3 in
Figure 4C) emerged with highest abundance after S h. This
small shift in the centroid of the mass spectra before and after
the addition of Au,s(PET);s shows that Ag atoms in IIa were
substituted by the Au atoms of Au,s(PET) ;. However, alloy
clusters of Ila with x > 1, ie., Au,;Ag,(SR);s and
AuypAgs(SR) ;g were still present in the reaction mixture
along with Au,s(PET) s (see Figure 4C). This is in contrast to
the case of Ia wherein substitution proceeded up to the
formation of Ag,,Au; (SR) g as an almost exclusive product (ie.,
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Figure 4. ESI mass spectra of Ila before the addition of
Ag,s(DMBT),5 (A), 2 min after the addition (B), and after S h (C).
The exact numbers of PET and DMBT ligands in ITa are not known;
hence, —SR is used in their formulas instead of PET and DMBT.
Because the total number of ligands is the same as that of parent
clusters and the masses of these ligands are equal, peak positions are
not affected by any difference in the exact numbers of PET and DMBT
in their formulas. Isotpoic patterns of some of the peaks are shown in
the insets.

Agys_ Au (SR)g clusters with x > 2 disappeared; see Figure
2B,C), while in the case of Ila, product distribution remained
almost the same even after several hours after the addition of
Auys(PET) 5. These observations clearly demonstrate that
metal atom substitution of Ila is less facile compared to that of
Ia. A possible reason for this will be described later.
Auys(SR) g has three symmetry-unique metal atom sites (see
Figure 1A) as in the case of Ag,s(SR)s.' *'® Single-crystal X-ray
diffraction and theoretical calculations suggest that when x <
12, the Ag atoms in Auy;_,Ag.(SR)s prefer to occupy the
icosahedral surface (I) positions, compared to the C and the S
positions.”*>*®  Furthermore, in Au,s_,Ag,(SR);s, the C
position is the least preferred site for an Ag atom.*”*>**
Therefore, we think that the Ag atoms of Ila (shown in Figure
4A) also occupy the I positions. Therefore, as explained earlier
in the case of Ia, Ag atoms in Ila are less accessible for
substitution. The Ag atoms present in the S position are
expected to be more accessible for substitution. In order to
confirm this, we carried out a reaction between
Au,s_,Ag (SR),s clusters containing 9—16 Au atoms ie., x =
9—16 (denoted as IIb) with Au,s(PET),; (see Figure S6).
Assuming that the 12 Au atoms occupy all of the 12 I positions,
the remaining four Ag atoms in IIb occupy the S positions. We
observed that the number of Au atoms in it has decreased from
9—16 to 0—11 and 4—9 within 2 min and within § h,
respectively, after the addition of Au,s(PET),; (see Figure
S6B,C). These observations clearly show that the Ag atoms at
the S positions of IIb can be substituted more easily compared
to those at the I positions. Furthermore, these results confirm

that the Au atoms in the Au,s_,Ag,(SR);s when x < 12 are
present at the I positions. This is in accordance with the
previously reported crystal structures and theoretical calcu-
lations.”*® The experiments on Ila and IIb presented above
clearly demonstrate that the Ag atoms at the I and S positions
of Auys_,Ag,(SR);s can be distinguished using metal atom
substitution reactions. However, the crystal structures of the
reactants and the products are needed to unambiguously
confirm these observations.

The experiments described above indicate that the
substitution of Ag atoms of Ila is sluggish. However, as
mentioned earlier, substitution of ligands and metal—ligand
fragments of Au,s_.Ag,(SR);s also might occur which cannot
be detected by routine mass spectrometry because masses of
the PET and DMBT are equal. Therefore, we carried out a
reaction of Auzs—xAgx(SR)ls clusters containing 1—10 Au atoms
(denoted as Ilc) with Au,s(BT),q in order to test whether the
substitution of ligands and metal—ligand fragments occurs or
not. Furthermore, we thought that the use of another ligand,
BT, may enhance the metal atom substitution. Figure S7A
shows the mass spectrum of IIc. We see that within 2 min after
the addition of Au,s(BT);s (see Figures S7B and S8), the
number of Au atoms in Ilc decreased from 1-9 to 1—4.
Furthermore, peaks due to the substitution of Ag-SR fragment
(=SR = PET/DMBT) of Ilc with Au-BT fragment are also
observed in this mass spectrum (see Figure S8). These sets of
experiments clearly indicate that substitution of metal—ligand
fragments also contribute to the reduction in the number of
dopant metal atoms. However, even though fragment
substitution occurs, the reaction mixture still contains
Au,s_,Ag,(SR);s clusters with x = 1—4. This observation
further confirms that the substitution of Ag atoms of
Au,s_ Ag (SR)ys is less facile.

The reactions of Ia, Ib, ITa, IIb, and IIc presented above
unambiguously prove that M,(SR); staples or Mg(SR), rings
are more rigid, and hence less labile for metal atom
substitution, when they are rich in Au (in the case of
Au,s_,Ag.(SR);5) compared to the situation when they are
rich in Ag (in the case of Ag,s_,Au,(SR)). Note that even
although the alloy clusters Ia and ITa possess identical structural
frameworks, wherein the icosahedral sites can be considered to
be equally accessible, metal atom substitution of Ia was much
more facile compared to that of ITa. This shows that the steric
factors alone cannot explain the feasibility of intercluster
reactions. Biirgi et al. showed that Ag doping increases the
flexibility of metal—thiolate interface in Auss_,Ag,(SR),,4
clusters*” which was attributed to the fact that the Au—Au
bond is stronger and less polar compared to that of Ag—Ag and
Ag—Au bonds. Therefore, we conclude that (i) the rigidity of
the structural framework plays an important role in dictating
intercluster reactions and (ii) irrespective of the similarity in the
structural framework of M,5(SR),3 (M = Ag/Au) they differ in
their metal atom substitution reactions.

Substitution of Au of Ill with Ag Using Ag,(FTP)s,.
The mass spectrum of Au,Ag,, .(FTP)s, in the 4~ charge
state, containing 4—9 Au atoms (denoted as IIla) is presented
in Figure SA (see Experimental Section for details). In order to
substitute Au atoms in IITa with Ag atoms, a solution of
Ag,,(FTP), (0.67 mM) was added to the as-prepared solution
of ITa (see Experimental Section for details). The mass spectra
of the resulting mixture, measured within 2 min and 1 h after
the addition of Ag,,(FTP);, presented in panels B and C of
Figure S, respectively, reveal that the intensities of the features
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Figure S. ESI mass spectra of IIla before the addition of Ag,,(FTP)s,
(A), after 2 min (B), and after 1 h (C) of addition. Isotopic patterns of
[AusAgso(FTP),0]* and [Agy,(FTP)s]* are shown in the insets.

due to alloy clusters in IIla remain almost unchanged even
upon the addition of excess Agy,(FTP);,. Note that the features
due to Ag,,(FTP)s, are present in the spectra measured within
2 min (see Figure SB). Mass spectra of this reaction mixture
showing the 3™ charge state of the alloy clusters, presented in
Figure S9, further confirm these observations. Hence, this set of
experiments shows that the substitution of Au atoms of IIla by
Ag,,(FTP),, is not possible. A possible reason for this will be
described later.

Crystal structure of Ag,,(FTP);, shows (see Figure 1B) that
Ag atoms occupy four symmetry-unique sites, namely, surface
of the icosahedron (I), dodecahedral positions (D, and D),
and the mounts (M)."”**™*7 Single-crystal X-ray crystallog-
raphy of Au;,Ags,(FTP),, reported by Zheng et al, shows that
the 12 Au atoms in this cluster occupy the I position.'" In the
case of Au,Ag,, (FTP),, it has been predicted theoretically
that when x < 12, Au atoms prefer to occupy the I positions
compared to the Dy, D,, and the M positions.”> Therefore, we
think that the Au atoms of IIla are also present at the I
positions; hence, these Au atoms will not be accessible for
substitution because the innermost icosahedron is well-
protected by the compact M,;, (M = Ag/Au) dodecahedron
and the six outermost Ag,(FTP); mounts.

In order to test whether Au atoms present at the outer sites
(D D, and M) can be substituted, we carried out a reaction
between Au,Ag,,_.(FTP),, containing more than 12 Au atoms
(denoted as ITIb) with Au,s(FTP),, (see Figures S10 and S11).
This reaction shows that Au atoms in IIIb can be substituted by
Ag atoms from Ag,(FTP);,. Mass spectra of this reaction
mixture showing the 37 charge state of the clusters, presented
in Figure S10, also confirm these observations. Furthermore,
reactions of IITa and IIIb presented above (see Figures S and
S9—S11) confirm that the Au atoms of III present in the outer
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sites (M, D and D) of Au,Ag,, .(FTP); can be substituted
while those at the I positions cannot be substituted. Au atoms
located at the D, D, or the M positions are more accessible
and hence more labile for substitution. The experiments on ITIa
and IIIb presented above clearly demonstrate that the Au
atoms at the I and outer positions of Au,Ag,, (SR);y can be
distinguished using metal atom substitution reactions. How-
ever, it has not been possible to distinguish between the metal
atoms at the D and the D, positions.

From the mass spectrometric and the UV/vis absorption
spectroscopic measurements presented above, we conclude the
following: (i) The Au atoms present in the I and the S positions
of I can be substituted almost completely by reactions with
Ag,s(DMBT),q; however, the Au atom at its C position cannot
be substituted. (ii) The Ag atoms present in the S positions of
IT can be substituted more easily compared to those at its I
positions, by reactions with Au,s(PET);s. (iii) The Au atoms
present in the I positions of III cannot be substituted by
reactions with Ag,,(FTP),y; however, those Au atoms at the
other sites (D, D, and M) can be substituted. However, the
dynamics of these metal atom exchanges, i.e., which of the
metal atom sites (inner or outer) are involved in the initial
steps of these reactions, whether metals atoms exchange their
positions within the cluster,”" etc., are not understood in detail.
Note that we detected only the metal atom substitution
reactions. Other processes such as exchange of ligands and
metal—ligand fragments, decomposition of clusters, etc., also
could occur in solution, and details of such processes are
beyond the scope of the present study.

B CONCLUSION

In summary, we presented metal atom substitution reactions of
three model, ligand-protected noble metal alloy clusters,
Agzs—xAux(SR)lsx Auzs—xAgx(SR)lsx and AuxAg44_x(SR)3o- We
show that although these clusters possess a few common
structural features, they show distinctly different reactivities in
metal atom substitution reactions. The positions of the metal
atoms in these clusters could be distinguished using these
reactions which demonstrate that metal atom substitution
reaction correlates with the geometric structures (and
consequently thermodynamic stabilities) of these clusters.
Furthermore, our work demonstrates that the steric factors as
well as the structural rigidity of the clusters determine the
teasibility of intercluster reactions. We believe that our work
will initiate more activities to establish structure—reactivity
relations in the chemistry of monolayer-protected clusters.
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General instrumental parameters used for ESI measurements

All samples were analyzed by 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 optimized conditions for each experiments were as follows:

Characterization and reactions of Au,sxAgx(SR)s
Sample concentration: 10 ug /mL
Diluent: DCM

Sample flow rate: 20-30 uL/min
Source voltage: 2-3 kV

Cone voltage: 120-140 V

Source offset: 80-120 V

Trap collision Energy: 0 V
Transfer collision Energy: 0 V
Source temperature: 100°C
Desolvation temperature: 150°C

Desolvation gas Flow: 400 L/h
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Characterization and reactions of Ag,s.xAux(SR)s
Sample concentration: 10 ug /mL
Diluent: DCM

Sample flow rate: 20-30 uL/min
Source voltage: 1-2 kV

Cone voltage: 30-50 V

Source offset: 30 V

Trap collision Energy: 0 V
Transfer collision Energy: 0 V
Sourcet: 100°C

Desolvation temperature: 150°C

Desolvation gas Flow: 400 L/h

Characterization and reactions of AuyAg4.x(SR)3¢
Sample concentration: 10 pg /mL
Diluents: DCM

Sample flow rate: 20-30 uL/min
Source voltage: 0.5-2 kV

Cone voltage: 30-60 V

Source offset: 30-40 V

Trap collision Energy: 0 V
Transfer collision Energy: 0 V
Source temperature: 100°C
Desolvation temperature: 150°C

Desolvation gas flow: 400 L/h

S2



Table of contents

Name Description Page
No.

Figure S1 | Mass spectrum and UV/vis absorption spectrum of Ag,s(DMBT)s. S4
Characteristic peak positions are marked in each spectrum.

Figure $2 Mass spectrum and UV/vis absorption spectrum of Au,s(PET)s. S5
Characteristic peak positions are marked in each spectrum.

Figure S3 Mass spectrum and UV/vis absorption spectrum of Ags(FTP)s30. S5
Characteristic peak positions are marked in each spectrum.

Figure S4 | Mass spectrum and UV/vis absorption spectrum of Au,s(FTP)s. S6
Characteristic peak positions are marked in each spectrum.

ESI mass spectra of a mixture of AgssxAux(SR);s with x > 12 before

Figure 551 (A) " 2 min (B), 20 min (C) after the addition of Ag»s(DMBT)s into | >’
it.

Figure S6 | ESI mass spectra of a mixture of AujsAgx(SR);s with x > 12 before S8
(A), 2 min (B), 5 h (C) after the addition of Au,s(PET);s into it.

Figure S7 | ESI mass spectra of a mixture of AussxAgx(SR)s with x = 1-10 before S9
(A), 2 min (B), and 1 h (C) after the addition of Au,5(BT);g into it.

Figure S8 | Expansion of the ESI mass spectra shown in Figure S7B showing the | S10
mixture of AupsAg«(SR);s along with features due to fragment
substitution.

Figure S9 | ESI mass spectra of a mixture of AuxAgasx(FTP)3p with x =1-9,inthe | S12

3" charge state, before (A), 2 min (B) and 1.0 h (C) after the addition

of Ag44(FTP)30 into it.

S3




Figure S10 | ESI mass spectra of a mixture of AuxAgasx(FTP)3p with x > 12 before | S13
(A), 2 min (B), 1.0 h (C) after the addition of Ag44(FTP)3 into it.

Figure S11 | ESI mass spectra of a mixture of AuxAgas x(FTP)3y with x > 12 before | S14

(A), 2 min (B), 1.0 h (C) after the addition of Ag44(FTP)3 into it.

Supporting Information 1

010 E E
m/z 5167 - kil I
(A) / [Ag,5(DMBT) ] (B) ] g 5
<
[+)]
o
@
O
. c
5 =
& c 0.05- £
S @ s
g | | S 3
& | || T
= 5150 5160 5170 5180
miz
0.00 =t

—_—

2000 4000 6000 8000 10000 12000 400 600 800 1000
., ath (nm)
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only due to ligand exchange, there should not be any change in the extent of alloying. However,
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comparison of Figure S7A and S8 shows that number of Ag atoms present in the parent solution
of AuysxAgx(SR)s clusters (see Figure S7A) has reduced from 0-9 to 0-4. This reduction in
number of Au atoms cannot be explained by the ligand exchange as it cannot result in the
substitution of metal atoms. Therefore, we conclude that the peaks Au4Ag;(SR)7(BT),
Auy3Agy(SR)17(BT);, AuxAgi(SR)17(BT);, efc., are most likely due to the metal-ligand
exchange, i.e., (Ag-SR)-(Au-BT) exchange. However, contribution from the ligand exchange

i.e., -SR — BT exchange cannot be ruled out.
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Figure S10. ESI mass spectra of a mixture of AuxAgaa«(FTP)3y with x > 12 before (A), 2 min
(B), 1.0 h (C) after the addition of Ags4(FTP)3 into it. Comparison of the mass spectra shown in
(A)-(C) reveals that the intensity of the AuyAgx(FTP)3p with x > 12 decreased significantly
and AuxAgux(FTP)3 with x < 12 appeared with significantly higher in intensity after the
addition of Ag44(FTP)3p into it. These observations confirm that Au atoms of AuxAgasx(FTP)3
with x > 12 can be substituted with Ag atoms of Ags(FTP)3p to form AuxAgasx(FTP)3y with x

< 12. The mass spectra shown in Figure S11 further confirm this conclusion.
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Figure S11. ESI mass spectra of a mixture of AuxAgaa«(FTP)3y with x > 12 before (A), 2 min
(B), 1.0 h (C) after the addition of Ag4s(FTP)3¢ into it. Note that AuxAgas«(FTP)3p with x > 12
do not appear in the 4 charge state; they appear only in the 3" charge state (see Ref. 36 in the
main manuscript). Hence clusters with x > 12 were not observed in this mass spectra.
Comparison of the mass spectra shown in (A)-(C) reveal that more AuxAgas«x(FTP)3o clusters
with x < 12 (labeled with *) appeared after the addition of Ag44(FTP)3 into a mixture containing
[AunAg33(FTP)3o]4' and [Auleg32(FTP)30]4’. Therefore, we conclude that the additional
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AuAgusx(FTP)3 clusters with x < 12 (labeled with *) are formed from the substitution of Au

atoms of AuxAgasx(FTP)3 clusters with x > 12.
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ABSTRACT: Uptake of noble metals by cereal plants is not reported in
literature. Our study of 505 native rice landraces showed that nine of
them accumulate silver at a high concentration when grown in the same
soil. Among these, a medicinal rice landrace from West Bengal, Garib-sal
was found to accumulate silver at an especially high concentration in the
grains. Cultivation of Garib-sal rice in three successive years in Basudha
farm in the rice growing period of June—October confirmed that for the
same concentration of silver in the soil (~0.15 mg/kg), Garib-sal
accumulates it in the grains to the extent of ~15 mg/kg. Laboratory
experiments also demonstrated that silver uptake by Garib-sal is
significantly greater than for other varieties grown on the same soil,
and that the metal accumulates mostly in the grain. To detect the
location of deposition of silver in the grains, secondary ion mass
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spectrometry was performed. The images reveal that the silver is concentrated in the aleuronic layer of the rice bran. Its
concentration decreases in the subaleurone and becomes negligible in the endosperm. Accumulation of silver does not alter the
grain morphology and chemical characteristics. The metal may be extracted from the bran after milling of the rice, thereby

causing no loss of the foodstuff.

KEYWORDS: Rice, Bioaccumulation, Analytical chemistry, Mass spectrometry, Noble metals, Agriculture, Ethnobiology

Bl INTRODUCTION

Rice (Oryza sativa) is one of the three most important cereals,
being the staple food for more than half of the world’s
population.' A part of recent rice research is engaged in
developing or genetically modifying strains of rice, in order to
provide additional nutrients essential for human health.”™*
Though the phenotypic characters of different rice varieties
seem to be largely genetically determined,” micronutrient
contents of rice may vary with the characteristics of the farm
soil,® and also with the water used for irrigation.7 In regions
where groundwater is heavily contaminated with arsenic, rice
grain can accumulate arsenic,” which then enters the food chain
affecting the consumer population.””"" A few other heavy
metals, e.g., zinc and iron, are also reported to accumulate in
rice grains.'” In most cases, heavy metals are environmental
stress factors for plants, and are bioaccumulated principally in
the root epithelium and leaves.'”'* Silver is not known to
bioaccumulate in the reproductive tissue of any cereal.'” Its
typical concentration in soil does not exceed ~0.10 mg/kg, and
in agricultural crops the value is <1 mg/kg of dry weight in
vegetative tissues.'

In the present study, we have analyzed the concentration of
12 heavy metals in the grains of 505 rice landraces from 1120
landraces grown every year on the conservation farm of
Basudha (http://www.cintdis.org/basudha), as part of in situ

-4 ACS Publications  © 2017 American Chemical Society
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rice genetic diversity conservation effort. Regardless of the
silver content in the farm soil, none of the 505 varieties
reported herein showed high silver content in the grains, except
nine varieties. Among these nine, Garib-sal showed an
exceptionally high concentration of silver at 15.61 mg/kg in
its grain.'” This landrace from West Bengal was traditionally
used by indigenous people for medicinal purpose, to cure
gastro-intestinal (GI) infection.'” Laboratory experiments
confirmed high concentration of silver in the grains of Garib-
sal rice, compared to no silver uptake in the control, BPT 5204.
To investigate the exact location of silver deposition in the
grain, we performed secondary ion mass spectrometric imaging
of the rice. An elemental map shows that silver concentration is
highest in the aleuronic layer of rice grain, but negligible in the
endosperm. Thus, metallic silver can be recovered from the
bran coat after its separation by milling and polishing of rice
grains. Noble metals have traditionally been extracted by the
alkaline cyanide method.'® As cyanide is highly toxic, it can
cause severe environmental hazards. Therefore, there is a need
for green and sustainable methods for the extraction of noble
metals.
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B METHODS AND EXPERIMENTS

Materials. All the rice varieties were grown by Centre of
Interdisciplinary Studies, Kolkata in its Basudha farm (http://www.
cintdis.org/basudha) located in Bissam Cuttack block, Rayagada
district of southern Odisha (19° 42’ 32.0"N, 83° 28’ 8.4"E). A few
varieties, including a population of Garib-sal (coded G02-2) were
grown on a farmer’s land, ca. 14 km away from Basudha in Ankulpadar
village, Rayagada district of Odisha (19° 26’ 27.1"N, 83° 33’ 7.3"E).
Samples of the original population of Garib-sal grown on Basudha farm
(coded G02-1) and GO02-2, along with BPT-5204 (control, procured
from Rajendranagar market, Hyderabad, India) were grown in our lab
at IIT Madras. Nitric acid (assay 69—71%) and hydrogen peroxide
(30% w/v) were purchased from Fisher Scientific. All the other
materials needed for the experiment were from local suppliers. Specific
materials needed for the analytical procedures are mentioned in the
following sections.

Methods. Cultivation of Rice in the Donor Farm. Garib-sal rice
were grown on both Basudha farm and the donor farmer’s field,
following traditional organic methods (with organic manures, and leaf
mulch, without external input of synthetic agrochemicals).

Cultivation of Rice in Laboratory. Two samples of Garib-sal
(coded G02-1 and G02-2, procured from two different farm fields, of
two different soil characteristics), along with a common rice variety
(BPT 5204, a breed introduced by Acharya N. G., Ranga Agricultural
University), were grown in the laboratory in the Rabi (summer)
season, following organic cultivation method. Each of the three rice
samples were grown in 6 pots as replicates, with 4 seedlings grown in
each pot. Three replications in each group were kept in normal soil
without addition of salts, and the other three were injected with
AgNO; solution. Silver was added in three different steps, once in 30
days (1 mg), SO days (0.5 mg) and 75 days (0.5 mg) after the day of
planting. The total amount of silver addition was 2 mg in 7 kg of soil
(to replicate the silver concentration of farm soil). All the plants were
watered every day for 120 days until the grains reached maturity. All
grains were harvested after 150 days of plantation and dried in ambient
condition and tested for metal ion uptake. All the measurements were
performed in triplicate and the average values are reported.

Metal Detection and Analysis. Samples of the rice grains and
different parts of the plants were digested using Anton Paar Multiwave
3000 microwave digester. For this, 500 mg of the dry weight of the
sample was placed in a Teflon tube and 5 mL of HNO; followed by
addition of 2 mL of H,0, and 1 mL of H,O carefully, and the mixture
was kept inside the microwave digester. The program was set as 10
min of ramping time from 0 to 800 W and it was held for 15 min at
800 W. The vessels were allowed to cool for 1 h. Clear solutions
indicated that the digestion was complete. This solution was further
diluted ten times for the analysis of different metal ijons using
inductively coupled plasma mass spectrometry (ICPMS).

Resin Embedding and Microtomy. Embedding was done using
standard protocols with Epofix resin, an epoxy resin (procured from
Struers, Denmark, Cat. No: 40200029). The grains for secondary ion
mass spectrometry (SIMS) analysis were decorticated, but no
polishing was done so that the rice bran was intact. Some whole
gains (without decortication) were also embedded for optical imaging.
As all biological samples contain some amount of water, the grains
were kept in a vacuum (107> mbar) for 10 days before embedding
them in the resin. The resin was kept separately in a vacuum (107
mbar) for 1 day, before use, for degassing. Whole grains were
embedded in the resin using Eppendorf tubes of 10 mm diameter. The
samples were kept in a vacuum impregnation unit (107> mbar)
(CytoVac, Struers, Denmark) for 30 min to remove any trapped air
bubbles and were then cured in air for 16 h at room temperature.
When the resin was totally dried, the block was taken out and cut into
sections of S mm thickness using a rotary cutter (Discoplan TS,
Struers, Denmark). Microtomy (Leica EM UC6) was performed using
the 5 mm cut sections of embedded rice grain to make a flat surface for
SIMS analysis. The sections were then fixed on silica substrates with an
adhesive (Fevi kwik, Pidilite) procured from the local market. To
study the cut surface of the grain, SEM imaging was done using freshly
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microtomed samples. Samples went through a precleaning step before
SIMS imaging.

Instrumentation. The concentration of silver ion in the solution
was measured using a PerkinElmer ICPMS NexION 300X. ICPMS
measurements were done after calibrating the instrument. Silver was
calibrated with silver atomic absorption spectroscopy (AAS) standard
solution (1000 mg/L) purchased from Fisher Scientific (product no:
AAAGH). The other elements like Cr, Mn, Fe, Ni, Co, Cu, Cd, As, Pb,
Sb and Zn were calibrated by PerkinElmer Instrument Calibration
Standard 2 (PE#N9301721). For all cases, five calibration points were
used; 0 (called as blank) 10, 100, 1000 and 10000 ppb, respectively. In
all the cases, five concentrations of the calibrant were analyzed first
until a calibration curve was achieved with R? = 0.9999. After that, the
two samples of known concentration (>100 and <1000 ppb) were
checked at least three times to get reproducible data with deviation
<0.5 ppb (for samples concentration higher than 1000 ppb). Detection
limit for ICPMS is 0.01 ppb for these ions. Scanning electron
microscopy (SEM) equipped with EDAX (FEI Quanta 200,
Czechoslovakia) was used to record the surface morphology, elemental
composition and elemental mapping of the samples. XPS measure-
ments were done with Omicron ESCA Probe spectrometer with
monochromatic Mg Ka X-rays (hv = 1253.6 eV). Most of the spectra
were deconvoluted to their component peaks using the software
CasaXPS. The energy resolution of the spectrometer was set at 0.1 eV
at a pass energy of 20 eV. Binding energy was corrected with respect to
C 1s at 284.5 eV. For XPS analysis, samples were ground and pellets
were prepared using a pelletizer, they were further dried in a desiccator
for 3 days so that a vacuum better than 1.1 X 10~® Torr was attained
throughout the measurement.

All SIMS analyses were performed using CAMECA NanoSIMS S0.
The rice grain surface was scanned with focused secondary ion beam
of 16 keV Cs™ and the analysis was done with a double-focusing mass
spectrometer. We employed high resolution NanoSIMS 50 for
recording the Ag deposition on different parts of the rice grain.
Before each image acquisition, precleaning was performed for 15—20
min at 16 keV Cs*, 1-2 nA over 60 X 60 ym. All image data were
recorded with 16 keV Cs* primary ions and negative secondary ions,
with high mass resolution (M/AM ~ 5000).

B RESULTS AND DISCUSSION

The presence of essential and heavy metal ions were analyzed
in 505 rice varieties grown in the Basudha farm (Table S1). Out
of S0S rice varieties reported herein, nine varieties showed
silver concentration more than 2 mg/g in the grains as shown
in Table 1; the concentration of silver in the soil was ~0.20
mg/kg. Among these nine, Garib-sal showed an exceptionally
high concentration of silver at 15.61 mg/kg in its grain.

To test the possible effect of silver concentration in soil on
the silver uptake in the rice grain, the same Garib-sal rice was
grown on another farm with lower silver concentration in the
soil at <0.01 mg/kg, which showed a concentration of ~0.20
mg/kg in the grain. In our analysis, rice samples of Garib-sal

Table 1. Rice Landraces with High (>2 mg/kg) Silver
Content in Grains

Sl no. accession code landrace Ag (mg/kg)
1 Do3 Deputy-sal 2.40
2 G02 Garib-sal 15.61
3 K03 Kaya 2.05
4 K45 Kankhira 2.26
S NO03 Noichi 2.73
6 Qll Kharah 5.60
7 S11 Subasita 4.70
8 V06 Bhuri shulah 2.50
9 706 Jhinga 3.70

DOI: 10.1021/acssuschemeng.7b02058
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Table 2. Mean Silver Concentration (mg/kg) in the Soil and Various Parts of Garib-sal (G02) and BPT Rice Plants Grown in

the Laboratory

times increase in Ag concentration
concentration in Ag deficient soil (C,) concentration in Ag enriched soil (C,) (€, = e,

cultivars G02-1 GO02-2 BPT GO02-1 G02-2 BPT GO02-1 GO02-2 BPT
soil 0.033 0.33 10.00
grain 0.04 0.07 0.04 2.19 2.77 0.13 53.75 38.57 225
husk 0.05 0.09 0.11 2.62 2.83 0.20 51.40 30.44 0.82
lower stem 0.08 0.07 0.04 0.67 0.73 0.52 7.38 943 12.00
upper stem 0.08 0.08 0.07 0.54 0.67 0.54 5.75 7.38 6.71
leaves 0.04 0.05 0.0 0.24 0.37 0.28 5.00 6.40 4.60
roots 0.10 0.09 0.11 2.35 2.60 0.57 22.50 27.89 4.18

“BPT refers to BPT 5204, a modern cultivar.

showed markedly enhanced silver concentration than that of 7
popular marketed varieties grown in the same soil with Ag
concentration of ~0.15 mg/kg (Table S2). The list of 7
varieties compared here includes a popular modern high-yield
variety MTU 7029 (syn. Swarna), released in 1982. The Ag
uptake data, corresponding to high and low silver-containing
soils, suggest that the Garib-sal variety has an exceptionally high
capacity to bioaccumulate silver, in the range of 100 times that
of ordinary rice cultivars. Most of the other cultivars refuse to
take up silver altogether, when cultivated in the same soil.

To examine the effect of soil Ag concentration on the silver
uptake by Garib-sal (accession code G02) rice, samples of two
populations of the same landrace (coded GO02-1 and G02-2,
harvested from two different farms) were cultivated in our
laboratory in the Rabi (summer) season of 2014. The seedlings
were grown in experimental pots while intermittent doses of
AgNO; were injected into the soil until flowering of the rice
plant, so that the final silver concentration in the soil was ~0.35
mg/kg (3.2 mg of AgNO; added to 7.0 + 0.2 kg of soil),
alongside a control with no silver injection (see Methods for
details). The results were compared with a modern rice variety
(BPT 5204), under identical conditions (with and without
silver addition to soil). Our measurements of the silver
concentrations in various plant parts and the soil are given in
Table 2, which shows that the accumulation of Ag in all rice
plants increased significantly when the Ag content in the soil
increased 10-fold. However, the increase in Ag uptake from the
Ag-enriched soil by the check cultivar, BPT 5204 was only 2.25-
fold, whereas the accumulation of silver in G02 rice grains was
~39—54 times higher when grown in Ag-enriched soil than in
Ag-deficient soil. Thus, higher silver content in the soil
significantly enhanced the plant’s uptake of the metal. Although
the relative increase in silver accumulation was different in
different tissues; the highest increase was in the grains, and the
lowest in the leaves.

Differences in bioamplification in the rice plant are likely to
be related to the differences in the ambient conditions such as
temperature and soil characteristics.'” For instance, typical
temperature range and annual rainfall in the farm were 28—34
°C and ~80S mm, respectively (during the cultivation period),
in contrast to 35—41 °C and ~258 mm of water irrigated in the
laboratory. The same rice was also grown in three different
seasons in the same farm soil, with silver concentration around
~0.15 mg/kg in the farm, and was found to have accumulated
nearly equal concentration of silver (Table S3). This suggests
the possibility to vary the uptake profile by controlling
environmental factors. Enhanced silver concentration does
not seem to alter the composition of rice in terms of contents
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of other metals (such as Fe, Mn, Cr, Cu and Ni), except for Zn
(data presented in Table S4), whose uptake seems to be
especially high in Garib-sal.'” We examined the enhanced silver
accumulation in different parts of the GO2 rice grain. Silver
deposition was largely in the bran of the rice grain. In the
polished rice (with the bran removed), Ag concentration was
less than half of the initial value (Table S5).

Figure 1A shows photographs of the Garib-sal rice panicles,
whose length and grain density appear to be the same when

Figure 1. Photographs of rice grains. Panicles of G02 rice grown in the
lab in (A) normal soil; (B) silver enriched soil (sb: SO mm); (al and
a2) photograph of a few rice grains corresponding to A and B (sb: 8
mm); (bl and b2) magnified photograph of decorticated grains
corresponding to A and B (sb: 20 mm). See text for details.

they are grown in normal and silver enriched soils (Figure 1A,B,
respectively). Figure 1al,2 show enlarged pictures of the raw
rice (with hull); and Figure 1b1,2 are the same for decorticated
rice, corresponding to Figure 1A,B. The scale bars (sb) are
shown in the figure. However, standard spectroscopic and
microscopic characterization did not reveal any significant
morphological difference between the rice samples grown in
Ag-enriched and Ag-deficient soils. X-ray photoelectron spectra
showed similar features although minor changes in intensities
are seen in the C 1s and O 1s regions (Figure S6). The
sensitivity of XPS is of the order of parts per thousand, whereas
the concentration of silver in the rice grain is 15 mg/kg (ie, 15
ppm); we were therefore unable to get any signal of Ag using
XPS. No difference was detected in the binding energies of the
features. SEM examination of the grains (Figure S7) did not
show changes in the grain microstructure. Elemental analysis
with EDS was not sensitive enough to view the silver
accumulation as the concentration was below the detection
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Figure 2. NanoSIMS imaging of a GO2 rice grain. (A) Collection of nanoSIMS images from an embedded rice grain showing the distribution of
1Ag at different positions of the grain. Grain border is marked and distinguished from the embedding resin. There is a gap between the resin and
the grain upon curing, which is marked. Relatively higher concentration of Ag is found at the periphery of the grain and the concentration decreases
as it moves toward the endosperm. (Ai) Higher magnification SEM image on which nanoSIMS was performed and a graphical representation is
marked in Figure 3A. (Aii) SEM image of the horizontally cut rice grain embedded in epoxy resin, the image in Figure 3Ai was taken from the
portion marked in the panels B and C. Enlarged nanoSIMS image of positions 7 and 1 of Figure 3A using '“’Ag. The intensity color profile is shown
on the right. (D) Schematic representation of a rice plant showing the concentration of Ag accumulation at different parts. The Ag concentration

color profile is shown on the right of the figure.

limit of EDS. The only element clearly visible in images other
than C, O, N, K and Mg was Si (shown in SI Figure S7).

To detect and image the silver accumulation on different
parts of the rice grain, we employed SIMS analysis using
NanoSIMS 50 (see Methods for details). As illustrated in
Figure S8, several peaks of interference appeared at masses 107
and 109 amu of Ag. However, as the Ag peak at 107 amu
showed less mass interference than at 109 amu, we preferred to
follow the '"’Ag isotope (marked with a red line shown in SI
Figure S8). The ratio between the 107Ag and 109Ag, i.e., the
terrestrial ratio, was found to be ~52/48.

A longitudinally cut decorticated Garib-sal rice grain,
embedded in an epoxy resin, was imaged using NanoSIMS.
An HRSEM image of a portion of the grain is shown in Figure
2Ai. This position is graphically represented in Figure 2A. The
red border separates the embedded resin and the rice grain.
The image shows the aleurone layer in more detail along with
the subaleurone layer and endosperm, as marked in Figure 2Ai.
Various regions of the grain can be understood from Figure S9,
which shows a scheme of a longitudinally cut rice specimen
(left) along with a high resolution photograph of the whole
grain (right). The full SEM image of embedded rice grain is
shown in Figure 2Aii. The square portion marked in the Figure
is enlarged in Figure 2Ai.

NanoSIMS images of different parts of the rice grain (ie., at
the periphery, subaleurone and at the endosperm) reveal a
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heterogeneous distribution of '’Ag. The periphery of the grain
accumulates more Ag, clustered in the aleurone layer (marked
as region 1, 2 and 3), with its intensity gradually decreasing
toward the subaleurone layer (marked as region 4 and S). A
negligible amount of Ag was seen to have accumulated in the
interior of the endosperm (marked as region 6 and 7). Enlarged
images of positions 7 and 1 in Figure 2A are presented in
Figure 2B,C, respectively. Figure 2B shows that negligible
amount of Ag is present in the endosperm. Figure S10 in the SI
shows the distribution of 1*C, 2C*N, 3*S and 107Ag at position
7. Figure 2C shows high accumulation of '”’Ag in the aleurone
layer, with nonuniform distribution. The intensity decreases
from the outer to the inner layers of the grain, and is minimal in
the endosperm. An intensity profile is shown on the right of
Figure 2C. A schematic diagram of the accumulation of Ag in
various parts of a rice plant is shown in Figure 2D.

The distribution of '’Ag (marked #a) along with overlaid
images of "2C"*N*S'"Ag (marked as #b and #c) for various
regions are shown in Figure 3. In images #b and #c, the
elements ?C, "*N and *S are represented in different colors,
whereas '"’Ag is uniformly red. The peripheral positions 1, 2,
and 3 (as marked in Figure 2A) were enriched with silver,
especially in the aleuronic layer as shown in Figure 3. The
concentration of Ag decreases subcutaneously in subaleurone as
seen in regions 4 and 5 and it is negligible in the endosperm
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Figure 3. Silver distribution of Ag at different positions of the G02 rice
rain. The distribution of '’Ag and the superimposition of '*C,
MCUN, S, 'Ag marked at positions 1—7 (as in panel A). (a)
Deposition of '“’Ag. (b) Superimposed images of *C'N*2S'Ag
(blue-blue-green-red), and (c) *C*N*’S'Ag (green-green-blue-red).

(regions 6 and 7). Figure S11 shows the distribution of these
elements in other regions.

To demonstrate viable extraction of silver, 64 g of Garib-sal
rice was taken and digested using a 5:3 HNO; and H,0,
mixture in a microwave digestor (for details, see S12), which
made a clear solution. The clear yellow solution indicated that
the digestion was complete (Figure 4a). The yellow color arose
due to dissolved NO,, which disappeared when the solution
was evaporated and diluted (Figure 4b). ICPMS data ensured
that the sample contained 14.60 mg/kg of silver and no lead
and mercury were present in the sample. Figure 4c shows the
formation of a white precipitate after addition of dil. HCI. After
1 h, the whole solution got turbid as shown in Figure 4d. As Ag
is in group 1 (in the analytical group of cations) and in the

absence of the other interfering ions (Pb and Hg), the only
possibility for the white precipitate is AgCIL. The turbid solution
was centrifuged and washed multiple times and was dried for
characterization. The dry weight of the precipitate was ~1.10
mg (some amount was lost during washing and centrifugation,
quantitative calculation is given in S12). The precipitate was
pelletized using an infrared pelletizer and EDS spectra were
collected, from multiple points of the pellet. Figure 4e shows
the presence of Ag and Cl in the EDS spectrum. Small amounts
of Si and O were also seen at some places, which are due to the
ITO plate exposed in some regions as the pellet was thin. A
control sample of AgCl was also prepared by addition of dil.
HCI to aqueous AgNO; (purchased from Sigma-Aldrich), and
corresponding data are shown in Figure 4f. The elemental ratio
(at. %) for Ag:Cl was ~1:1 shown in the insets of Figure 4e,f.
These data confirm the presence of silver in G2 rice sample and
also show that it can be extracted by a simple procedure.

Solid state extraction of gold by cyclodextrin (CD), a cyclic
carbohydrate, has been reported.”” Similar binding of heavy
metals is expected for carbohydrates in general, not limited to
CD. Our previous studies have shown that glucose and
carbohydrate can cause chemical corrosion of silver.””** We
have also found that uranium species in water, existing as
UO,*, binds with starch and gets accumulated in rice upon
cooking.”® These studies suggest that uptake of silver and its
selective binding with carbohydrate are possible, although the
molecular mechanisms of uptake, transport and accumulation
require further investigation.

B CONCLUSION

We report a novel rice landrace Garib-sal that accumulates
about 100-fold greater amount of silver in the grain from silver-
enriched (~0.15 mg/kg) soils than any standard rice variety.
The grain was imaged using secondary ion mass spectrometry,
and the results shows that silver was accumulated mostly in the
aleuronic layer of the rice bran. The concentration decreases
subcutaneously in subaleurone and was found negligible in the
endosperm. We suggest growing this landrace as a possible
means of agricultural extraction of the noble metal from the rice
bran after polishing the grain. A majority of marketed rice in
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Figure 4. Extraction of silver as silver chloride. Photographs showing the (a) digested extract of G2 rice, (b) after evaporation and further dilution
with DI water (S times), (c and d) 1 min and 1 h after addition of dil. HC], respectively. (e) EDS spectrum of the white precipitate and (f) EDS
spectrum of standard AgCl. The elemental ratio are shown in the insets of the panels e and f. Precipitation of AgCl is noticed in panel ¢ and it is

complete in panel d.
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South Asia is sold as polished grain, from which the bran is
removed. The removed bran from the polished Garib-sal rice
may be used for the extraction of silver. Furthermore, we
endorse the genius of traditional indigenous medicinal
knowledge of the use of this particular silver rice in the
treatment of GI infections. Because silver ions are known to be
detrimental to pathogenic microbes,”* the Ag-fortified rice is
likely to be a potent curative of GI microbial infections. Garib-
sal rice is the only cereal to contain silver in its grains at
concentrations greater than 10 mg/kg. This study is the first
investigation of the deposition of silver in rice grain.
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Accessi

Table S1. Concentration (mg/kg) of various metal ions in different rice varieties™.

Sl on Landrace Cr Mn Fe Ni Co Cu Cd As Pb Sb Zn Ag
No.  ode (mgkg)  (mgkg) (mgkg) (mgkg) (mgkg) (mgkg) (mgkg) (mgkg) (mgklg) (mghkg) (mgkg)  (mg/kg)
1 A0 AKSHAYRANI 725 3137 4194 412 018 243 013 007 000 000 2646  0.00
2 A08 AMIT 831 3616 2580 452 027 630 009 014 046 000 3777  0.04
3 A0 ARUNURVADLLU ~ 131 2400 000 020 010 220 000 000 030 000 2390 0.0
4 AAOt ASANLEYA 143 2018 1888 282 005 340 007 005 000 002 1666 033
5 AA02 ASHU 738 3234 2975  4d1 045 138 007 004 013 000 2920 008
6 AAO3 AASH 630 3772 1849 314 025 106 004 004 009 000 1206 0.0
7 AAO7  AUSHABONKATA 801 2590 5520 420 010 220 000 010 020 000 1950 0.0
8 AAO8 AJIPA 697 1718 2440 322 018 087 005 004 019 000 1522 0.2
9 AAN AJIRMAN 1012 5906 4211 572 028 760 022 026 062 000 5407 040
10 AA19 AURAR 163 5101 4010 230 024 451 002 010 067 005 3739 041
11 AA20 ADUKAN 757 4321 2670 460 029 762 012 014 019 000 5776 0.8
12 AA21 Agﬁmﬁ 695 8757 1860 336 085 477 007 009 028 000 3177 008
13 AA22 ASANCHURI 1144 3900 4360 600 020 170 000 010 020 000 3320  0.00
14 AA23 ANANDI 737 4763 1962 860 023 366 009 007 010 000 2999 0.6
15 AA24 ABOR XALI 609 3684 2142 332 018 727 029 008 046 000 3297  0.09
16 AA26  AMPAKHIBORA ~ 633 4005 2271 377 020 211 008 007 015 000 2382  0.00
17 AA3 ARYAN 845 4283 2169 672 079 419 087 013 04 000 2004 008
18 Bof BADOWAN 582 3367 2133 338 020 704 008 0.1 042 000 4458 005
19 B2 BANK CHUR 753 2854 2429 411 032 809 011 044 045 000 4621 005
20  Bo3 BALI BHAJNA 156 2839 2570 270 013 309 000 007 000 002 3419 027
21 B4 BASUMATI 593 2688 1729 291 019 652 013 005 008 000 3907 034
2 B0 KA me?ATH/ 664 3090 3310 300 010 110 000 010 020 000 2370 0.0
23 B06 BAGHJHAPTA 1114 3710 6480 600 020 160 000 010 010 000 2350  0.00
24 B9  BAIDDHUSURI ~ 5391 23240 15085 3249 126 277 014 005 134 000 2168 0.0
25 B10 BAID DULAH 748 2691 1791 350 02 420 006 008 022 000 1998  0.06
26 B101 BITA KABERI 616 8711 1620 693 024 156 006 003 009 000 1685  0.00
27 Bi2 BAHURUPI 221 2547 2309 142 010 332 004 013 000 001 2614 0.0
28 B4 BAIDRAS 773 6968 2463 392 032 442 007 006 011 000 3941 008
29  Bi5 BANSHKATHI 778 3172 2355 443 048 243 008 013 02 000 2185 066
3 B2 BOKRA 799 3307 238 1437 020 826 015 010 021 000 4279 0.6
31 B2 BAKULPHOOL 000 6280 000 000 000 2840 000 010 030 000 1820 020
32 B2 BADABONA 947 3740 4700 530 010 190 000 000 020 000 2310 0.0
33 B2 BISHMONI 767 3074 4506 452 021 264 010 009 015 000 2880 0.0
34 B2 BANSH TARA 846 4211 2032 412 024 323 010 021 023 000 4677 002
35  B% BENAJHURI 897 4891 2196 452 016 286 017 000 143 000 2124 0.0
3  B27  BANGARSANNA 689 3704 2035 606 016 107 006 008 017 000 1374  00f
37 B8 BOURANI 788 2370 4780 390 030 19 000 010 020 000 1640  0.00
38 B3  BELGAMSANNA 2333 10679 8126 1294 072 109 005 045 055 000 2559 0.0
39 B3 BAHADO 638 8177 1866 862 012 248 015 000 016 000 1842 001
4 B33 BORA 829 8967 2691 503 024 939 025 005 047 000 4887 006
4 B34 BANSHKANTA 840 4337 2432 493 047 335 010 002 021 000 2387 003
42 B3  BANSHMUGUR 828 2338 2213 790 020 08 007 006 021 000 2187 0.0
43 B40 BANKUI 724 3681 8637 621 024 380 033 076 017 000 12010 001
4 B4 BOMBAIMUGI 828 3639 2960 443 022 608 012 007 052 000 3680 028
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0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.03
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

48.23
41.20
29.60
15.03
17.88
22.70
24.56
29.20
27.60
48.98
282.80
18.56
18.80
0.00
37.05

33.14

20.72
33.79
35.68
69.93
19.10
34.24
17.64
182.01
47.05
31.44
19.60
44.7

37.39

20.57
16.94
37.24
14.40
31.73
24.70
22.37
20.30
27.46
15.63
87.64
22.50
32.00
26.11
48.98
37.88
61.71
25.10
24.51
32.14
52.08

0.03
0.27
0.01
0.01
0.01
0.00
0.06
0.01
0.00
0.05
0.03
0.00
0.00
0.00
0.81

0.04

0.00
0.00
0.00
0.05
0.00
0.26
0.00
0.95
0.50
0.09
0.00
0.32

0.45

0.05
0.00
0.01
0.00
0.07
0.02
0.09
0.30
0.06
0.69
0.28
0.30
0.06
0.04
0.05
0.06
0.29
2.40
0.03
0.04
0.29



95
96
97
98

99
100

101

102
103
104

105

106
107
108
109
110
11
112
113
114
115
116

117

118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140

141
142

D10
DDO1
DD02
DDO03

DD05
DD10

DD11

DD13
DD15
DD16

DD18

DD19
DD20
DD21
DD26
DD30
DD31
DD33
DHO1
DHO04
DHO05
DH07

DX01

DX02
DX04
E01
E02
E03
E04
F02
G02
G06
G09
G10
G12
G13
G15
G16
G17
G18
G19
G20
G21

G22

G27
G31
G32
G33

DOKRA MESA

DEHRADUN
GANDHESWARI

DARKA-SAL

DASHAHARA
JHUTI

DEHRADUN

DEULABHOG

DAKSHINA
LAGHU

DEHRADUN-BAS
DANAGURI

DUDHE BOLTA

DASHRA
MATHIYA

DORANGI
DESHI PATNAI
DUKHI DARBAR
DURGA SUNDARI
DODDA VALLYA
DOLLE KATTIKE
DANI GOZA
DHUSURI
DHULA DHUSURI
DHOWA-SAL

DHABA KUJI

DHANKADI
DEEPA

DHAKAI KALMA
DHEKI MALA
EKDALIA
ERI
EKAHARI
ELCHIR
PHUL MUGRI
GARIB-SAL
GENTU
GETO!
GENTI-SAL
GOPALBHOG
GANGA -SAL
GARIA
GAYASUR
GITA
GITANJALI
GANDHESWARI
GARO JOHA

GAYERBOT

GENG GENG
BINNI

GOUR NITAI
GAJABUNDA
GIDDA BATHA
GOBINDA

7.75
7.96
1.27
2.21

6.69
722

18.46

5.97
4.43
7.83

1.87

7.30
9.16
7.34
10.07
8.08
2.87
5.95
8.74
6.73
6.44
7.51

11.83

6.10
6.54
6.10
2.26
5.68
7.96
5.90
1.51
0.00
6.59
10.99
1.10
6.79
7.25
7.42
6.22
6.98
13.13
8.04
8.01
23.40
7.58
11.01

7.97
16.19

23.37
41.62
26.10
23.21

34.20
34.00

117.52

25.15
20.03
26.00

50.90

25.44
35.33
33.28
20.92
37.67
30.30
31.85
34.18
33.24
41.06
36.02

31.80

55.56
27.41
55.56
36.07
32.40
41.62
37.39
35.02
127.90
41.40
89.55
78.40
25.78
45.19
40.40
26.20
66.09
41.50
37.46
29.60

113.59

25.15
34.99
40.17
78.44

23.41
15.90
14.37
17.39

52.20
56.60

66.48

19.95
13.31
130.90

38.37

22.09
20.72
15.64
32.51
28.81
13.10
17.07
33.21
20.63
23.07
26.84

33.97

23.95
28.57
23.95
5.68
28.70
25.85
18.06
11.99
0.00
17.95
34.27
0.40
17.36
18.36
22.25
14.26
34.07
63.40
23.11
46.00

55.49

39.60
54.15
22.57
57.13

4.17
4.53
1.37
1.37

3.10
3.80

9.70

3.33
2.51
12.90

2.49

3.95
8.24
3.66
5.25
4.46
0.90
2.92
4.90
3.54
3.51
4.29

6.31

3.69
3.83
3.69
2.05
2.40
4.53
2.87
1.79
0.00
3.18
9.82
0.10
5.24
7.37
3.49
3.24
8.99
6.50
4.31
4.40

15.08

3.82
6.35
4.38
8.89

S4

0.23
0.26
0.04
0.05

0.10
0.10

0.56

0.26
0.18
0.10

0.13

0.17
0.21
0.20
0.26
0.25
0.10
0.24
0.17
0.33
0.20
0.25

0.26

0.23
0.15
0.23
0.03
0.10
0.26
0.30
0.20
0.00
0.25
0.29
0.10
0.20
0.27
0.30
0.26
0.49
0.20
0.19
0.20

0.57

0.25
0.25
0.18
0.50

5.51
1.19
3.81
2.54

1.40
2.50

8.46

8.75
6.21
0.70

3.78

5.19
0.92
1.26
4.57
19.88
2.00
0.82
2.61

4.64
5.87
19.41

5.53

5.37
2.22
9.01

3.78
0.60
9.64
1.17
19.28
28.40
1.23
6.32
27.20
0.75
2.40
6.74
5.42
3.52
0.70
4.83
1.20

2.83

1.38
3.55
9.50
11.95

0.07
0.05
0.07
0.00

0.00
0.00

0.23

0.09
0.11
0.00

0.02

0.08
0.07
0.05
0.59
0.36
0.00
0.04
0.09
0.07
0.09
0.16

0.11

0.07
0.09
0.17
0.12
0.00
0.20
0.06
0.05
0.00
0.04
0.23
0.00
0.05
0.06
0.15
0.22
0.12
0.00
0.08
0.00

0.21

0.07
0.11
0.17
0.22

0.07
0.05
0.08
0.11

0.10
0.10

0.38

0.12
0.05
0.10

0.16

0.10
0.09
0.12
0.20
0.65
0.00
0.04
0.02
0.11
0.11
0.24

0.09

0.04
0.03
0.00
0.00
0.10
0.07
0.07
0.10
0.10
0.06
0.07
0.20
0.08
0.14
0.11
0.06
0.18
0.10
0.06
0.10

0.37

0.10
0.12
0.11
0.25

0.42
0.59
0.00
0.02

0.10
0.10

0.73

0.48
0.19
0.20

0.13

0.44
1.22
0.11
0.45
0.50
0.30
0.09
0.14
0.09
0.42
0.50

0.51

0.16
0.12
0.16
0.00
0.20
0.59
0.08
0.00
0.40
0.09
0.29
0.30
0.10
0.17
0.26
0.27
0.20
0.20
0.44
0.40

0.57

0.09
0.21
0.43
0.66

0.00
0.00
0.00
0.01

0.00
0.00

0.00

0.00
0.00
0.00

0.03

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00

0.00
0.00
0.00
0.00

32.17
20.48
37.69
30.62

27.50
27.30

77.92

56.66
37.36
24.80

33.27

31.58
24.55
23.22
30.29
125.43
25.80
21.22
22.28
30.76
32.29
47.54

33.45

31.30
23.26
34.30
25.60
19.50
28.89
11.78
1556.31
18.30
20.00
37.83
19.10
14.32
42.81
53.77
37.76
32.61
22.50
22.25
27.40

54.50

20.92
60.76
45.75
81.46

0.04
0.00
0.11
0.32

0.00
0.10

1.16

0.07
0.08
0.00

0.08

0.06
0.01
2.62
1.76
1.01
0.00
0.02
0.04
0.08
0.04
0.24

0.05

0.05
0.01
0.07
0.65
0.00
0.05
0.00
15.61
0.20
0.00
0.00
0.00
0.01
0.00
0.81
0.62
1.05
0.00
0.04
0.10
0.04
0.06
0.02
0.18
0.26



143
144

145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193

G34
G35

G37
G39
G40
G43
G44
HO4
HO5
HO7
H11
H13
H14
H16
H21
H21
H22
H23
H24
H25
H27
101

102

107

Jo1

Jo2
J04
J05
J06
Jo9
J11

J12
J13
J14
J15
J16
J20
J22
J23
J25
J26
J30
J31

K01
K02
K03
K05
K06
Ko7
K08
K10

GANDHASALE

GOVERNMENT
CHUDI

GADA DHAN
GIDHAN DHAN
GOTIA
GIDDA GOWRI
GULVADY SANNA
HARI SHANKAR
HINCHE SAROO
HAGMUNI
HAMAI
HALDI CHURI
HALDI GURI
HOGLA
HATI DHAN
HATI DHAN
HUDAR
HAMILTON
HUGGI BHATTA
HARIN KAJLLI
HARFONI
INDRA-SAL
ICHHAMATI
ILIKA
JIRKUDI
ZEENI
JIRA-SAL
JUNGLI JATA
JAMAINADU
JIRA SARI
JATA
JABRA
JAL KAMINI
JAGANNATH-SAL
JATA LETA-SAL
JUNGLI CHOPA
JALDUBI
JAVA GOURI
JEERAGASALEH
JASMINE, WHITE
JAHINGIA
JARHAN BAIHAR
JOHA BORA
KALO GORAH
KINARI
KAYA
KELAS
KALO DHAN
KATKI AUSH
KERMAL
KURAI

13.20
7.97

6.88
13.22
7.43
9.26
13.30
6.78
0.06
8.05
6.35
7.15
4.73
7.08
1.17
5.46
0.00
7.22
7.20
25.50
8.90
0.00
7.15
11.40
0.00
2.64
7.03
0.50
7.65
7.11

11.83
0.00
7.94
6.76
3.91

10.48
23.62
0.00
16.33
7.01

7.65
6.72
5.74
5.74
6.86
2.19
5.17
6.95
1.44
1.96
6.10

85.87
23.91

1.87
71.82
29.78
21.35
59.30
36.81
20.80
62.85
34.05
31.87
50.07
37.48
23.71
43.79

0.00
33.70
50.04
67.08
29.54
17.30
22.07
50.28

0.00
33.40
25.19
82.20
34.68
23.98
45.61

0.00
31.90
27.96
27.80
64.11
109.46

0.00
91.85
57.86
49.35
35.27
36.09
36.09
61.48
47.26
44.90
42.64
24.97
55.28
27.90

43.91
30.08

18.25
79.23
21.85
49.43
40.46
21.60
5.10
24.66
17.11
22.85
18.06
21.02
0.35
34.77
0.00
43.10
25.73
138.93
31.64
0.00
24.44
26.92
0.00
7.90
19.30
0.20
22.75
18.61
31.25
0.00
39.00
24.55
12.30
30.36
83.89
0.00
46.60
20.36
27.84
21.76
15.48
15.48
23.63
3.06
34.60
20.52
21.56
4.20
54.40

0.61
4.33

3.83
7.84
4.19
5.30
7.22
3.28
0.00
4.63
3.15
4.02
5.84
3.72
1.16
2.20
0.00
3.50
8.66
14.53
5.19
0.00
4.09
5.44
0.00
0.50
3.74
0.20
4.44
3.35
5.55
0.00
4.20
3.88
1.00
5.85
12.90
0.00
12.59
4.19
4.36
3.80
5.02
5.02
3.76
3.81
2.70
4.16
2.05
1.69
3.30

S5

0.36
0.19

0.12
0.32
0.17
0.23
0.29
0.23
0.00
0.18
0.21
0.18
0.28
0.17
0.03
0.23
0.00
0.10
0.46
0.97
0.20
0.00
0.21
0.31
0.00
0.10
0.15
0.10
0.15
0.26
0.32
0.00
0.20
0.28
0.10
0.27
0.74
0.00
0.37
0.16
0.23
0.20
0.15
0.15
0.16
0.04
0.10
0.16
0.07
0.04
0.10

9.62
1.93

5.31
5.55
6.28
2.24
10.52
5.30
0.80
7.42
0.80
9.39
1.64
5.37
3.19
4.75
0.00
1.70
27
5.90
1.43
1.60
6.21
2.46
0.00
1.40
5.31
26.90
6.86
4.03
1.00
0.00
1.20
0.61
0.30
2.58
2.00
0.00
4.14
5.24
7.76
9.68
5.16
2.34
7.35
7.23
2.90
8.76
3.22
7.33
1.80

0.17
0.11

0.10
0.15
0.09
0.12
0.23
0.09
0.00
0.15
0.04
0.25
0.06
0.07
0.00
0.04
0.00
0.00
0.06
0.27
0.08
0.00
0.11
0.08
0.00
0.00
0.07
0.00
0.10
0.05
0.08
0.00
0.00
0.05
0.00
0.13
0.08
0.00
0.15
0.07
0.20
0.18
0.11
0.11
0.11
0.20
0.00
0.08
0.02
0.00
0.00

0.13
0.07

0.01
0.09
0.06
0.11
0.15
0.03
0.00
0.05
0.07
0.05
0.04
0.04
0.00
0.00
0.00
0.00
0.22
0.41
0.23
0.10
0.06
0.10
0.00
0.00
0.09
0.10
0.04
0.10
0.13
0.00
0.10
0.08
0.10
0.07
0.06
0.00
0.12
0.09
0.14
0.12
0.03
0.02
0.06
0.20
0.10
0.04
0.07
0.10
0.00

0.63
0.44

0.46
0.25
0.40
0.19
0.33
0.25
0.40
0.42
0.09
0.17
0.13
0.40
0.00
0.00
0.00
0.20
0.18
0.00
0.16
0.60
0.46
0.17
0.00
0.40
0.42
0.30
0.43
0.22
0.17
0.00
0.30
0.17
0.10
0.26
0.56
0.00
0.50
0.40
0.56
0.17
0.08
0.08
0.43
0.00
0.20
0.38
0.00
0.00
0.10

0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.02
0.00
0.00

45.25
26.48

9.80
50.31
23.02
16.22
50.87
41.31
28.90
36.39
21.32
48.87
20.60
31.30
25.03
34.98

0.00
20.90
56.26

135.28
30.14

16.50
32.37
31.91

0.00
16.00
21.11
17.90
24.44
27.19
33.96

0.00
41.90
19.60
26.30
27.48
16.73

0.00
36.61
32.14
41.29
45.32
29.01
22.61
32.86
35.31
44.90
32.91
22.85
42.64
23.00

0.26
0.04

0.47
0.02
0.04
0.02
0.27
0.28
0.10
0.06
0.01
0.06
0.01
0.05
0.00
0.00
0.00
0.00
0.00
0.14
0.01
0.00
0.19
0.00
0.00
0.00
0.05
0.20
0.04
0.06
0.01
0.00
0.10
0.00
0.00
0.01
0.00
0.00
0.06
0.04
0.52
0.18
0.09
0.00
0.06
2.05
0.00
0.07
0.68
0.17
0.00



194
195

196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244

K100
K101

K103
K105
K107
K109
K110
K114
K118
K119
K120
K123
K126
K128
K13
K130
K131
K132
K133
K14
K140
K146
K151
K152
K154
K17
K24
K26
K27
K28
K33
K34
K35
K38
K39
K42
K43
K45
K49
K50
K51
K52
K53
K55
K56
K58
K59
K60
K62
K63
K64

KBA LYNGKOT

KOLA AMONA
BAW

KALAMALLI
KALAM DANI
KANDULA KAT!
KARSOLI
KATARIBHOG
KBA SNEM
KON JOHA
KONA MUSORI
KONDHO DHAN
KUTKUTI XALI
KALA NAMAK
KALAME
KALI KOMAD
KOLKE DODRA
KUNDAPULLAN
KUNJI KUNJI
KURUVA
KANKURIA
KALO TULSI
KORGUT KHARI
KETSARU
KANTA CHUDI
KOLARYAN
KALO DUMRAH
KUMROGORH
KARNA-SAL
KALIRAY
KALAM KATHI
KARTIK-SAL
KALO NUNIYA
KALO BAHNI
KUYER KULING
KALISHANKAR
KAREYA JEBI
KAJAL KATHI
KANKHRIA
KALO METEH
KABIRAJ-SAL
KELEH
KAMINI
KUSUMGENDA
KICHEDHI! SAMBA
KALA LAHI
KOLJAM
KANTA RANGI
KOLA BORA
KALO JOHA
KALO TUDEY
KOKILA PATNAI

9.61
7.08

7.83
7.81
8.29
25.24
6.67
8.07
6.92
8.69
9.51
8.32
7.04
8.33
7.59
10.40
6.97
4.35
5.79
9.74
5.15
8.70
7.74
5.73
4.79
7.24
6.01
8.70
1.40
5.95
8.70
5.19
1.55
4.98
8.25
22.56
2.72
8.30
5.59
6.83
7.39
4.07
2.71
6.69
1.83
6.64
6.96
1.20
1.92
7.40
4.28

29.00
49.03

22.33
48.85
61.92
107.68
34.94
34.99
48.24
90.59
54.74
35.30
40.85
54.58
78.87
51.87
47.88
43.87
20.92
35.80
29.22
33.48
40.25
31.59
50.80
36.81
21.50
33.48
99.90
19.62
38.99
38.48
46.12
131.34
4327
157.20
27.10
29.76
30.90
28.30
39.40
40.70
24.80
41.40
41.90
48.61
33.47
138.00
31.01
53.82
13.57

37.11
23.93

31.59
24.08
25.41
70.81
22.39
23.19
20.98
31.89
37.96
20.99
27.37
27.85
24.04
35.43
28.98
21.76
18.39
50.70
11.85
22.77
22.50
17.82
14.38
21.97
34.10
17.86
0.50
36.17
35.56
13.30
25.54
17.23
20.24
79.63
8.40
43.49
24.40
31.40
41.60
15.50
4.30
22.09
5.50
23.38
23.51
0.30
2.77
23.24
10.52

5.55
4.08

4.18
4.37
11.18
16.53
3.78
4.55
9.01
5.10
5.35
4.45
4.23
4.61
4.18
6.08
7.97
4.40
2.94
4.90
5.64
5.96
3.67
2.70
2.47
6.21
2.60
5.96
0.10
3.39
4.96
4.06
213
3.27
4.76
13.32
0.70
4.39
2.10
3.00
4.10
1.10
0.40
3.79
0.00
3.74
3.55
0.10
2.04
4.13
2.06

S6

0.20
0.22

0.16
0.76
0.20
0.71
0.17
0.19
0.21
0.29
0.22
0.18
0.22
0.24
0.32
0.39
0.38
0.34
0.18
0.10
0.22
0.27
0.29
0.22
0.19
0.24
1.20
0.27
0.10
0.15
0.25
0.15
0.10
0.16
0.18
0.51
0.10
0.23
0.10
0.10
0.20
0.10
0.10
0.21
0.00
0.27
0.28
0.10
0.03
0.22
0.15

2.44
1.59

1.30
7.16
5.49
13.79
9.77
6.30
2.34
6.62
4.85
2.19
7.55
6.90
6.37
10.79
3.02
1.95
0.93
1.10
1.56
4.90
5.08
5.48
5.57
1.43
0.40
1.05
27.90
2.81
1.89
0.95
2.98
9.32
1.89
12.85
1.30
2.56
0.60
0.40
1.70
0.70
0.70
1.24
1.30
1.75
5.88
25.80
4.02
1.84
0.66

0.10
0.06

0.07
0.09
0.12
0.52
0.18
0.08
0.09
0.09
0.13
0.08
0.21
0.11
0.09
0.15
0.18
0.06
0.04
0.00
0.05
0.09
0.14
0.06
0.07
0.05
0.00
0.06
0.00
0.11
0.09
0.05
0.02
0.15
0.06
0.82
0.00
0.18
0.00
0.00
0.00
0.00
0.00
0.06
0.00
0.08
0.11
0.00
0.03
0.06
0.04

0.07
0.05

0.05
0.12
0.09
0.17
0.07
0.10
0.04
0.08
0.27
0.04
0.09
0.11
0.11
0.29
0.14
0.06
0.18
0.10
0.13
0.11
0.16
0.09
0.06
0.07
0.10
0.07
0.10
0.04
0.02
0.01
0.08
0.07
0.16
0.26
0.00
0.04
0.10
0.00
0.10
0.00
0.00
0.05
0.00
0.10
0.11
0.10
0.00
0.08
0.04

0.19
0.18

0.38
0.45
0.20
0.83
0.16
0.45
0.17
0.22
0.47
0.67
0.51
0.47
0.45
0.56
0.63
0.00
0.05
0.10
0.07
0.12
0.29
0.21
0.20
0.17
0.20
0.12
0.20
0.00
0.15
0.08
0.00
0.38
0.21
0.90
0.10
0.09
0.20
0.20
0.30
0.20
0.10
0.17
0.20
0.17
0.22
0.30
0.00
0.18
0.06

0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

28.04
14.48

18.27
38.12
35.99
84.05
46.89
23.97
20.22
47.29
56.12
18.04
44.46
41.08
37.73
53.65
32.80
21.76
22.19
22.00
27.40
44.19
37.89
44.10
34.48
20.32
23.30
21.46
20.30
18.75
20.42
9.23
24.30
44.83
27.86
108.35
23.20
19.67
20.70
20.30
38.40
18.20
18.30
25.47
18.10
14.14
33.49
17.90
24.82
24.00
14.67

0.09
0.00

0.01
0.06
0.04
0.05
0.24
0.04
0.00
0.06
0.01
0.01
0.76
0.18
0.06
0.22
0.05
0.00
0.02
0.00
0.00
0.74
0.48
0.08
0.10
0.00
0.00
0.02
0.00
0.48
0.02
0.00
0.55
0.06
1.4
1.23
0.00
2.26
0.00
0.00
0.10
0.00
0.00
0.01
0.00
0.00
0.74
0.10
0.28
0.00
0.00



245
246
247
248
249
250
251
252
253
254
255
256
257

258

259
260
261
262
263
264
265
266
267
268
269
270
271

272

273
274
275
276
277
278
279
280
281
282

283

284
285
286
287
288
289
290
291
292
293
294

K68
K71
K72
K73
K74
K77
K80
K82
K84
K85
K87
K88
K95

K97

K98
L03
L04
L09
L12
L13
L15
L16
L18
L19
L22
L23
L24

L27

L30
L31
L32
L38
L43
L46
L48
L50
L51
Mo2

M03

MO04
MO06
M09
M13
M14
M15
M17
M21
M23
M24
M26

KALI JIRA
KALO DHEPA
KRISHNABHOG
KATA RAINI
KALO BHAT
KARNI
KAJLI
KALA KRISHTO
KALLURUNDAI
KURAVAI
KAGGI SALLA
KALA KOLLI

KEYASAKKI

KUMKUM
KESHARI

KOSHIKAMON
LULI-SAL
LAHA RAJA
LOHAJANGI
LEBU-SAL
LAL SAROO
LAKKHAN-SAL
LATA-SAL
LAKKHI CHURAH
LAL GETU
LILABATI
LANGAL MUDA

LAL KAMINI

LAL
GOBINDABHOG

LALOS
LAL BAHAL
LAL PUA
LEDA-SAL
LADARI
LOHNA
LOKTI MOCHI
LAL DHAN PATLA
LAL DHAN (C)

MAHADI

MALGUDIA
KALAM

MALA
MARICH MUKUL
MADHUMITA
MOHANRAS
MURGI-SAL
MALLIKA
MADRARAJ
MOHANBHOG
MENDI
MEGHNAD-SAL
MOTI

5.31
7.64
7.00
8.34
1.61
1.40
6.68
16.84
8.52
7.63
7.14
0.00
0.00

12.81

7.99
13.30
6.46
7.10
5.73
6.46
0.20
0.30
4.65
13.46
6.09
2.95
1.60

6.38

19.08
6.14
0.00
8.03
6.51

5.79
9.78
8.70
6.44
2.55

5.73

5.38
5.76
6.01
6.76
9.78
5.84
9.33
7.82
7.58
4.81
7.91

34.90
33.52
34.07
35.50
53.13
46.29
28.90
85.92
32.70
47.85
44.27
35.20
0.00

65.36

31.18
59.30
46.91
25.44
31.59
46.91
135.10
97.90
30.20
30.10
36.84
30.16
38.45

36.20

62.24
32.40
0.00
22.10
27.20
37.99
43.53
52.32
41.06
25.49

31.59

66.03
32.01
22.33
31.40
43.53
50.02
38.69
43.51
23.55
17.65
29.20

21.90
22.48
18.46
44.60
6.09
417
44.30
44.11
51.27
27.96
22.15
0.00
0.00

34.86

24.09
40.46
20.04
14.21
17.82
20.04
0.90
0.30
16.70
85.00
21.42
23.60
18.53

27.40

89.31
32.30
0.00
53.80
23.81
15.34
29.48
29.13
23.07
28.49

17.82

18.62
15.34
12.51
27.71
2312
17.22
56.30
30.44
45.69
13.61
42.90

2.00
6.81
4.21
3.90
1.30
0.75
3.30
11.69
4.96
4.26
4.10
0.00
0.00

7.07

4.36
7.21
6.53
11.05
2.70
6.53
0.20
0.20
1.90
7.70
3.33
1.74
1.76

2.40

10.36
2.80
0.00
4.30
3.83
7.33
7.74
4.76
3.51

1.81

2.70

3.21
6.24
4.95
3.38
7.74
5.27
5.71
4.62
3.75
2.68
3.90

S7

0.10
0.18
0.24
0.10
0.07
0.11
0.10
0.44
0.22
0.21
0.19
0.00
0.00

0.28

0.23
0.29
0.14
0.22
0.22
0.14
0.10
0.10
0.10
0.20
0.18
0.14
0.10

0.10

0.34
0.10
0.00
0.20
0.16
0.19
0.24
0.26
0.20
0.09

0.22

0.17
0.43
0.19
0.16
0.24
0.13
0.21
0.25
0.26
0.14
0.10

1.50
1.12
8.13
0.50
3.12
3.42
1.70
5.29
2.07
7.95
1.20
2.40
0.00

3.69

6.05
1.49
7.74
1.08
7.65
3.51
30.80
35.00
1.80
2.30
5.69
2.35
2.57

0.50

4.54
0.80
0.00
1.60
1.40
2.33
7.35
7.62
8.22
2.52

3.48

8.35
5.88
0.41
1.1
1.58
1.42
3.84
8.82
2.00
0.99
2.20

0.00
0.07
0.30
0.00
0.00
0.00
0.00
0.16
0.09
0.13
0.06
0.00
0.00

0.12

0.08
0.12
0.15
0.05
0.19
0.15
0.00
0.00
0.00
0.10
0.10
0.02
0.00

0.00

0.25
0.00
0.00
0.00
0.06
0.07
0.13
0.20
0.09
0.01

0.05

0.10
0.10
0.04
0.07
0.09
0.07
0.25
0.16
0.07
0.06
0.00

0.00
0.11
0.08
0.10
0.20
0.11
0.10
0.23
0.14
0.04
0.09
0.10
0.00

0.12

0.12
0.17
0.04
0.08
0.15
0.02
0.10
0.30
0.00
0.10
0.08
0.15
0.08

0.00

0.18
0.10
0.00
0.10
0.23
0.16
0.15
0.20
0.12
0.09

0.10

0.07
0.22
0.06
0.02
0.09
0.01
0.05
0.14
0.10
0.05
0.00

0.20
0.20
0.53
0.20
0.00
0.00
0.10
0.39
0.17
0.51
0.18
1.10
0.00

0.33

0.44
0.33
0.16
0.10
0.21
0.16
0.30
0.30
0.10
0.20
0.46
0.00
0.00

0.20

1.27
0.20
0.00
0.10
0.10
0.14
0.24
0.58
0.42
0.00

0.21

0.39
0.27
0.08
0.07
0.24
0.15
0.00
0.45
0.09
0.12
0.20

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.03
0.02

0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01

0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

22.80
17.18
45.31
20.90
40.03
43.97
21.80
39.13
25.10
49.58
25.58
30.90
0.00

38.29

32.63
40.75
34.81
22.75
56.70
27.14
28.80
33.70
22.80
22.30
33.35
35.23
27.67

25.30

39.36
25.20
0.00
21.80
26.63
32.88
53.02
45.46
52.92
29.16

40.54

41.37
40.38
16.34
15.64
25.75
11.08
23.61
40.19
34.12
17.61
22.00

0.00
0.01
0.44
1.00
0.10
0.14
0.00
1.65
0.04
0.19
0.00
0.30
0.00

0.00

0.04
0.01
0.06
0.02
0.96
0.00
0.30
0.00
0.40
0.00
0.47
0.11
0.20

0.00

0.03
0.00
0.00
0.00
0.01
0.00
0.52
0.34
0.05
0.22

0.09

0.07
0.09
0.00
0.03
0.01
0.00
1.58
0.52
0.03
0.00
0.00



295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
31
312
313
314
315
316
317
318
319
320
321

322

323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
34
342
343
344
345

M27
M28
M33
M34
M35
M36
M37
M41
M42
M44
M49
M50
M51
M52
M53
M54
M55
M56
M57
M59
M60
M63
M67
M70
M71
M72
M73

M74

M75
M77
M83
NO2
NO3
NO7
NO8
NO09
N12
N18
N19
N20
N21
N22
N27
N29
N30
N33
N34
N35
N36
N37
PO1

MAHULA KHUSHI
MARA BATHA
MATHALLAGA
MOYNA TUNDI

MANIK-SAL
MALABATI
MALLIK-SAL
MARICH BOOT
MOYNAGIRI
MOHANMALA
MEHDI
MADAI MALAI
MOYNAGURI
MELHITTE
MATLA
MONGHYR
MATI DHAN
MEHADI
MORADDA
MUTTU GULLA
MAGURI BAW
MAW THLEN
MIRET
MOTHONGA
MUKTAMALI
MATI SARA

MALGUDI SANNA

MANIPURA
BATTA

MASKATI
MEESE BATTA
MALIFULJHULI

NATA
NOICHI
NAGRA

NAL BAHNI
NAREJ DHAN
NONA
NARAHASO!
NONA-SAL
NAGALAND SADA
NAGALAND KALO
NUINYA

NYAVARA
NONA KHIRISH
NAGRA PATNAI

NABABI
NAD SARIA
NANJI
NEKERA
NIYALI GODI
PARAH

9.95
7.99
6.70
6.44
6.44
14.34
6.76
7.60
0.00
7.90
6.04
6.19
7.36
1.43
0.00
741
7.58
3.01
6.79
6.22
6.96
6.99
6.64
7.93
7.44
7.27
6.76

5.90

5.17
7.89
7.05
1.63
2.02
6.22
5.12
7.46
6.61
8.13
7.00
10.26
0.40
0.00
9.80
5.50
0.00
6.46
5.87
23.02
6.01
6.30
4.59

28.50
33.07
21.96
41.06
41.06
106.62
29.03
40.82
45.10
17.65
22.58
15.75
34.40
46.61
27.50
58.84
28.54
25.00
29.35
14.33
20.48
18.63
42.08
37.86
20.70
38.37
29.03

32.37

18.54
44.32
29.12
31.32
31.11
35.76
30.10
31.70
15.92
21.20
34.07
78.54
99.90
20.50
71.59
23.10
0.00
29.51
22.43
236.65
22.33
55.90
14.26

48.46
18.40
18.76
23.07
23.07
45.75
16.20
35.88
0.00
33.89
19.03
17.22
42.80
2.17
0.00
27.31
24.29
12.40
24.64
22.37
22.30
28.96
21.30
23.53
34.59
24.44
20.84

16.45

28.78
28.01
18.18
28.97
39.22
25.16
18.50
22.94
26.72
66.50
18.46
36.40
0.40
0.00
35.51
20.00
0.00
18.88
26.89
16.92
16.09
24.20
22.23

5.91
14.37
3.16
3.51
3.51
8.1
6.44
4.40
0.00
3.77
3.03
3.02
4.10
2.02
0.00
4.36
4.11
0.60
3.94
3.06
3.92
3.98
3.67
8.47
4.15
4.20
6.44

2.82

2.83
4.82
6.52
2.51
2.70
9.35
1.80
6.39
3.20
4.50
4.21
5.47
0.20
0.00
5.75
2.20
0.00
3.23
3.43
14.08
4.95
3.71
2.18

S8

0.25
0.20
0.35
0.20
0.20
0.39
0.17
0.15
0.00
0.24
0.17
0.17
0.20
0.07
0.00
0.18
0.32
0.10
0.15
0.18
0.16
0.16
0.18
0.22
0.16
0.25
0.17

0.20

0.13
0.30
0.24
0.07
0.01
0.16
0.10
0.19
0.18
0.20
0.24
0.29
0.10
0.00
0.40
0.10
0.00
0.28
0.13
0.61
0.19
0.23
0.14

3.27
1.62
4.42
1147
5.22
8.81
0.61
1.67
1.30
2.22
0.85
1.60
1.20
2.90
1.80
8.28
6.62
2.50
1.27
0.07
2.40
0.11
5.89
2.14
1.78
7.60
7.58

3.93

1.41
6.99
1.43
3.27
5.29
1.75
1.00
2.11
1.19
1.60
5.89
6.93
27.40
0.70
1.40
1.60
0.00
5.07
2.64
2.11
5.02
1.07
0.94

0.11
0.06
0.07
0.27
0.08
0.15
0.05
0.10
0.00
0.06
0.05
0.05
0.00
0.00
0.00
0.10
0.09
0.00
0.06
0.05
0.07
0.07
0.06
0.10
0.09
0.21
0.09

0.05

0.05
0.12
0.07
0.02
0.06
0.08
0.00
0.08
0.07
0.00
0.20
0.11
0.00
0.00
0.06
0.00
0.00
0.15
0.07
0.08
0.07
0.06
0.04

0.15
0.10
0.06
0.20
0.13
0.28
0.07
0.02
0.10
0.07
0.14
0.09
0.10
0.12
0.10
0.16
0.08
0.10
0.18
0.04
0.11
0.05
0.15
0.09
0.07
0.15
0.09

0.12

0.07
0.27
0.07
0.11
0.20
0.10
0.10
0.07
0.05
0.10
0.19
0.12
0.00
0.10
0.07
0.00
0.00
0.12
0.00
0.07
0.07
0.08
0.06

0.20
0.21
0.22
0.42
0.42
0.53
0.17
0.13
1.10
0.08
0.05
0.09
0.20
0.00
1.00
0.41
0.45
0.20
0.11
0.06
0.18
0.13
0.38
0.20
0.18
0.51
0.17

0.19

0.07
0.19
0.10
0.00
0.00
0.18
0.20
0.19
0.09
0.30
0.53
0.51
0.50
0.20
0.24
0.20
0.00
0.25
0.00
0.60
0.08
0.16
0.04

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00

0.00
0.00
0.00
0.02
0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

57.52
27.30
39.41
68.04
48.64
72.46
19.60
18.77
2.40
26.01
17.83
27.37
28.90
31.62
20.20
39.68
47.29
29.10
21.39
11.00
32.84
13.20
36.65
17.21
17.88
33.65
45.71

30.54

18.87
46.14
14.34
25.68
28.73
14.14
20.10
23.82
14.90
24.00
47.05
52.30
16.50
19.00
22.37
17.80
0.00
28.04
20.72
23.82
38.09
13.74
15.73

0.07
0.02
0.08
0.67
0.06
0.06
0.00
0.02
0.60
0.03
0.01
0.00
0.10
0.07
0.80
0.06
0.06
0.70
0.01
0.00
0.00
0.00
0.06
0.00
0.01
0.19
0.06

0.09

0.03
0.19
0.00
0.04
2.73
0.00
0.00
0.00
0.01
0.00
0.50
0.17
0.10
0.00
0.09
0.00
0.00
0.27
0.00
0.00
0.09
0.01
0.04



346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370

37

372
373
374
375
376
377
378
379
380
381
382
383
384
385

386

387
388
389
390
391
392
393
394
395

P02
P03
P05
P07
P08
P09
P11
P12
P14
P17
P20
P21
P24
P25
pa7
P28
P29
P30
P35
P36
P37
P38
P40
P41
P42

P43

P49
Qo2
Qo4
Q06
Q09
Qi1
Q12
RO1
R09
R11
R13
R14
R19
R22

R28

R29
R30
R32
R34
R35
R36
R38
R39
R40

PAAN
PARBAL
PUTIKANI
PARA DHAN
PARMAI-SAL
PAYJAM
PRIYA
PANIRUI
PAKRI
PAJAB LAHI
PANI DUBA
PANATI
PARAMITA
PANI BHASA
PIPRAR CHOKH
POKKALI
PATENI
PANI KALAS
PITTASALE
PANDAKA GURA
PATON GADA
PMAH SAW
PUSA BADH
PORA DHAN

PAKISTAN BATTA

PARIMALA
SANNA

PALLIYARAL
KHEJUR CHHARI
KHAS DHAN
KHATIA TIKA
KHARISHA BHOG
KHARAH
KHARUNE
RADHASHREE
RADHATILAK
RANGI
RANI-SAL
RABAN-SAL
RATNACHURI

RANI-51

RISO NANO
VERONESE

REDA DHAN
RAJSHAHI BONI
RATA-SAL
RAJ KAMAL
RAJA KAYAME
RANGA DHARI
RAJA-SAIL
RAJI
RADHA KAJAL

1.79
7.96
13.07
7.02
0.50
0.00
22.67
6.33
4.12
1.45
5.53
0.00
6.37
8.00
14.66
14.96
6.04
3.88
7.25
7.90
14.34
6.79
5.93
11.67
8.42

7.21

6.64
6.22
7.01
8.43
9.68
8.54
7.34
7.49
3.25
4.62
7.93
9.13
0.00
8.72

7.38

1.50
9.18
8.28
7.96
9.25
6.34
7.50
7.57
8.34

37.44
44.01
69.78
34.09
124.60
0.00
123.93
26.08
34.30
32.92
27.51
0.00
32.10
24.40
130.58
50.52
64.85
31.90
30.40
45.42
106.62
22.74
49.13
75.62
38.69

69.68

24.38
26.20
56.10
49.38
48.38
38.80
50.73
55.72
36.60
23.40
34.65
60.41
23.80
55.07

49.73

130.70
28.66
23.38
41.62
39.12
32.43
27.09
43.21

52.52

33.18
23.60
39.96
21.64
0.50
0.00
43.26
24.04
14.30
20.65
19.44
0.00
29.00
41.60
55.73
43.34
25.16
15.20
48.20
29.98
45.75
28.53
20.92
40.44
38.81

29.93

17.72
14.26
30.80
29.07
4513
49.10
39.92
26.09
13.20
19.10
25.33
28.12
0.00
27.43

23.30

0.90
37.32
26.73
25.85
34.03
17.25
30.88
26.70
28.80

2.80
4.39
7.02
3.71
0.10
0.00
12.94
3.26
1.30
1.81
719
0.00
2.70
4.30
8.19
8.09
3.67
1.20
4.10
4.46
8.12
3.85
3.31
7.02
4.86

414

4.92
3.24
3.10
4.82
5.54
5.10
4.31
4.33
0.90
1.80
7.84
4.20
0.00
4.43

4.26

0.20
5.14
7.90
4.53
5.16
1.23
4.21
4.60
4.54

S9

0.08
0.25
0.31
0.34
0.10
0.00
0.66
0.13
0.00
0.07
0.18
0.00
0.10
0.20
0.48
0.32
0.38
0.10
0.10
0.23
0.39
0.16
0.17
0.47
0.20

0.21

0.21
0.26
0.10
0.23
0.21
0.10
0.14
0.18
0.10
0.10
0.20
0.33
0.00
0.44

0.24

0.10
0.14
0.20
0.26
0.24
0.00
0.16
0.29
0.27

3.83
1.98
7.11
4.66
30.70
0.00
8.22
1.58
1.70
2.25
1.17
0.00
0.70
1.30
9.18
8.12
8.46
0.50
2.30
7.56
14.11
1.65
7.42
8.00
2.82

6.78

1.40
3.93
1.90
8.97
2.36
1.90
2.06
9.76
1.60
1.40
7.63
4.62
0.90
0.94

6.47

27.80
3.48
5.74
7.04
8.85
1.43
2l
6.96

10.11

0.03
0.07
0.13
0.09
0.00
0.00
0.09
0.06
0.00
0.02
0.06
0.00
0.00
0.00
0.28
0.13
0.13
0.00
0.00
0.20
0.25
0.07
0.08
0.14
0.08

0.13

0.05
0.15
0.00
0.22
0.12
0.00
0.13
0.21
0.00
0.00
0.20
0.08
0.00
0.04

0.08

0.10
0.21
0.08
0.20
0.24
0.08
0.07
0.10
0.22

0.15
0.14
0.18
0.21
0.10
0.00
0.12
0.03
0.00
0.13
0.07
0.00
0.10
0.10
0.22
0.19
0.19
0.00
0.10
0.17
0.06
0.12
0.12
0.27
0.05

0.13

0.06
0.15
0.00
0.12
0.04
0.00
0.02
0.10
0.00
0.10
0.03
0.09
0.10
0.05

0.08

0.10
0.00
0.07
0.20
0.16
0.14
0.10
0.15
0.15

0.00
0.19
0.54
0.10
0.30
0.00
0.56
0.00
0.20
0.00
0.09
0.00
0.20
0.30
0.65
0.61
0.43
0.20
0.10
0.57
0.53
0.12
0.46
0.29
0.16

0.45

0.10
0.27
0.20
0.59
0.19
0.20
0.13
0.56
0.30
0.30
0.21
0.25
1.00
0.12

0.40

0.20
0.69
0.21
0.59
0.53
1.02
0.09
0.19
0.52

0.03
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

37.02
28.65
61.57
38.45
20.70
0.00
52.92
15.78
14.20
21.19
11.78
0.00
23.30
26.70
80.79
41.64
60.67
22.30
19.10
43.98
82.10
24.10
31.50
61.71
27.717

39.48

19.85
39.21
20.10
40.95
20.77
21.50
23.73
51.39
16.70
16.60
31.52
43.58
20.80
18.64

39.58

20.50
18.68
26.57
39.88
4417
13.24
24.07
36.91
64.53

0.04
0.01
0.04
0.27
0.10
0.00
0.05
0.45
0.00
0.72
0.00
0.00
0.00
0.10
0.51
0.16
0.42
0.00
0.00
0.40
0.75
0.00
0.04
0.29
0.05

0.36

0.00
0.72
0.00
0.51
0.00
5.60
0.00
0.55
0.00
0.00
0.29
0.24
0.50
0.13

0.03

0.00
0.00
0.04
0.49
0.71
0.98
0.00
0.05
0.57



396
397
398
399
400
401
402
403
404
405

406

407
408
409
410
411
412
413
414
415
416

a7

418
419
420
421
422
423
424
425
426

427

428
429
430
431
432
433
434
435
436
437
438
439
440
am
442
443
444
445

R41
R45
R48
R49
R62
S01
S03
S04
S06
S09

S10

S11
S13
S14
S15
S16
S18
S21
S24
S29
S30

S33

S35
S37
S39
S45
S46
S48
S50
S53
S54

S55

S56
S59
S61
S62
S63
S65
S68
S69
S82
S84
SH02
SH03
SH06
SH08
SH10
SH11
SH12
SH13

RAJBAKO
RANGALI BAW
RASSI
RIBOR JHUM
RAM KELA
SADA KAYA
SEKARA
SADA DUMRA
SITA-SAL

SUNDAR MUKHI

SADA JHINGA-
SAL

SUBASITA
SILOT
SADA PATNAI
SONAJHULI
SATEEN
SADA NUNIYA
SADA DHAN
SITABHOG
SADA GETU

SUBAL-SAL

SAROO
GURGURI

SAGARIKA
SADA KALAM
SADA METEH

SILKOT
SUGGI KAYAME
SOPTI
SAROO AUSHA
SANNA BATHA

SANNA VALLYA

SANNAKKI
BATHA

SIDDHA SANNA
SAFED RAS
SALAER
SAWANIA
SUNASARI
SOK DIMRO
SOPURI
SANRAJ KAYAME
SONA PAN
SUNA KHADI
SHIULI
SHOTPUT
SHUA KALMA
SESH PHAL
SRABANTI-SAL
SHOLPANA
SHUNGO BARAN
SHIULI MUKUL

7.84
10.72
7.97
5.97
10.47
8.84
5.60
7.08
11.62
4.54

10.16

7.61
7.87
9.51
0.20
5.79
8.25
7.52
9.16
0.00
8.16

7.53

5.93
5.38
10.61
713
5.63
6.67
11.28
3.23
6.17

9.81

0.00
6.50
7.01

8.33
11.68
3.24
9.55
16.26
13.04
13.30
5.37
8.81

1.68
7.02
12.76
7.78
24.53
11.83

25.70
67.66
23.91
25.15
52.04
45.88
43.00
33.86
53.68
14.99

35.33

39.90
37.57
54.74
110.50
4552
4327
28.72
35.33
26.50
27.00

22.81

49.13
54.92
33.30
36.30
20.06
30.30
64.65
33.23
46.57

63.79

32.00
28.29
40.25
4312
35.52
29.34
68.99
56.60
30.44
38.86
49.89
78.53
43.33
34.94
82.01
31.72
82.99
129.90

30.91
35.19
23.63
19.95
13.07
102.21
18.69
18.23
30.87
19.87

33.41

45.60
23.27
27.82
0.50
13.49
24.46
35.35
26.17
0.00
24.37

37.63

20.92
13.66
55.50
40.10
18.57
42.60
33.32
20.44
2342

45.40

0.00
19.70
23.71
25.73
51.26
27.77
30.68
69.17
43.04
33.47
19.43
29.61

4.01
23.16
35.34
23.55
71.14
42.16

4.28
6.29
4.33
3.33
10.83
5.60
2.85
3.37
5.40
3.30

4.95

4.30
4.29
5.35
0.10
6.27
4.76
4.17
8.24
0.00
4.29

4.67

3.31
7.47
5.80
3.90
2.51
3.40
6.35
2.23
3.57

5.49

0.00
3.68
4.23
4.59
6.59
2.12
6.25
9.24
6.30
6.22
2.82
4.87
0.72
3.43
6.25
4.43
13.07
6.56

0.14
0.26
0.19
0.26
0.68
0.30
0.26
0.27
0.34
0.33

0.74

0.10
0.17
0.22
0.10
0.22
0.18
0.14
0.21
0.00
0.22

0.17

0.17
0.15
0.20
0.20
0.15
0.10
0.31
0.17
0.23

0.27

0.00
0.17
0.21
0.18
0.27
0.03
0.22
0.36
0.53
0.36
0.42
0.21
0.10
0.25
0.43
0.18
0.63
0.30

S10

2.83
9.77
6.49
7.11
1.40
6.65
0.71
1.82
4.74
1.28

5.48

1.90
9.37
8.20
25.20
1.09
2.99
1.41

7.45
2.20
5.07

4.16

7.91
2.33
1.10
0.90
1.05
2.10
2.58
1.98
19.41

8.78

1.90
7.48
7.04
8.43
2.35
1.34
12.20
3.75
3.12
5.41
5.64
8.19
2.77
5.04
9.41
6.87
9.79
9.73

0.09
0.18
0.08
0.10
0.05
0.30
0.04
0.05
0.09
0.00

0.06

0.00
0.20
0.20
0.00
0.05
0.12
0.07
0.11
0.00
0.08

0.14

0.12
0.15
0.00
0.00
0.04
0.10
0.11
0.04
0.16

0.32

0.10
0.07
0.14
0.10
0.12
0.03
0.18
0.20
0.20
0.09
0.09
0.15
0.00
0.15
0.18
0.14
0.24
0.17

0.00
0.07
0.08
0.08
0.06
0.10
0.06
0.11
0.14
0.03

0.09

0.00
0.15
0.05
0.10
0.15
0.00
0.04
0.07
0.00
0.08

0.00

0.10
0.02
0.10
0.10
0.02
0.10
0.21
0.08
0.04

0.19

0.10
0.09
0.14
0.24
0.14
0.22
0.12
0.12
0.17
0.15
0.15
0.14
0.23
0.13
0.05
0.17
0.48
0.08

0.44
0.59
0.44
0.48
0.30
0.16
0.08
0.10
0.27
0.01

0.28

0.20
0.45
0.47
0.30
0.14
0.21
0.14
1.22
1.00
0.46

0.15

0.46
0.13
0.30
0.20
0.32
0.10
0.29
0.34
0.15

0.61

1.10
0.39
0.17
0.48
0.23
0.23
0.42
0.02
0.32
0.30
0.22
0.52
0.00
0.29
0.27
0.20
0.08
0.54

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

16.52
46.89
29.18
40.62
19.85
42.65
1145
23.88
51.31
20.55

44.10

16.80
4.43
35.30
18.60
25.59
19.46
30.19
32.00
22.70
25.67

27.18

35.16
23.51
30.00
25.10
13.15
20.20
33.58
34.56
47.55

60.86

23.60
30.54
46.63
50.33
32.33
39.13
50.57
31.10
67.33
34.70
50.56
36.16
34.01
36.65
68.42
40.86
91.38
57.54

0.00
0.24
0.04
0.17
0.00
0.08
0.01
0.02
0.06
0.30

0.08

4.70
0.30
0.07
0.20
0.00
0.01
0.08
0.19
0.60
0.03

0.02

0.47
0.01
0.30
0.20
0.64
0.00
0.01
0.89
0.24

0.32

0.70
0.04
0.05
0.45
0.00
0.11
0.05
0.00
0.73
0.23
0.60
0.44
0.02
0.56
1.07
0.03
0.05
0.06



446

447

448
449
450
451
452
453
454
455
456
457
458

459

460
461
462
463
464
465

466

467
468
469
470
47
472

473

474
475

476

477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493

SH14

SH15

SH16
SH18
SH19
SS03
T03
T05
™
THO2
THO3
THO4
THO5

THO7

TT01
TT02
TT06
TT07
TT13
TT14

TT15

TT16
M7
TT18
TT19
TX01
Vo1

Vo3

V06
Vo7

Vi1

V13
Vi4
V15
V16
V17
V19
Va1
V23
V25
V26
Va8
WO1
Wo2
W03
W05
wo7
Wo8

SHANKARI
KOMAL
SHIVAPPU
KUZHIVADICHAI

SHAKTI
SHARBATI
SHAMLA
SHATIA GORAH
TIKIA PATNAI
TIKI
TIKE CHURI
THUBA
THUPA BORA
THEVURU LHA

THONNURAN

THONNURAN
THONDI

TULSA
TULSI MUKUL
TALMARI
TULSIBHOG
TALMUGUR

TULSIBHOG

THAVALA
KANNAN

TULASI XALI
TIL KASTURI
TULSI GANTHI
TSORUNYU
THAKUR-SAL

BHUT MOORI

BHATTA
GANTHIA

BHURI SHULAH

BHURI
BHARAT PATNAI
(n)
BHERAL

BHUGUNISAR
BHALUKI
BHIM-SAL
BHALU DUBRAJ
BHOGL AYA
VELLA THONDI
BHUSI HARA
BHABOLI JOHA
BHODA MANJI
BHOG PRASAD
GHASRAIZ
GHASRAJI
GHAIYA
GHOIBIR
GHUNS!
GHUSURI

13.61

1.61

1.72
11.91
6.03
4.73
3.71

8.51

5.28
6.54
10.38
7.49
6.41

7.50

1.09
8.61
0.00
7.97
7.08
6.53

13.32

11.28
3.57
14.96
6.67
7.05
8.16

6.56

15.81
19.14

7.87

5.34
6.87
717
8.16
7.37
5.28
10.50
6.30
8.33
7.30
0.00
7.24
3.59
1.21
9.96
9.17
5.08

42.66

31.79

20.80
52.97
17.49
50.07
14.90
62.54
37.79
32.90
58.17
29.76
53.60

37.99

35.70
37.22
0.00
40.17
36.40
39.02

60.65

64.65
33.00
50.52
42.86
26.65
27.00

38.25

38.50
76.88

37.57

20.50
20.72
63.61
22.04
17.99
29.80
56.80
55.90
4312
81.59
43.50
36.81
13.36
32.61
19.01
51.30
38.50

38.51

10.65

0.30
34.91
22.03
12.19

9.80
25.46
16.16
35.40
31.24
29.98
23.12

22.45

5.52
34.86
0.00
22.57
44.60
30.84

41.43

33.32
14.20
43.34
20.15
19.57
24.35

17.99

85.50
64.54

23.27

24.80
25.13
24.34
28.82
20.65
21.60
50.20
24.20
21.17
26.17
0.00
21.97
10.33
0.81
24.57
45.70
19.70

7.29

0.94

0.00
6.62
2.96
5.84
0.90
4.75
2.55
3.40
5.40
3.74
3.18

3.71

1.04
4.26
0.00
4.38
3.50
3.32

741

6.35
1.10
8.09
3.33
6.03
4.29

3.28

9.50
10.63

4.29

2.20
3.99
4.15
3.95
6.07
2.10
6.21
3.71
4.59
4.35
0.00
6.21
3.83
0.75
9.10
4.60
1.70

0.32

0.13

0.00
0.27
0.18
0.28
0.10
0.24
0.18
0.10
0.52
0.23
0.23

0.25

0.03
0.23
0.00
0.18
0.10
0.16

0.35

0.31
0.10
0.32
0.20
0.22
0.22

0.27

0.20
0.44

0.17

0.10
0.17
0.17
0.16
0.22
0.10
0.24
0.23
0.16
0.38
0.00
0.24
0.09
0.12
0.19
0.10
0.10

S11

7.47

3.02

0.60
8.20
1.10
2.44
0.70
0.56
4.95
1.80
5.33
1.88
4.52

5.98

2.21
1.57
0.00
7.27
2.20
1.37

9.45

7.76
2.00
6.87
6.51
5.09
7.83

4.31

3.40
6.56

5.35

0.60
1.44
7.19
2.32
3.82
1.30
9.36
8.05
2.17
8.56
2.20
0.00
1.80
2.02
5.00
1.80
1.20

0.13

0.00

0.00
0.09
0.05
0.04
0.00
0.10
0.06
0.00
0.10
0.06
0.09

0.16

0.01
0.08
0.00
0.08
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Supporting Information 2

Table S2. Silver concentration in marketed rice varieties.

Sl. No Rice variety Ag (mg/kg)
1 B37 (Red basmati) 0.01
2 B48 (Basmati) 0.01
3 B91 (Dehradun basmati) 0.01
4 C21 (Chinna poni) 0.06
5 G26 (Gobindabhog) 0.00
6 M76 (Mysore sanna) 0.00
7 MTU7029 (Swarna) 0.03

The table shows the concentration of silver in the grains of various marketed rice varieties

procured from the market and grown in Basudha farm having Ag concentration of ~0.15 mg/kg
in soil.
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Table S3. Silver concentration of Garib-sal (G02) rice in three different seasons.

Variety Grown in Evaluated in Ag conc. in soil Ag conc. in rice
(mg/kg) grain (mg/kg)

Go02 June-October April 2013 0.15 15.61
2012

Go02 June-October February 2014 0.15 17.10
2013

Go02 June-October January 2015 0.11 13.00
2014
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Table S4. Metal concentrations (mg/kg) in the grain of Garib-sal G02 rice grown in different

soils.

Cr

Go02-1
(Farm)
G02-2
(Farm)
Go02-1
(Lab)
G02-2
(Lab)

1.51

1.91

1.79

2.26

Mn

35.02

38.94

44 .21

31.98

Fe

11.99

17.70

25.44

33.66

Ni

1.79

2.36

1.01

1.41

Co

0.20

0.20

0.12

0.22

Cu

19.28

13.49

8.03

11.93

S15

Cd

0.05

0.02

0.01

0.01

As

0.10

0.23

0.00

0.00

Pb

0.00

0.00

0.00

0.00

Sb

0.00

0.00

0.00

0.00

Zn

155.31

36.58

26.60

27.97

Ag
15.61
0.20
2.77

2.19

Ag
(soil)
0.15
<0.01
0.33

0.33
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Table SS. Silver concentration in various parts of the Garib-sal grain.

Part of the grain Ag concentration (mg/kg)
Raw rice (grain + husk) 8.45
Husk 3.70
Unpolished Grain (with bran) 11.60
Polished Grain (without bran) 4.90
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Figure S6. Spectroscopic analysis of Garib-sal rice. XPS of the grains of G02 rice grown in (A)
silver enriched and (B) normal soil, Cls of the same is expanded in the inset, marked as i and ii.
The sensitivity of XPS is of the order of parts per thousand, while the concentration of silver in
the rice grain is 15 mg/kg (ie, 15 parts per million); we were therefore unable to get any signal of

Ag from XPS.
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1.00 2.00 3.00 4.00 5.00 keV

Figure S7. SEM/EDS spectrum of transverse section of husked rice cultivated in (A) silver
enriched and (B) normal soil. Corresponding SEM image is shown in al and a2, the elemental
map is taken from a small portions of the grain marked b1 and b2 as dotted squares in the insets.
The SEM image of the corresponding area is shown in cl and c2, respectively. Elemental
mapping of Si K, Ag L and Mn K are represented in d1 and d2, el and e2 and fl1 and f2,
respectively. Mn was taken as an example of other elements as its concentration was higher in
ICPMS data (Table S4). However, no clear images were observed. Detection limit of SEM-EDS
is 0.1 wt% but the concentration of silver in rice is 15 mg/kg (ie, 0.015 wt%). We were therefore

unable to get any signal of Ag from SEM-EDS.
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Figure S8. Terrestrial ratio of Ag isotope. Ag peak before each analysis (107Ag/109Ag terrestrial

ratio of ~52/48). The red line marked is of '’ Ag.
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Figure S9. Schematic of rice grain. A photograph of GO02 rice grain with husk (left) and a
schematic diagram of its longitudinal section (right). Figure on the right is redrawn using the
schematic in Bao, J. Cereals and Pulses: Nutraceutical Properties and Health Benefits (eds. Yu,

L. L, Tsao, R. & Shahidi, F.) 37-64 (Wiley-Blackwell, 2012).
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Figure S10. Distribution of '*C, *C"N, *S, 107Ag in nanoSIMS. NanoSIMS imaging of the rice

grain at the endosperm showing the distribution of 2c, PCcMN, ¥, 107Ag.
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Figure S11. NanoSIMS imaging at different positions of the Garib-sal rice grain. A) NanoSIMS
imaging of the rice grain at the peripheral region (bran), showing the distribution of '*C, "*C"N,
325, 197A¢. High concentration of '"’Ag at the aleurone layer is marked with an ellipse (a high
resolution image of position 1 in Figure 3A). B) An inner part of the rice grain consisting

subaleurone layer (marked as position 4 in Figure 3A).
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Digestion procedure: 64 g of the dry weight of the G2 husked rice was taken in 8 different
Teflon tubes (8 g of rice in each tube). 10 mL of HNO; followed by 6 mL of H,O, was added in
each tube and kept inside the microwave digestor. The program was set as: 10 min of ramping

time from 0-800 W and hold for 10 min at 800 W. The vessels were allowed to cool for 1 h.

Estimation of AgCl from Garib-sal rice:

Concentration of silver in G2 rice = 14.6 mg/kg

Amount of Ag in 64 mg of G2 rice = 1?;’;34 =0.93 mg
Amount of AgCl in 64 mg of G2 rice = %1:3'5 =1.24 mg
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Interparticle Reactions: An Emerging Direction in Nanomaterials
Chemistry

K. R. Krishnadas, Ananya Baksi,” Atanu Ghosh, Ganapati Natarajan, Anirban Som,
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

Auys Ag (SR) 5
A@ A @Q s <@ HY

CONSPECTUS: Nanoparticles exhibit a rich variety in terms of structure, composition, and properties. However, reactions
between them remain largely unexplored. In this Account, we discuss an emerging aspect of nanomaterials chemistry, namely,
interparticle reactions in solution phase, similar to reactions between molecules, involving atomically precise noble metal clusters.
A brief historical account of the developments, starting from the bare, gas phase clusters, which led to the synthesis of atomically
precise monolayer protected clusters in solution, is presented first. Then a reaction between two thiolate-protected, atomically
precise noble metal clusters, [Au,s(PET) 3]~ and [Ag,,(FTP);,]*” (PET = 2-phenylethanethiol, FTP = 4-fluorothiophenol), is
presented wherein these clusters spontaneously exchange metal atoms, ligands, and metal—ligand fragments between them under
ambient conditions. The number of exchanged species could be controlled by varying the initial compositions of the reactant
clusters. Next, a reaction of [Au,s(PET)s]~ with its structural analogue [Ag,s(DMBT) 5]~ (DMBT = 2,4-dimethylbenzenethiol)
is presented, which shows that atom-exchange reactions happen with structures conserved. We detected a transient dianionic
adduct, [Ag,sAu,s(DMBT) §(PET)5]*>", formed between the two clusters indicating that this adduct could be a possible
intermediate of the reaction. A reaction involving a dithiolate-protected cluster, [Ag,(BDT),,]*~ (BDT = 1,3-benzenedithiol), is
also presented wherein metal atom exchange alone occurs, but with no ligand and fragment exchanges. These examples
demonstrate that the nature of the metal—thiolate interface, that is, its bonding network and dynamics, play crucial roles in
dictating the type of exchange processes and overall rates. We also discuss a recently proposed structural model of these clusters,
namely, the Borromean ring model, to understand the dynamics of the metal—ligand interfaces and to address the site specificity
and selectivity in these reactions.

In the subsequent sections, reactions involving atomically precise noble metal clusters and one- and two-dimensional
nanosystems are presented. We show that highly protected, stable clusters such as [Au,s(PET);s]” undergo chemical
transformation on graphenic surfaces to form a bigger cluster, Au,35(PET)s,. Finally, we present the transformation of tellurium
nanowires (Te NWs) to Ag—Te—Ag dumbbell nanostructures through a reaction with an atomically precise silver cluster,
Ag;,(SG)o (SG = glutathione thiolate).

The starting materials and the products were characterized using high resolution electrospray ionization mass spectrometry,
matrix assisted laser desorption ionization mass spectrometry, UV/vis absorption, luminescence spectroscopies, etc. We have
analyzed principally mass spectrometric data to understand these reactions.

In summary, we present the emergence of a new branch of chemistry involving the reactions of atomically precise cluster systems,
which are prototypical nanoparticles. We demonstrate that such interparticle chemistry is not limited to metal clusters; it occurs
across zero-, one-, and two-dimensional nanosystems leading to specific transformations. We conclude this Account with a
discussion of the limitations in understanding of these reactions and future directions in this area of nanomaterials chemistry.

B INTRODUCTION

Reactions between molecules have been explored ever since the Received: May 4, 2017

beginning of chemistry. Atomic level understanding of chemical Published: July 20, 2017
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Figure 1. ESI mass spectra of (A) Au,s(PET) g, (B) Agyy(FTP);, and (C) a mixture of the two at Au,s(PET),5:Ag,,(FTP)5, molar ratio of 14.0:1.0

showing the formation of Auzs_xAgx(PET)ls_y

(FTP)y. Peaks at m/z 7391 in panel A and m/z 2853 in panel B are due to [Au,(PET),s]” and

[Ag,,(FTP),,]%, respectively. The numbers («, y) of peak labels in (C) are according to the formula, Au,;_.Ag (PET) 18,},(FTP)},‘ The peak labeled with
* in panel B is due to [Ag,s(FTP);,]>~ (see ref 34). Schematic structures of the clusters in insets show symmetry-unique Ag and Au atoms and Ag—S and
Au—Sbonds. Color codes: Au (orange), S (light yellow), Ag at the vertices of the cube of the Ag,, dodecahedron (D,; light green), Ag at the faces of this
cube (D ; dark green). Ag in the mounts (S; blue). F1—F4 are distinct M—S (M = Ag or Au) bonds in Au,5(SR) g and Ag,,(SR)3(. The peaks (0,0—3) -
(3,0—4) in panel C are expanded in the inset, assigning them to various exchange processes. Adapted with permission from ref 34. Copyright 2016

American Chemical Society.

transformations in terms of breaking and making of bonds is a
central theme of chemical science. Just as molecules do,
nanoparticles also exhibit a rich variety in terms of structure,
composition, and properties. This diversity unveils a rarely
explored landscape of chemical reactions occurring between
nanoparticles. Atomic level understanding of such reactions
require precise molecular entities, as model nanosystems, and
precise molecular tools. Interparticle reactions have to be
understood in the framework of established principles of
chemistry. This Account present the beginnings of such an
area, using ligand protected, atomically precise noble metal
clusters, which are one of the most thoroughly explored classes of
nanomaterials.

Atomically precise noble metal clusters are often studied in the
form of unprotected entities"” either in the gaseous phase’ or
supported on surfaces.” Reactions of such clusters have been
explored mostly with small molecules.”” However, under-
standing solution phase chemistry of clusters is essential for
convenient investigations of their reactions and to explore their
practical applications. One of the ways of making atomically
precise noble metal clusters in solution is to use molecular
ligands for controlled growth. Such clusters, protected with
phosphines, were known from late 1970s.” The introduction of
alkyl or aryl thiolates (denoted as —SR) marked a resurgence in
this field, about a decade ago. Pioneering efforts by Brust and
Schiffrin® and mass spectrometric measurements by Whetten et
al. and Tsukuda et al. showed that highly monodisperse,
molecule-like, thiolate-protected noble metal particles can be

1989

synthesized in solution.”® Kornberg et al. resolved the first crystal
structure of a thioate-protected, atomically precise gold cluster,”
Au,,(SR),4, and later, Murray’s and Jin’s groups reported the
structures'”'" of [Au,s(SR) 4] ™. Zheng et al. reported the first
crystal structure'” of a thiolate-protected atomically precise silver
cluster, Agi4,(SC4H,F,)1,(PPh;)s. Later on, structures of
Ag,s(DPPE),(SR),, and [Ag,(DPPE),(SR),,]*~ (DPPE is
1,2-bis(diphenylphosphino)ethane) and [Ag,,(SR);]*" were
reported. ™' Such clusters exhibit a number of unique
properties as described elsewhere.'*'°

The availability of ligand protected clusters with accurately
known structures opened up the possibility to explore their
chemistry in greater detail. Substitution of metal atoms' ' and
the ligands,"” > two fundamental structural components of
ligand-protected metal clusters, are the major classes of their
reactions. Metal ions and metal thiolates interact with the core
and the ligands of these clusters, leading to (i) their
decomposition or alloying™ and (ii) changes in their optical
absorption and emission features, which were utilized for the
detection of trace levels of metal ions.”*™*° Structural”’ and
stereo”” isomerisms of these clusters are emerging aspects.
Electrochemical studies revealed distinct charge states of these
clusters and their utility as redox catalysts®” and biosensors.*’
Reactions of silver clusters with halocarbons were utilized for the
degradation and removal of pesticides from water.’" Apart from
these reactions, clusters are expected to react with themselves.
For example, Murray et al. and Niihori et al. observed the
exchange of metal atoms and the ligands between metal

DOI: 10.1021/acs.accounts.7b00224
Acc. Chem. Res. 2017, 50, 1988—1996
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Figure 2. ESI mass spectra of a mixture of Ag,s(DMBT) 5 and Au,5(PET) 5 at a Ag,s(DMBT) g:Au,s(PET) s molar ratio of 0.3:1.0 measured within 2
min after mixing (A) and after S min (B). The peak labels in panels A and B shown as numbers in red (1) and blue () in parentheses give the numbers of
Ag and Au atoms, respectively, in the alloy clusters of the formula, Ag,,Au,(SR) 5. Numbers in the parentheses of the labels of the peaks marked with * in
panel B correspond to the general formula [Ag,Au,(SR)3]>~ (m + n = 50), corresponding to the dianionic adducts. Adapted with permission from ref

38. Copyright 2016 Nature Publishing Group.

nanoparticles*%2 and clusters;>* however, details of such processes
remained unknown.

In this Account, we demonstrate interparticle reactions in
solution phase using thiolate protected, atomically precise noble
metal clusters, such as [Au,s(PET);5]7, [Agys(DMBT),]7,
[Ag4,(FTP)40]*", and [Ag,o(BDT) ,]*". PET (2-phenylethane-
thiol), DMBT (2,4-dimethylbenzenethiol), FTP (4-fluorothio-
phenol), and BDT (1,3-benzenedithiol) are the ligands
protecting the Auys, Agys, Agy,, and Agyy cores, respectively.
Typically these clusters are charged, as shown above; however,
we denote them as Auys(PET);s Agy(FTP)s etc, in the
subsequent discussion for convenience. We begin this Account
with a reaction between [Au,s(PET)5]” and [Ag,,(FTP),,]*"
wherein these clusters spontaneously exchange metal atoms,
ligands, and metal—ligand fragments between them under
ambient conditions. Then we show that such processes can be
structure-conserving, using a reaction between two structurally
analogous clusters, [Au,s(PET)5]” and [Ag,s(DMBT)5]". A
reaction involving a dithiolate-protected cluster,
[Ag,o(BDT),]*, is also demonstrated, which suggests that
the nature of the metal—thiolate interface dictates the type of
exchange processes and overall rates. A new structural model of
these clusters, namely, the Borromean ring model, which we
believe important to understand their exchange chemistry with
site specificity, is also presented. Finally, we discuss reactions of
noble metal clusters, which are zero-dimensional, with two- and
one-dimensional nanostructures such as graphenic surfaces and
tellurium nanowires (Te NWs), respectively, which show that
chemical reactions indeed occur between nanosystems of any
dimensionality. We conclude with a brief discussion of the
limitations of such reactions and future directions.

1990

B REACTION BETWEEN Auys(PET);5 AND Agy,(FTP)3

The molecular formulae and structures (see insets of Figure 1) of
Au,5(PET) g and Ag,,(FTP),, were determined previously using
mass spectrometry and single crystal X-ray crystallography,
respectively.'”'"'* Electrospray ionization (ESI) mass spectra
(MS) of Au,(PET) 5 (Figure 1A) and Ag,,(FTP);, (Figure 1B)
show their expected features. In spite of their high stability due to
their (i) compact cores, Au;; and Ag,,, being protected by
Au,(PET), staple motifs and Ag,(FTP); mounts, respectively,
and (ii) closed valence shell electronic configurations, we
demonstrated that these clusters spontaneously react with each
other in solution, exchanging metal atoms, ligands, and metal—
ligand fragments between them.”***

Figure 1C shows the mass spectrum of a mixture of these two
clusters wherein a series of peaks are observed. The mass
difference between the peaks (1, 0), (2, 0), (3, 0), etc., is m/z 89
and hence these peaks are due to the Ag—Au exchanges between
Au,s(PET) g and Ag,,(FTP),. The mass difference between the
peaks (0, 1), (0,2), (0, 3), etc., is m/z 10, and these peaks are due
to the FTP—PET exchanges between the clusters. Apart from
these, a set of peaks (1, 1), (2, 2), (3, 3), etc., are also observed,
having mass difference of m/z 99, which are assigned to the
exchanges of Ag—FTP and Au—PET fragments. Hence, the
peaks in Figure 1C are assigned to the alloy clusters of the
formula, Auzs_xAgx(PET)lg_y(FTP)y, formed by exchanging
metal atoms, ligands, and metal—ligand fragments. The
maximum number of Ag incorporations observed so far in the
case of all thiolate-protected Au,s(SR)q clusters®® is 11.
However, we observed Ag substitution of up to 16—20 atoms
into Au,s(SR) 4 at higher concentrations of Ag,,(FTP)3,.”* Such
a large number of heteroatom incorporation is unusual in cluster
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Figure 3. DFT-optimized geometry of [Ag,sAu,s(DMBT) 4(PET),5]*~ (with Ag,s(DMBT); on the right and Au,s(PET),5 on the left) formed in the
reaction between [Ag,s(DMBT),g]~ and [Au,5(PET),g] . The hydrogen atoms are omitted from the ligands for clarity. Color codes: Au (red), Ag
(green), S (yellow), C (blue). Reproduced with permission from ref 38. Copyright 2016 Nature Publishing Group.

alloying, typically performed by using metal salts during
synthesis. Note that the overall charge state and the total
number of metal atoms and the ligands are preserved in the alloy
clusters formed in this reaction. Ag atoms of Ag,,(FTP);, get
substituted with Au forming Au,Ag,, .(SR);0, whose formation
correlates with the geometric and electronic shell structures of
the reactants.”

A number of questions, such as (i) how the two clusters
approach each other overcoming the electrostatic repulsion
resulting from the negative charges of the individual clusters and
steric hindrance due to the ligands, (ii) whether intact clusters are
involved in the reaction or any metal—thiolate fragments derived
from one of the clusters is reacting with the other cluster, and (iii)
whether there is any intermediate or adduct between the clusters
formed during the reaction, remain unanswered. In the next
section, we present a reaction that provides answers to some of
these questions.

B STRUCTURE-CONSERVING TRANSFORMATIONS

Au,s(PET) 3 and Ag,s(DMBT),; possess identical structural
frameworks, that is, an inner M3 (M = Ag/Au) icosahedral core
and six outer M,(SR), staples.m’“’37 Unlike the previous
example, the masses of the ligands, PET and DMBT, are equal,
and hence the exchange of ligands (DMBT—PET exchange) and
fragments ((Ag—DMBT)—(Au—PET) exchange), could not be
detected; only the Ag—Au exchanges were detected.”® The mass
spectrum collected within 2 min after mixing the two clusters at a
Ag,s(DMBT):Au,5(PET) s molar of 0.3:1.0 is presented in
Figure 2A wherein features of the parent clusters, along with a
feature at m/z 6279 (see inset), which is due to a dianionic
adduct, [Ag,sAu,s(DMBT),4(PET) 4]*", formed between the
clusters, are present. The mass spectrum of the same reaction
mixture measured after S min (Figure 2B) shows that this adduct
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vanished almost completely and a series of peaks separated by m/
z 89 were observed (see inset of Figure 2B). Mass separation of
89 Da indicates the occurrence of Ag—Au exchange between
Ag,s(DMBT),4 and Au,(PET);; resulting in the formation of
entire range of alloy clusters, [Ag,,Au,(SR)5 (n=1-24;m +n=
25)], that is, Agy,Au,(SR) g to Ag;Au,,(SR),g, within this time
scale. Since the DMBT—PET exchange is not detected for these
alloys, the exact numbers of DMBT and PET ligands present in
them are not known, and hence we use —SR instead of both
DMBT and PET separately in the general formula. The total
number of metal atoms (25) and that of ligands (18) is preserved
in the alloy clusters, as in the previous example.

The detection of [Ag,sAu,s(DMBT),5(PET)5]*" indicates
that the two intact clusters themselves could participate in these
“bimolecular” reactions, and this adduct could be a possible
intermediate prior to the formation of alloys. A structure of the
adduct, optimized using density functional theory (DFT)
calculations, is shown in Figure 3, wherein a Ag—S bond
between the staples of the clusters is observed. Biirgi et al.
showed that no exchange occurs when the solutions of
Ag,Auss_,(SR),, and Auyg(SR),, clusters® were separated by a
dialysis membrane, which is impermeable to the clusters. The
reactant clusters involved in our experiments were washed
thoroughly using suitable solvents to remove free ligands and
metal—ligand complexes. Therefore, we think that intact clusters
are the actual species involved in the reactions, not free ligands or
metal—thiolate fragments. UV/vis absorption and emission
spectra of reaction mixtures are significantly different from that
of the reactant clusters,>*®
observed occur in bulk solution phase, not in evaporating
droplets during electrospray ionization or in the gas phase.

which confirm that the reactions
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directions are labeled by the six staple locants, D1 to D6, marked in red. Inset I shows a 3D visualization of the ring structure of the core and staples of
Au,(SR) g aspicule, with each (AugSs)-ring consisting of two coplanar staples and the core atoms that are bonded to these staples. The three rings are
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on the edge-projection of the core icosahedron. The arrow indicates the angle of the anticlockwise rotation about the y-axis needed to bring the
icosahedron into a face-projected view of the face defined by the atoms 6, 7, and 9. Reproduced with permission from ref 47. Copyright 2015 American

Chemical Society.

B EXPERIMENTS WITH DITHIOLATE-PROTECTED
CLUSTERS

The reactions discussed above show that metal atom, ligand, and
metal—ligand fragments were exchanged between the clusters.
Ligand and fragment exchanges show that the nature of ligands
or metal—ligand interfaces play a role in such reactions. The
ligands involved in the above examples are monothiolates, which

40,41

are highly dynamic on the surfaces of clusters. This implies

that spontaneous exchanges between the clusters could be due to
40,41

the mobility™

intercluster exchanges is to decrease the mobility of the ligands at

of these ligands. One of the ways to control
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the metal—ligand interface by using dithiolate ligands, which can
bind to the cluster surface in a bidentate fashion. Clusters such as
Ag,(BDT),, and Ag(BDT);y protected with BDT were
reported*”"’ wherein BDT acts as a bidentate ligand.
Surprisingly, reactions between Ag,,(BDT),, (or
Ag;(BDT);) and a monothiolate-protected cluster such as
Au,5(BuS) g showed that only Ag—Au exchanges occurred; no
ligand and metal—ligand fragment exchanges were observed (see
Figure 4C). These reactions were significantly slower compared
to those involving only monothoiolate-protected clusters.

In M,5(SR),5 (M = Ag/Au; —SR = a monothiolate) clusters,
the ligands are monodentate and they form M,(SR); staples. A
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single M—S bond has to be broken in order to break these staple
motifs, exposing the M,; icosahedral core, facilitating exchange
reactions. Crystal structure of Ag,o(BDT);, shows that the BDT
acts as a bidentate Iigand.42 Therefore, more than one Ag—S
bonds have to be broken in order to break the Ag—S bonding
network for facilitating further reactions. Such bidentate bonding
ligands make the metal—thiolate interface more rigid compared
to the monothiolate-protected clusters. Therefore, we think that
the rigidity of the metal—thiolate framework in Ag,o(BDT),,
could be the key factor behind the absence of ligand and fragment
exchanges and slow kinetics.

B A NEW STRUCTURAL MODEL TO UNDERSTAND
CLUSTER REACTIVITY

To comprehend the reactions presented so far, clearly in terms of
atomic events, a systematic way of structural representation is
needed. Thiolate-protected noble metal clusters have tradition-
ally been viewed as consisting of a distinct core of metal atoms
protected by a precise number of oligomeric metal—ligand units.
For example, Au,(SR)s can be considered as an icosahedral
Au,; core grotected by six Au,(SR); staples. New structural
models**~* for these clusters have emerged in the recent 4past.
Among these, we think that the Borromean ring model 7 or
aspicule (combination of the Greek word “aspis” meaning shield
with “molecule”) model, wherein these clusters are viewed as
composed of interlocked rings of metal thiolates (see Figure 5),
would be useful in understanding their reactions. According to
this model, an M,5(SR)5 (M = Ag/Au) is considered as made up
of three interlocked M(SR)¢ rings surrouding a central metal
atom, M, that is, M,s(SR),;s can be represented as
M@[M;(SR)¢]5. The 24 metal atoms and 18 sulfur atoms in
M,5(SR) g, which were previously considered as part of the two
distinct structural units, that is, the M, ; icosahedral core and the
six M,(SR); staples, are now parts of the unified strutural motif,
that is, the Mg(SR) rings. Geometrical stability of such clusters is
attributed to the interlocking of the rings, rather than the
existence of a distinct and compact core protected by staple
motifs.

We think that one of the reasons behind the spontaneous
exchange reactions is the dynamics of the Mg(SR)4 rings. When
two reacting clusters approach each other, a M—S bond in one of
the Mg(SR); rings can undergo cleavage, and the open ends of
this ring can undergo reactions with the adjacent clusters.”® As
mentioned earlier, the reactions involving monothiolates are
faster compared to those involving dithiolates. This is attributed
to the increased rigidity of metal thiolate rings when dithiolates
are present. Another notable feature in these reactions is that the
number of metal atoms and the ligands are unaltered. Hence, the
sponatneous reactivity and preservation of the number of metal
atoms and the ligands could be due to the stability of the alloy
clusters, arising from the retention of the Mg(SR), ring structure.

An important concern about the Borromean ring model is
whether it represents the true solution phase geometry and
chemical behavior of these clusters. This implies that a distinct
core and a shell exist only in the solid state alone. We think that
these clusters exist in the form of metal—thiolate rings in
solution. The dynamics of the rings could be one of the reasons
for spontaneous intercluster exchange reactions, which is
supported by the reactions involving Ag,o(BDT),, wherein the
reaction was slower probably because of a more rigid metal—
thiolate framework. Another hint about the existence of the ring
structure in solutions comes from the analysis of the number of
metal atoms exchanged between the clusters. Note that more
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than 12 Ag atoms could be incorporated into Au,s(SR) . If the
cluster existed as a distinct Au,; core and Au,(SR); staples, in
solution, incorporation of more than 12 Ag atoms may not be
feasible because the metal atom sites in the M,; core will not be
easily accessible due to protection by the staples. The Borromean
ring model implies that all of the metal atoms, except the central
one, are in identical environments and hence equally accessible
for substitution. This similar accessibility could be one of the
reasons for the facile substitution of more than 12 metal atoms in
Auys(SR) 5.

The Borromean ring model enables precise labeling of the
positions of metal atoms and the ligands in thiolate protected
clusters,*” which opens up challenges to achieve site-specific
metal atom substitution. Remember that in all the examples
mentioned above, a mixture of products are obtained always. We
note that though there are a few examples of site-specific
substitution of ligands,* such specificity in metal atom
substitution has not yet been achieved, except in the case of
Ag,,Au;(SR) g (ref 49). Recently, Bhat et al. showed that
Au,,Ir;(PET) g can be synthesized™ exclusively by the reaction
beween the clusters Au,;(PET),s and Iry(PET)s.

B CLUSTERS WITH OTHER NANOSYSTEMS: NEW
DIRECTIONS IN INTERPARTICLE INTERACTIONS

Coalescence of Ligand Protected Clusters on Graphenic
Surfaces

Clusters supported on surfaces have been used as heterogeneous
catalysts. Interaction of bare metal clusters with graphenic
surfaces have also been studied.”' Interaction of ligand-protected
clusters on such surfaces are rarely investigated. Anchoring of the
ligands onto surfaces leads to changes in the geometric and
electronic structures of the clusters, which in turn induce
reactivity. In this section, we discuss a dramatic transformation of
Au,s(SR), 5 on graphenic surfaces™ leading to the formation of
Au,35(SR)s; at room temperature, without the assistance of any
catalyst or other chemicals (see Figure 6). Entrapment of the
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Figure 6. Schematic of the transformation of Au,s(PET)s to
Auy35(PET)s; on graphenic surfaces. Observation of the dicationic
feature confirms the assignment. Adapted with permission from ref 52.
Copyright 2014 American Chemical Society.

clusters in the inherent curvatures or local valleys of graphenic
surfaces leading to the reduction in the surface curvature and
associated energy gain of the overall system is considered to be
the driving force behind such transformations. However, these
results demonstrate that (i) highly protected clusters can
undergo unexpected chemical transformations on surfaces and
(ii) surfaces could be reactive substrates for such metal clusters,
which could be a new methodology to synthesize clusters.
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Figure 7. Schematic of the formation of Ag—Te—Ag NWs by the reaction between Te NWs and Ag;,(SG),o. Adapted with permission from ref 3.

Copyright 2014 American Chemical Society.

Reaction of Clusters with One-Dimensional Nanostructures:
New Ways for Hybrid Nanomaterials

Here we demonstrate that Agy,(SG);,, (SG = glutathione
thiolate)*” reacts with Te NWs leading to the formation of
silver nanoparticles (Ag NPs) on the surface of the NWs (see
Figure 7). Upon heating, these Ag NP-decorated Te NWs were
transformed to dumbbell shaped NWs wherein Ag NPs were
present at the tips and the middle had only Te. This reaction
demonstrates the utility of such chemistry toward creating novel
nanostructures.

Reactions of Te NWs with Ag(I) ions and bigger plasmonic Ag
NPs produced Ag,Te NWs, and no dumbbell nanostructures
were formed. These experiments show that atomically precise
clusters exhibit distinct reactivity compared to larger nano-
particles or metal ions. This difference in reactivity is attributed
to the fact that the rate of leaching of Ag atoms or ions are
different for Ag NPs and atomically precise Ag clusters. Larger
nanoparticles possess significantly higher numbers of Ag atoms
with reduced coordination numbers compared to Ags;,(SG)o,
which are highly protected by thiolate ligands. Though these
clusters are protected by thiolate ligands, the protection is
incomplete, and because of this, the clusters tend to coalesce at
the surface of NWs, leading to Ag NPs.

B LIMITATIONS AND FUTURE PERSPECTIVES

Currently, the intercluster exchange reactions were demon-
strated only with noble metal clusters except a recent report
involving copper clusters.”® The structures of the product
clusters are not known, however, and such information will
provide further insights into these reactions. A mixture of alloy
clusters were formed in these reactions since there are unique
sites for the metal atoms, ligands, and metal—ligand fragments in
the reactant clusters (see insets of Figure 1A,B); no specific
product with a given composition was formed. Separation of
these products into individual alloy clusters and their isomers has
not yet been successful.

The driving force behind these reactions could be the lowering
of the total energy due to metal or fragment substitution into
symmetry unique positions in the reactant clusters.”**® Differ-
ence in oxidation states of the metal atoms in the core and the
staples may also contribute to the reactivity.

Details of the mechanistic aspects, such as (i) which of the
clusters (Au,s or Ag,s/Au,s or Ag,,) initiates the reaction, (ii)
which of the bonds (metal—metal or metal—ligand) are broken
first, (iii) what are the actual species (free metal atoms, ligands, or
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metal—ligand fragments) being exchanged between the two
clusters, are not known.

These reactions are to be looked at from the standard concepts
of physical chemistry. Controlling the kinetics using catalysts or
inhibitors or by changing temperature or pressure and
quantitative determination of thermodynamic parameters such
as reaction enthalpies, free energies, etc., are a few directions in
this regard. Probing the reaction dynamics using molecular beam
experiments and ab initio molecular dynamics is essential to
understanding the mechanisms in detail.

Such reactions were demonstrated only with ligand-protected
clusters. It is interesting to explore whether such reactions could
occur between bare metal clusters, either in solution or in the gas
phase. Extending these reactions to other types of nanosystems,
such as quantum dots and inorganic and carbon clusters, can be a
potential new route to create unprecedented types of hybrid
nanomaterials. Two-dimensional nanosystems such as MoS, and
graphene can also be suitable candidates for exploring these
reactions. The presence of defects, surface atoms with low
coordination numbers, etc., might induce reaction between these
nanosystems. Stimuli, such as temperature, light, pressure, or
mechanical strain,”*° may also induce interparticle chemistry.
Techniques such high resolution mass spectrometry and ion
mobility mass spectrometry are important in exploring the
dynamics associated with such reactions. Computational
methods are essential to understand the underlying events. We
propose that chemical reactions between nanoparticles may be
written down with structural details using the aspicule
nomenclature. It is likely that in the foreseeable future, we will
have enough understanding to describe nanoparticle chemistry
with atomic precision, leading to products with compositional,
structural, conformational, and even enantiomeric control.
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ABSTRACT: An intercluster reaction between Au,s(PET) and Irg(PET)s producing

the alloy cluster, Au,,Ir;(PET),4 exclusively, is demonstrated where the ligand PET is 2-

phenylethanethiol. Typical reactions of this kind between Au,s(PET),s and Ag,s(SR);, *\—/" Auelr oS {. Jasd—»
and other clusters reported previously, produce mixed cluster products. The cluster = % g

composition was confirmed by detailed high-resolution electrospray ionization mass
spectrometry (ESI MS) and other spectroscopic techniques. This is the first example of
Ir metal incorporation in a monolayer-protected noble metal cluster. The formation of a
single product was confirmed by thin layer chromatography (TLC). Density functional
theory (DFT) calculations suggest that the most favorable geometry of the
Au,,Iry(PET),g cluster is one wherein the three Ir atoms are arranged triangularly
with one Ir atom at the icosahedral core and the other two on the icosahedral shell.
Significant contraction of the metal core was observed due to strong Ir—Ir interactions.

Atomically precise noble metal nanoclusters are being
intensely investigated currently in the context of their
fundamental properties and potential applications.” Fundamen-
tal properties such as optical absorption over an extended
window,”™" intense near-infrared luminescence,®~’ biocompat-
ibility,”'"" varying chemical functionalities and associated
properties,”'>'* and so forth are interesting features of these
materials. Homogeneous catalysis in solution and heteroge-
neous catalysis in the supported form are some of the
commonly investigated aspects of their science.”*”'® Despite
various studies in the area, new developments in cluster
catalysis demands new materials.'* Creating nanoalloys by
heteroatom incorporation into monolayer-protected clusters is
a promising strategy to synthesize new materials with novel
properties. Many such materials have been made by
incorporating elements like pd,'"'® Ag,lg Pt,*° Cu"*?
Hg>** and so forth into magic cluster systems such as
Auys(SR)g, and the properties of resulting alloys have been
investigated thoroughly.

Recently, Krishnadas et al.”> have demonstrated that
intercluster reaction is a facile method for alloy cluster
formation by taking Au,s(SR);s and Agu(SR); as model
systems. In yet another report,” they showed the structure and
topology preserving conversion of monolayer-protected clusters
upon reacting Au,s(SR);s and Ag,s(SR)s. Herein, we have
used the reaction between Au,(PET);g and Iry(PET), as a
method to create an unknown alloy cluster, Auy,Ir;(PET);s.
Unlike the previous cases,25’26 these clusters react, forming a
single alloy cluster.

-4 ACS Publications  © 2017 American Chemical Society
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The clusters Au,s(PET),s”" ' and Irg(PET)s”> were
synthesized by reported methods and characterized by UV/
vis absorption spectroscopy and mass spectrometry (Figures S1
and S2). These show well-defined mass spectral features at m/z
7393 and 2553, respectively. Electrospray ionization mass
spectrometry (ESI MS) of Au,s(PET),; is isotopically resolved
and matches well with simulated spectrum. The simulated
spectrum of Ir,(PET); is fitted with the experimental spectrum;
the latter, MALDI MS, is not isotopically resolved. The UV/vis
absorption spectra show well-defined features as in the
literature.”* These clusters were used for all the experiments
without further modifications.

These two clusters were soluble in dichloromethane (DCM),
which was used as the solvent throughout the experiment, if not
mentioned otherwise. About 1 mg/mL of each cluster was
dissolved in DCM and mixed in a 1:1 (v/v) ratio. The mixture
was stirred at room temperature for 24 h. The product formed
was analyzed using UV/vis absorption spectroscopy and ESI
MS.

To begin with, the inherently negatively charged
Au,s(PET) 5 showed a sharp peak at m/z 7393 in the negative
ion ESI MS (Figure S1). On the other hand, Iry(PET), showed
a sharp peak centered at m/z 2553 in the positive ion MALDI
MS. When these clusters were reacted, the product had
distinctly different absorption features and mass spectra. The
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Figure 1. (A) ESI MS of Auy,Ir;(PET) 4 (red trace) and Au,s(PET) g (blue trace) in positive ion mode. CsOAc was used as the ionization enhancer.
(B) UV/vis absorption spectra of Au,,Ir;(PET);g(red trace), [Au,s(PET) 5]™ (blue trace), and [Au,s(PET);5]° (dotted black trace) in DCM. (C)
Simulated (red trace) and experimental (black trace) isotope distribution of Au,,Iry(PET),s. (D) Photographs of Au,s(PET);s (left) and
Au,,Iry(PET),; (right) solutions in DCM with comparable concentrations.

product was not detected in negative jon ESI MS unlike the
parent Au,s(PET);s. We presumed that this is due to the
neutral charge state of the product. CsOAc was used as an
ionization enhancer to detect the corresponding ion in the
positive mode. Figure 1A shows the positive ion ESI MS of the
reaction product (red trace) as compared to that of the
Auys(PET) g, in the neutral or oxidized form.*> The neutral
Auys(PET);; was taken to ensure that both samples were
measured under identical conditions. Surprisingly, a single
sharp peak at m/z 7380 was observed in the mass spectrum of
the reaction mixture. Typically, a mixture of products is
obtained during intercluster reactions.””*° Because both
reactant clusters were protected with the same ligand (PET),
there was no complication due to ligand exchange. The product
peak was shifted by 12 mass units to the lower mass compared
to Auys(PET),s, indicating more than one Ir substitution.

The as-formed cluster was assigned as [Auy,lr;(PET)4]%
based on perfect matching of the mass spectrum with the
simulated spectrum (Figure 1C). Due to the presence of
multiple isotopes of Ir ["'Ir (37.3%) and '’Ir (62.7%)], the
distribution changed significantly from that of Au,s(PET)s.
Two other smaller peaks separated by m/z 133 were also seen
due to Cs addition. Similar attachment was observed for the
parent Au,s(PET),g cluster (blue trace) also.

In Figure 1B, the UV/vis absorption spectra of
Auy,Ir;(PET), g (red trace), [Auys(PET),5]” (blue trace), and
[Au,s(PET);5]° (dotted black trace) are compared. Significant
variations were observed in the UV/vis absorption spectrum of
[Au,s(PET),4]” upon Ir substitution, and the spectrum
resembles more closely to that of [Au,s(PET);5]°. Observations
such as the disappearance of the hump at 800 nm, appearance
of a hump near 600 nm, and increased intensity of the 400 nm
peak suggest that the cluster oxidizes upon Ir incorporation. We
know from the literature that the peak at around 680 nm in the
case of Au,(PET),s corresponds to a LUMO « HOMO
transition, which arises entirely due to the Auy; core.” A slight
shift of this peak in Au,,Iry(PET),q supports the incorporation
of Ir atoms in the core of Au,s(PET);s. In Figure 1D,
photographs of Au,s(PET)g (left) and Au,,Ir;(PET) g (right)
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solutions at comparable concentrations are shown. We can see
from the photographs that the color changes from reddish
brown to greenish brown upon Ir incorporation. We note here
that the color of Au,s(PET), changes to green upon single Pt
incorporation.

To check the effect of concentration of the reactants on the
reaction, concentration-dependent experiments were con-
ducted. Reactions were performed in three different composi-
tions by fixing the volume of Au,s(PET);; solution (1 mg/mL)
to 1 mL and varying that of the Iry(PET);4 solution (1 mg/mL)
to (i) 0.5 mL [1:0.5 (v/v) ratio], (ii) 1.0 mL [1:1 (v/v) ratio],
and (iii) 1.5 mL [1:1.5 (v/v) ratio]. UV/vis absorption spectra
and ESI MS of these reaction products are given in Figure S3.
In the first case (1:0.5), reaction was incomplete. The UV/vis
absorption spectrum and ESI MS showed the presence of
unreacted Au,s(PET),; (Figure S3A,B). In the second case
(1:1), the complete conversion of Au,;(PET);s to
Auy,Iry(PET),5 was observed, as discussed earlier (Figure
S3C,D). In the third case (1:1.5), the absorption spectrum was
featureless, indicating significant degradation of Au,s(PET)q
(Figure S3E,F). The product formed was not ionizable even
after adding excess CsOAC, and there was no trace of
unreacted parent cluster also. Hence, we conclude that these
two clusters react at an optimum composition of 1:1 (v/v) of
the 1 mg/mL solution, giving complete conversion of
Auy(PET) ;s to Auylry(PET);,. We assume that the Au
atoms coming out of Au,s(PET),s during the formation of
Au,,Ir;(PET); are either incorporated into Iry(PET), or going
into the solution as thiolates. Ir,(PET), does not ionize in ESI
MS. Ionization occurs in MALDI, but the mass difference
between Au and Ir is S units, which makes it difficult to detect
any exchange product in MALDI MS. Due to these limitations,
we were unable to detect any Au substitution into Iry(PET)s.

ESI MS shows (Figure 1) that Au,s(PET),s converts
completely to Auy,Ir;(PET),s upon reaction with Irg(PET)g,
and no other products with one or two Ir incorporations were
observed. From a previous report, it is known that a simple
chromatographic method like thin layer chromatography
(TLC) can separate clusters.”* Hence, to confirm the existence
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Figure 3. (A) ESI MS/MS of [Au,,Iry(PET),5]" (black trace) compared with that of [Au,s(PET),s]" (red trace). Inset (1) shows expansion of the
fragment ion region, and (2) shows that of the parent ion peaks. (B) ESI MS of reaction between Au,;(PET),s and Ir-PET thiolates.

of a single product cluster in the reaction mixture, TLC
experiments were performed. The TLC experimental con-
ditions were adopted from the previous report,”* and the same
conditions were used for both the reactants and the reaction
products. The mass spectrum of the cluster before TLC is
shown in Figure 2A. Inset (1) of Figure 2 shows the
photographs of the TLC plates used for the separation of (a)
Auys(PET) 5, (b) Irg(PET),, and (c) their reaction mixture.
Au,(PET) ;3 moves on the TLC plate giving a single band,
whereas Irg(PET)¢ does not move on the TLC plate at the
specified conditions, forming an unmovable spot, which was
nonextractable into the solvent. The reaction mixture gave two
bands on the TLC plate, one unmovable (band 1) and another
movable (band 2); the latter moved a different distance as
compared to Au,s(PET);g under similar conditions. Band 1 was

2789

not extractable, whereas band 2 was extracted into DCM. The
solution after TLC was characterized by UV/vis absorption
spectroscopy and ESI MS. The mass spectrum of the cluster
after TLC is shown in Figure 2B.

This shows the peaks of Auy,Ir;(PET)4 and its Cs adducts,
similar to that of the cluster before TLC. From this, it is evident
that only Au,,Ir;(PET),; was formed in the reaction. This
experiment also proves that the cluster is stable and intact after
TLC. Inset (2) of Figure 2 shows the UV/vis absorption
spectrum of Auy,Iry(PET),q after TLC as compared to that of
the cluster before TLC. The spectra match except for the
increase in intensity of the 400 nm feature. This indicates the
oxidation of the cluster upon running through the TLC plate.
This was observed for Au,s(PET),4 as well. The unmoved spot
(band 1) in the TLC plate of the reaction mixture, which was
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nonextractable in any solvent, was taken to be composed of
unreacted Iry(PET), and other reaction products like thiolates.
The TLC showed that Auy,lry;(PET),g is more labile than
Auys(PET) 4. This indicates that the product could be neutral
in comparison to the reactant, in agreement with the ESI MS
study.

To get further insight into the structure of the
Auylry(PET)g tandem mass spectrometry (ESI MS/MS)
was performed. Au,s(SR);5 loses Au,(SR), units during
collision-induced dissociation (CID).* This fragmentation is
one of the ways to understand whether the staple or the core of
the cluster is modified by alloying. ESI MS/MS results of
Au,(PET) g and Auy,lr;(PET) g are compared in Figure 3A.
For [Au,s(PET)g]*, a 90 V laboratory collision energy (CE)
was used to fragment the ion by CID using Ar gas.
[Au,,(PET),,]* was formed when Au,(PET), was lost from
[Au,s(PET)5]*. To fragment [Au,,Ir;(PET)4]%,
[Auy,Ir;(PET),4Cs]* was selected, which immediately frag-
mented to form [Au,,Ir;(PET)s]". This was further dis-
sociated by increasing the CE to 95 V, where a loss of
Au,Ir,(PET), was observed. At a similar condition,
[Auy,Ir;(PET)4]* required more energy to fragment, indicat-
ing higher gas-phase stability of the ion compared to
[Auys(PET),5]".

The fragment peaks are expanded in inset (1) of Figure 34,
showing a distinctly different isotope envelope of [Auylr-
(PET);s)*. A comparison of isotope patterns of Au,s(PET)q
and Au,,Ir;(PET),; is presented in inset (2) of Figure 3A. The
isotope pattern of the parent cluster is narrowed in the
fragment ion as a consequence of the isotope distribution of the
constituent elements. This further confirms the identity of the
cluster.

Out of the three, two Ir atoms were lost in the fragment. This
is possible if one of the Ir atoms occupies the center of the Au,;
icosahedron. Considering the Au,;(PET),s structure, the other
two Ir atoms can occupy positions either in the Au,(PET),
staple or in the shell of the Au,; icosahedron. Depending on the
positions of the two Ir atoms, multiple isomeric structures are
possible for the cluster (discussed later).

To check the possibility of more than three Ir incorporation,
multiple reactions between Au,i(PET),s and Ir-PET thiolates
were conducted. Concentration-dependent reactions were
performed by adding 50 and 100 uL of Ir-PET thiolate
solutions in acetonitrile to 1 mL (1 mg/mL) of the cluster
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solution in DCM. The mixtures were stirred for 1 h, and the
resulting products were analyzed by ESI MS (Figure 3B).
Unlike the reaction with Irg(PET) this reaction was
incomplete. A significant portion of Au,s(PET),s remained
unreacted, as confirmed by ESI MS, where a strong signal was
obtained for the parent cluster along with its Cs adducts.
Multiple low-intensity peaks were observed. These peaks were
assigned as [Au,,Ir;(PET)5Cs]* and [Auyelrg(PET)5Cs]*
along with a few unassigned peaks. Different product formation
in this case could be due to the difference in reactivity of Ir-
PET thiolates as compared to Iry(PET),. The Ir-PET thiolates
could be having higher reactivity than Irg(PET),, thereby
leading to the formation of a product with higher Ir doping.

In these experiments, we were able to detect the Iry
substituted product. If this kind of product was formed in
reactions between Au,s(PET),g and Iry(PET)s, we must have
been able to detect them. Hence, the monodispersity of the
product formed in the former case is indirectly proven by these
experiments. These also indicate higher stability of the products
when Ir atoms are exchanged in multiplicities of three,
compared to other possible products. It could also be possible
that different metastable Ir substituted products undergo
reaction among each other to form the most stable products
where multiples of three Ir atoms are exchanged. However, we
could not identify any such intermediate species in our time-
dependent study.

To understand the substitution in detail, density functional
theory (DFT) calculations were conducted. Au was replaced
with Ir in Au,s(PET),4 in a stepwise fashion. First, one Au was
replaced with Ir, and the energy-minimized structure was
calculated. Among the three possible isomers, one with Ir at the
center of the Au;; icosahedron was most stable. This is similar
to the cases of Pd in Au,,Pd(SR),s"® Cu in Au,,Cu(SR) s>
and Pt in Au,,Pt(SR),,*° which preferentially occupy the
center of the icosahedron. To arrive at this conclusion, an Ir
atom was substituted at three different positions [center of the
icosahedron, shell of the icosahedron, and staple of
Au,ys(SR)g]. The optimized geometry of the most stable
isomer is shown in Figure 4A, and structures of other isomers
are shown in Figure SS5. The aspicule representation of each
structure is given below the respective DFT-optimized
structure to make the representation better.”” Due to the
same ligand protection in the reacting clusters, the possibility of
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ligand exchange was not taken into account. However, PET was
replaced with —SMe to reduce the computational cost.

The calculated relative energies reveal that Ir in the center of
the icosahedron is more stable than that in other positions.
Substitution of Ir in the center does not disturb the symmetry
of the Au,5(SMe), g structure, whereas substitution in the staple
distorts the structure significantly (Figure SS). The Ir atom on
the staple is pulled towards the icosahedral core, and the angle
of S—Ir—S changes to 126° from that of S—Au—S which is
172.2°. These changes cause a rise in energy compared to the
substitution in the center of the icosahedron. These calculations
show that the isomers with one Ir substitution, that is,
AuyIr(SMe),s, are stable and their formation energies are
negative. Hence, the formation of one Ir substituted product in
the reaction is favorable. Therefore, there is a possibility that
the formation of an undetected intermediate is the driving force
of the reaction. The most stable geometry with one Ir in the
center of the icosahedron was used for further studies on
substitution.

Two possibilities [shell of icosahedron and staple of
Au,(SMe) 5] were considered for the substitution of the
second Ir atom. The optimized geometries are displayed in
Figures 4B and S5, with aspicule representations of the
structures. The isomer with an Ir—Ir bond (substitution to the
shell of the icosahedron) gave the lowest energy. This is likely
to be due to the increased strength of Ir—Ir than Au—Au and
Au—Ir bonds. The calculated bond dissociation energies follow
the order Ir—Ir > Au—Au > Au—Ir, which are 385.974, 210.413,
and 95.729 kJ mol ™', respectively. We suggest that Ir—Ir bond
formation within the cluster increases its stability. Two Ir in the
icosahedron, one at the center and the other on the shell, that
is, structure B in Figure 4, were used for the subsequent step.

The third Ir atom was substituted in different positions of the
icosahedral shell and staple of the most stable Auy;lr,(SMe),q
isomer. The optimized geometries with their aspicule
representations are shown in Figures 4, S6, and S7. The
substitution in the icosahedron leads to minimum-energy
geometries when compared to the other possibilities. Three
isomeric structures are possible in this case (structures A, B,
and D in Figure S6), forming triangular, bent, and linear Ir,
moieties. The structure with a triangular Ir; unit containing
three Ir—Ir bonds is the lowest in energy compared to linear
and bent forms (see Figures 4 and S6). The symmetrical
structure of Au,s(SMe);; undergoes less distortion in this
lowest-energy geometry compared to the other structures.
Several other geometries were considered from random
substitution of three Ir atoms in staples and the core of
Au,(SMe),s, which are shown in Figure S6 (structures C, E,
and F) and Figure S7. The energies of these geometries are
higher than the lowest-energy structure of Au,,Ir;(SMe) s The
results reveal that the larger number of Ir—Ir bonds and fewer
distortions in geometry from the symmetrical arrangement
increase the stability of the structure.

Monodispersity of the product formed in this reaction is a
surprising finding as intercluster reactions generally produce a
mixture of products. In the reported cases,”>*° the reactions
were between Au and Ag clusters, leading to the formation of
Au—Ag alloy clusters. In the present case, the reaction is
between Au and Ir clusters. The affinity of Au and Ag to form
alloys is different from that of Au and Ir. This could be a factor
determining the formation of a single product. Another aspect
could be the unique structure of the Auy,lr;(PET)q cluster,
wherein three Ir atoms form a triangular unit within the cluster.
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This could give extra stability to the cluster compared to other
substitution products, forming the single alloy cluster. There
must be additional factors responsible, and they need to be
explored.

The theoretical UV/vis absorption spectrum for the most
stable isomer of Auylr;(SMe);s was calculated using time-
dependent density functional theory (TDDFT) methods (for
details, see the Supporting Information). The calculated
spectrum for the most stable isomer showed good agreement
with the experimental spectrum, except for the uniform red
shift (~60 nm) of the peaks, which has been corrected and is
shown in Figure 4 (the original spectrum is given in Figure S8).
The reasons for this shift may be the replacement of PET
ligands by SMe ligands in TDDFT calculations and errors in
the TDDFT methods like the use of effective core potentials for
Au and Ir atoms. These kinds of shifts are common in
calculations and have been reported in the literature.”**
Important features of the cluster are marked with the dotted
lines, which match with the experimental spectrum. The
prominent feature at around 680 nm exhibits a shift from
parent Au,s(PET)s as compared in Figure 1. The match
between experimental and calculated spectra thus supports our
structural predictions.

In conclusion, a novel alloy cluster of Ir and Au, namely,
Auy,lr;(PET),q, was synthesized by the reaction between
Au,s(PET) g and Irg(PET). The formation of a single product
was confirmed by TLC and ESI MS studies. Tandem mass
spectrometry was used to understand the structural mod-
ification due to Ir substitution. CID of the cluster ion showed
loss of Au,Ir,(PET), instead of Au,(PET), [observed in the
case of Auys(PET)s]. To understand the structure in greater
detail, DFT calculations were performed on the
Auy,Iry(PET) 4. Substitution of one Ir atom in the center of
the icosahedron and two Ir atoms in the shell of the
icosahedron forming a triangular Ir; unit leads to the lowest-
energy isomer. This type of structure was not seen before for
any other heteroatom substitution in Au,s(SR);s Study of
magnetic properties due to Ir incorporation would be an
immediate area of work for this newly synthesized cluster.
Enhanced catalytic activity is expected due to Ir substitution,
and this would be of great interest for the cluster community.

B EXPERIMENTAL METHODS

Synthesis of Au,s(PET);s. Auys(PET),g was synthesized by the
modified Brust—Schiffrin single-phase synthetic protocol.””**
Details are presented in the Supporting Information.

Synthesis of Irs(PET),. This cluster was synthesized following
a recently reported solid-state protocol.’* The procedure is
described in detail in the Supporting Information.

Reaction between Au,s(PET),s and Irs(PET), Reaction
between the two clusters was carried out in DCM, which is a
common solvent for both of them. A 1 mg/mL solution of
Auy(PET),s was made. To a fixed volume of this solution,
different volumes of 1 mg/mL solution of Iry(PET)s were
added to get (v/v) ratios of 1:0.5, 1:1, and 1:1.5 of Au,s(PET) 5
and Iry(PET)q, respectively, in the final mixture. The reaction
mixtures were stirred at room temperature for 24 h.

Reaction between Au,s(PET),s and Ir-PET Thiolates. The
thiolates were prepared in acetonitrile by taking a 1:4 molar
ratio of IrCl;-xH,0O and PET and stirring the mixture for about
1 h. The reaction between Au,(PET);s and thiolates was
carried out by adding varying amounts of thiolate solution in
acetonitrile (50 and 100 yL) to a 1 mg/mL solution of the
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cluster in DCM. This reaction was faster compared to the
reaction between the two clusters, and the product peaks were
observed in the mass spectrum within 1 h of mixing.

B COMPUTATIONAL DETAILS

The structure of Au,s(SR);g, as reported previously by Heaven
et al,”” was used in the present study (Figure S4). All of the
calculations were performed using Gaussian 09 software.”
More details are given in the Supporting Information.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.jpclett.7b01052.

Characterization of Au,s(PET),s and Iry(PET), effect of
concentration on the reaction, structure of the
Auys(SMe),;, DFT-optimized structures of different
isomers of Au,Ir(SMe);s, Au,;lr,(SMe);s, and
Auy,lr;(SMe) g, and energies of different structures by
DFT calculations (PDF)

B AUTHOR INFORMATION

Corresponding Author

*E-mail: pradeep@iitm.ac.in.

ORCID

V. Subramanian: 0000-0003-2463-545X
Thalappil Pradeep: 0000-0003-3174-534X

Author Contributions
%S.B. and A.B. contributed equally

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

S.B. thanks IIT Madras for her senior research fellowship, and
AB. thanks IIT Madras for an Institute Post-Doctoral
tellowship. S.K. thanks DST-INSPIRE for his senior research
tellowship. We thank the Department of Science and
Technology for constant support for our research program.

B REFERENCES

(1) Mathew, A.; Pradeep, T. Noble Metal Clusters: Applications in
Energy, Environment, and Biology. Part. Part. Syst. Charact. 2014, 31,
1017—10S53.

(2) Jin, R;; Zeng, C.; Zhou, M.; Chen, Y. Atomically Precise Colloidal
Metal Nanoclusters and Nanoparticles: Fundamentals and Oppor-
tunities. Chem. Rev. (Washington, DC, U. S.) 2016, 116, 10346—10413.

(3) Zhu, M,; Aikens, C. M.; Hollander, F. J.; Schatz, G. C.; Jin, R.
Correlating the Crystal Structure of A Thiol-Protected Au,s Cluster
and Optical Properties. J. Am. Chem. Soc. 2008, 130, 5883—5885.

(4) Knoppe, S.; Hakkinen, H.; Verbiest, T. Nonlinear Optical
Properties of Thiolate-Protected Gold Clusters: A Theoretical Survey
of the First Hyperpolarizabilities. J. Phys. Chem. C 2018, 119, 27676—
27682.

(5) Barcaro, G.; Sementa, L. Fortunelli A; Stener, M. Optical
Properties of Nanoalloys. Phys. Chem. Chem. Phys. 2018, 17, 27952—
27967.

(6) Link, S.; Beeby, A; FitzGerald, S.; El-Sayed, M. A; Schaaff, T. G;
Whetten, R. L. Visible to Infrared Luminescence from a 28-Atom Gold
Cluster. J. Phys. Chem. B 2002, 106, 3410—3415.

(7) Zheng, J.; Nicovich, P. R; Dickson, R. M. Highly Fluorescent
Noble-metal Quantum Dots. Annu. Rev. Phys. Chem. 2007, 58, 409—
431.

2792

(8) Chang, H.-C; Chang, Y.-F.; Fan, N.-C; Ho, J-a. A. Facile
Preparation of High-Quantum-Yield Gold Nanoclusters: Application
to Probing Mercuric Ions and Biothiols. ACS Appl. Mater. Interfaces
2014, 6, 18824—18831.

(9) Mathew, A.; Varghese, E.; Choudhury, S.; Pal, S. K.; Pradeep, T.
Efficient Red Luminescence from Organic-soluble Au,s Clusters by
Ligand Structure Modification. Nanoscale 20185, 7, 14305—14315.

(10) Luo, Z.; Zheng, K; Xie, J. Engineering Ultrasmall Water-soluble
Gold and Silver Nanoclusters for Biomedical Applications. Chem.
Commun. (Cambridge, U. K.) 2014, 50, 5143—51SS.

(11) Xavier, P. L; Chaudhari, K; Baksi, A,; Pradeep, T. Protein-
protected Luminescent Noble Metal Quantum Clusters: An Emerging
Trend in Atomic Cluster Nanoscience. Nano Rev. 2012, 3, 14767—
14782.

(12) Negishi, Y.; Kurashige, W.; Niihori, Y.; Nobusada, K. Toward
the Creation of Stable, Functionalized Metal Clusters. Phys. Chem.
Chem. Phys. 2013, 15, 18736—18751.

(13) Kurashige, W.; Niihori, Y.; Sharma, S.; Negishi, Y. Recent
Progress in the Functionalization Methods of Thiolate-Protected Gold
Clusters. J. Phys. Chem. Lett. 2014, S, 4134—4142.

(14) Zhy, Y.; Qian, H,; Jin, R. Catalysis Opportunities of Atomically
Precise Gold Nanoclusters. J. Mater. Chem. 2011, 21, 6793—6799.

(15) Schmid, G.; Baumle, M.; Geerkens, M.; Heim, I; Osemann, C.;
Sawitowski, T. Current and Future Applications of Nanoclusters.
Chem. Soc. Rev. 1999, 28, 179—185.

(16) Daniel, M.-C.; Astruc, D. Gold Nanoparticles: Assembly,
Supramolecular Chemistry, Quantum-Size-Related Properties, and
Applications toward Biology, Catalysis, and Nanotechnology. Chem.
Rev. (Washington, DC, U. S.) 2004, 104, 293—346.

(17) Fields-Zinna, C. A.; Crowe, M. C; Dass, A.; Weaver, J. E. F.;
Murray, R. W. Mass Spectrometry of Small Bimetal Monolayer-
Protected Clusters. Langmuir 2009, 25, 7704—7710.

(18) Negishi, Y.; Kurashige, W.; Niihori, Y.; Iwasa, T.; Nobusada, K.
Isolation, Structure, and Stability of a Dodecanethiolate-protected
Pd,Au,, Cluster. Phys. Chem. Chem. Phys. 2010, 12, 6219—6225.

(19) Negishi, Y.; Iwai, T.; Ide, M. Continuous Modulation of
Electronic Structure of Stable Thiolate-protected Au,g Cluster by Ag
Doping. Chem. Commun. (Cambridge, U. K.) 2010, 46, 4713—471S.

(20) Qian, H; Jiang, D.-e.; Li, G.; Gayathri, C; Das, A; Gil, R. R;
Jin, R. Monoplatinum Doping of Gold Nanoclusters and Catalytic
Application. J. Am. Chem. Soc. 2012, 134, 16159—16162.

(21) Negishi, Y.; Munakata, K.; Ohgake, W.; Nobusada, K. Effect of
Copper Doping on Electronic Structure, Geometric Structure, and
Stability of Thiolate-Protected Au,s Nanoclusters. J. Phys. Chem. Lett.
2012, 3, 2209—2214.

(22) Kurashige, W.; Munakata, K; Nobusada, K; Negishi, Y.
Synthesis of Stable Cu,Au,;, Nanoclusters (n 1-9) Using
Selenolate Ligands. Chem. Commun. (Cambridge, U. K.) 2013, 49,
5447—5449.

(23) Liao, L.; Zhou, S.; Dai, Y.; Liu, L.; Yao, C; Fu, C; Yang, J.; Wu,
Z. Mono-Mercury Doping of Au,s and the HOMO/LUMO Energies
Evaluation Employing Differential Pulse Voltammetry. J. Am. Chem.
Soc. 2018, 137, 9511-9514.

(24) Wang, S.; Song, Y.; Jin, S.; Liu, X.; Zhang, J; Pei, Y.; Meng, X,;
Chen, M,; Li, P; Zhu, M. Metal Exchange Method Using Au,;
Nanoclusters as Templates for Alloy Nanoclusters with Atomic
Precision. J. Am. Chem. Soc. 2015, 137, 4018—4021.

(25) Krishnadas, K. R; Ghosh, A, Baksi, A.; Chakraborty, L;
Natarajan, G.; Pradeep, T. Intercluster Reactions between Au,s(SR) ;g
and Ag,,(SR)3. J. Am. Chem. Soc. 2016, 138, 140—148.

(26) Krishnadas, K. R;; Baksi, A.; Ghosh, A.; Natarajan, G.; Pradeep,
T. Structure-conserving Spontaneous Transformations between Nano-
particles. Nat. Commun. 2016, 7, 13447—13455.

(27) Wu, Z.; Suhan, J; Jin, R. One-pot Synthesis of Atomically
Monodisperse, Thiol-functionalized Au,s nanoclusters. J. Mater. Chem.
2009, 19, 622—626.

(28) Parker, J. F.; Fields-Zinna, C. A.; Murray, R. W. The Story of a
Monodisperse Gold Nanoparticle: AuysLg. Acc. Chem. Res. 2010, 43,
1289—-1296.

DOI: 10.1021/acs jpclett.7b01052
J. Phys. Chem. Lett. 2017, 8, 2787—2793


http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.7b01052/suppl_file/jz7b01052_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.7b01052/suppl_file/jz7b01052_si_001.pdf
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.jpclett.7b01052
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.7b01052/suppl_file/jz7b01052_si_001.pdf
mailto:pradeep@iitm.ac.in
http://orcid.org/0000-0003-2463-545X
http://orcid.org/0000-0003-3174-534X
http://dx.doi.org/10.1021/acs.jpclett.7b01052

The Journal of Physical Chemistry Letters

(29) Heaven, M. W.; Dass, A.; White, P. S.; Holt, K. M.; Murray, R.
W. Crystal Structure of the Gold Nanoparticle [N(CgH;,),]-
[Au,s(SCH,CH,Ph) 4. J. Am. Chem. Soc. 2008, 130, 3754—3755.

(30) Akola, J.; Walter, M.; Whetten, R. L.; Hakkinen, H.; Gronbeck,
H. On the Structure of Thiolate-Protected Au,s. J. Am. Chem. Soc.
2008, 130, 3756—3757.

(31) Negishi, Y.; Chaki, N. K; Shichibu, Y.; Whetten, R. L.; Tsukuda,
T. Origin of Magic Stability of Thiolated Gold Clusters: A Case Study
on Auys(SCeH )5 J. Am. Chem. Soc. 2007, 129, 11322—11323.

(32) Bhat, S;; Chakraborty, I; Maark, T. A; Mitra, A; De, G;
Pradeep, T. Atomically Precise and Monolayer Protected Iridium
Clusters in Solution. RSC Adv. 2016, 6, 26679—26688.

(33) Zhu, M.; Eckenhoff, W. T.; Pintauer, T.; Jin, R. Conversion of
Anionic [Au,s(SCH,CH,Ph) 4] Cluster to Charge Neutral Cluster
via Air Oxidation. J. Phys. Chem. C 2008, 112, 14221—14224.

(34) Ghosh, A.; Hassinen, J.; Pulkkinen, P.; Tenhu, H.; Ras, R. H. A;;
Pradeep, T. Simple and Efficient Separation of Atomically Precise
Noble Metal Clusters. Anal. Chem. (Washington, DC, U. S.) 2014, 86,
12185-12190.

(35) Fields-Zinna, C. A.; Sampson, J. S.; Crowe, M. C.; Tracy, J. B,;
Parker, J. F.; de Ney, A. M.; Muddiman, D. C.; Murray, R. W. Tandem
Mass Spectrometry of Thiolate-Protected Au Nanoparticles
Na,Au,s(SC,H,Ph) 14, (S(C,H,0)sCH;),. . Am. Chem. Soc. 2009,
131, 13844—13851.

(36) Christensen, S. L.; MacDonald, M. A; Chatt, A; Zhang, P,;
Qian, H; Jin, R. Dopant Location, Local Structure, and Electronic
Properties of Au,,Pt(SR),s Nanoclusters. J. Phys. Chem. C 2012, 116,
26932—26937.

(37) Natarajan, G.; Mathew, A.; Negishi, Y.; Whetten, R. L.; Pradeep,
T. A Unified Framework for Understanding the Structure and
Modifications of Atomically Precise Monolayer Protected Gold
Clusters. J. Phys. Chem. C 2018, 119, 27768—27785.

(38) Aikens, C. M,; Schatz, G. C. Time-Dependent Density
Functional Theory Examination of the Effects of Ligand Adsorption
on Metal Nanoparticles. ACS Symposium Series; Nanoparticles:
Synthesis, Stabilization, Passivation, and Functionalization; 2008;
Vol. 996, pp 108—121.10.1021/bk-2008-0996.ch009

(39) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A; Cheeseman, J. R; et al. Gaussian 09, revision A 02;
Gaussian, Inc.: Wallingford, CT, 2009.

2793

DOI: 10.1021/acs jpclett.7b01052
J. Phys. Chem. Lett. 2017, 8, 2787—2793


http://dx.doi.org/10.1021/acs.jpclett.7b01052

Supporting information for the paper:

AupIr;(PET) 5 : An Unusual Alloy Cluster through Intercluster Reaction

Shridevi Bhat,'* Ananya Baksi, * Sathish Kumar Mudedla,” Gana Natarajan,” V. Subramanian,” 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.

bChemical Laboratory, CSIR-Central Leather Research Institute, Adyar, Chennai- 600020

t Equal contribution

Table of Contents
Name Description Page No.

SI'1 Materials and methods S2
SI2 Instrumentation S4
Figure S1 Characterization of Au,s(PET) g S6
Figure S2 Characterization of Irg(PET)e S7
Figure S3 Effect of reactant concentration on the reaction S8
Figure S4 Structure of Auys(SMe)ig S9
Figure S5 DFT optimized structures of AuyIr(SMe);s and Auyslra(SMe)s S10
Figure S6 DFT optimized structures of lower energy isomers of S11

AupIr3(SMe)ig
Figure S7 DFT optimized structures of higher energy isomers of S12

Aupslr;(SMe) ;g
Table S1 Isomers of Auy4lr;(SMe);s and their energies S13
Table S2 Isomers of Auyslr,(SMe);s and their energies S13
Table S3 Lower energy isomers of AuxIr;(SMe);s and their energies S13
Table S4 Higher energy isomers of Aup,Ir;(SMe);g and their energies S14
Figure S8 Result of TDDFT calculations S15




Supporting information 1

Materials and Methods

Materials: Chloroauric acid trihydrate (HAuCl4.3H0), iridium(III) chloride hydrate
(IrCl3.xH,0), 2-phenylethanethiol (PET), tetraoctylammonium bromide (TOAB), sodium
borohydride (NaBH,4), Cesium acetate (CsOAc) and 2,5-dihydroxybenzoic acid (DHB) were
purchased from Sigma Aldrich. Toluene, tetrahydrofuran (THF), dichloromethane (DCM)

and methanol were purchased from Rankem and were of analytical grade.

Synthesis of clusters

Synthesis of Au,s(PET)5: Auys(PET);s was synthesized by the modified Brust — Schiffrin
single phase synthesis protocol.1 In this procedure, approximately 40 mg of HAuCly4.3H,O
was taken in 7.5 mL of THF and ~65 mg of tetraoctylammonium bromide (TOAB) was
added and stirred for about 15 min to get a deep red solution. Then 5 mole equivalents (with
respect to gold) of PET were added and the solution was stirred for about an hour to get a
colorless solution indicating the formation of Au-SR thiolate mixtures. These thiolates were
reduced by the addition of ~39 mg of NaBH4 in 2.5 mL of ice cold water and the reaction was
stirred for another 6 h to get a reddish brown colored solution. The entire synthesis was
carried out at room temperature and stirring speed was kept at ~1500 rpm. THF was then
evaporated by vacuum drying and the cluster was precipitated to remove excess thiol and
other impurities which were discarded with the supernatant solution. This step was repeated
2-3 times followed by extraction of the Au,s(PET);s cluster in acetone leaving behind bigger

particles. Finally the pure cluster was extracted in DCM.

Synthesis of Iro(PET)q: This cluster was synthesized following a recently reported solid state
protocol.” Briefly, IrCl3.xH,0 and PET in 1:4 molar ratios were mixed together by grinding
in a mortar and pestle to form Ir thiolates which are yellow in color. Then these thiolates were
reduced by the addition of ~30 mg of NaBH,4 and grinding the mixture till the color changes
from yellow to blackish indicating the formation of the desired cluster. The cluster was then
extracted in toluene which was evaporated using vacuum drying and the cluster was
precipitated by the addition of excess methanol to remove thiol and other impurities. This

procedure was repeated for 2-3 times to get pure cluster.



Separation by Thin Layer Chromatography (TLC): Around 1 pL of cluster solution was
spotted on TLC plate and dried in air. The mobile phase used for the elution was 60:40 (v/v)
DCM:hexane. The plate was eluted and separated bands were cut from the TLC plate. Then

these bands were extracted in DCM and centrifuged to remove residues of the TLC plate.
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Instrumentation:

UV/Vis spectroscopy: UV/Vis spectra were collected using Perkin Elmer Lambda 25

instrument with a range of 200 — 1100 nm with a band pass filter of 1 nm.

MALDI MS: MALDI MS of Irg(PET)s cluster was measured using a Voyager-DE PRO
Biospectrometry Workstation from Applied Biosystems. DHB matrix was used in the ratio of
1:100 of sample:matrix. Appropriate volumes of sample were spotted on the plate and
allowed to dry under ambient condition. A 337 nm nitrogen laser was used for desorption and
ionization. Mass spectra were collected in linear positive ion mode and were averaged for
250 shots. Accelerating voltage was kept at 20 kV. The measurements were done at threshold

laser intensity.

ESI MS: The ESI MS were measured in Waters” Synapt G2Si HDMS instrument. The
Synapt instrument consists of an electrospray source, quadrupole ion guide/trap, ion mobility
cell, and TOF detector. Different gases are used in different parts of the instrument. Nitrogen
gas 1s used as the nebulizer gas. All the experiments were done in positive ion mode using
CsOAC as an ionization enhancer. Cluster was mixed with 50 mM CsOAC at 1:1(v/v) ratio
before infusing to the ESI MS system. The optimized conditions for a well resolved MS were

as follows:

Sample concentration: 10 pg/mL
Solvent: DCM

Flow rate: 30 uL/min
Capillary voltage: 3.5 kV
Cone voltage: 120-150 V
Source offset: 80-120 V
Desolvation gas flow: 400 L/h
Trap gas flow: 5 mL/min

Computational Details: The structure of Au,s(SR);s used was from the report of Heaven et
al’ (Figure S4). Different possible structures have been obtained with the systematic

substitution of Ir atoms with Au. The PET ligands were replaced with methyl groups to



reduce the computational cost. Such simplification has been often used in previous
calculations to reduce the computational burden and is acceptable.* The geometries with Ir
substitution were optimized using density functional theory (DFT) method. Perdew, Burke,
and Ernzerhof (PBE) functional was used to locate the stationary points on the potential
energy surface. For Au and Ir atoms, LANL2DZ basis set was used and 6-31G* was used for
the rest of the atoms (S, C and H). All the calculations were performed using Gaussian 09

software.’

To investigate the absorption spectrum of Auy,Ir;(SCH3);s, time-dependent density functional
theory (TDDFT) calculations have been performed on the lowest energy geometry of
Auplr3(SMe);s using PBE1PBE level of theory for 400 excitations. Gold and Iridium were
treated with LANL2DZ basis set and carbon, sulphur and hydrogen with 6-31G*. The

calculated spectrum was broadened using Lorentzian method.
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Characterization of Au,s(PET)s:
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Figure S1: A) Optical absorption spectrum of [Auzs(PET)IS]_ in DCM. B) Negative ion mode ESI MS

of [AuZS(PET)IS]_. C) Experimental (black trace) and simulated (red trace) mass spectrum of the

[Auzs(PET)lg] species.
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Characterization of Iry(PET); :
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Figure S2: A) Optical absorption spectrum of Iro(PET)s. B) Positive ion mode MALDI MS of
Iro(PET)s. C) Experimental (black trace) and simulated (red trace) mass spectrum for [Iro(PET)q]"

species.
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Effect of reactant concentration on the reaction:
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Figure S3: (A) Optical absorption spectrum and (B) positive ion mode ESI MS of reaction mixture
containing 1.0:0.5 (v/v) of Auys(PET);s:Irg(PET)s, after 24 h of stirring. (C) Optical absorption
spectrum and (D) positive ion mode ESI MS of reaction mixture containing 1.0:1.0 (v/v) of
Au,s(PET) 5:Irg(PET)s, after 24 h of stirring. (E) Optical absorption spectrum and (F) positive ion
mode ESI MS of reaction mixture containing 1.0:1.5 (v/v) of Au,s(PET)g:Iro(PET)s, after 24 h of

stirring.
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Structure of Au,s(SMe);s:

Figure S4: Structure of Au,s(SMe),g with its aspicule representation. Color Code: Dark yellow-Au,

bright yellow-S, gray-C and white-H.
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DFT optimized structures of Au,,Ir(SMe);s andAu,;Ir,(SMe)s:

A —" ‘_-_’ "ﬁ_.‘.———'/ iﬁ‘i"—"- \NNA'.V"_-,'-/ N e e 'N\‘“f"-/
i L & , & & &
* E, = 0 kcal mol! E, = 16.58 kcal mol! E, = 22.19 keal mol! * E, = 0 keal mol! E, = 0.76 kcal mol! E, = 8.98 kcal mol-!
E=-11238.79377 hartree ~ E = -11238.76734 hartree E=-11238.75841 hartree ~ E =-11208.05604 hartree E = -11208.05724 hartree E = -11208.04293 hartree

Figure S5. DFT optimized structures of A), B), C) isomers of Auyulr(SMe);s and E), F), G) selected
isomers of Auylr,(SMe)s. The aspicule representation of each structure is given below the structures.
The positions of Ir are labelled prominently. In case of isomers of one Ir substituted structures, the
relative energies are calculated with respect to structure A and in case of two Ir substituted structures;
relative energies are calculated with respect to structure D. Color code: Golden yellow — Au; bright

yellow — S; blue — Ir; gray — C and white —H.
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DFT optimized structures of lower energy isomers of Au,,Ir;(SMe)s:
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E =-11177.32815 hartree E = -11177.30956 hartree E = -11177.30588 hartree E =-11177.30482 hartree ~ E = -11177.28398 hartree

E =-11177.28132 hartree

Figure S6. DFT optimized structures of most stable geometries (with formation Ir; units) and their
isomers of Auy,lr;(SMe);s. Aspicule representations of the structures are given below the respective
structure. The relative energies are calculated with respect to isomer A. The most stable structure is

highlighted with an asterisk. Color code: Dark yellow — Au; bright yellow — S; blue — Ir; grey — C and
white — H.
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DFT optimized structures of higher energy isomers of Au,,Ir;(SMe);s:

E, = 22.53 kcal mol! E, = 24.59 kcal mol! E, = 27.72 kcal mol"! E, = 29.39 kcal mol! E, = 29.51 kcal mol
E = -11177.29225 hartree E =-11177.28896 hartree E =-11177.28398 hartree E =-11177.28132 hartree E = -11177.28113 hartree
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Figure S7. DFT optimized structures of few random higher energy isomers of Au,lr;(SMe)s. The
aspicule representation of each structure is given below respective structure. The relative energies are
calculated with respect to structure A in Figure S6. Color code: Dark yellow — Au, bright yellow — S,

blue — Ir, gray — C and white — H.
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Results of DFT calculations:

Table S1: Isomers of AuyIr(SMe);s and their energies:

No. Position of Ir atom Absolute energy Relative energy
(hartree) (kcal mol'l)*
1 Center of the icosahedron -11238.79377 0.00
2 Shell of the icosahedron -11238.76734 16.58
3 Staple -11238.75841 22.19

Table S2: Isomers of Auyslr,(SMe);s and their energies:

No. Position of Ir atoms Absolute energy Relative energy
(hartree) (kcal mol'l)*
1 One in center and one in shell of -11208.05604 0.00
the icosahedron
2 One in center and one in shell of -11208.05724 0.76
the icosahedron
3 One in center of the icosahedron -11208.04293 8.98

and one in staple

Table S3: Isomers of Aup,lr;(SMe);s with Ir; units and their energies. Their structures are

shown in Figure 4 and S6.

No. Position of Ir atoms Absolute energy Relative energy
(hartree) (kcal mol'l)*
1 One in center and two in shell of -11177.32815 0.00
the icosahedron forming Ir3
triangular unit
2 One in center and two in shell of -11177.30956 11.66

the icosahedron forming angular Ir;

unit

13




3 One in shell of icosahedron and -11177.30588 13.98
two in same staple forming

triangular Irs unit

4 One in center and two in shell of -11177.30482 14.64
icosahedron forming a linear Irs

unit

5 Two in shell of icosahedron and -11177.28398 27.72

one in staple forming an Ir3 unit

6 Two in same staple and one in the -11177.28132 29.39
shell of the icosahedron forming an

Ir3 unit

Table S4: Isomers of Auy,lr;(SMe);s without Ir; unit and their energies. Their structures are

shown in Figure S7.

7 One in center of the icosahedron -11177.29225 22.53

and two in same staple

8 One in center, one in shell of the -11177.28896 24.59

icosahedron and one in staple

9 One in center of the icosahedron -11177.28113 29.51
and two in different staples, no

bonding between Ir atoms

10 One in the shell of the icosahedron -11177.28048 29.91
and two in different staples with

one Ir — Ir bond

11 Three Ir in the shell of the -11177.27757 31.74

icosahedron with one Ir — Ir bond

12 Two in shell of icosahedron and -11177.27085 35.95

one in staple with one Ir — Ir bond

13 Two in same staple and one in -11177.25315 47.07

different with one Ir — Ir bond

14 Three in different staples -11177.22447 65.06

*Note: Relative energies are calculated with respect to 1% isomer in each case.

14
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Result of TDDFT calculations:

0.8
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KON Experimental spectrum
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Figure S8. TDDFT calculated UV/Vis absorption spectrum for most stable isomer of AuylIrs(PET);s
cluster (black dotted trace) compared with the experimental UV/Vis spectrum (red trace). The
TDDFT calculated spectrum shows a shift of ~ 60 nm which is corrected and plotted as blue trace.
This shift is due to the simplifications such as replacement of PET ligands by SMe ligands and

consideration of effective core potentials for Au and Ir atoms in TDDFT calculation.
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ABSTRACT: Experimental evidence for the existence of gas phase isomers in monolayer protected noble metal clusters is
presented, taking Agy(SR);o (SR = 4-fluorothiophenol, p-mercaptobenzoic acid) and Ag,o(BDT);, (BDT: benzene dithiol)
clusters as examples which do not show any isomeric structures in their crystals. Electrospray ionization coupled with ion
mobility separation allowed for the identification of multiple isomers of Ag,,SR;, cluster in its 3— and 4— charge states, their
most abundant gas phase ions. Ag,o(BDT),, showed isomerism in its common 3— charge state. Isomerism is likely to be due to
different types of ligand orientations in the staples leading to changes in the overall size and shape of the cluster ions, which was
further confirmed by density functional theory calculations on Ag,,(FTP);,*". No isomers were seen in the ions of the well-
known cluster, Au,sSR;5 (SR = phenylethanethiol, dodecanethiol, and butanethiol).

1. INTRODUCTION

Atomically precise clusters of noble metals protected with
ligands or aspicules (shielded molecules)' have evolved into a
family of new materials with novel properties.” Along with their
structural diversity, novel phenomena and related applications
have resulted in an explosion of activities. While their solution
phase properties probed by spectroscopic methods attracted
significant attention, phenomena in the gas phase have not
been investigated to the same extent. Difficulties associated
with the formation of intact gas phase species and exploring
them at high resolution have been the limiting factors in such
studies. Recent advances in ion formation and mass analysis at
high resolution coupled with ion mobility (IM) separation can
provide newer insights into the gas phase properties of such
systems. Ion mobility technique is used extensively to
understand protein conformers in the gas phase.””> Mobility
of any ion depends mainly on three factors: mass to charge
ratio (m/z), size, and shape. Structural or conformational
isomers have the same m/z, which makes it difficult to identify
those isomers using conventional mass spectrometric analyses.
On the other hand, mass spectrum coupled with IM allows
their separation according to their drift time (time taken to

-4 ACS Publications  © 2017 American Chemical Society

travel through the drift tube or ion mobility cell). This property
gives a third dimension to the mass spectrum.

In this manuscript, we present the first detailed experimental
observation of the existence of gas phase isomers in aspicules,
by ion mobility mass spectrometry (IM MS) which does not
show any isomers in their condensed phase. Although IM
separation is often practiced in macromolecular studies to
understand conformations and specific interactions with other
molecules, it is not yet common in materials science. Very few
reports exist on IM MS analysis of monolayer-protected
clusters.”'” In a recent report, isomers of the Ag;;(SG),>~
cluster ion was identified by ion mobility mass spectrometry."’
However, as no glutathione protected cluster has been
crystallized so far, we do not have any information on the
absence of isomers in the condensed phase for such clusters.
The clusters discussed in the current manuscript are all
crystallized, and none of them show isomerism in their
condensed phase.
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2. EXPERIMENTAL SECTION

2.1. Materials and Methods. 2.1.1. Materials. Silver
nitrate (AgNO,), dichloromethane (DCM), phenylethanethiol
(PET), 4-fluorothiophenol, p-MBA, methanol (MeOH),
benzene dithiol (BDT), and sodium borohydride (NaBH,)
were purchased from Sigma-Aldrich. Chloroauric acid
(HAuCl,. 3H,0) was prepared in laboratory from pure gold.
All of the chemicals were used without further purification.

2.1.1.1. Synthesis of Na,Ag,.(p-MBA)3, About 128 mg of
AgNO; was added to a mixture of DMSO and water (4:7
volume ratio) in a beaker, and 173 mg of MBA was added to
the mixture and stirred continuously for the formation of silver
thiolates. Formation of thiolates was confirmed by the turbidity
of the solution. To this, around 50% CsOH was added
dropwise until the turbidity disappeared and a clear greenish
yellow solution was obtained. To reduce the thiolates to the
desired clusters, ice-cold NaBH, solution (283 mg in 9 mL
water) was added dropwise. Within 1 h, the color slowly
changed from deep brown to deep red confirming the
formation of Na,Ag,,(p-MBA), clusters. The as-synthesized
clusters were precipitated using excess DMF and centrifuged.
The precipitate was redissolved in DMF containing citric acid.
Citric acid acidifies the carboxylic acid groups of p-MBA so that
the cluster can be soluble in DMF. To avoid any impurities, the
clusters were again precipitated using toluene and centrifuged
followed by acidification by citric acid. The purified clusters
were redissolved in DMF and was used for further study.

2.1.1.2. Synthesis of [PPh,J,Ag4(FTP);o. The clusters were
synthesized following a solid state synthesis route where 20 mg
of AgNO; and 12 mg of PPh,Br were ground together in an
agate mortar and pestle. To the mixture was added 76 uL of 4-
FTP and ground again to get silver thiolates which were
reduced to clusters by the addition of 45 mg of dry NaBH,,. The
formation of a brown colored mixture indicated successful
reduction of the thiolates to clusters. The resulting mixture was
immediately extracted with 7 mL of DCM and kept
undisturbed at room temperature and monitored using UV—
vis absorption spectroscopy until the appearance of all
characteristic absorption features of the clusters. The clusters
were purified following the above-mentioned method for
Na,Ag,,(p-MBA);, and the solution was rotavapored to obtain
a powder sample. The powder was dissolved in different
solvents for further studies.

2.1.1.3. Synthesis of Agyy(BDT);; Ag,o(BDT),, clusters
were synthesized following the reported method.'® About 20
mg of AgNO; was dissolved in a 15 mL mixture of 1:2 MeOH/
DCM. To this solution was added 13.5 uL of BDT which
resulted in turbid yellow solution indicating the formation of
insoluble silver thiolates. To this was added 200 mg of PPh;
dissolved in 1 mL of DCM to get a colorless solution. The
reaction mixture was kept under stirring, and a freshly prepared
ice-cold solution of 10.5 mg of NaBH, in 500 uL of water was
added after 15 min. The initial dark brown color of the solution
gradually turned to orange over time. The reaction mixture was
stirred in dark for another 3 h. After the completion of the
reaction, the solution mixture was centrifuged and the
supernatant was discarded. The precipitate consisting of the
Ag,o(BDT),, cluster was washed repeatedly with ethanol to
remove all of the unreacted species. The purified cluster was
used for further studies.

2.1.2. Instrumental Details. All of the mass spectrometric
experiments described in this work were carried out in Waters’

Synapt G2Si HDMS instrument equipped with an electrospray
source, quadrupole ion guide/trap, ion mobility cell, and TOF
detector. The instrument can also operate in matrix assisted
laser desorption ionization (MALDI) and atmospheric pressure
chemical ionization (APCI) mode. We have used only the ESI
mode for our present study. All ion mobility data presented
here were performed with high pure nitrogen in the ion
mobility drift tube. As all of the clusters possess inherent
negative charge in the core and detected in negative ion mode,
the experiments were done only in negative ion ESI mode.
About 1 pug/mL Ag,,(FTP)s, cluster solution was prepared in
DCM and directly infused with a flow rate of 10 uL/min.
Minimum capillary voltage applied go get a well resolved mass
spectrum was 100 V. Cone voltage and source offset were kept
at 0 V to avoid any insource fragmentation. For ion mobility
experiments, bias voltage was kept at 45 V for 3- charged
species and the spectra were collected in the mass range of m/z
2000—4000. To get well separated isomeric peaks, the mass
range was reduced to m/z 2700—3000. Wave velocity was
optimized at 650 m/s and a height of 40 V was used in the
mobility cell. The helium and nitrogen gas flow rates were set
to 150 and 90 mL/min, respectively. For the 4- charged species,
bias voltage was kept at 27 V and all other parameters were
kept the same as described for 3- charged species. To obtain
Ag,,(FTP);, mass spectrum in ion mobility (ESI IM-MS)
mode, the following instrumental parameters were used: sample
concentration: 1 yg/mL; solvent: DCM; flow rate: 10—20 uL/
min; capillary voltage: 100—500 V; cone voltage: 0—20 V;
source offset: 0—10 V; desolvation gas flow: 400 L/h; trap gas
flow: 2 mL/min; He gas flow: 100 mL/min; ion mobility gas
flow: 50 mL/min; bias voltage: 27—45 V; wave velocity: 400—
650 m/s; wave height: 30—40 V; UV—vis absorption studies
were conducted with a PerkinElmer Lambda2$5 instrument with
1 nm band-pass.

3. RESULTS AND DISCUSSION

For this study, we have considered four celebrated clusters of
Au and Ag for which crystal structures are known; namely,
Agyy(SR) 50, 71 Agys(SR) g, "7 Au,s(SR),5,'"” and
Agyo(BDT),,.'® They were prepared by established methods
(details of synthesis, characterization, and essential data are in
the Supporting Information, SI). Clusters in the solid state are
often charged and exist with counterions such as Na* (see the
SI), although in our discussion, only the molecular species is
mentioned. In certain cases such as Ag,o(BDT),, there is also a
secondary coordination shell involving phosphines, which
makes its overall formula Ag,o(BDT),,(PPh,),. Their unique
optical absorption and mass spectral features allow them to be
characterized completely. Au,;(SR),q is composed of a 13 atom
icosahedral core, protected with 6 Au,(SR); staple motifs. "'
The recently reported Ag,s(SR);s"° resembles Au,s(SR);g
closely, as confirmed from the crystal structure. Unlike these
similarly structured clusters, Ag,,(SR)3, possesses a completely
different type of core arrangement.'' ™" This cluster is a hollow
cage cluster as the atom at the center of the first icosahedron is
missing. This unique structure is responsible for the character-
istic absorption features and different optical properties of the
cluster.

Three different ligand protected Ag,,(SR);, clusters were
investigated in this study. The ligands are 4-fluorothiophenol
(FTP), p-mercaptobenzoic acid (p-MBA), and difluorothio-
phenol (DFTP; see the SI for their synthesis and essential
characterization; Figure S1 and S2). A Waters Synapt G2Si
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Figure 1. (A) Drift time profile of Ag,,(FTP);,*~ (m/z 2140) showing four peaks due to distinct isomeric structures with relative abundances of 33,
7, 12, and 48%, respectively (calculated from peak area). Calculated structure of Ag,,(SMe);, is shown in inset (i). (B) Four well-defined spots
observed in m/z vs drift time plot. Each spot gave the same mass spectrum as shown in C, matched with the spectrum.

HDMS mass spectrometer equipped with an electrospray
ionization (ESI) source coupled with an IM separation cell was
used which allows simultaneous monitoring of ions by MS with
or without IM (see the Experimental Section for instrument
details). The cluster [Ag,,(FTP);] shows the 4~ ion (m/z
2140) as the major peak along with the 37 (m/z 2853) and the
27 (m/z 4283) ions, when analyzed in negative ion mode. An
expanded mass spectrum of [Ag,(FTP)y]* is shown in
Figure 1 showing the characteristic isotope pattern. The mass
spectrum fits exactly with the calculated spectrum with the
isotope peaks resolved perfectly (Figures 1C and S1). When
the mass selected ions (m/z 2140) were passed through the IM
cell, four well-separated spots were observed in the mobilogram
(m/z vs ion mobility drift time plot). All of these spots were
converted to respective drift times. Relative abundances of each
species were calculated from the area under the curve. Two
major peaks (peaks 1 and 4 in Figure 1B) were observed at 6.5
and 9.8 ms with 33 and 48% relative abundances, respectively.
Two low intensity peaks (labeled 3 and 4) were also observed
at 7.9 and 8.5 ms with 7 and 12% relative abundances. All of
these features show identical masses as shown in the inset
implying that they are due to isomers. All of the experiments
were performed at the lowest capillary voltage to avoid any
possible structural distortion of the intact molecule in the gas
phase as a result of applied potential. Ag,,(FTP)s, is a highly
ionizable entity due to its inherent 4~ charge of the core. We
could detect the ions m/z 2140 and 2853 at as low as 100 V
(capillary voltage) with clear isotopic resolution. Concentration
of the cluster used was 1 pg/mL to avoid intercluster
interactions in the solution as well as in the gas phase. This
concentration gave a signal-to-noise ratio of ~1000. These
conditions of capillary voltages and concentration used are the
lowest for any monolayer protected cluster reported so far.
The presence of a different number of isomers for other
charge states shows that isomerism is also charge state
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dependent. At similar experimental conditions, two peaks
were found in the drift profile of Ag,,(FTP);,>” (m/z 2853)
pointing to two isomeric species for this charge state (see
Figure 2). Two spots at 12.2 and 9.7 ms were observed with 84
and 16% relative population. Higher drift time compared to the
4~ charged species is attributed to the lower charge state of the
ion. These two peaks gave the same mass spectrum, which were
in good agreement with the calculated one.

All of these four isomers (for the 4~ species) show significant
differences in their collision cross section (CCS) values.
Experimental CCS values are 829.8, 838.4, 872.2, and 896.7
A% respectively (see Table S1). These differences correspond
to significantly large structural changes between the isomers.
For example, changes in CCS observed for the cis isomers and
the all-trans isomer of lycopene were 180 and 236 AZ
respectively, which were separated by Dong et al. using IM
MS." A similar experiment on Au,s(PET),s~ showed only one
spot in the mobilogram indicating the presence of only one
isomer in the experimental condition. This is quite expected
from its highly symmetric structure and is similar to the
previous report by Dass et al.”’ Isomers were not detected for
any of the other Auys cluster ions (with other ligands;
dodecanethiol, butanethiol) which have been examined (Figure
§3). It has also been confirmed by a study on Ag,;(DMBT),,
which again exhibits only one isomer as suggested by the
structure (Figure S4). As all of these clusters have been
crystallized and their mass spectra are well-defined in
accordance with their molecular structure, we do not believe
that the cluster core undergoes a large structural change during
ionization. However, in the same process, the monolayer
structure can access various conformational states. Such
possibilities are larger for clusters having M,(SR); staples
than with M,(SR); staples. Looking carefully, Ag,,(SR)s,
possesses an unusual structure. It has a two-shell Keplerate
metal core protected by six Ag,(SR); units. The first hollow 12
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Figure 2. Drift time vs m/z plot of Ag,,(FTP),,*~ showing the presence of two isomeric structures. The relative abundances of the isomers are 16%
and 84%. Corresponding drift profile and mass spectrum are shown in insets (i) and (ii), respectively.

silver atom icosahedral core is protected with another 20 atom
dodecadedral metal shell, together having a nearly perfect I,
point group.'” This implies that a core rearrangement is
unlikely during mass spectrometric measurement. However,
each Ag,(SR); unit is connected to one of the edges of Agy,
forming a pentagonal dodecahedron through Ag-SR inter-
actions. For an Ag,(SR); motif, each Ag is connected to two SR
units, and there is another bridging SR unit between two Ag
atoms of a Ag,(SR)s staple, which could be simplified as
(SR),Ag-SR-Ag(SR),. This unique orientation is not there in
any other cluster examined here. As for example, Au,s(SR)q
and Ag,s(SR);s have Au/Ag,(SR); staples which can be
simplified as SR-Au/Ag-SR-Au/Ag-SR. Due to the difference
in thiolate staple structure, there are multiple possibilities for
the S-R bond orientation in gas phase during mass spectral
measurement. Such possibilities for the existence of different
conformers on the cluster surface are supported by recent
studies of vibrational circular dichroism of clusters.”’ Ligands
play a major role in deciding the structure of monolayer
protected clusters. It is worth noting that the metal surfaces can
become chiral through adsorption of molecules though they are
symmetric as a whole. This can also be true in the case of metal
particles and clusters as well. In the case of
Auyg(SCH,CH,Ph),,, for example, the chirality of the molecule
arises from the chiral arrangement of the ligands on the cluster
surface.”” The bare cluster core has Dy, symmetry with a slight
distortion, which is lowered by the protecting staples to give the
D; point group. The chiral arrangement of the staples induces
chirality to the cluster system.”">” Recently, a pair of structural
isomers of Au;g(SCH,CH,Ph),, cluster was discovered by Tian
et al,, by the modification of the synthetic protocol.”> One of
these isomers has a core—shell structure with a face-fused bi-
icosahedral Au,; core, capped by a second shell of remaining 15
gold atoms. Whereas, the other isomer has a Au,; core
composed of one icosahedral Au,; core and one Au,, unit and
the mixed surface layer consists of two Auy(SR), staple units,
three Au,(SR); staple units, three Au,(SR), staple units, and
one bridging thiolate SR ligand.22 Another cluster, Au,g(SR),,
also shows ligand induced isomerism as revealed by its crystal
structure.”*

The isomeric forms shown by ion mobility studies may be
arising as a result of gas phase dissociation dynamics of the
cluster ions. In the solid state, however, all of the clusters
exhibit only one isomer as revealed by their crystal structures.
Such ion dynamics of the cluster ions happening in the mass
spectrometric time scale of a few microseconds are difficult to
be studied by all electron calculations.”>*

In order to obtain insights into the isomeric structures, DFT
calculations (please see the Methods section and the
Supporting Information) were performed on Ag,,(4-
FTP);,*". Changes in the Ag,(4-FTP); staple structures were
considered as the reason for the origin of the isomeric
structures. [Ag,,(4-FTP)4,]*” was modeled based on the crystal
structure of [Agy,(SR)3]*". In it FTP ligands bonded to the
core of the cluster were replaced with —SMe to reduce the
computational cost. Note that, we have computed only
[Ag,,(4-FTP)¢(SCH,),,]* in its most stable ionic form, and
the rest of the discussion in this section is based on this ion.
The new staples may be considered as —(MeS),—Ag—(4-
FTP)—Ag—(SMe),. In [Ag,,(4-FTP)4(SCH,),,]*", 4-FTP
ligands were acting as bridges by connecting two S—Ag—S
staples. As the bridging sulfur is not directly attached to any of
the core Ag atoms, we assumed that opening of staples at this
position would require less energy and would have least effect
on the core and, therefore, the overall geometry. In order to get
the structures with opened staples, one Ag—S—Ag staple was
opened and the FTP ligand was kept away from the S—Ag—S
unit, and this structure was optimized using the DFT method.
The structure of the core was not disturbed due to the breaking
of one staple bond, but the optimized S—Ag—S angle changes
from 112° to 165° in the detached state (labeled as 1). The
calculated S—Ag—S angle is related to the Ag atom detached
from the staple. The angle changes from 112° (crystal
structure) to 165° (staple opened structure in the gas phase).
This variation indicates the reorganization of the structure due
to the opening of the staple. This change causes an increase in
the total energy of the cluster when compared to the closed
structure. We observed the reformation of staples during the
optimization of structures containing two and three opened
staples. This signifies that more staple opened structures are
least stable and may not be formed in the experimental
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conditions. The energetic instability of geometries than the
closed structure and the absence of appropriate environment
for the 4-FTP ligands to facilitate 7—n stacking in the staple
opened form are likely to be the reasons for this. To calculate
the energetics of more than one staple opened structures, the
distance between S of 4-FTP and Ag (from the detached S—
Ag—S), after bond scission was fixed at 6 A, which is the same
as in 1. Four possible isomeric structures computed are shown
in Figure 3 (and Figure SS) where one and two staples alone

A) Closed st/{'};qf}lre

B) One staple opened

CAEQLsSCF@C CH

Figure 3. DFT optimized structures of different isomers of
[Ag,4(SMe),,(4-FTP),]*". Optimized geometries of (A) intact, (B)
one staple opened (1), (C) two cis-staples opened, and (D) two trans-
staples opened structures. Six axial ligands were optimized without any
geometrical constraints. The other 24 positions were replaced with —
SMe. Six 4-FTP ligands are circled. Opened positions are shown with
arrows and are differently colored.

are opened. Two staple opened structures can result in cis and
trans isomers. Staple opened structures are less stable than the
closed structures. The relative energies for all staple-opened-
geometries were calculated with respect to the closed geometry,
which follow the order closed (0 kcal/mol) < one staple
opened (8.74 kcal/mol) < two cis-staples opened (18.54 kcal/
mol) < two trans-staples opened (20.13 kcal/mol) < three
staples opened (28.63 kcal/mol). Opening of staples leads to
the reduction in overlap between the orbitals of silver and sulfur
atoms, and it affects the energies of molecular orbitals.
Consequently, the HOMO—-LUMO gap of isomeric structures
is different from the structure with closed staples. The
calculated HOMO—LUMO energy gaps are given in Table
S4. They decrease with the increase in the number of opened
staples. Hence, the optical and reactivity properties of these
isomers could be different. The relative sizes of the ions also
follow a similar trend as calculated, without considering the
effect of all of the actual ligands (4-FTP). Each staple opening
increases the effective CCS value. Therefore, the isomer with
the least CCS value is the intact structure without any staple
opening. This can be seen from the Gaussian form of the peak

without any shoulder peaks or much broadening. The next
intense peak at drift time 9.8 ms may be due to one staple-
opened structure. Other two less intense peaks may be due to
two cis- and trans-opened structures. As with more staple
opening, the structure may become distorted and will not be
spherical in nature; hence, there might be a difference between
the experimentally obtained CCS values with the calculated
ones. As the structures were not optimized with all of the real
ligands, it is difficult to make one-to-one correspondence
among the experimentally obtained isomers with the calculated
structures. Inclusion of all of the 4-FTP ligands may change the
energy and the overall size of the geometries, and the trend
could be slightly different.

A change in structure can also arise during desolvation of the
charged droplet. The degree of droplet evaporation is
dependent on the viscosity and surface tension of the solvent
used. Ag,(FTP), is soluble in dimethylformamide (DMF),
dichloromethane (DCM), and acetonitrile (ACN), and the
viscosity of the solvents follow the order DMF (0.92 mPa s) >
DCM (0.43 mPa s) > ACN (0.34 mPa s), all at 298 K. Surface
tensions of ACN, DCM, and DMF are 29.29, 26.50, and 37.10
mN/m, respectively. For the 4~ charge state, we could separate
all of the four isomers when DCM was used as the solvent. In
contrast, only two isomers could be resolved for the same
charge state when the other two solvents were use (Figure S6).
It appears that solvents with moderate surface tension and
viscosity can reveal more structural information in such cluster
systems.

Monolayer induced isomerism in clusters was further
confirmed from measurements of Ag,,(p-MBA);,. The 4~
and 37 ions exhibit different number of isomers like in the
case of Agy(FTP);. While the 4~ state of Ag,(p-MBA);,
shows three isomers (Figure 4A—C), the 3™ state shows five
isomers (Figure 4D—F). These are likely to be due to the
various degrees of hydrogen bonding among the carboxyl
groups of the p-MBA ligands, coupled with the ligand
conformations at the surface. These isomers are closely similar
in size and shape as seen by the very small difference in their
drift times. Effective CCS values for three isomers in the case of
Agy(p-MBA)4,* are 819.1, 854.2, and 882.7 A? respectively
(see Table S2). A similar study on the Ag,,(DFTP), cluster
showed two isomers as shown in Figure S7 for the 4~ charged
species. The effective CCSs for these two isomers are 862.4 and
889.4 A% respectively (see Table S3). These data further prove
that the isomers observed are ligand induced.

We may speculate that isomeric structures of the ions may
arise due to the electronic instabilities such as Jahn—Teller
distortion. Ag,,(SR); shows three prominent charge states (47,
37, and 27) in ESI MS, irrespective of the ligand. It is known
that the core possesses inherent 4~ charge, which is reflected in
the highest intense peak in the mass spectral analysis. The
charge can be redistributed between the core and the ligand
shell during mass analysis, which can cause drifting of electron
density from the highest occupied molecular orbital and lead to
structural instability in the system. However, the phenomenon
of isomers is not specific to open shell structures, and we do
not observe isomers exclusively for them. Therefore, we suggest
that the isomers are likely to be derived from ligand
conformations as shown above. The observed isomeric
structures are distinctly different from co-ordination isomerism
seen during ligand exchange.”” This latter variety arises from
the many possibilities a ligand experiences upon substitution at
various sites. Such isomers are seen when mixed ligands exist in

DOI: 10.1021/acs.jpcc.7b04559
J. Phys. Chem. C 2017, 121, 13421-13427


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b04559/suppl_file/jp7b04559_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b04559/suppl_file/jp7b04559_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b04559/suppl_file/jp7b04559_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b04559/suppl_file/jp7b04559_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b04559/suppl_file/jp7b04559_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b04559/suppl_file/jp7b04559_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b04559/suppl_file/jp7b04559_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.7b04559

The Journal of Physical Chemistry C

A)
0 2 4 12
5 E),

D) 0 Agu(p-MBA),
&
:
o
£
£
L
a

o 2 4 6 8 10

Drift Time (ms)

5 100%

Intensity

o) Experimental
Calculated
2330 2332 2334 2336 2338
A Experimental
Calculated

3108 3110 3112 3114 3116 3118
m/z

Figure 4. (A) Drift time profile of Ag,;(MBA),,*~ three peaks indicating isomeric structures. Corresponding m/z vs drift time vs m/z plot is shown
in B. (C) Isotope distribution of peak 1 is in exact agreement with the calculated pattern. (D) Similar study on Ag,,(MBA)3,*~ showing 5 major
peaks in the drift profile. Corresponding m/z vs drift time plot is shown in (E). Mass spectrum of peak S is shown in (F) which matches with the
calculated isotope pattern. Minor differences in the intensities compared to the calculated spectra on either side of the spectrum are due to

overlapping peaks.

a cluster, but the present isomeric structures are arising from
clusters composed of only one ligand system.

Similar ligand dependent isomerism is also seen for
Ag,o(BDT),,* where two distinct peaks are seen in the drift
time profile, corresponding to two structural isomers (see
Figure S). The Ag,o(BDT), cluster possess a completely
different type of structure as shown in the crystal structure."®
Essential data confirming the purity of the sample are shown in
Figure S8. Although the presence of bidentatethiol as
protecting agent makes this cluster stable, it is possible that
ligand(s) on one side of the cluster will open up in solution or

3-
Peak 1 Ag(BDT),

ﬂ

B)

_l

A) Peak 2

Peak 2 Peak 1

‘ 15IQ9 ' 16I02 ' 16105 . 1(;08 .
m/z
] T ] ' 1
2
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Figure 5. (A) Ion mobility drift time profile of Ag,o(BDT)y,*"
showing two distinct peaks due to two structural isomers. Both the
peaks resulted in similar mass spectra as shown in (B). The two mass
spectra match exactly.
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in the gas phase. In this process, the total mass of the species
remains the same, but there will be small structural variations,
leading to isomeric clusters. This is in agreement with the
recently reported dimer of Au,5(SR),; clusters in the gas phase,
where the thiolate staples on one side of a cluster open up and
- . o S 28

join the adjacent cluster to form a dimeric cluster ion.

4. SUMMARY AND CONCLUSIONS

In conclusion, we report experimental and theoretical studies
on the existence of isomers in monolayer protected clusters in
the gas phase. While two or more isomers are seen for
Ag,4(SR);0, only one unique isomer is observed for Au,s(SR) g
and Ag,s(SR),5. The number and relative abundances of the
isomers are decided by the nature of the ligand as well as charge
state as shown by specific examples. On the other hand,
Ag,o(BDT),, possess two distinct separable isomers. The
properties of such isomers and the insights they provide on the
chemistry of monolayer-protected clusters will be subjects of a
future study. We believe that our findings will be helpful to
understand the origin of isomerism in clusters in the condensed
phase and such isomeric structures might show differences in
chemistry/properties in comparison to the known structures.
Ionic and molecular chemistries have several parallels as
revealed by mass spectrometric studies on various systems. At
this point in time, the science of ligand protected clusters has
not expanded enough to point out these similarities.
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Materials and Methods:

Synthesis of Auys(PET);5:

About 40 mg of HAuCls.3H,0 was taken in 7.5 ml THF and mixed with 65 mg of TAOBr
and stirred for around 15 min to get an orange red solution. To the solution, PET was added
in 1:5 molar ratio (68 pnL) and stirred for another hour. This resulted in Au-thiolate formation.
The as-formed thiolate was then reduced by adding about 39 mg of NaBHy in ice-cold water.
The color changed from yellow to brown. The solution was allowed to stir for another 5
hours for complete conversion and size focusing synthesis of Aus(PET);s. The as-
synthesized cluster was then vacuum dried by rotavapor and precipitated using excess MeOH
to get rid of free thiol and excess thiolate. The process was repeated a few times. Then the
Auys cluster was extracted into acetone and centrifuged and the supernatant solution was
collected leaving behind a precipitate consisting of larger clusters. The acetone solution was
vacuum dried. Finally the cluster was dissolved in dichloromethane (DCM) and centrifuged
and the supernatant solution was collected which consisted of the pure cluster. The resulting
cluster was characterized by UV-vis absorption spectroscopy, where characteristic peaks at
675 and 450 nm confirmed the formation of Au,s clusters. Detailed characterization was by
done by electrospray ionization (ESI) mass spectrometry (MS).

Computational details

[Ag44(4—FTP)30]4' was modelled based on the crystal structure of [Ag44(SR)30]4'. In the
structure of [Ag44(4-FTP)30]4', FTP ligands bonded to core of the cluster were replaced with
methyl groups to reduce the computational cost. First, Agss with six 4-FTP ligands in the
axial positions was optimized without any geometrical constrains. In [Agss(4-FTP) (CHj3),4],
4-FTP ligands were act as bridge by connecting two S-Ag-S through the formation S-Ag
bond. In optimized geometry, one Ag-S-Ag staple was opened and FTP ligand was kept
away from S-Ag-S unit and the same structure was optimized by fixing the distance between
sulphur (from 4-FTP) and Ag (from S-Ag-S). The same approach was followed for the other
geometries with two and three opened staples. All the geometries were optimized using
Gaussian09 package with the help of density functional theory. The meta-generalized
gradient approximation of Tao, Perdew, Staroverov, and Scuseria (TPSS) was employed for
exchange-correlation functional. LANL2DZ basis set was used for the silver atoms and the
remaining atoms were treated with 6-31G*. All the geometries were constructed and
visualized using gassview-5.0 package. The relative energies for all staple-opened-geometries
were calculated with respect to closed geometry. The isomeric structures are not checked for
real local minimum on the potential energy surface using vibrational frequencies. The
frequency calculations for this type of large clusters are difficult with the current
computational facilities.
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Figure S1: ESI MS of A) Agu(FTP)30, B) Agaa(DFTP)3, C) Agas(p-MBA)3o showing 4-
charged species as the major peak. Each 4- charged ion is expanded in the respective insets
which are matching exactly with their calculated isotope pattern.
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Figure S2: UV-Vis absorption spectra of Ags(FTP)s30 and Aga(p-MBA )3 are showing well
defined peaks.
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Figure S3: A) ESI MS of Au,s(PET);s showing the molecular ion peak. Experimental data
are matching well with the calculated spectrum as shown in inset i). B) Plot of m/z vs. drift
time for Au,s(PET);gis shown. Drift time profile is shown in the inset ii).
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Figure S4: A) ESI MS of Ag,s(DMBT),g showing the molecular ion peak. Experimental data
are matching well with the calculated spectrum as shown in inset i). B) Drift time profile of
the same cluster is showing peak at 8.8 ms.
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Opened staple

Figure SS: Optimized geometries of three staples opened structures. Six axial ligands were
optimized without any geometrical constrains. Other 24 positions were replaced with -SMe.
Color code used are; Ag: purple, S: yellow, C: grey, H: light grey, F: cyan.
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Figure S6: Gas phase isomerism is highly dependent on the solvent used which was proven
by measuring the spectra in DMF and ACN along with DCM. A) and B) Drift time vs. m/z
plot of Ag44(FTP)304' showing two isomeric peaks when measured in DMF (A) and ACN (B).
Corresponding drift profile is shown in the insets of A and B.
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Figure S7: Drift time vs. m/z plot of Agyu(DFTP)3*" showing presence of two isomeric
structures. Corresponding mass spectrum and drift profile are shown in insets i) and ii),
respectively.
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Figure S8: A) ESI MS of Agyo(BDT);, showing maximum intense peak at m/z 1603 due to
Agyo(BDT);,>. The peak is expanded in B. Experimental data is matching well with
calculated spectrum. C) UV-vis absorption spectrum of Agyo(BDT);, showing characteristic

peak confirming the purity of the sample.
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Table S1: Collision cross section values for four different isomers of Agss(FTP)3".

[Ag44(FTP);30]* CCS value (A2)
Isomer 1 829.8
Isomer 2 858.4
Isomer 3 872.2
Isomer 4 896.7

Table S2:Collision cross section values for four different isomers of Agss(p-MBA)3".

[Ag4(MBA);]* CCS value (A?)
Isomer 1 819.1
Isomer 2 854 .2
Isomer 3 882.7

Table S3: Collision cross section values for four different isomers of Ag,;4(DFTP)s3o".

[Ag44(DFTP)5]* CCS value (A?)
Isomer 1 862.4
Isomer 2 889.7
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Table S4: Calculated HOMO-LUMO gap for different isomers of Agu(FTP)sy".

System HOMO-LUMO gap (in eV)
Closed structure 0.85
One staple opened structure 0.81
Two staple opened structure(Cis) 0.74
Two staple opened structure (Trans) 0.76
Three staple opened structure 0.72

Coordinates for Ag44(4-FTP)(,(SMe)z44—'

Ag 0.14800 1.52800  -2.25800
Ag 1.96900  -0.65500  -1.89200
Ag 0.56600  -2.70800  -0.40800
Ag -2.08400  -1.75900 0.10900
Ag -2.33700 0.87000  -1.00300
Ag -0.80800  -1.16400  -2.38300
Ag -2.14500 0.87500  -3.84200
Ag 0.84700  -0.14600  -4.46600
Ag 1.18500  -3.07700  -3.15800
Ag -1.64600  -3.81500  -1.81900
Ag -3.64900  -1.33200  -2.23900
Ag 2.78400  -5.58900  -2.34800
Ag 4.16900  -3.48100  -3.82300
Ag -3.72700  -1.36000  -5.28700
Ag -5.21400 0.73500  -3.88800
Ag -1.86600 3.51600  -1.95500
Ag -3.26100 2.82700 0.85700
Ag -4.38500  -0.17600 0.67400
Ag -2.81900  -1.94500 2.85300
Ag -2.08300  -4.54000 4.28700
Ag -4.09700  -4.64400 2.16400
Ag -1.17400  -4.13200 1.37100
C -7.05900  -2.55200  -6.11400
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-5.39500
-3.10000
-5.93300
-3.83200
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-6.73400
-1.15100
-6.02100
-5.18700
-4.70500
-7.27200
-7.21000
-0.60900
0.46800
-4.96200
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-1.42600
-6.62500
-7.26600
-2.80300
-5.58300
-3.38100
-4.45800
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-1.90100
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-2.23800
6.15600
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8.18800
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-0.25000
-1.57300
-3.73200
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2.87900
6.60600
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8.22800
7.73000
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7.11300
0.48900
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2.67800
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4.33800
6.67300
6.24900
7.80700
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8.17800
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-1.98300
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-4.45800
-5.61600
-6.58400
2.57700
1.86100
6.38700
6.51000
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-2.31000
6.24900
-4.29300
6.05800
5.92400
4.77100
5.76700
3.13300
4.41400
2.20500
1.21000
-3.12500
2.78000
6.27700
-4.21600
-2.23800
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5.37700
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5.70400
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3.36900
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0.87600
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2.50600
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0.84600
1.70200
1.74000
2.43800
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6.90900
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7.42300
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1.51000
3.66700
3.35100
5.38400
5.24200
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2.73900
0.00000
-4.61600
-1.98900
6.26200
3.74300
5.91300
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-6.61800
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-5.15400
-1.23800
6.55300
-2.16400
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-0.82700
2.37800
3.13000
2.06300
1.51300
6.96200
7.05100
6.84700
7.86400
4.92800
5.02900
5.65000
5.11500

-0.20900
0.69900

-0.68900

-0.90800
1.73800
2.21800
1.90500
0.66400

-4.98300

-4.86100

-5.86500

-5.10600

-7.21900

-7.22900

-6.99700

-8.20200

-1.47600

-1.18500

-2.49900

6.98400
7.03200

7.72000

7.38100

6.99500
-2.79400
-2.42200
-3.88200
-2.52700
-5.66200
-6.70500
-5.46100
-4.99300
-6.09200
-6.17200
-7.07800
-5.38200
-3.16200
-2.86900
-4.22900
-2.95100
-4.42900
-4.84600
-3.78200
-5.24700
-1.43100
-1.93900
-2.14600
-0.97600
0.77200

0.28800

1.15100

-1.95400
0.10300
0.51200
-0.88400
0.77600
-1.43800
-0.41000
-1.43700
-2.00300
0.77900
1.10900
-0.01800
1.62700
-4.52300
-5.12900
-4.45800
-4.97800
-6.66700
-7.61100
-6.49300
-6.72600
-3.41500
-2.40800
-3.44400
-4.13700
-1.59300
-2.56200
-0.79200
-1.41500
-7.36100
-8.30300
-7.45200
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-0.78500
-3.58700
-2.58000
-3.71500
-4.33100

0.32700

0.78900
-0.57500

1.04400
-4.83600
-5.55400
-4.93700
-5.02900
-6.86100
-6.74500
-6.95700
-7.76000
-1.62400
-0.55400
-1.77200
-2.11100
0.38700

0.99000
-0.61000

0.87900
-2.43600
-1.46300
-2.35000
-3.16100
-6.40300
-7.44200
-6.12200

1.59500
3.80400
4.23600
3.10300
4.60700
5.95600
6.95000
6.02300
5.26000
5.55000
5.35300
6.59200
4.87700
2.68800
3.77600
2.32300
2.41900
3.00800
2.77800
4.07900
2.72500
-6.96900
-7.49500
-7.41900
-7.04800
-7.14200
-7.18300
-7.53300
-7.74700
-1.97900
-2.20800
-2.56700

-7.14800
-5.35000
-5.37200
-6.18100
-5.43600
4.44500
4.37100
5.06200
4.89400
-0.83500
-0.03400
-1.16800
-1.68000
1.38900
1.39300
0.36000
1.95800
6.61800
6.67800
6.44300
7.56100
2.86900
3.62200
2.82700
1.89300
-0.11700
-0.62100
0.90200
-0.67700
3.40400
3.13300
4.28300
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-6.31000  -0.90800 3.62000
-3.46400  -1.66100 6.34800
-4.37200  -2.13900 5.97000
-3.32300  -1.92800 7.40400
-3.55400  -0.57200 6.25700
1.60000  -0.87300 7.28800
2.62800  -1.23800 7.37900
1.30700  -0.38300 8.22700
0.91800  -1.70600 7.08700
3.66600  -3.92200 5.28600
4.40200  -4.73100 5.37800
3.79500  -3.22100 6.11600
2.65500  -4.34600 5.30200
5.10700 4.30100 3.30900
5.25700 5.10300 4.04400
5.97700 3.63900 3.30800
4.97400 4.74100 2.31300
7.32400 1.29400 1.53300
7.08900 2.02800 0.75400
7.35500 1.78000 2.51300

o T T O T @ @D O @& @D =T O & & @@ O @D o@D @ O T

8.30200 0.84100 1.32500

Coordinates for Ag44(4-FTP)6(SMe)244': one staple opened

Ag 0.41100 0.94900  -2.52800
Ag 1.46800  -1.62900  -1.71900
Ag -0.40700  -2.75200 0.13900
Ag -2.60800  -0.97000 0.37600
Ag -2.09500 1.34100  -1.20500
Ag -1.33200  -1.28500  -2.17200
Ag -1.99600 0.83100  -4.00500
Ag 0.50000  -1.13500  -4.37300
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-3.41400
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-6.53000
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-1.05800
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3.49900
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1.33400
-0.40300
-2.71600
-2.63100
-3.19300
-1.27600
-1.92600
-8.73200
0.01300
-3.10200
-2.08000
-1.78800
-9.09000
-8.69400
0.84000
1.83800
-1.43600
-0.64400
0.40100
-3.45800
-4.24100

-2.42800
-1.10100
-2.05800
-1.15700
-3.02300
-5.03600
-4.05100
-2.62700
0.26000
0.62100
3.08100
5.04400
2.93900
2.12200
-5.79500
-5.43900
-2.51800
-6.26900
6.24200
7.11600
7.10300
-1.15200
-0.45900
-6.72400
-7.09200
7.98700
8.65300
-6.70800
6.27400
5.60600
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-10.01200  -0.87800  -6.23000
-8.42000  -1.82200 7.98800
-9.00300  -1.72600  -5.77000
-9.25500  -2.71800  -5.39800
4.16400  -9.25300  -3.39500
4.12100  -8.98600  -4.45000
5.22500  -10.42600  -1.57900
5.18200  -10.09800  -2.93500
4.28300  -9.93100  -0.67700
-8.89300  -2.82500 7.14200
6.21900 -11.25700  -1.12400

-11.31500  -1.31400  -6.21500

C

C

C

H

C

H

C

C

C

C

F

F

F -9.29800  -1.20100 8.84200
S -4.57300 3.82500 1.73500
S -1.48200 5.79700  -1.29700
S -5.81300 1.44600  -1.64100
S -3.00200 3.28700  -4.33100
S 1.05500 4.10100  -4.63900
S 3.17000  -0.04700  -5.98700
S 1.23100  -3.67900  -4.66600
S 1.85600  -7.73200  -3.16900
S -1.76400  -5.84600  -1.66200
S -4.60800  -4.06000 0.87100
S -5.51000  -3.99600 5.17100
S -5.78600  -0.19600 2.29700
S -5.65900 0.59500  -6.38000
S -4.51200  -2.87600  -3.24500
S -1.67200  -0.94000  -5.97000
Ag -0.52700  -1.07900 2.44600

Ag -1.60000 1.41100 1.60900
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0.26600
2.47000
1.96400
1.24500
1.96400
-0.49300
-0.09300
2.87300
3.98600
-0.86300
-2.74900
4.27800
4.90100
0.79700
2.13300
4.17500
3.10500
1.68400
6.38200
2.10200
7.88000
7.14800
-3.29400
7.42300
8.95400
10.19500
10.91300
-3.33900
-2.58300
8.39100

2.65200
0.83200
-1.46300
1.16200
-0.85500
1.14600
3.65100
3.22400
0.40000
6.33400
5.08100
1.05800
-1.67000
-3.60700
-3.97700
-1.42600
-0.00000
1.74400
2.81900
3.16000
0.96200
1.61600
8.61700
0.18800

4.84000
5.23500
4.46300
8.97400
8.57200

-1.02100

-0.21700
-0.60700
1.08100
1.97900
3.85200
4.23400
2.43100
0.82700
1.79900
1.14500
3.00200
4.75500
3.94300
2.56700
-0.25700
-0.71300
-3.30600
-5.08800
-2.52100
-2.33800
5.33700
4.86200
2.41900
6.02000
3.82100

-4.38700
-4.65900
1.05200
0.37800
6.62800
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8.06100
10.51600
11.47300
9.75900
8.04800
7.08700
10.16500
9.59000
9.24500
9.59200
-4.29200
-4.27800
-5.29900
-5.29200
-4.33700
-4.37200
8.35700
-6.27600
11.50400
9.90300
4.35900
1.29300
5.71300
2.90400
-1.25000
-2.32600
-1.44700
-1.99300
1.58700
4.37600

-1.91300
6.58100
6.87100

-0.72100

5.87800
5.60600
0.42300
7.56300
1.27100
2.15400
9.14600
8.88000

10.32400
9.99700
9.82200

10.08900
7.22800

11.16100
0.72100

8.88900

-3.92600

-5.99100

-1.63300

-3.32300

-4.21400

-0.37200

3.64600
7.60500
5.49900
3.92800

7.15800
-4.60300
-5.03800
6.56200
-3.48100
-3.04400
5.87600
-4.25100
5.25800
4.72500
3.27100
4.32700
1.42800
2.78500
0.55100
-0.50400
-3.69100
0.94800
5.81000
-4.46100
-1.74400
1.29200
1.52500
4.23600
4.25200
5.58500
4.73400
3.10500
1.54800
-1.34700
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8.61800
5.51400
5.69300
4.60000
1.81700
-9.94700
-10.54000
-6.06100
5.93700
4.34700
10.50300
7.65100
6.58900
6.68300
7.58200
6.14400
4.71300
4.51400
5.09700
5.47100
2.44900
3.41600
2.40600
2.32500
4.41000
5.32800
4.38300
3.53900
5.55300
5.76500

3.11900
0.28000
-0.59100
2.77600
1.07200
-3.09900
1.04000
10.40200
-10.49600
-10.19800
-1.36400
8.01400
-0.81200
-0.39400
-0.87200
-1.81200
0.94400
1.73100
1.39500
0.25900
5.19300
4.77300
5.29900
6.17800
5.77900
6.13600
6.13400
6.15800
-4.99300
-4.52500

-3.58500
-2.31500
6.19800
2.88000
5.66100
7.16300
-7.05600
3.44200
-3.61200
0.37600
7.02900
-3.42500
-3.35800
-4.36600
-2.89600
-3.40800
-6.31000
-7.04700
-5.38800
-6.71200
-5.20800
-4.91600
-6.29900
-4.74100
-1.39700
-0.91200
-2.43400
-0.85100
-0.81200
0.15600
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5.13700

6.48200

2.87600

2.66700

3.61200

3.27100
-2.34400
-1.50000
-3.07900
-2.82000
0.23800

0.79500

0.08000
-0.72300
-6.26700
-6.27900
-6.90200
-6.64300
-7.45100
-7.67100
-7.42400
-8.23000
-1.54200
-1.12200
-2.53900
-0.88200
-2.64200
-1.55800
-3.05700
-3.10800

-5.99500
-5.06800
-6.69800
-7.67200
-6.82500
-6.01200
-6.51900
-6.93700
-7.31200
-5.71800
-4.57700
-4.55800
-5.61600
-4.06900
-3.21800
-3.47200
-2.34500
-4.06900

0.60000
-0.01300
-0.02400

1.36500
0.08900
-0.53200

0.43700

0.94600
3.70600

3.78300

2.93600

4.67300

-0.66700
-1.39200

1.94800

2.40900

1.14800
2.70700
-3.28800
-3.84700
-3.09600
-3.86500
-5.94700
-6.89200
-5.63800
-6.08200
-2.75200
-1.68600
-2.92900
-3.33500
-1.44600
-2.32600
-0.54500
-1.33500
-7.50700
-8.30700
-7.79800
-7.33600
-6.09800
-6.23600
-6.75700
-6.33200
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2.33100

3.02800

1.54600

2.88000
-3.05300
-3.77300
-2.81800
-3.47600
-5.71000
-5.27200
-5.88500
-6.66300
-0.34700

0.60600
-0.17800
-0.83500
-1.68200
-1.16900
-2.76400
-1.34200
-4.60100
-3.74300
-4.54600
-5.52900
-6.61600
-7.68600
-6.49500
-6.17700
-3.49800
-4.53300

6.20200
7.00200
6.61600
5.41600
6.52600
6.70400
7.47700
5.82800
4.92700
5.92400
4.48400
5.00600
4.62400
4.09700
5.62300
4.71700
-6.01600
-6.52100
-6.14700
-6.44500
-5.88400
-6.33600
-6.07100
-6.31700
0.80300
0.87600
0.32300
1.80700
0.77300
0.56700

3.09300
2.81000
3.73400
3.62300
-1.95900
-1.15500
-2.45700
-2.69000
0.77100
0.66400
-0.21600
1.30900
5.85700
5.97400
5.44300
6.83700
4.20000
5.02800
4.31000
3.25100
1.20200
0.69300
2.27900
0.80600
3.61900
3.38300
4.59400
3.63200
6.45300
6.16200
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-3.38700 0.64100 7.53800
-3.23500 1.80200 6.18100
1.67600 0.14000 7.25700
2.59500  -0.42600 7.44100
1.52500 0.86100 8.07200
0.81700  -0.53800 7.21200
2.44100  -3.65100 6.00000
2.73100  -4.68000 6.25200
2.96800  -2.95500 6.66100
1.35800  -3.54200 6.11800
6.32800 3.02600 2.25400
6.77700 3.87700 2.78300
6.93700 2.13200 2.41300
6.28000 3.24800 1.18200
7.34000  -0.78300 1.26400
7.25300  -0.09400 0.41700
7.63800  -0.24200 2.16700

T oD == O & T T QO & 2T Z O @D o@m & O T T

8.09600  -1.54500 1.03500

Coordinates for Ag44(4-FTP)6(SMe)244': two cis-staple opened

Ag -0.13100  -0.69900 2.53900
Ag -0.38500  -2.62300 0.51800
Ag 1.25500  -1.73900  -1.69000
Ag 2.63200 0.65100  -0.95200
Ag 1.78300 1.31600 1.76800
Ag 2.20700  -1.37100 0.99500
Ag 2.32400  -0.59300 3.83900
Ag 1.30900  -3.32200 2.74600
Ag 2.00100  -4.02300  -0.19900
Ag 4.04400  -1.86900  -1.10000
Ag 4.44200 0.46800 1.22100
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1.76200
0.16500
6.08400
3.96900
0.19800
0.88300
3.32300
2.26000
2.65100
4.96200
2.73600
7.26100
6.30700
0.52400
8.40900
5.54400
4.56300
3.51100
0.09400
0.41100
9.63300
10.53500
4.91800
4.16000
9.71200
6.90100
7.67300
8.55200
6.26900
7.32400
6.43300
0.09600

-5.71600
-6.45800
-2.95800
1.88100
1.56800
3.98300
3.14000
2.73500
1.95600
1.82800
-0.23700
-4.51600
-4.16000
-9.08700
-4.40400
3.70100
4.68600
4.42500
-8.64100
-7.65700
-4.87900
-4.80700
5.98300
6.74000
-5.43300
4.06600
3.32300
-5.52100
6.29800
-5.06800
-5.14800
-10.36500

-2.84000
-0.51800
3.36700
3.80500
4.13800
1.97100
0.25500
-2.89300
-5.79600
-3.98200
-3.63600
6.40100
6.01300
-2.93300
5.57700
-7.01200
-7.27100
-7.15200
-4.20400
-4.54800
6.11700
5.50900
-7.66900
-7.86100
7.40000
-7.16700
-6.96900
8.17100
-7.81400
7.68700
8.30900
-2.50400
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H
C
C
C
C
F
F
F
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S

0.41400
-1.12900
-0.72700
-0.73200

7.27000
-1.93200
8.62400
6.62500
2.63800
-0.15500
5.77400
2.56700
-2.34500
-0.51400

1.33300

1.63200
3.87800
5.30600
5.12700
4.66400
8.38900
5.72800
3.61500

0.26000
0.65000

-1.05900

-2.41100

-1.57400

-1.94900

-2.40900

-0.77900

-1.62400

-10.72800
-10.68700
-11.16800
-9.43100
5.35700
-11.47100
-6.06500
7.56300
5.69400
4.17200
2.52400
1.31800
0.94200
-3.31300
-5.77600
-8.13900
-4.41300
-0.61000
2.01800
3.47200
-3.71700
-1.78200
-2.84100
0.74900
2.63000
1.88700
-0.54500
-1.25800
1.54300
0.62400
3.39000
4.18100

-1.52800
-4.55300
-3.30600
-5.01500
-7.56800
-5.34400
9.43600
-8.21100
0.88600
4.43700
2.25300
5.76300
6.21800
4.80000
1.70100
-1.90300
-2.04100
-3.13000
-6.58700
-2.03100
3.94600
1.00100
4.12600
-2.65200
-0.53400
1.63000
0.90500
-1.71300
-1.03800
-3.68600
-2.88700
0.07700
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-3.88800
-4.19200
-1.49200
0.22700
-5.28200
-4.86000
-0.14600
-0.55300
-3.14200
-2.13600
-0.96700
-6.17700
-2.63500
-8.74700
-8.17400
-0.17000
-8.10100
-8.95000
-9.99000
-10.10700
0.00100
-0.49600
-8.86200
-8.38100
-10.86300
-11.65700
-10.21500
-8.83400
-8.04500
-10.81300
-10.70500
-10.09800

1.86100
-0.16900
5.64200
6.53500
1.67300
-1.14800
-1.63400
-3.89500
-3.07700
-2.66400
-0.94400
-1.74800
0.55200
0.72500
1.38700
8.96400
0.12900
-1.86300
-2.36400
-3.44300
8.53500
7.62200
-0.73200
-1.20500
-1.51300
-1.90900
-0.98700
-0.45300
-0.04000
-0.37600
-0.13300
0.47500

1.01800
-1.31900
2.76400
0.51200
-3.48100
-4.13200
-4.16400
-2.04300
-0.12000
2.81900
5.35900
3.68900
3.55700
-3.95500
-3.30600
3.12300
-5.06200
5.84600
6.67300
6.77100
4.45900
4.78600
-5.88600
-6.74100
7.36300
7.99500
-5.62300
5.74800
5.11900
-4.52100
7.23300
-3.67800
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-10.59100
0.49400
0.37800
1.43700
1.29600
0.80300
0.93900

-9.69900
2.21900

-12.13900

-11.56200

-2.21000
0.44700

-5.01600

-2.57100
1.46600
0.95300

-0.81800

-1.25200

-3.59800

-5.21600

-7.88600

-4.55600

-6.40300

-5.74300

-3.18000
8.31600
10.65800
1.81000
-1.05800
-1.06700

-10.80000

0.92900
10.14600
10.49100
10.41400
10.87300
9.25200
8.91400
0.41000
11.12500
-0.62000
0.70900
-5.54900
-4.27000
-2.59200
-1.42500
-0.36900
3.73600
5.88400
8.11700
4.41800
0.55700
-3.00000
-3.26100
0.47900
1.99200
3.12900
5.63700
-5.79500
11.78100
-12.15000
-9.08000
-1.65100

-2.82000
2.71800
1.69200
4.91800
3.60800
5.35800
6.38400
6.43300
5.79300
-4.26200
7.91000
-0.76400
-4.51400
-2.03100
-5.35100
-5.94700
-4.99500
-1.78900
1.98100
1.82900
3.02800
5.00400
2.18600
-5.49200
-0.96700
-4.09800
-7.68500
7.80400
3.29400
-2.97300
-5.98900
-6.25700
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-9.59600
-4.81300
-4.69800
-5.82800
-4.08200
-1.33900
-0.80000
-2.38100
-1.30500
-3.80500
-4.31600
-3.48600
-4.50500
-5.83300
-6.91600
-5.61600
-5.32700
-3.18900
-3.73900
-2.52500
-3.90200
-0.97200
-0.61000
-1.41500
-1.72700
5.08200
4.60900
5.93900
5.42800
2.95100
2.85000
3.20200

1.49100
-5.05500
-5.22900
-5.33700
-5.65200
-4.52500
-4.55700
-4.23600
-5.51400
-0.01600
-0.55500
-0.72800

0.70200

1.91300

2.02700

1.68200

2.84500
-6.36400
-5.59900
-6.92100
-7.05900
-5.08100
-5.51200
-5.86900
-4.31500
-5.51200
-6.46800
-5.69200
-5.01600
-6.63300
-7.26800
-7.25600

6.34900
2.57200
3.64700
2.26700
2.01400
5.94200
6.89700
6.11300
5.46900
6.86400
6.05800
7.63400
7.31000
4.13000
3.99100
5.17700
3.85000
-2.11100
-2.67100
-2.77900
-1.64800
-5.39000
-6.33300
-4.77400
-5.60400
-1.15700
-0.91100
-1.81900
-0.24400
1.98900
2.87800
1.12500

32



Z = O @ . = O . = m O & @& £ O & T % QO & @&n T O @D & & O @& @& O m

3.74000
7.38100
7.23300
7.97200
7.90800
7.27900
7.08400
8.08600
7.58400
3.31400
3.62300
3.88200
2.24200
3.60300
2.93200
4.16300
4.29800
-4.79100
-5.63500
-4.29900
-5.15600
1.13300
1.61900
0.64900
1.87400
3.47400
2.75500
3.90600
4.27800
-2.38000
-3.11300
-2.77800

-5.89300
-1.37800
-0.81600
-0.78600
-2.31500
1.65500
0.58900
1.77000
2.11500
-3.54000
-4.59300
-2.98300
-3.47500
0.37500
-0.06400
-0.42000
1.06500
5.57100
5.74600
6.52400
5.11000
5.00800
5.81000
5.42200
4.26000
6.47800
7.07700
5.70200
7.12800
6.79700
6.09200
7.27900

2.16300
0.26700
-0.66300
0.97400
0.05000
2.91400
3.06900
2.17900
3.86200
5.81300
5.82600
6.56800
6.03100
6.98500
7.73300
6.48400
7.48000
1.00100
1.68000
0.78100
0.07700
5.47800
4.91600
6.37200
5.78100
2.34600
2.91300
2.98600
1.97800
-2.19200
-2.59900
-1.29300
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-2.15500
2.44500
1.99200
3.48200
2.40700
5.82400
5.27200
5.63100
6.90000
4.88800
5.91500
4.72300
4.18200
1.56000
2.65200
1.21200
1.14000

-3.01100

-3.66100

-3.30800

-1.96600

-2.50800

-2.55800

-3.35900

-1.56600

-7.29500

-8.08400

-7.61400

-7.09800

-6.71500

-6.64900

-7.38200

7.56400
-1.61500
-1.72000
-1.28100
-2.58000
-1.79700
-2.73500
-1.36700
-1.99000

5.26100

5.55300

5.41800

5.85900
5.48900

5.52100

5.98900

5.99800

3.36100

2.65700

4.38800

3.20800
-0.61200
-1.38900

0.06800
-0.06200

1.21100

1.97400

0.38800

0.83300
-2.73000
-2.59400
-1.98100

-2.94500
-6.91000
-7.90500
-7.01700
-6.39300
-4.45600
-4.33200
-5.44400
-4.34900
-2.46400
-2.20800
-3.53400
-1.87700
-4.98700
-4.94600
-5.90100
-4.11100
-5.93000
-6.45900
-6.17900
-6.22100
-7.01400
-7.78700
-7.13000
-7.11200
-0.32200
-0.28000
-0.96800

0.68800
-1.30000
-0.21500
-1.73800
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H -7.10300  -3.73300  -1.51700

Coordinates for Ag44(4-FTP)(,(SMe)244': two frans-staple opened

Ag 0.61700 1.05600  -2.45900
Ag 0.92600  -1.74600  -1.87900
Ag -1.12100  -2.47100 0.00300
Ag -2.67200  -0.16500 0.60700
Ag -1.58900 2.02200  -0.91800
Ag -1.70000  -0.59700  -2.07400
Ag -1.81600 1.74000  -3.74200
Ag -0.06000  -0.82800  -4.40600
Ag -1.26300  -3.36900  -2.68300
Ag -3.77500  -2.23800  -0.99600
Ag -4.07400 0.90500  -1.68800
Ag -1.15600  -6.26300  -1.64600
Ag 0.88700  -5.36800  -3.55000
Ag -4.50200 0.59600  -4.67700
Ag -4.46500 3.29800  -3.56000
Ag 0.02800 3.90800  -2.25800
Ag -0.97100 4.35000 0.62900
Ag -3.62700 2.46500 1.00900
Ag -2.94300 0.52200 3.39200
Ag -2.22600  -1.80200 4.99500
Ag -6.62100  -1.20000 2.96000
Ag -2.99500  -2.57700 2.15200
-7.98000 1.52600  -5.20000
-7.40500 0.65600  -4.88300
0.40800  -8.93300  -3.44700

-9.25900  -2.73700 4.72100

C
H
C
C -7.28700 2.65700  -5.69000
C
C -10.25000  -2.97400 5.71000
H

-10.45900  -2.19100 6.43700
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0.55200
0.07100
-8.05300
-7.53900
-10.95800
-11.71500
-9.45200
-9.01700
-8.26300
-10.09500
-10.68100
-9.37800
-9.90700
1.04600
0.95100
1.90900
1.79400
1.30000
-9.71600
2.63800
-11.46500
-11.37700
-3.04900
0.30600
-5.16400
-2.10700
1.95200
2.80500
-0.02100
-0.59600
-3.32300
-5.39900

-9.41700
-8.87400
3.77600
4.65800
-4.18000
-4.35100
3.77000
-3.78400
-3.63100
2.63300
-5.17900
1.50800
0.63800
-9.65100
-9.29300
-11.24900
-10.80700
-10.56900
-4.99700
-12.38300
2.62200
-6.36800
4.81300
6.20900
3.27400
4.38900
3.95500
-0.48600
-3.40500
-7.51200
-4.78400
-2.61000

-2.12600
-1.31200
-6.09300
-6.47100
5.77500
6.54000
-6.01300
3.79500
3.02300
-5.52200
4.84100
-5.11100
-4.72600
-4.48500
-5.50900
-2.90300
-4.22100
-1.84800
3.85000
-2.64100
-5.44500
4.90100
2.24500
-0.83900
-1.10100
-3.83600
-4.30500
-6.09900
-5.02300
-3.85100
-1.84300
1.17200
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-8.41600
-5.36500
-5.51100
-5.30000
-2.18200
-0.66100
-0.95500
1.11200
2.65300
1.54700
1.66600
1.79800
0.06700
1.22600
3.77000
4.03900
1.16200
-0.90500
4.49700
4.37600
-0.09600
0.96400
3.59400
2.93100
1.96000
6.89500
2.96300
7.93500
7.38800
-0.41700
7.20700
9.89300

-1.18100
1.12200
2.69500

-1.12300
0.09500
-1.03200

1.77500
2.51400
0.18200
-1.99000
0.63100
-1.67800
0.93600
3.40400
2.24200
-0.88900
6.29300
5.44500
-0.57900
-3.29200
-3.86400
-4.31100
-2.45800
-0.52400
1.60500
1.09800
2.56300

-1.61300
-0.73500
9.01100
-2.70800
2.42100

4.69500
2.57100
-5.87800
-2.94300
-5.80100
2.46400
1.83100
-0.05000
-0.64700
0.89000
2.01600
