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ABSTRACT: Clathrate hydrates (CHs) are believed to exist within
interstellar environments, potentially contributing to the preservation
of diverse volatile compounds within icy bodies across the cosmos. In
this study, using reflection absorption infrared spectroscopy, we show
the formation of dimethyl ether (DME) CH from a vapor-deposited
DME—-water amorphous ice mixture. Experiments were conducted in
an environment mimicking interstellar conditions: ultrahigh vacuum
(P ~ 5 X 10~ mbar) and cryogenic conditions (T ~ 10—150 K).
Thermal annealing of the amorphous ice mixture to a higher
temperature (7 ~ 125 K) resulted in the formation of CH. Quantum
chemical calculations suggested the formation of 5126 cages of
structure II CH. Subsequent investigations into the dissociation of
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DME CH unveiled its transformation into hexagonal ice, requiring a
substantial activation energy of 68.04 k] mol-'. Additionally, confirmation of the formation and dissociation of CH was supported by
temperature-programmed desorption mass spectrometry. These results significantly advance our understanding of the existence of

CHs under extreme conditions relevant to an interstellar medium.

l INTRODUCTION

Clathrate hydrates (CHs) are host—guest crystalline com-
pounds having hydrogen-bonded cages of water with different
molecules (mostly gases) encaged within.!-> While the most
SRR 1 R AR ARS8 TR R dfed
CH4, COZ, C I;I 2 (@] ,zand N ;vithin them, large molecules

such as 2-methylbutane and cycloheptane form the hexagonal
structure H (sH) CH.3-¢ The formation of this non-
stoichiometric crystalline CH is well-known under high-
pressure and low-temperature conditions.” However, its
existence in ultrahigh vacuum (UHV) under cryogenic
conditions was established only recently.’® Considering the
temperature—pressure conditions, it is now clear that they can
occur in outer space in addition to icy environments on earth’s
sea beds.-12 CHs have garnered significant scientific interest
due to their potential implications in energy storage,’ climate
change,'? and astrochemistry.'#!> Thus, understanding the
properties and behavior of CHs is crucial for a wide range of
applications.

The formation of CHs in a vacuum at temperatures ranging
from 100 to 150 K has been a known phenomenon since the
1990s.1917 However, recent advancements have expanded our
understanding of CH formation, particularly in the UHV
environment at exceptionally low temperatures. These break-
throughs were achieved by thermal annealing of amorphous

© 2024 American Chemical Society
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water matrices in the presence of hydrocarbons like CHy (at 30
K)'® and CoHs (at 60 K) for extended durations, leading to
the formation of sI CH. Moreover, it has been observed that
the dissociation of the CH of carbonyl compounds such as
formaldehyde, acetaldehyde, and acetone can catalyze the
formation of hexagonal and cubic crystalline ice struc-
202 O o .
s enenmie o O 0 T SV R RS i
applications in materials science, cryogenic chemistry, and
astrochemistry. Thus, it is imperative to expand our
investigative scope to encompass a broader spectrum of
molecules studied under a simulated interstellar medium
(ISM).

The simplest ether, dimethyl ether (DME), emerges as a
molecule of profound significance, showcasing its relevance in
the terrestrial environment and ISM.?-% It is one of the most
abundant complex organic molecules detected in space,” and
its presence in interstellar clouds and protostellar environ-
ments offer valuable insights into the chemistry of the
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Figure 1. RAIRS study of DME CH. (a) Normalized temperature-dependent RAIR spectra of 300 ML of a DME—HO (1:5) ice mixture in the
C-0 antisymmetric stretching region of DME. (b) IR spectrum after 270 min at 125 K is deconvoluted into two components, shown in blue (peak
centered at 1096 cm~1) and red (peak centered at 1090 cm~1) shades. The DFT-optimized structure of DME inside the 51264 cage is shown in the
inset. The peak labeled as * in the spectrum at 125 K and 270 min is attributed to a very tiny amount of dilutes. The ice mixture was codeposited
on the Ru(0001) surface at 10 K and annealed to 125 K with a ramping rate of 2 K min-1. (c) Schematic illustration of DME interaction with water
at various temperatures. Blue and orange-colored DME molecules represent the strong and weak hydrogen bonding nature of water molecules,

respectively, and engaged DME inside 5126* cages is also shown.

cosmos.?>?’-2 DME is a precursor molecule for forming

many organic compounds such as methyl formate, methanol,
formaldehyde, methane, and ozone, including those necessary
for life.”> On earth, DME has become a clean-burning
alternative fuel and aerosol propellant, contributing to
sustainable energy solutions.’® Thus, DME plays a dual role
as both an eco-friendly fuel source on our planet and a crucial
molecule in unraveling the mysteries of the ISM.

DME CH is well-studied in high-pressure systems by nuclear
magnetic resonance, X-ray diffraction, and Raman spectrosco-
py.31-% Buch et al.* showed the formation of sIl DME CH by
depositing DME vapor on ice nanocrystals. However, no
reports of DME CH under UHV and cryogenic conditions
exist. In this study, we investigated the formation of sl DME
CH using reflection absorption infrared spectroscopy (RAIRS)
and temperature-programmed desorption mass spectrometry
(TPD-MS). Further, we elucidated the cage selectivity
phenomenon by employing quantum chemical calculations.
Through controlled thermal annealing, we induced the
transformation of an amorphous DME—water ice mixture
into the distinct 5126 cage structure of sII CH. Furthermore,
we observed that the dissociation of DME CH leads to the
formation of stable hexagonal ice (In), requiring a substantial
activation energy of 68.04 k] mol-1. This is the first detailed
study investigating the formation and evolution of DME CH
under simulated ISM conditions.

2464

I EXPERIMENTAL SECTION

All experiments were conducted inside a UHV chamber,
maintaining a base pressure of ~5 X 10-10 mbar. The
apparatus is described in detail elsewhere.® Briefly, this
vacuum chamber is equipped with several analytical
techniques, including RAIRS, TPD-MS, secondary ion mass
spectrometry, low energy ion scattering mass spectrometry,
and a VUV lamp. The base pressure of the vacuum chamber is
maintained by several turbomolecular pumps, further backed
by several oil-free diaphragm pumps. A single crystal Ru(0001)
surface 1.5 cm in diameter and 1 mm in thickness was used for
our experiments to grow thin ice films. This substrate was
securely mounted on a copper holder and positioned at the tip
of a closed-cycle helium cryostat. The substrate is also
equipped with a 25 Q resistive heater, allowing precise
temperature control in the range of 8 to 1000 K. Temperature
measurement was achieved using a K-type thermocouple and a
platinum sensor, providing a temperature accuracy of 0.5 K.
Before each experiment, Ru(0001) was heated to 400 K
repeatedly to ensure cleanliness. It is worth noting that the
surface has no effect in this study due to multilayer deposition.
Millipore water (H2O of 18.2 MQ) resistivity) was taken in a
vacuum-sealed test tube (with a glass-to-metal seal) and was
further purified by several freeze—pump—thaw cycles. DME
(99.9%, Sigma-Aldrich) was used without further purification.
DME and water were connected to the UHV chamber through
separate sample inlet lines. Precise control over the deposition
of these two samples was achieved by utilizing all-metal leak

https://doi.org/10.1021/acs. jpcc. 307792
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valves. For quantification purposes, we considered that 1.33 X
10~ mbar exposure for a second equated to 1 monolayer
(ML), which in turn was estimated to contain approximately
1.1 X 10 molecules cm~2, assuming a sticking coefficient of
unity.3¢ To deposit 300 ML of ice consisting of a 1:1 ratio of
DME and water mixture, the chamber was backfilled to a total
pressure of 5 X 10~7 mbar for 10 min, with DME reaching 2.5

X 10-7 mbar and water pressure also maintained at 2.5 X 10-7

mbar. Different ratios of DME and H.O/D,O (1:5, 1:10, and
1:20) were prepared at 10 K by keeping the total pressure
constant and varying the inlet pressure of DME and water
accordingly. Throughout the vapor deposition process, mass
spectra were continuously recorded to verify both the purity
and the ratio of the deposited molecules.

The formation of DME CH was investigated bg using both
RAIR spectroscopy and TPD mass spectrometry. RAIR spectra
were obtained in the 4000—550 cm~! range with a spectral
resolution of 2 cm~! utilizing a Bruker Vertex 70 FT-IR
spectrometer equipped with a liquid nitrogen-cooled mercury
cadmium telluride detector. The IR beam path outside the
UHV chamber was continuously purged with dry nitrogen to
avoid absorption by atmospheric gases. For the TPD-MS
experiments, we employed a quadrupole mass spectrometer
supplied by Extrel.

I COMPUTATIONAL DETAILS

All of the electronic structure calculations were conducted
using the Gaussian 09 software package. First, the ground-state
geometries of the DME and the CH cages (namely, the 52,
51262, and 51%6* cages) were optimized using the density
functional theory at the B3LYP/6-311++g(d,p) level of
theory.!® Next, the optimized DME molecule was placed
inside the optimized CH cages, and the geometries were
reoptimized at the same level of theory. Additionally, we
conducted frequency calculations to verify that these geo-
metries are at the minimum of the potential energy surface,
and these calculations always yielded nonimaginary frequen-
cies, proving the ground-state nature of these geometries.

I RESULTS AND DISCUSSION

The DME CH was created by slow annealing the vapor-
deposited amorphous DME-water ice mixture from 10 to 125

K. Three hundred monolayers of DME and water (1:5) ice
mixture were codeposited on the Ru(0001) substrate at 10 K,
then slowly annealed to 125 K with a ramping rate of 2K
min-! and waited there for 270 min. Figure 1a shows the
normalized RAIR spectra of DME at 10, 120, and 125 K (after
waiting for 270 min) in the C—O antisymmetric stretching
region. The RAIR spectrum at 10 K shows a peak at 1090 cm~?
and is accompanied by a broad IR band centered around 1075
cm~!, which is 8 and 23 cm~! red-shifted from the pure
amorphous DME peak at 10 K, respectively (the RAIR spectra
of pure amorphous DME are shown in Figure Sla). The peaks
at 1090 and 1075 cm~! can be attributed to the hydrogen
bonding (weak and strong) interaction of DME with water
molecules.” The broad shoulder near 1075 cm~! disappeared
with a reduction in the peak intensity at 1090 cm~! when the
ice mixture was annealed to 120 K (Figure S2), suggesting the
weakening of DME—water hydrogen bonding at higher

temperatures and fractional desorption of DME from the ice
matrix. Understanding the weakening of hydrogen bondin% is
facilitated by analyzing the temperature-dependent RAIR

2465

spectra of DME—water (1:1) presented in Figure S3a. This
analysis reveals a notable reduction in the intensity of the
broad peak (#) and a concurrent increase in the intensity at the
1090 cm~! peak. These changes are observed before the
desorption temperature of pure DME (90 K), as illustrated in
Figure S6. Further annealing the mixture from 120 to 125 K
gives rise to a new peak at 1096 cm~! (Figure S2a), attributed
to the DME engaged in CH cages.’’” Upon isothermal
annealing at 125 K, a gradual decrease in the peak intensity
of 1090 cm~1 was observed for 180 min; afterward, no further
changes until 270 min were observed. This decrease represents
the desorption of trapped DME from amorphous solid water
(ASW) up to a specific point in time; beyond this point,
prolonged waiting does not result in further desorption. By
deconvoluting the spectrum at 125 K after 270 min (shown in
Figure 1b), we found that 25.3% of the total DME was
exclusively encaged in the CH structure, while 15.5% of the
total DME was observed to be trapped within the ASW matrix.
Additionally, in the C~O symmetric stretching region, a new
peak was observed at 928 cm~! upon the formation of CH,
which was absent at 10 K (shown in Figure S2b). To
investigate the influence of the DME—water ratio on the CH
formation fraction, we conducted four temperature-dependent
RAIR experiments using different mixtures (1:1, 1:5, 1:10, and
1:20) of DME and water. These various ice mixtures were
deposited at 10 K and subsequently subjected to direct
annealing at 130 K, with the resulting fraction of DME encaged
in CH being calculated and presented in Table SI.
Remarkably, the highest observed fraction was 16% for the
1:5 ratio, while the lowest was 6.5% for the 1:20 ratio. It is
important to note that the temperature, ratio of host and guest
molecules, and annealing time influence CH formation in
UHYV conditions.'81°

The reported crystal structure of DME CH suggests the
formation of sl and a tetragonal structure from an aqueous
solution of DME at a temperature of —40 °C.5' However,
under low-temperature conditions, only sl hydrate was
obtained upon vapor deposition of DME on ice nanocrystals.*
DME has a molecular size of 4.1 A,* whereas the sII small and
large cages have an average cavity radius of 3.91 and 4.73 A,
respectively.® This suggests that DME prefers to form large
cages rather than small ones. In the current study, we observed
6 and 12 cm~! blue-shifted peaks in C—O antisymmetric and
symmetric stretching regions, respectively, after annealing to
125 K. This same shift was also observed when we performed a
temperature-dependent RAIR study, taking HO—DME and
D>O—DME ice mixtures at a higher temperature (>130 K)
(shown in Figures S3 and S4). Also, sequentially deposited
DME and a water—ice mixture showed CH formation above
130 K (Figure S5). A new single peak arises in C—-O
asymmetric and symmetric stretching, suggesting the for-
mation of single types of cages attributed to the slI large cage.
Buch et al.3* showed the formation of DME and H»S CH
where H,S occupied the small cage, most parts of DME
occupied the large cage, and other fractions stayed as absorbed
molecules in the system. The resulting RAIR spectrum we
obtained after 270 min at 125 K (Figure 1a) matches the
infrared spectrum shown by Buch et al. in their study.* So, the
new peak at 1096 cm~! can be attributed to the large cage
(5126%) of sIl CH, and the peak at 1090 cm~! indicates the
presence of trapped DME within the ASW matrix.

To further strengthen our claim on the formation of a large
cage (5126 of sll, we conducted quantum chemical

https://doi.org/10.1021/acs. jpcc.3c07792
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calculations of DME in various CH cages and computed the
infrared spectra of such clathrates. Our simulations yielded
significant shifts in the vibrational frequencies after the
inclusion of guest molecules into the CH cages, elucidating
the diverse structural conformations of CH. Figure 2 shows the
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Figure 2. DFT-optimized structures of DME and DME trapped
within different CH cages, such as (a) DME, (b) 512 cage, (c) 51262
cage, and (d) 51264 cage. Color code used: cyan, C; red, O; and gray,
H.

DFT-optimized structures of DME and DME encaged in 5'2,
51262, and 51264 cages. It was observed that DME in 51262 and
5126 is stable, whereas in the 512 cage, it is unstable, leading to
the cage breaking (Figure 2b). The vibrational frequency of

free DME and DME encaged in 51262 and 5126* cages in the
C-0 antisymmetric stretching region is presented in Table S2.
It was found that in the case of the 5262 cage, DME shows a
positive shift of 3.05 cm~1, and in the case of the 526%, it shows
a negative shift of 3.21 cm~". It is important to note that DME
has a molecular size of 4.1 A, with the average cavity radius of
51262 and 5'26* being 4.33 and 4.73 A, respectively.S In the case
of the 51262 cage, the larger methyl groups of DME hinder the
oxygen atom from approaching the clathrate cage walls,*
resulting in increased steric hindrance and, consequently, a
blue shift in frequency. Conversely, the 5126 cage, with its
larger cavity radius, allows for closer proximity between the
oxygen atom and the hydrogen atoms of the cage walls,
promoting hydrogen bonding and leading to a red shift in the
frequency. Experimentally, we observed that pure amorphous
DME shows a peak at 1098 cm~!, whereas the DME CH
shows a peak at 1096 cm~1, indicating a 2 cm~! redshift.
Theoretical calculations reveal that pure DME has a peak at
1090.93 cm~?, whereas DME encaged in the 526* cage exhibits
a peak at 1187.72 cm~?, corresponding to a 3.2 cm~! redshift.
Notably, the experimental shift closely matches the theoretical
shift in the 526* cage (the lar%e cage of sll). From all of these
results, we infer that DME forms the 51264 cage of sl CH
under UHV and cryogenic conditions.

The observation of outgassing patterns within the cometary
environment has significantly enhanced our comprehension of
various types of ice, such as crystalline ice and CH." Here,
with the help of TPD-MS, we showed that the DME molecules
encaged in the CH cage and a fraction of molecules trapped in
the ASW matrix desorb in a molecular volcano (MV) event
during the phase transition to crystalline ice.?**° To form
DME CH, we vapor-deposited 300 ML of a DME—water (1:5)
ice mixture at 10 K, annealed the system to 130 K, and then
waited for 2 h to desorb the maximum residual molecules not
trapped inside the cages. Subsequently, we cooled the system
back to 10 K, annealed the DME CH to 200 K with a ramping
rate of 10 K min~1, and collected the mass spectra to measure
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Figure 3. TPD-MS study of DME CH. TPD mass spectra of 300 ML of a DME—H,O (1:5) ice mixture after hydrate formation. The red spectrum
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schematic illustration of the MV event or transition from DME CH to I, is shown inside the plot.
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for different temperatures. The activation energy (E.) of ice crystallization was calculated from the slope of the linearly fitted straight line of plot

(b).

the intensities at m/z = 18 (water) and m/z = 45 (DME). In
Figure 3, the blue and red spectra represent the mass spectra
for DME and water, respectively. The peak at 144 K (in the
blue spectrum) is attributed to the MV peak. When the water
molecules participating in CH cages turn to I, along with
ASW, all of the cages are broken, resulting in the desorption of
molecules at a time showing a sharp MV peak. The phase
transition (CH to Ir) peak in the red spectrum is shown by #.
The peak at 158 K in the red spectrum represents the
sublimation of the water matrix. While pure DME endures in
the solid phase up to 93 K (Figure S6), DME in CH form is
stable in the solid phase until 144 K in UHV conditions. This
suggests the possibility of the presence of DME in the hot core
regions of the ISM. A parallel experiment utilizing deuterated
water yielded similar results, with the MV peak observed at 147
K for DME and a water desorption peak at 161 K due to the
bulkier mass and reduced mobility of deuterated water
molecules (shown in Figure S7).

The study of crystallization kinetics, specifically focusing on
the transition from CH to Iy, holds significant relevance in

2467

various scientific disciplines, including CH chemistry, physical
chemistry, astrochemistry, and planetary science.*'-4 We
conducted isothermal time-dependent RAIRS experiments
utilizing a 300 ML DME—-water (1:5) film within the
temperature range 130-135 K to assess the kinetic parameters
of this phase transition. Figure 4a shows the time-dependent
data in the O—H stretching region. At 0 min, the spectrum
represents the water molecules that participated in the CH
phase and the remaining ASW. The 200 min spectrum
represents the Iy crystalline feature, comparable to the previous
literature.*>~#8 It is well-known that pure amorphous ice
converts to I, at elevated temperatures in UHV.¥” We have
created I from pure amorphous water at 140 K and compared
it with our results (Figure S8). The crystallization fraction at
different temperatures versus time is shown in Figure 4b
(calculated from the infrared spectra shown in Figure S9). The
absorbance intensity at 3260 cm~! was used to evaluate the
crystallization fraction, x(t) using eq 1.
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O = a4 )

AA(1) represents the difference between absorbance at a
specific time t and one at time 0, and AA(2) is the
corresponding value for the difference between the absorbance
at time 0 and a completely crystallized film. Thermodynamics
of the dissociation of CH and its impact on the crystallization
of water ice can be understood from the crystallization fraction.
The observed crystallization times indicate a significant
difference, with 29 h required at 130 K and only 3.3 h at
135 K. This strongly suggests that higher temperatures
facilitate a more rapid dissociation of DME CH, enhancing
the crystallization kinetics. To underscore this point further, we
conducted a comparative analysis of the crystallization fraction
for DME CH and pure water at 130 K, as depicted in Figure
S10. Notably, in the case of pure water at 135 K, a considerably
extended period of 12 h was necessary for crystallization to
occur. This further supports the correlation between the
elevated temperature, increased DME CH dissociation, and
accelerated crystallization kinetics.

Kinetics parameters and activation energy for the CH to I
transition were evaluated using the Avrami equation.

X)) =1 - exp(— k-t)" )

where k is the rate constant, t is the time, and n is a parameter
related to the crystallization mechanism.? The variable “n” can
take values within the range of 1 to 4, and these values are used
to predict the nature of the crystallization process.*? eq 2 can
be rearranged in a linear form.

In( — In[l — x®]) = nIn(t) + nInk ®)

Figure 5a shows plots of In(—In[1 — X(t)]) versus In(t) at
different temperatures. The values of n and k at various
temperatures were calculated using the slope and intercept of
linearly fitted lines and are shown in Table 1. The value

Table 1. Kinetics Parameters Estimated Using the Avrami
Equation at VVarious Temperatures

temperature
K) 130 132 133 135
n 1.60 145 1.57 1.58
rate constant 19x10° 43x10° 665x10> 19x10*

obtained for n is found between 1.4 and 1.6, indicating that the
nucleation started from CH and amorphous ice interfaces and
grew in a polyhedral manner in the side ice matrix.?'253 The
slope of the linearly fitted line of the Arrhenius plot (Figure
5b) was used to determine the activation energy (E.) of ice
crystallization. It was found to be 68.04 k] mol~! for the
transition from CH to I. Our previous studies reported that
the activation energy for the desorption-induced ASW to I
transition is ~52—58 k] mol-1,20454¢ Jess than the value from
the current study. This suggests that the higher thermody-
namic stability of DME CH leads to its slow transformation to
In.

l CONCLUSIONS

Here, we show the formation of sII DME CH in DME-H,O
interstellar ice mimics. A vapor-deposited amorphous DME
and water ice mixture was created at 10 K in UHV; its further

annealing to 125 K resulted in a new IR peak at 1096 cm~7,
indicating the formation of DME CH. Quantum chemical
calculations provided compelling evidence for the creation of

the large cage structure (526%) of sll. Additionally, TPD-MS
revealed the phenomenon of DME molecules desorbing in a
MYV event during the transition from CH to crystalline ice. The
RAIR study showed that CH resulted in the formation of I
upon dissociation. The kinetics of crystallization were
systematically analyzed using the Avrami equation, revealing
a kinetic energy requirement of 68.04 k] mol-! for the
dissociation and subsequent formation of I. These findings
provide a comprehensive mechanistic insight into the
formation and dissociation of DME CH within interstellar
environments, advancing our understanding of complex
processes occurring within such celestial settings.
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Figure S1. Temperature-dependent RAIR spectra of pure 150 ML DME in (a) C-O antisymmetric
stretching region and (b) C-O symmetric stretching region. Pure DME vapor was deposited on
Ru(0001) substrate at 10 K and annealed to 100 K with an annealing rate of 2 K min-1. VVapor-
deposited DME resulted in amorphous form at 10 K and crystallized above 70 K.
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Figure S2. Temperature and time-dependent RAIR spectra of 300 ML of DME-H20 (1:5) ice
mixture in (a) C-O antisymmetric stretching region and (b) C-O symmetric stretching region. DME
and water vapor were co-deposited on Ru(0001) substrate at 10 K and annealed to 125 K with an
annealing rate of 2 K min-1, then waited there for 270 min.
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Supporting information 3:

Table S1. Comparison of the Percentage of DME CH formation from total DME at different ratios
of DME-water.

(DME:H0) ratio Percentage of DME CH formation from
total DME (%)
1:20 6.5
1:10 8.1
1:5 16
1:1 13
3
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Figure S3. Temperature-dependent RAIR spectra of 300 ML of DME-H,0O (1:1) ice mixture in
(a) C-O antisymmetric stretching region and (b) C-O symmetric stretching region. The peak # is
attributed to the strong hydrogen bonding interaction of DME and water. DME and water vapor
were co-deposited on Ru(0001) substrate at 10 K and annealed to 150 K with an annealing rate of
2 Kmint,
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Figure S4. Temperature-dependent RAIR spectra of 300 ML of DME-D,O (1:1) ice mixture in
(a) C-O antisymmetric stretching region and (b) C-O symmetric stretching region. The peak # is
attributed to the strong hydrogen bonding interaction of DME and water. DME and water vapor
were co-deposited on Ru(0001) substrate at 10 K and annealed to 160 K with an annealing rate of
2 Kmint,

sS4

20



Supporting information 6:

(a)

1094 cm!
0.060 - :

0,045 - 1098 cm*

o©

o

@

=)
1

Absorbance

iY

1096 cm!
0.015 -

| 1090 cm!

— 10K (b) o0s

70K

110K

120K
— 130K
— 140K
— 150K

0.06

0.04

Absorbance

0.02

0.000

0004

T T =T T
1125 1110 1095 1080

Wavenumber (cm™)

T
1065

1000

T T
950 900

Wavenumber (cm?)

850 800

Figure S5. Temperature-dependent RAIR spectra of 300 ML of DME@H-0O (1:1) ice mixture in
(a) C-O antisymmetric stretching region and (b) C-O symmetric stretching region. The peak # is
attributed to the strong hydrogen bonding interaction of DME and water. DME and water were
sequentially deposited on Ru(0001) substrate at 10 K and annealed to 150 K with an annealing rate
of 2 K min-t. The sequential deposition was carried out by condensing 150 ML of H»O ice over
the same coverage of DME ice, thus making it a (1:1) mixture.
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Table S2. Comparison of the computational and experimental vibrational shifts of DME CH

compared to free DME in the C-O antisymmetric region.

B3LYP/6-311++g(d,p)
Asymmetric stretch

Experimental

System 4 .
Shift (cm ) IR asymmetric stretch  Shift (cm )
IR asymmetric stretch (cm)
(cm™)
DME 1190.93 NA 1098 NA
DME@5%2 NA NA NA NA
DME@5'%62 1193.98 3.05 NA NA
DME@5'%6* 1187.72 321 1096 2
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Figure S6. TPD-MS plot of 150 ML of pure DME. The intensity of CHsOCH2* (m/z = 45) versus
the temperature of Ru(0001) substrate is plotted. The peak at 93 K is attributed to the desorption
of DME. The pure DME vapor was deposited on Ru(0001) substrate at 10 K and further annealed

to 200 K with an annealing rate of 10 K/min.
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Figure S7. TPD-MS study of deuterated DME clathrate hydrate. TPD mass spectra of 300 ML of
DME-D20 (1:5) ice mixture after hydrate formation. The red spectrum represents the D20
desorption, and the blue spectrum represents the DME desorption. Mass spectra is plotted for D,O*
(m/z = 18) and CH3OCH,* (m/z = 45) with respect to temperature. The peak labeled (#) is
attributed to the phase transition from clathrate hydrate to hexagonal ice.
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Figure S8. Comparison of the normalized RAIR spectra of hexagonal crystalline ice obtained by
thermally annealing pure water at 144 K for 30 min and DME and water ice mixture (1:5) at 135

K for 200 min.
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Figure S9. RAIR study of phase transition from amorphous solid water to hexagonal ice through
clathrate hydrate dissociation. Isothermal time-dependent RAIR spectra of 300 ML of DME-H20
(1:5) in the O-H stretching region at (a) 130 K, (b) 132 K, (c) 133 K, and (d) 135 K. DME and
water vapor were co-deposited on Ru(0001) substrate at 10 K and annealed at a rate of 2 K min-!

to the set temperatures.
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Spontaneous a-C—H Carboxylation of Ketones by Gaseous CO: at
the Air-water Interface of Aqueous Microdroplets
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Abstract: We present a catalyst-free route for the
reduction of carbon dioxide integrated with the forma-
tion of a carbon-carbon bond at the air/water interface
of negatively charged aqueous microdroplets, at ambient
temperature. The reactions proceed through carbanion
generation at the a-carbon of a ketone followed by
nucleophilic addition to COz. Online mass spectrometry
reveals that the product is an B-ketoacid. Several factors,
such as the concentration of the reagents, pressure of
COz gas, and distance traveled by the droplets, control
the kinetics of the reaction. Theoretical calculations
suggest that water in the microdroplets facilitates this
unusual chemistry. Furthermore, such a microdroplet
strategy has been extended to seven different ketones.
This work demonstrates a green pathway for the
reduction of CO: to useful carboxylated organic prod-

ucts.
4

Increasing carbon dioxide emissions in the atmosphere and
decreasing forest cover of Earth are some of the biggest
concerns of humanity. COz capture and conversion are
methods to tackle this problem. Researchers worldwide
have come up with several plausible solutions that include
capturing CO2 by advanced materials,/! reducing it by
electrochemical means,? and converting it to small organic
molecules.34 Among these, a direct chemical reaction
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between CO2 and organic molecules to form fine chemicals
is particularly advantageous from an industrial point of
view. However, direct nucleophilic addition by a carbanion
to the C-center of the chemically inert CO2 to form a
carbon-carbon bond is energetically unfavorable. To over-
come this, much attention was given to catalytic processes
such as electrochemicall?®l and photoelectrochemical®”l re-
duction of CO2, photocatalytic artificial photosynthesis, ]
and catalytic reduction.[*%11 However, most of the processes
are complex, energy-consuming, expensive, and environ-
mentally unfriendly in totality. Therefore, we need simple,
ecofriendly, and efficient methods to convert CO:z into
value-added products.

Microdroplets are promising platforms for understanding
chemical and biological reactions occurring at small vol-
umes, single cells, and at single-molecule levels. They exhibit
an extraordinary physicochemical environment in compar-
ison to conventional synthesis in bulk solutions. For
example, enormous enhancement in the rate of the
reaction,[*2 spontaneous reduction of species,[314 and occur-
rence of unfavorable reactions,[*>16171 are known in micro-
droplets. Recently, we found that the high acidity of micro-
droplets protonates carboxylic acids to make them
electrophiles to undergo nucleophilic addition-elimination
reaction.[8] Similarly, Huang et al. showed that microdrop-
lets could protonate inert CO2 (g) at the gas-liquid interface
followed by a reaction with aliphatic amines forming a C—N
bond.[*1 This reaction shows tremendous acceleration using
carbonate and bicarbonate salts.[?®l The Zare group recently
found that aqueous microdroplets containing 1,2,3-triazole
can efficiently convert CO2 into formic acid.[?1 They have
further demonstrated a reaction between toluene and CO:
in water microdroplets.[?!] Ge et al. has also demonstrated
that the gas-liquid interface of microdroplets significantly
accelerates photocatalytic CO2 reduction reactions.[29:30]

Here, we utilized the unique environment of micro-
droplets to achieve CO: reduction in-water integrated with
C—C bond formation, leading to carboxylation at the a-
position of an aliphatic ketone. Online mass spectrometry
was performed to characterize the reaction.

Scheme 1 compares the CO:2 reduction toward C—C
coupling performed using the slow conventional bulk syn-
thesis methods[?°-251 with the rapid microdroplet synthesis.
Figure 1 shows the results from microdroplet reaction of
acetylacetone (AcAc) with COz2(g). The detailed experimen-
tal protocol is presented in Supporting Information 1. The

© 2024 Wiley-VCH GmbH
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Scheme 1. A comparative study of CO2 to C €bond formation using
conventional method?-2%! yvs microdroplet method.

reaction was carried out by performing electrospray of
AcAc (ag.) in negative ion mode in a nebulized condition at
5 pL/min flow rate and 3 kV spray voltage, as shown in
Figure 1a. In N2-nebulized electrospray ionization, the major
species seen was deprotonated AcAc [M—H] at m/z 99
(Figure 1b), further confirmed by its collision induced
dissociation, resulting in a fragmented peak at m/z 57
(neutral loss of CH2CO) as shown in Figure Sla. Strikingly,
by changing the nebulization gas from N2 to COz, a product
peak at m/z 143, [M—-H+ 44], was seen (Figure 1c). The
conversion ratio (CR), the ratio between the product and
reagent plus product intensities expressed in percentage, i.e.,
CR (%) =[Ir/(Ir + Ir)]*100, was 35 %. Tandem mass spec-
trometry of the product peak at m/z 143 gave two major
fragmented species corresponding to CO2 and H20 losses,
and two minor peaks due to CO and C2He losses,
respectively (Figure S1b). MS/MS/MS of the isolated peak at
m/z 99 again showed a characteristic loss of CH2CO (Fig-
ure S1c) which matched with the MS/MS of AcAc.

Ketone | Microdroplet | Mass

spectrometry

+ reaction
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Scheme S1 shows structures of the major fragmented
species. The loss of CO:2 requires a moderate collision
energy (~40 V) as evident from Figure S2. All of these give
us confidence to identify the peak to be a covalently bonded
product of a reaction between the ketone and CO.. Among
the two positional isomeric products in Figure la, we
speculate that the carboxylation reaction occurs at the
center position of AcAc, due to the higher acidity of these
two protons compared to the protons in the methyl groups.
The product peak was further confirmed by performing the
droplet reaction with an isotopically labeled reagent (Fig-
ure S3). Note that we did not observe any di-carboxylated
product, as evident from the MS/MS spectrum of the peak at
m/z 187 (Figure S4), which arises from the background. We
also conducted a bulk reaction by continuous bubbling of
CO:2 in a solution of AcAc. A time-dependent ESI MS
measurement of the bulk reaction mixture shows no product
formation (SI 2 and Figure S5). To rule out any possibility
of contamination from the experimental setup, we recorded
background spectra that showed complete absence of the
reagent or product (Figure S6).

We then performed pressure dependent experiment to
evaluate the effect of CO2 concentration at the droplet
interface. Figure S7 shows the CR vs. COz gas pressure plot.
To our surprise, we observed a drastic decay of the CR with
increasing nebulization gas pressure. With increasing gas
pressure, the concentration of CO:z around the droplet
environment cannot be significantly increased. Although,
the actual concentration of CO2 around the droplet is hard
to evaluate. We believe that within the lowest pressure
regime, the CO2z concentration around the droplet is
significantly higher that it reaches the saturation limit of the
reaction. In this case, we suggest that the droplet velocity
plays convert into product, hence, high CR.[?8l Similar results

b
1991 99| m-HI- With N,
0O O
S 50 M
% © 132
B ol | | A |
S 90 110 130 150
-t
£ g9 | M-HI- With CO,
s 143
> 501 = (M-—H+44]"| «
4 ) ' 3
3 8
o0 142 144 146 =
0 IR . Y Twe . ln- .
90 110 130 150

m/z

Figure 1. Microdroplet reaction between acetylacetone and CO(g). a) Schematic illustration of experimental procedure and scheme of reaction
between acetylacetone and CO,. CO; can exist in solution too, in addition to the interface, as it dissolves in water. Mass spectrum of 10 mM
acetylacetone in water in b) nitrogen and c) CO2-nebulized electrospray. Inset of b shows structure of the species detected corresponding to AcAc

anion. Inset of ¢ shows the zoomed-in spectrum of the peak at m/z 143.
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were also observed in the distance experiments, discussed
later in this article.

The concentrations of the reactants are indeed an
important parameter in controlling the rate of the reaction
in such microdroplet chemistry.[31 We observed a dramatic
concentration effect when we varied the concentration of
AcAc from 1 uM to 10 mM. Figure S8a displays a stack of
mass spectra at different concentrations. We found that the
product peak intensity falls exponentially with increasing the
reagent concentration, as shown in Figure S8b. At low
concentration, most of the AcAc anions are available at the
surface to participate in reaction with CO, in contrast to the
high concentration where molecules at the droplet core are
unreactive, lowering down the overall CR.

The spray potential has been found to have a minimal
effect on the conversion ratio (Figure S9a). Upon increasing
it from 0 to 1.5 kV, ionization efficiency increases which
drives the reaction. Note that at 0 kV, we only observe a
noise (Figure S9b). We believe that AcAc ion concentration
saturates at 1.5 kV spray potential resulting in a plateau in
the potential vs CR plot of the reaction.

We then planned a different approach for the reaction
and used (NH4)2COzs as a source of CO2. By spraying 1 : 30
molar ratio of AcAc:(NH4)2COs in water, we observed a
deprotonated species corresponding to carboxylation of

(2]

75-

50-

Conversion ratio (%)

25

0 50 100
[(NH,),CO,J[AcAc]
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AcAc (Figure S10). We also observed a significant increase
in the product peak intensity in this case than in the CO2-
nebulization experiment. The CR was ~75 %. We also
performed a reaction with CO2 present in ambient air which
resulted in low product yield as compared to that from a gas
cylinder (Figure S11).

Contrary to the observation by Cooks et al., where the
authors reported C—N bond formation with CO2 and amine,
both in positive and negative ion modes, we found no
reaction in the positive ion mode. A peak at m/z 145 was
observed at low intensity in the positive ion mode, although
the MS/MS spectrum did not show a characteristic neutral
loss of CO2 (Figure S12). We speculate that the mechanism
(Figure 2a) of the reaction involves the formation of
carbanion nucleophiles in the first place in negatively
charged microdroplets. This is due to the high acidity of the
enolate proton, which undergoes C—H cleavage to make the
carbanion. Such negatively charged species occupy the gas-
liquid interface to minimize the electrostatic repulsion and
cause nucleophilic attack to the C-center of the CO2. For
CO:2 nebulized conditions, the microdroplet surface acts as a
reaction site, as shown by reaction path 1 (Figure 2a).
However, the reaction with ammonium carbonate undergoes
via its decomposition to COz2(g) which eventually creates
micro/nano-bubbles at the interior of the droplet as shown

b
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Figure 2. Microdroplet reaction at different conditions. a) In-droplet carboxylation reaction mechanism involving both intrinsic formation of CO,
from the dissociation of ammonium carbonate and externally nebulized CO.. Effect of b) tip-to-inlet distance, c) ratio of ammonium carbonate and
acetylacetone and d) ratio of water and methanol on the reaction progression.
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in Figure 2a. Gas-liquid interfaces of such micro/nano-
bubbles serve as a reaction site for this heterogenic
interfacial reaction (path 2). Such nanobubbles within micro-
droplets have been observed previously.[3 Notably, reaction
via dissolved COz in water cannot be overruled both in CO2
nebulization and with ammonium carbonate. We excluded
any electrochemical pathway of the reaction through radical
generation by performing a control experiment with the
addition of TEMPO which does not affect our reaction
(Figure S13).

Tip-to-inlet distance is known to affect microdroplet
chemistry by regulating the flight time of the droplets. We
observed a dramatic difference in the CR by changing the
tip-to-inlet distance. Figure 2b shows a sigmoidal increase of
the CR with increasing distance from 0.5 to 5 cm while
spraying AcAc with (NH4)2COs. This suggests that the
reaction progression depends highly on the time travelled by
the droplet in air. Figure S14 shows a series of mass spectra
with varying distances. A similar experiment with CO:2
nebulization was performed (Figure S15). We observed that
beyond a distance of 3 cm, the CR decreases which might be
due to complete desolvation resulting in the release of the
gas phase ion. To account for the droplet size effect, we
have conducted a control experiment in which we varied the
tip diameter of the emitter while maintaining a constant
distance of 1.5 cm. We found that reducing the tip diameter
increases the product peak intensity significantly (Fig-
ure S16). The smaller the droplets higher the surface area. It
proves that the reaction is occurring at the surface of the
droplet. This contributes to the enrichment of the reactant
molecules at the surface, resulting in an increased conver-
sion ratio. [l

Encouraged by the above findings, we performed an
experiment by varying the (NH4)2CO3z to AcAc ratio in
solution. In Figure 2c we found that the CR rises quickly
from 10 to 70 % by increasing the (NH4)2COg ratio from 5 to
30 %. After that, it reaches a plateau. Mass spectra of the
corresponding ratios are shown in Figure S17. Additionally,
we performed imaging experiments of deposited droplets to
visualize the number of microbubbles formed
(Figure S18a—c). We observed that the number density of
microbubbles per droplet increases significantly with in-
creasing the concentration of (NH4)2COs (Figure S18d).

We found that the reaction is not supported by organic
solvents. To check the effect of organic solvents, we added
methanol to the bulk solution. By varying the solvent
composition from 0 % to 95 % of H20 in methanol, we
found an increase of CR from 3to 18 % at a 1 : 1 molar ratio
of the ammonium carbonate to AcAc (Figure 2d). Fig-
ure S19 shows the mass spectra of the corresponding data
points at different solvent compositions. Firstly, we assessed
that owing to high dielectric constant, water in the droplet
helps in holding the net charges better than the organic
contents such as methanol. Which in turn drives the
generation of the carbanion to react with CO:z at the
interface. Secondly, we suggest that this could also be
regulated by the equilibrium of ammonium carbonate to
COz2 conversion. At higher water concentrations, the equili-
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brium shifts to the CO2 side which helps in generating
microbubbles for the reaction to occur.

We further verified our conjecture of reaction through
microbubbles by changing the pH of the solution. We
observed that lowering the pH of the solution linearly
increases the CR of the reaction (Figure S20). We concluded
that low pH influences the formation of microbubbles inside
microdroplets.

To understand the effect of ionic strength, we conducted
an experiment by adding a noninteractive salt, CaCl. and
compared the results with the results in the absence of it
(Figure S21). Interestingly, we observed a significant incre-
ment of product peak intensity upon the addition of CaCl..
The addition of non-interactive salt is known to influence
the reaction rate when the reaction proceeds through the
formation of a charged species. The increase of product
peak intensity upon the addition of CaCl. further supports
our mechanism that the reaction goes through the formation
of the carbanion. The addition of CaClz will induce an
increased concentration of CIl ions in the droplet. We
assessed that an increased concentration of CI ions
increases the rate of the reaction. Thus, we observed an
increased conversion ratio after the addition of CaCl..

To gain deeper insights into the reduction mechanism of
COz2 in the presence of AcAc and water, we conducted a
series of density functional theory simulations (see computa-
tional details for further details) on the complexes of AcAc,
COg2, and H20. We examined the role of solvent molecules
by varying the number of explicit water molecules in our
simulations from one to three and found that the presence
of explicit water molecules plays a crucial role in capturing
COa2. The COz2 reduction reaction begins with the formation
of a carbanion complex from AcAc through the keto- enol
tautomerism. The Gibbs free energy profiles for the
tautomerism with varying numbers of explicit water mole-
cules are shown in Figure 3(a). Complex 1 represents AcAc
solvated with three explicit water molecules. The proton
transfer (keto-enol tautomerism) within AcAc generates
complex 2, and the transition state is represented by TS1/2.
In the presence of one explicit water molecule, the
activation barrier for the proton transfer is about 34.2 kcal/
mol, and it is reduced to 21.47 kcal/mol in presence of three
explicit water molecules. The drastic decrement in the
activation barrier with an increase in the water molecules is
due to the ease of proton transfer in the network of more
explicit water molecules. The calculated free energy change
(~G) between the keto and enol tautomer is about 1 kcal/
mol, where we find that the keto form is more stable than
the enol form. Water, being a polar solvent, slightly
stabilizes the keto form with a high dipole moment.[34-37]

Next, we computed the barriers for CO2 capture using
the enol form (complex 2) in three explicit water molecules.
The Gibbs free energy profile for this reaction is shown in
Figure 3(b). Here, complex 3 depicts the interaction of CO2
with complex 2 with some reorientation. The transfer of a
proton from complex 3 to the surrounding water molecules
is exergonic and stabilizes the formation of carbanion
complex 4 by 9.45 kcal/mol. The formation of a C C bond
between carbanion (complex4) and CO: generates the
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Figure 3. Free energy landscape for CO: reduction over AcAc and DFT optimized structures in the presence of three explicit water molecules along

the reaction pathway.

carboxylate anion (complex 5). The computed activation
barrier for the C-€ bond formation is 4.27 kcal/mol. The
formation of C—C bond decreases the free energy of the
complex 5 to 13.06 kcal/mol. Here, C C bond length
decreases from 3.75 to 1.6 A. We also calculated the
activation barrier of C C bond formation between the
carbanion and COz in the gas phase, which is 8.9 kcal/mol
(Figure 3(b)). Hence, we conclude that CO2 reduction is
facilitated by solvated water. Finally, the transfer of proton
from the water molecules to the COO group results in the
formation of the carboxylic acid (Complex 6). The barrier
for this proton transfer (TS5/6) is around 23 kcal/mol.
Complex 6 is less stable than complex 5 since holding a
proton on the carboxylate anion is less preferred than
releasing it into the water (in other words, carboxylic acid
prefers to lose a proton in water). We have also observed a
similar result with complex 2, where it was stabilized by
approximately 7 kcal/mol by releasing the proton to water
(see Figure S22).

We calculated the activation barriers for the formation
of a G—C bond in both neutral (i.e., representing the core of
the droplet) and charged media (representing the surface of
the microdroplet) by considering up to three explicit water
molecules. As shown in Figure S23, the barriers for the C—C
bond formation in the neutral medium is 19.3 kcal/mol when
three explicit water molecules are considered (18.60 and
17.60 kcal/mol in the presence of one and two water
molecules, respectively). In contrast, the barrier is only
4.27 kcal/mol when the system is negatively charged. More-
over, for the system representing the microdroplet environ-
ment, the carboxylate complex formation step (5) is exer-
gonic, whereas the same step is endergonic for the system

Angew. Chem. Int. Ed. 2024, 63, €202403229 (5 of 7)

representing the bulk environment. Together, these results
strongly indicate that the formation of a C—C bond (which is
the crucial step in our reaction) is more favorable in
microdroplets than in bulk water.

We extended our microdroplet chemistry to several
other ketones. These include acetone, 1,1,1-trifluoro-5,5-
dimethyl-2,4-hexanedione, benzophenone, acetophenone,
dimedone (5,5-dimethylcyclohexane-1,3-dione), and cyclo-
pentane-1,3-dione. Based on the above observations, we
decided to perform these reactions with ammonium
carbonate with a 1 : 1 ratio of both the reagents in solution.
The mass spectrum and the MS/MS of the reagents and the
products are presented in Figures S24-29. The CR values of
other products range from 0.008 to 28 %, while that for the
reaction between 1:1 AcAc and (NH4)2COs was highest at
33 %. Strikingly, we observed that two of the cyclic
diketones, i.e., dimedone and cyclopentane-1,3-dione did
not react well. We assessed that the reaction mechanism
goes through the formation of carbanion from the enol form
of the diketones. In the case of AcAc, the Kketo-enol
equilibrium shifts towards the enol side due to the
intermolecular hydrogen bonding through a six-member
ring formation (as shown below in Scheme S2a). However,
these two cyclic ketones cannot form stable enol due to their
ring strain. The Schemes S2b and S2c below show the
equilibrium structure of the keto and enol form of the two
cyclic diketones. Note that ketones having no o-H do not
undergo this reaction (Figure S26). This also supports our
reaction mechanism of the formation of carbanion via C—H
bond cleavage in charged microdroplets. Our product,
B-diketo acid, is known for its instability at room
temperature.[3839 It was also evident from the ESI MS of the
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crude product where we observed low product vyield,
synthesized upon two-hour deposition and liquid phase
extraction from a scaled-up multiplexed electrospray setup
(Figure S30).

In summary, we introduced a method of forming C C
bond with chemically inert CO2 and the a-carbon of ketones,
in charged aqueous microdroplets. lonization of ketone by a
C—H cleavage at the o position is the first step of the
reaction. Interfacial enrichment of the newly formed
carbanion helps in reaction progression via a nucleophilic
attack to the C-center of CO2, which is a key step of the
reaction. Our work shows a tremendous possibility to
convert environmental CO:2 to useful products. The science
discussed here has implications in understanding interfacial
chemistry at the gas-liquid phase, the latter in a confined
volume, such as in clouds, aerosols, rain droplets, and mist.

Supporting Information

A brief discussion on the experimental procedures, compu-
tational details, MS of the reaction by varying gas pressure,
distance, concentration, and solvent effect, MS of the bulk
reaction, and MS and MS/MS of other reactants and
products, presented in Supporting Information. The authors
have cited additional references within the Supporting
Information.[40-42]
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Spontaneous a-C-H Carboxylation of Ketones by Gaseous CO: at
the Air-water Interface of Aqueous Microdroplets
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Abstract: We present a catalyst-free route for the reduction of carbon dioxide integrated with the formation of a carbon-carbon bond at the
air/water interface of negatively charged aqueous microdroplets, at ambient temperature. The reactions proceed through carbanion generation
at the a-carbon of a ketone followed by nucleophilic addition to CO,. Online mass spectrometry reveals that the product is an a-ketoacid. Several
factors, such as the concentration of the reagents, pressure of CO, gas, and distance traveled by the droplets, control the kinetics of the reaction.
Theoretical calculations suggest that water in the microdroplets facilitates this unusual chemistry. Furthermore, such a microdroplet strategy
has been extended to seven different ketones. This work demonstrates a green pathway for the reduction of CO, to useful carboxylated organic
products.
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Supporting Information 1:

Sampling and online mass spectrometric measurements:

We prepared 10 mM aqueous solutions for each of the reagents in Millipore water. The solutions were
taken in a Hamilton 100 pL syringe and connected to a syringe pump to infuse (at 5 pL/min) through a fused
silica capillary (ID = 100 um; OD = 300 pm). The capillary and syringe were connected through a union
connector. The flow rate of the sample was set to 5 pL/min. The high-voltage power supply was connected
to the metallic needle of the syringe. Negative and positive 3-4 kV were applied to generate the charged
microdroplets from the tip of the capillary. This home-built ESI setup was held in front of the mass
spectrometer inlet at a distance of 1 cm (tip-to-inlet distance). Capillary and tube lens voltages were set to
2 and 20 V, respectively. The capillary temperature was set to 270 °C for most of the experiments. No
nebulization gas was applied for most of the experiments. However, the gas pressure experiments were
performed by connecting an N2 source with the ESI source using a stainless-steel union T connector.
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Figure S1. Collision-induced dissociation of the isolated peaks corresponding to the reagent and the
product. a) MS/MS spectrum of m/z 99. b) MS/MS spectra of isolated ion of m/z 143 showing a major loss
of 44 corresponding to CO2. ¢c) MS/MS/MS of the isolated product peak which further supports our
assignment.
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of mono-deuterated AcAc and product IE-))eak at m/z 100 and 144, respectively. b and ¢) MS/MS and
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Supporting Information 2:

Bulk reaction and ESI MS measurements:

A bulk reaction was conducted by continuous bubbling of CO2 gas from 1 minute up to 30 minutes in an
aqueous solution containing 10 mM AcAc. A time-dependent ESI MS measurement was performed in a
commercial ESI source with an LTQ-XL mass spectrometer to observe any product formation. We used N2
as a nebulization gas and -3 kV as spray voltage. Mass spectra as a function of time are shown below
where no peak at m/z 143 corresponding to product was observed. We only observed the reagent peak at
m/z 9|9 as the base peak. All the other peaks at different time intervals are the result of the background
signal.
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Figure S5. Time-dependent ESI MS measurements of the bulk reaction mixtures. The absence of a peak
at m/z 143 shows no product formation in bulk.

43



1.0%10°

Methanol

161

—~
c:’d 5.0%x102
N’
Py
g) 89
G) °-°7Water
Fus)
S 5.0x10%
Q
E 159 161
(@)
2 2.5x10%-
< 115
150
)
o_o i d n X A
50 100 150 200
m/z

Figure S6. Background mass spectra were recorded using methanol (tOFP .
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FigureS8. Effect of total reagent concentration in the microdroplet carboxylation reaction. a) Mass
spectra collected at different concentration of AcAc varying from 1 uM to 10 mM, respectively. b) shows
the C.R.(%) vs concentration plot where we observed that with increasing concentration, relative
intensity of the product peak with respect to the reagent peak, decreases until it reaches a plateau.
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Figure S9. Spray voltage variation experiments a) Effect of spray voltage on the reagent to product
conversion ratio of the microdroplet carboxylation reaction. b) Mass spectrum collected at zero applied
potential. We observed negligible signal with absolute intensity of 0.6 a.u. A peak at m/z 99 maybe due to
In-source gas Rhase ionization. Absence of product peak at m/z 143 suggests that the reaction does not
occur without the application of potential.
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showing characteristic loss of CH2CO and H20, respectively. C) MS/MS of the peak at m/z 145, showing a
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Figure S13. Effect of a radical scavenger i.e., TEMPO on the droplet carboxylation reaction. Mass spectra
showing no effect of TEMPO addition with 1:1 and 1:2 ratios of AcAc, confirms that the reaction does not

proceed via a radical pathway.
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Figure S14. Microdroplet reaction mass spectrometry of reaction between aqueous AcAc and (NH4)2COs.
Here tip-to-inlet distance is varied from 0.5 cm up to' 5 cm. Negative ion mass spectrums are recorded in
rE}du&I% increasing distance showing the decrease of the substrate (m/z 99) and increase of the product
m/z .
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Figure S15. Microdroplet reaction mass spectrometry of reaction between aqueous AcAc and COz(g). Here
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showing the increase of the product (m/z 143).
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Figure S16. Electrospray emitter tip diameter variation experiments. Online mass spectra collected using

two different tip dimeter such as a) 15 um and b) 50 um, respectively.
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Figure S17. Mass spectra of reaction mixture containing AcAc and (NH4)2COs at varying bulk ratios of both

the reagents.
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Figure S18. Dark field microscopic images of microdroplets (a) Images of droplet taken on a clean

lass slide. (bR Zoomed image of deposited microdroplets shows the aggregated microbubbles inside
the microdroplet (indicated in red box), (c) Zoomed image of aggregation of microbubbles inside of the
microdroplets, (d) Graph of number density of microbubbles vs (NH4).COs clearly indicates the increase
in number of microbubbles with increase of (NH4)2COz concentration.
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Figure S19. Mass spectrums of the reaction between AcAc and (NH4)2.COs for different solvent
compositions (water-methanol mixture). The increase of the percentage of water in the methanol (from
2% to 100%) shows a gradual increment of relative abundance of product in the spectrum.
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Figure S20. Effect of pH on the reagent to product conversion ratio. Acidic and basic pH solutions were
achieved by adding HCI and NaOH, respectively.
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Figure S21. Effect of ionic strength on our microdroplet carboxylation reaction. lonic strength of the
solution was increased by adding a non-interactive salt CaClz in the reaction mixture in equimolar ratio
with the reagents having 3 mM final concentration of each reagent.
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Supporting information 3

First-principles density functional theory calculations were conducted to understand the reaction
mechanism of converting ketones to ketone carboxylates. Specifically, the reaction barrier for the
formation of a C-C bond between the ketone and carbon dioxide molecules was examined. To this end,
we optimized the geometries of the reactants, products, intermediates, and transition states at the
wB97XD/6-31+g(d,p)i! level of theory as implemented in the Gaussian16 suite of programs.[
Furthermore, vibrational analysis was carried out for all the optimized geometries to confirm the nature
of the minimum, i.e., the presence of a single imaginary frequency for transition states, and the absence
of imaginary frequencies for intermediates. We included the solvent effects by considering the well-
established SMD solvation model, which is a continuum solvation model based on the solute's electron
density.B! Finally, to include the effects of hydrogen bonding, we have considered up to three explicit
water molecules in our simulations. Free energies of all the complexes were computed at 300 K.
Optimized cartesian coordinates of all the complexes are given below.
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Cartesian coordinates for all the intermediates and transition states optimized using wB97xD/6-31+g(d,p)

Complex 1 (with 1 H,0)

-2.30671500 -1.13201100
-2.26103700 -1.74819700
-2.73499500 -0.16476500
-2.93987900 -1.60019500
-0.93227700 -0.88541300
0.12277000 -0.49935000
0.35613000 -1.40166300
1.35893800 0.07116300
2.51771300 -0.84166100
3.31642500 -0.34327300
2.17465900 -1.73060900
2.88562500 -1.18611500
-0.66609500 -0.97690200
1.37714600 1.24942800
-1.09158900 2.66504400
-1.76470400 1.98020000
-0.24436300 2.18170100
-0.30613000 0.23598300

ITIITIOOOIITIITOOITIOOIIIO

Complex TSy, (with 1 H,0)
-2.54165500 -0.91122200
-2.96840200 -1.67872300
-2.33936900 -1.35697500
-3.28775800 -0.11851500
-1.30150300 -0.34447800
-0.04286500 -0.64511300
-0.06953800 -1.36299900
1.23964400 -0.38317600
2.40844800 -1.20980800
3.30646200 -0.59053900
2.59724800 -1.99748000
2.21192300 -1.68902400
-1.45574000 0.34573400
1.46147400 0.51803200
0.23137500 2.12238800
-0.61190300 2.60517500
0.66610400 2.13329100
0.02595200 1.12933300
mplex 2 (with 1 H;O)
-2.19744200 -1.56155600
-1.88718200 -2.55377600
-2.65699900 -1.04419000
-2.94588700 -1.64267300
-1.03594100 -0.73983600
0.27689800 -1.02774900
0.41761600 -1.84817800
1.36691200 -0.28663900
2.75178600 -0.52729300
3.40700100 -0.73710300
2.78508000 -1.36386400
3.12758700 0.37458300
-1.24315900 0.21827400
1.26166900 0.72519700
-1.03860900 2.61259000
-1.28008800 1.89145200
0.29951300 0.78741100

IIOOOIIIOOIOOIIIOQIIIOOOIIIOOIOOIIIO

-0.38817600
-1.29060900
-0.67778900
0.36633800
0.15066500
-0.86990500
-1.44671300
-0.21208300
0.00780800
0.55769100
0.54863500
-0.96532600
1.34220700
0.13350200
0.06100400
-0.02188200
0.06395100
-1.55785400

-0.45655700
0.19836400
-1.43247800
-0.56566400
0.20267300
-0.40972700
-1.22301100
0.16074600
-0.32082700
-0.38880000
0.41809200
-1.28219800
1.24172600
1.01733300
-0.87844900
-0.81631600
0.00536400
-1.01608200

-0.30656400
-0.63928600
-1.15721500
0.48452200
0.16460400
-0.32970100
-1.02189400
0.05128200
-0.43422400
0.41711800
-1.13235300
-0.92776800
0.96086700
0.90819100
-0.75407800
-0.15337200
1.15983100
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H -0.07914000 2.54629600

Complex 1 (with 2 H,O)

-2.30671500 -1.13201100
-2.26103700 -1.74819700
-2.73499500 -0.16476500
-2.93987900 -1.60019500
-0.93227700 -0.88541300
0.12277000 -0.49935000
0.35613000 -1.40166300
1.35893800 0.07116300
2.51771300 -0.84166100
3.31642500 -0.34327300
2.17465900 -1.73060900
2.88562500 -1.18611500
-0.66609500 -0.97690200
1.37714600 1.24942800
-1.09158900 2.66504400
-1.76470400 1.98020000
-0.24436300 2.18170100
-0.30613000 0.23598300

IIITOO0OO0OIIITOOITIOOIIITO

Complex TSy (with 2 H,0)

-2.54165500 -0.91122200
-2.96840200 -1.67872300
-2.33936900 -1.35697500
-3.28775800 -0.11851500
-1.30150300 -0.34447800
-0.04286500 -0.64511300
-0.06953800 -1.36299900
1.23964400 -0.38317600
2.40844800 -1.20980800
3.30646200 -0.59053900
2.59724800 -1.99748000
2.21192300 -1.68902400
-1.45574000 0.34573400
1.46147400 0.51803200
0.23137500 2.12238800
-0.61190300 2.60517500
0.66610400 2.13329100
0.02595200 1.12933300

IIITOOO0OIITIITOOIOOIIIO

Complex 2 (with 2 H,0)

-2.19744200 -1.56155600
-1.88718200 -2.55377600
-2.65699900 -1.04419000
-2.94588700 -1.64267300
-1.03594100 -0.73983600
0.27689800 -1.02774900
0.41761600 -1.84817800
1.36691200 -0.28663900
2.75178600 -0.52729300
3.40700100 -0.73710300
2.78508000 -1.36386400
3.12758700 0.37458300
-1.24315900 0.21827400
1.26166900 0.72519700
-1.03860900 2.61259000
-1.28008800 1.89145200
0.29951300 0.78741100
-0.07914000 2.54629600

ITITOOOIITITOOIOOIIIO

-0.82180300

-0.38817600
-1.29060900
-0.67778900
0.36633800
0.15066500
-0.86990500
-1.44671300
-0.21208300
0.00780800
0.55769100
0.54863500
-0.96532600
1.34220700
0.13350200
0.06100400
-0.02188200
0.06395100
-1.55785400

-0.45655700
0.19836400
-1.43247800
-0.56566400
0.20267300
-0.40972700
-1.22301100
0.16074600
-0.32082700
-0.38880000
0.41809200
-1.28219800
1.24172600
1.01733300
-0.87844900
-0.81631600
0.00536400
-1.01608200

-0.30656400
-0.63928600
-1.15721500
0.48452200
0.16460400
-0.32970100
-1.02189400
0.05128200
-0.43422400
0.41711800
-1.13235300
-0.92776800
0.96086700
0.90819100
-0.75407800
-0.15337200
1.15983100
-0.82180300
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Complex 1 (with 3 H,0)

-2.30671500 -1.13201100
-2.26103700 -1.74819700
-2.73499500 -0.16476500
-2.93987900 -1.60019500
-0.93227700 -0.88541300
0.12277000 -0.49935000
0.35613000 -1.40166300
1.35893800 0.07116300
2.51771300 -0.84166100
3.31642500 -0.34327300
2.17465900 -1.73060900
2.88562500 -1.18611500
-0.66609500 -0.97690200
1.37714600 1.24942800
-1.09158900 2.66504400
-1.76470400 1.98020000
-0.24436300 2.18170100
-0.30613000 0.23598300

ITIIIOO0OO0OIITIITOOITIOOIITITO

Complex TSy (with 3 H,0)

-2.54165500 -0.91122200
-2.96840200 -1.67872300
-2.33936900 -1.35697500
-3.28775800 -0.11851500
-1.30150300 -0.34447800
-0.04286500 -0.64511300
-0.06953800 -1.36299900
1.23964400 -0.38317600
2.40844800 -1.20980800
3.30646200 -0.59053900
2.59724800 -1.99748000
2.21192300 -1.68902400
-1.45574000 0.34573400
1.46147400 0.51803200
0.23137500 2.12238800
-0.61190300 2.60517500
0.66610400 2.13329100
0.02595200 1.12933300

IIITOOOIIITOOIOOIITIO

Complex 2 (with 3 H,0)

-2.19744200 -1.56155600
-1.88718200 -2.55377600
-2.65699900 -1.04419000
-2.94588700 -1.64267300
-1.03594100 -0.73983600
0.27689800 -1.02774900
0.41761600 -1.84817800
1.36691200 -0.28663900
2.75178600 -0.52729300
3.40700100 -0.73710300
2.78508000 -1.36386400
3.12758700 0.37458300
-1.24315900 0.21827400
1.26166900 0.72519700
-1.03860900 2.61259000
-1.28008800 1.89145200
0.29951300 0.78741100
-0.07914000 2.54629600

ITITOOOIITITOOIOOIITIO

-0.38817600
-1.29060900
-0.67778900
0.36633800
0.15066500
-0.86990500
-1.44671300
-0.21208300
0.00780800
0.55769100
0.54863500
-0.96532600
1.34220700
0.13350200
0.06100400
-0.02188200
0.06395100
-1.55785400

-0.45655700
0.19836400
-1.43247800
-0.56566400
0.20267300
-0.40972700
-1.22301100
0.16074600
-0.32082700
-0.38880000
0.41809200
-1.28219800
1.24172600
1.01733300
-0.87844900
-0.81631600
0.00536400
-1.01608200

-0.30656400
-0.63928600
-1.15721500
0.48452200
0.16460400
-0.32970100
-1.02189400
0.05128200
-0.43422400
0.41711800
-1.13235300
-0.92776800
0.96086700
0.90819100
-0.75407800
-0.15337200
1.15983100
-0.82180300
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Complex 3 (with 3 H,0)

ITITOIIOQOIIITIOOO0OOOOITIIOOIOOIIIO

2.25346900
1.71734500
2.68072800
3.07569700
1.37032300
0.27425100
0.09631100
-0.58063500
-1.75588600
-1.85432200
-2.66381200
-1.64904600
1.61885400
-0.43024000
-1.80708800
-2.65922400
-0.95949100
-2.85046400
-3.45014200
-2.03104700
0.36890000
2.26357500
1.42255200
2.10620500
2.68259900
1.80973200
2.51942100

Complex 4 (with 3 H,0)

ITOIIOIIIOOO0OOOOITIIOOIOOIIIO

Complex TSy (with 3 H20)

0 2.39775200
0 2.34382000

C
H

0 2.49034200
2.22111900
2.90953900
3.26920800
1.31625700
0.03012600
0.02532400
-1.25097300
-2.43141700
-2.81944500
-3.22744900
-2.17680300
1.60512600
-1.52982700
-0.03572100
-0.02282700
-0.04583900
-1 0.04759600
-1 -0.75622200
-1 0.03798200
-1 0.85077500
-3.45940500
-3.81581200
-2.80852600
3.38722700
2.79090700
2.93131800

[eNoNeNeoNeoNelNolNolNolNololNololNolNo o)

0
0
0
0
0
0

0.72328500
0.96571100
1.62430500
0.04398800
0.02863700
-0.76484200
-0.85261100
-1.39358500
-2.20126200
-2.22267300
-1.77793900
-3.22295300
0.13345500
-1.30185200
1.68975700
1.22706900
2.16499300
-0.13456400
-0.16803600
-0.53784200
-0.72882400
2.68228100
3.13866100
1.78957700
-2.52500400
-2.92778900
-1.58653400

1.85411900
2.77355600
1.40976400
2.10932200
0.86660700
1.33332000
2.39744000
0.46546600
0.88226400
1.96748000
0.43997600
0.50409000
-0.36842600
-0.85511200
0.45598500
1.10212800
-0.18604200
-2.00505700
-1.25116600
-1.67808300
-1.01839700
-1.36708500
-1.25444500
-1.00693900
-1.13524000
-1.06029800
-0.96020600

2.07666800 -0.53848700
3.05177200 -0.94681600
1.46167600 -1.34291700
2.19756300 0.22005000
1.34226700 0.06138100
1.88179600 -0.15621400
2.81816000 -0.70269400

1.33337100 0.06722600
2.04666200 -0.54546300
1.42988400 -1.36469100
2.14203700 0.19846600
3.03088700 -0.94106900
0.26174500 0.67753700
0.25829400 0.69725600
-1.82330100 -0.72853100
-1.18119500 -1.70075300
-2.50478800 0.21647500
-0.35784400 2.48007700
-0.19507300 1.93467000
-1.29592300 2.77670800
-0.20453200 1.93313200
-1.38515000 -0.40717900
-0.89012600 -1.15284000
-0.77854300 0.00286000
-1.50261400 -0.48915000
-0.84494200 -0.07554000
-1.77521200 -1.29289800

-1.79099900 -0.58133800
-2.23545600 0.41652900
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ITITOIIOIIITIOOOOO0OOITIITOOIOOIT

0
0
0
0
0
0

3.36025200
2.30236600
1.27142800
-0.02146500
-0.00207500
-1.34586900
-2.43813200
-3.41700700
-2.35397900
-2.33190000
1.55502500
-1.67416300
0.03695800
-0.04177100
0.13401300
-0.08741600
-0.88794200
-0.08810600
0.70824300
-2.93365000
-2.07296900
-2.83797400
3.12839100
2.74545900
2.48435500

Complex 5 (with 3 H,0)

0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

ITOIIOIIIOOOOOOITIITIOOIOOIIIO

0
0
0
0
0
0

2.60458000
3.31069200
2.99531900
2.48259500
1.29535900
0.56217900
1.32622000
-0.32783900
-0.05596500
-0.75467400
0.97621200
-0.12267000
0.83281300
-1.22121300
-0.23375600
-1.36533100
0.32969000
-1.82914300
-1.74509400
-2.37995100
-0.93670300
-3.12616700
-2.62893600
-4.03745700
3.01353100
3.31229000
2.06137300

Complex TSss (with 3 H20)

OIIITITO

2.70752400
3.38129800
3.14064200
2.58039100
1.39321300

0.94511200
0.57261700
0.76695500
2.01898900
0.24684600

-1.29720800
-2.60621500
-0.81395900
-1.25348200
-2.28844600
-0.85000900
-1.84667900
-1.37901100
-2.68215300
-2.25762300
0.29739900
0.23463300
-0.34435000
0.83470000
-1.26612500
2.1547610C
1.59377000
2.78866700
1.58764500
1.71329600
1.59142600
1.22783700
1.62055500
1.20671500
1.43317100

0.97642600
0.58866800
0.82281400
2.04539300
0.28078900
0.55840700
0.78461600
1.79742500
2.93033800
3.75051700
3.26726700
2.56619000
-0.45864300
1.85002200
-0.65075200
-0.4158110C
-1.77142200
-0.3341330(
0.54659800
-0.9114570C
-0.7366030C
-1.7555790C
-1.39641400
-1.46077700
-2.28095000
-1.83398600
-2.05650200

-0.72081800
-1.30717900
-0.79255800
-0.33130800
-0.00426000
-0.74441800
-0.45628300
-0.56977800
-1.16014900
0.55182100
-1.30770700
-1.28232300
1.59949800
1.41550900
2.35100000
-1.40267900
-1.34285900
-0.65521500
-1.33882800
0.88962800
1.31222300
0.05646400
0.73902200
-0.05110600
1.43198000

1.01280200
0.26970800
2.01857000
0.80492900
0.83551200
-0.48021700
-1.23128000
-0.33480500
-1.26052800
-1.09699800
-1.11111600
-2.29174900
1.69590600
0.50660600
-1.03679900
-1.53651000
-0.99245800
1.78875800
1.35441800
1.21170200
1.88471000
0.09573500
-0.67053600
-0.01945300
-0.67270000
0.12661900
-0.74801400

0.89273800
0.11269900
1.87705400
0.71740700
0.75458800
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0.59461800
1.30397100
-0.24610400
-0.16418300
-0.85099900
0.86726600
-0.38165800
0.96631000
-0.93672100
-0.30236000
-1.49346100
0.15880800
-1.89573500
-1.71133500
-2.72447600
-1.01095200
-3.05684500
-2.39994700
-3.97689500
2.86178800
3.13562000
1.91765900

ITOIIOIITIIOOOOHOOOITITITOOITO

Complex 6 (with 3 H,0)

-2.60890200
-1.90278300
-3.02259200
-3.41448600
-1.95608400
-1.08143200
-1.54112400
-0.98402700
-2.17428500
-2.11480100
-3.10304900
-2.18194100
-2.10255100
0.02080600
0.29360900
1.03501200
0.67344700
2.63781000
1.85981400
3.33022800
2.23555200
3.50691500
2.00015500
4.12454800
0.96071300
0.67370400
0.26630000

ITOIIOIIIOOOOOOITIITIOOIOOIIIO

0.57371300
0.77731500
1.83501200
2.90886800
3.72445600
3.27839500
2.48121700
-0.52457600
1.92879500
-0.58229500
-0.26350200
-1.73395300
-0.51871100
0.37613200
-1.23292600
-0.92102500
-1.60324900
-1.06079600
-1.32761700
-2.38395500
-2.08780300
-2.13623200

1.72869900
2.04612200
2.59053800
1.18121900
0.79109200
-0.31727100
-0.66746300
-1.49684800
-2.39643400
-3.05074900
-1.81970200
-3.00138700
0.85824900
-1.68191000
0.23939900
-0.58669400
1.33777000
-0.44280700
-0.97652500
-0.10010800
0.37718700
0.04712900
-0.29444100
-0.64640600
1.72926500
1.74217800
1.23970100

-0.50887000
-1.31790700
-0.26016100
-1.29030700
-1.06383400
-1.32544600
-2.27471300
1.60032800
0.74587200
-0.97433800
-1.32651500
-1.00392500
1.95038800
1.60761700
0.81076800
1.93690700
-0.07733600
-0.78647100
-0.20166900
-0.76984000
0.10527200
-0.83135700

-1.07581900
-1.84820800
-0.55184800
-1.58009100
-0.11528200
-0.72105100
-1.65262400
0.25062900
0.31446300
1.18433000
0.32676800
-0.60024900
1.09406400
0.91972800
-1.03797300
-1.74230700
-0.65365100
1.38735700
1.15605100
-0.23059400
1.73295700
-1.18865500
-1.69851000
-1.44899000
2.14606000
1.21743500
2.60300200
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Figure S22. Free energy landscape for keto-enol transformation over AcAc.
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Figure S23: Free energy landscape for C-C bond formation in neutral and negatively charged
microdroplets.
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Fi%'ure S24. Microdroplet reaction mass spectrometry of reaction mixture containing 1:1 acetone and
(NH4)2COs ratio. a) Reaction scheme between acetone and (NH4)2COs b) Negative ion mass spectrum
of acetone and (NH4)2COs. shows the carboxylated product at m/z 101. The calculated CR is 17%. c
MS/MS spectrum of the product shows neutral losses at 57 and 73, which are CO2 (m/z 44) and C

(m/z 28) losses, respectively.
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Figure S25. Microdroplet reaction mass spectrometry of reaction mixture containing 1:1 ratio of 1,1,1-
triffluoro-5,5-dimethyl-2,4-hexanedione and (NH4)2COs. a) Reaction scheme between 1,1,1-trifluoro-5,5-
dimethyl-2,4-hexanedione and (NH4)2COs. b) Negative ion mass spectrum of 1,1,1-trifluoro-5,5-

dimethyl-2,4-hexanedione and (NH4)2COs
corresponding

] 2 shows the carboxylated product at m/z=191 (the
eak is zoomed to 10 times). The calculated CR is 1.7% c) MS/MS spectrum of the

substrate (m/z 153) d) MS/MS spectrum of the product (m/z 197) €) MS/MS/MS spectrum of the product.
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Figure S26. Microdroplet reaction mass spectrometry of reaction mixture qont_ainin% 1:1 ratio of
benzophenone and (NH4)2COs. a) Structure of benzophenone shows unavailability of sp® C-H. b)
Positive ion mass spectrum of benzophenone and (N 22@03. shows the absence of carboxylated
product ¢) MS/MS spectrum of benzophenone (m/z 183) in positive mode. d) Negative ion mass
spectrum of benzophenone and (NH4)2COz shows the absence of the peak for benzophenone itself as
it is not ionized in negative mode. e) MS/MS spectrum for the m/z 181 does not correspond to the
molecular ion of benzophenone.
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Figure S27. Microdroplet reaction mass spectrometry of reaction mixture containing 1:1 ratio of
acetophenone and (NH4)2COs. a) Reaction scheme between acetophenone and (NH4)2COs. b)
Negatlve ion mass spectrum of acetophenone and (NH4I2IzCOe, shows the carboxylated product at m/z
163. The calculated CR is 28% CRAMS/MS spectrum of the substrate (m/z 119). d) MS/MS spectrum of
the product (m/z 163) €) MS/MS/MS spectrum of the product.
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Figure S28. Microdroplet reaction mass spectrometry of reaction mixture containing 1:1 ratio of

dimedone (5,5-dimethylcyclohexane-1,3-dione) and (NH4)2COs. a)

Reaction scheme between

dimedone and (NH4)2COs b) Negative ion mass spectrum of dimedone and (NH4).COs shows the
carboxylated product at m/z 183 correspondln}g peak is zoomed to 100 times). The calculated CR is
pa

0.02%. c) MS/MS spectrum of the substrate (m

MS/MS/MS spectrum of the product.

139) d) MS/MS spectrum of the product (m/z 183) e)
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Figure S29. Microdroplet reaction mass spectrometry of reaction mixture containing 1:1 ratio of cycIoRIentar)e-l_,B—
dione and (NH4)2COs. a) Reaction scheme between of cyclopentane-1,3-dione and (NH4)2COs. b) Negative ion
mass spectrum of cyclopentane-1,3-dione and (NH4)2COs. shows the carboxylated product at m/z 141 (the
corresponding geak is zoomed to 500 times). The calculated CR is 0.008%. ¢) MS/MS spectrum of the substrate
(m/z 139) d) MS/MS spectrum of the product (m/z 141).
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Scheme S2. Scheme showing keto-enol tautomerism among a) AcAc, b) cyclopentane-1,3-dione, and c) 5,5-
dimethyl-cyclohexane-1,3-dione, respectively.
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Figure S30. ESI MS spectrum of spray deposited sample after methanol extraction, showing low-intensity product
peak. Inset displays a zoomed-in mass spec of the selected mass range showing the peak at m/z 143. This is due
to the thermal decomposition of the product during extraction.
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NANOPARTICLES

Spontaneous weathering of natural minerals in
charged water microdroplets forms nanomaterials

B. K. Spoorthi', Koyendrila Debnath?, Pallab Basuri', Ankit Nagar',

Umesh V. Waghmare?, Thalappil Pradeep'**

In this work, we show that particles of common minerals break down spontaneously to form nanoparticles in

charged water microdroplets within milliseconds. We transformed micron-sized natural minerals like quartz

and ruby into 5- to 10-nanometer particles when integrated into aqueous microdroplets generated via

electrospray. We deposited the droplets on a substrate, which allowed nanoparticle characterization. We

determined through simulations that quartz undergoes proton-induced slip, especially when reduced in

igeand exposed to an electric field. This leads to particle scission and the formation of silicate fragments,

we confirmed with mass spectrometry. This rapid weathering process may be important for soil
tion, given the prevalence of charged aerosols in the atmosphere.

anoparticles of minerals exist naturally
in soil, and some of them are essential
for life (1). Microdroplets have been a
topic of interest over the past decade,
and the confined environment within
them is known to cause chemical synthesis at
an accelerated rate, as well as other processes
such as the formation of nanoparticles (2). We
decided to explore whether natural minerals
could disintegrate in microdroplets, through a
process opposite to chemical synthesis.

For our experiments, we prepared micron-
scale particles of natural quartz (SiO2) and ruby
(Cr-substituted Al20s) for use in an electrospray
setup (Fig. 1, A and B). We ground commercial
millimeter-sized quartz particles well using a

Micron-sized
particles

Nanoparticles

Fig. 1. Process of disintegration of natural quartz in microdroplets.

(A) Schematic representation of the disintegration of mineral particles in micro-
droplets. Setup components include (i) the electrospray emitter, (ii) a spray
capillary with a 50-mm inner diameter, and (iii) the conducting substrate at a
distance of L = 1.5 cm from the tip of the emitter. (B) A photograph of the natural
quartz. (C) Field-emission scanning electron microscopy (FESEM) image of

Spoorthi et al., Science 384, 1012-1017 (2024)

mortar and pestle and used centrifugation to
separate the differently sized particles that
formed. We carefully excluded all the particles
smaller than 1 mm in size and used particles
of 5 to 10 mm that were suspended in water
for the experiment (Fig. 1C). Even after ultra-
sonication to detach any adhered particles, we
found some smaller particles attached to a
few larger ones (Fig. 1C). These adhering par-
ticles had dimensions greater than 100 nm
(fig. S1). We took an optical image of the
ground quartz powder and an optical micro-
scopic image of the separated particles that
we used for electrospray (fig. S2). We electro-
sprayed a suspension of about 0.1 mg/ml of the
separated quartz particles through a capillary

31 May 2024

tube that had an inner diameter of 50 mm at a
flow rate of 0.5 ml/hour and observed the re-
sulting plume (Fig. 1A). We collected the pro-
duct of electrospray 1.5 cm away from the
spray tip, which resulted in a flight time on
the order of 10 ms, consistent with similar ex-
periments (3, 4). The product that was de-
posited on a transmission electron microscopy
(TEM) grid had only 5- to 10-nm-diameter
particles (Fig. 1D) throughout the grid. Under
higher magnification, particles of different
morphologies were observed. The particles
showed the (110) plane of quartz (inset of
Fig. 1D). Sonication had no effect on the break-
ing of silica particles. Experimental methods
are presented in the supplementary materials,
including a video of the electrospray process
(movie S1).

To ensure that our initial observations were
truly representative of the process, we per-
formed measurements on larger quantities of
samples. We built a multinozzle electrospray
unit composed of six nozzles. We electro-
sprayed 1 liter of the suspension that con-
tained 100 mg of the crushed micron-sized
particles discontinuously over a month at the
optimized conditions (spray voltage and dis-
tance) and a 3 ml/hour flow rate, and a deposit

'Department of Chemistry, Indian Institute of Technology

Madras, Chennai 600036, India. “Theoretical Sciences Unit,
Jawaharlal Nehru Centre for Advanced Scientific Research,
Bangalore 560064, India. ’International Centre for Clean
Water, IIT Madras Research Park, Chennai 600113, India.
*Corresponding author. Email: pradeep@iitm.ac.in

ground and separated natural quartz used for electrospray, showing that the
size range of particles is between 1 and 5 mm. A few smaller particles that
are naturally adhered to the micron-sized particles remain attached even
after ultrasonication. (D) TEM image of natural quartz after electrospray with
a high-resolution image of a particle shown in the inset. The plane shown is
(110), where dis lattice spacing.
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was collected on an aluminum sheet. The
electrospray-deposited particles were strongly
adherent to the substrate. We scraped about
60 mg of the powder off the substrate for
bulk analysis. This left about 20 mg on the
substrate, which we determined gravimetri-
cally. We avoided hard scratching to remove
the remaining product on the substrate. This
gave us a collection efficiency of ~80% for our
electrospray setup. We made x-ray diffraction
measurements of the scraped-off powder using
Cu Ka radiation to confirm that it was made
of quartz (fig. S3) in the form of nanoparticles
of ~16-nm average diameter. We calculated the
particle size using the Scherrer formula. Inde-
pendent analysis, the details of which are
presented in the supplementary materials,
showed the collection yield of electrospray
deposition to be 81%.

We obtained similar experimental results
with ruby (Fig. 2, A to C) and fused alumina
(Fig. 2, D to F). These experiments show that
both natural minerals and their synthetic
analogs can be fragmented in charged micro-
droplets. The synthesis of materials using
electrospray requires optimized conditions (5).
For our single-spray experiments, the electro-

spray voltage was 4.0 kV, the tip-to-collector
distance was 1.5 cm, and particle loading was
0.1 mg/ml.

Optimized experimental parameters

In the case of silica, below a spray voltage of
2.5kV, the spray did not occur. From 3.0 kV
onward, the spray was uniform. This potential
was the threshold at which the electric field
breaks the limit of surface tension and forms a
plume containing charged microdroplets from
the tip of the emitter. The required potential
for this varies for different solutions and
suspensions. In our experiments, the thresh-
old potential for a stable spray was higher
than usual, mainly because we electrosprayed
a fine suspension of quartz. Below 2.5 kV,
only micron-sized particles were seen in the
outcome. We observed maximum fragmenta-
tion at the optimized conditions. Particles
fragmented well at 4.5 kV. At 5.5 kV, we even
observed finer nanostructures (fig. S4). We
characterized the samples before and after
electrospray by Raman spectroscopy (fig. S5)
and energy dispersive spectroscopy. We ob-
served fragmentation only with positive ap-
plied potential.

Understanding the phenomenon

To understand the mechanism of formation of
quartz nanoparticles starting from larger par-
ticles, we used first-principles density func-
tional theory calculations to determine the
effects of reduced size, electric field, and pH
on the processes of cleavage and slip in bulk
anda (110) terminated slab of SiOz. The a-SiO2
structure of quartz belonging to the P3,21 (tri-
gonal) space group was used. We chose the
(110) plane because it was the one we observed
with TEM. Cleavage and slip are two com-
peting processes by which particles can break
apart. We define bulk as meaning that the
crystal has periodicity along all three direc-
tions. We define slab as the breaking of pe-
riodicity along the c axis, exposing the (110)
surface. Cleavage across the (010) plane was
introduced by subjecting the crystal to uni-
axial tensile strain localized at a single (010)
plane (by increasing the separation along the
b direction) to create two separate constituents
(Fig. 3A). We estimated the cleavage energy
(two times the surface energy) as the difference
between the total energy (Eir) of a crystal cleaved
along a specific plane and the total energy of the
uncleaved relaxed crystal, which is the energy

Fig. 2. Process of disintegration of natural and synthetic alumina in microdroplets. (A) Photograph of natural ruby. (B) FESEM image of ground and separated
natural ruby before electrospray. (C) TEM image of natural ruby after electrospray at optimized conditions. The inset shows a high-resolution image of a particle.
The plane marked is (110). (D) Photograph of fused alumina powder. (E) FESEM image of ground and separated fused alumina before electrospray. (F) TEM image
of fused alumina after electrospray at optimized conditions. The inset shows a high-resolution image of a particle. The plane marked is (012) of a-alumina. In (B)
and (E), some smaller particles are observed to be attached to the micron-scale particles naturally.

Spoorthi et al., Science 384, 1012-1017 (2024)
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scale relevant to brittle fracture. During the
cleavage of bulk and slab SiOz, the energy of
cleavage saturates as the separation between
surfaces of cleaved parts (Fig. 3B) grows be-
yond 6 A. The cleavage energies of the slab
are notably lower than that of the bulk, which
indicates increased ease in brittle cleavage with
reduction in dimension. Consequently, nano-
crystals of SiOz are more susceptible to fracture
than its bulk form. Cleavage of a slab results in
the formation of edges in addition to surfaces,
and we note surface and edge reconstruction
with concave-convex shapes in cleaved slab with
lattice constant b = 10 A, where cleavage en-
ergy saturates, in contrast to its absence in the
cleaved surface of bulk (Fig. 3, C and D).
We examined the competing deformation
instability of bulk and slab SiO.. This insta-

bility leads to the formation of a stacking fault
on the (010) plane, which is achieved with slip
localized at a single (010) plane. To accomplish
this, we transformed the unit cell vector 5 to
yield the generalized stgcking fault vector,
b—bo p 0x; 0; zb, where b is the periodic cell
vector and x, z € [0, 1] are the fractional co-
ordinates (see Fig. 4A). For better under-
standing, the formation of slip is illustrated
in fig. S6. Stacking faults are locally stable at
(x, 2) =(0,0.5), (0.5, 0), and (0.5, 0.5) slip con-
figurations, and their energies relative to the
reference structure (x, z) = (0, 0) are used to
estimate stacking fault energies (SFEs):

Eqipdx; zb  Exip00; 0P
A

In this equation, A = ad, where a is the cell
vector and d is the thickness of the slab. Nega-
tive SFEs of the (0, 0.5) and (0.5, 0.5) slips in
the slab of SiO2 mean spontaneous forma-
tion of extended stacking faults (table S1).
This contrasts with the stacking faults in bulk
SiOz, which have positive energies as expected,
implying formation of finite-sized stacking
faulted regions bordered by partial dislocations
(table S1). Thus, both the processes (cleavage
and stacking fault formation) are energetically
more favorable in the slab than in the bulk.
The stability (negative SFE) of the stacking
fault in the slab is linked with the creation of
a step (relaxed structures reveal shear defor-
mations or steps along the b direction) (Fig. 4,
B and C) and associated reconstruction blunt-
ing the fault edges at the surface. Our results

A
b b
Cleavage I
b— b+Ab A
c c

10 A

Fig. 3. The process of cleavage and surface reconstruction visualized with
first-principles simulations. (A) Schematic of the (110) terminated slab of SiO;
(left) acted on by uniaxial tensile strain (along the b axis), resulting in two cleaved
surfaces (right). The distance, Db is a measure of separation of the cleaved
surfaces, which is composed of vacuum. (B) The relaxed energies of bulk and slab
of SiO; as a function of separation. The energy surface is constructed using the
energy functional form, E. - E.(1 + x)e™*, where E. is the energy of the system
in which the cleaved crystals are separated by infinite distance and x = Db/l (where |
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is the length scale in this system) for the relaxed structures as a function of
separation. The cleavage energies of slab are lower than that of bulk, indicating
that nanoscale crystals of SiO, are much easier to break than the bulk. (C and

D) Optimized structures of the (110) surface of (C) bulk [black data in (B)] and (D) slab
SiO; [red data in (B)] with a cleavage thickness of 10 A. We observed concave and
convex deformations in the slab. However, no such deformation was seen in the bulk
structure. In addition, surface and edge reconstructions were also observed in slab-
Si0, upon cleavage. Silicon atoms are shown in blue, and oxygen atoms are in red.
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show that slip is the primary mechanism that
drives the possible formation of nanoparticles
in SiOa.

Our first-principles analysis of the processes
of cleavage and slip in bulk and (001) ter-
minated slab (an alternative plane) of SiO: re-
vealed that the mechanisms of nanocrystal
formation in SiO2 are not very sensitive to the
specific choice of surface (tables S2 and S3). To
understand the process of the disintegration
of alumina, we simulated the cleavage and slip
of a (001) terminated slab of a-Al20s, which
has the corundum structure (R3 cspace group)
as in silica. The results presented in tables S4
and S5 suggest that its fragmentation to form
nanocrystals is indeed driven by the mecha-
nism of slip, similar to silica.

We next investigated the effects of hydrogen
(H) atoms on the structure and energies of
stacking faults in the (0, 0.5) and (0.5, 0.5) slip
configurations. We used H atoms to model
protons, which are known to be present in mi-
crodroplets, because simulations of a charged
system within periodic boundary conditions
need to be compensated with opposite charge.
Upon addition of a H atom to the structure
with slip vector (x, 2) = (0.5, 0.5), the SFE re-
mained negative. In addition, an H atom is found
to destabilize the (0, 0.5) slip system (table S6).
Compared with the (0, 0.5) stacking fault struc-
ture without an H atom (fig. S7A), substantial
local structural distortions arise with H at the
sites near the interacting H atom (fig. S7B).
Further, interaction with two H atoms results
in the formation of silicate fragments or the
chipping away of silicate, suggesting that the
H atom facilitates fragmentation of a natural
mineral such as quartz in microdroplets (fig.
S7C). Application of an electric field, as is typ-
ical in electrospray experiments (E = 108 V/m
along the caxis in Fig. 4) improves the stability
of (0, 0.5) and (0.5, 0) stacking faults in SiO>
(table S6).

Our theoretical analysis of mechanical in-
stabilities in bulk and a nanoslab of SiO2
(cleavage and slip in response to localized uni-
axial and shear strains, respectively) suggests
that the stacking faults and resulting steps at
the surface of SiO2 may occur in the initial
stage of fragmentation into nanoparticles, and
the interactions with H atoms and electric
field enhance this process, leading to the for-
mation of silicate fragments. Because the cleav-
age energies decrease substantially with a
reduction in dimension, namely, from bulk
to slab, we expected fragmentation to follow
readily, with possible nucleation at the steps,
or the sites of chemical interaction with pro-
tons. In addition to the stacking faults and
resulting steps, several aspects of the micro-
droplet environment can drive the fragmenta-
tion process. Chemical reaction rate constants
can be increased by a factor of more than 108
in such confinement (2). Several factors such

Spoorthi et al., Science 384, 1012-1017 (2024)

[

slip li; - bo+ (x,0,2) A
b’

Fig. 4. Stacking fault or slip localized at a (010) plane. (A) Schematic of the (110) terminated slab of SiO:
acted on by localized shear strain (slip) on (010) plane introduced through a generalized stacking fault

vector I %4a b z ¢, where “a and “c are periodic cell vectors and (x, z € [0, 1]) are the fractional coordinates.
(B and C) Relaxed stacking fault structures with (B) (x, 2) = (0.5, 0.5) and (C) (x, 2) = (0, 0.5). The stacking

fault or slip on the (010) plane is introduced by tilting ba(dashed boxes). Two-unit cells along the b direction are
shown for clearer visualization. Silicon atoms are shown in blue, and oxygen atoms are in red.

as pH (6), reactive species such as radicals (7),
their surface segregation, strong electric field
at the interface (8), and others are likely to
contribute additionally to these effects, and
some of these may accelerate the process.

Formation of silicates in microdroplets

To test the hypothesis of formation of silicates
by microdroplet-induced fragmentation, we
electrosprayed 5 mg of silica in 50 ml of water
at the optimized conditions on an aluminum
substrate. The product was collected, redis-
persed in water, and centrifuged at 10,000 rpm
to remove any larger particles. The upper layer
was used for mass spectrometric measure-
ments. In the negative ion mass spectrum
of the deposited silica (Fig. 5A), the peaks
appeared at mass/charge ratios (m/z) 60.9,
76.9, 94.9, 154.9, and 172.9. This spectrum
was compared with that of 200 mM standard
sodium silicate solution at pH 8.5 (Fig. 5B).
We observed peaks at m/z 60.9, 76.9, 94.9,
154.9, and 172.9 due to [SiO2H]-, [SiOsH] -,
[SiOsH.H20]-, [Si206Hs] -, and [Si2OeHs. H20] -,
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respectively. In addition, we observed peaks at
higher masses at m/z 194.9 [Si.OsHz2Na. H20] -,
m/z212.9 [Si2O¢H2Na. 2H20]-, and m/z 232.9
[SizO9Hs]—. We did not observe sodium ad-
duct peaks of the standard sodium silicate in
the spectrum of deposited silica. Tandem mass
spectrometric analysis for sodium silicate (fig.
S8) and deposited silica (Fig. 5, C and D)
showed the expected features. Two peaks at
m/z94.9 and 172.9 showed the loss of water,
confirming the formation of [SiOsH.H20]~ and
[Si206H3. H20]~ complexes.

Plausible mechanisms

With respect to the energy needed for such
processes, our calculations suggest that phys-
ical effects in microdroplets are particularly
important. Microdroplet convection and shock
waves that produce pressures in the megabar
range (9) are likely in droplets, which could
trigger such effects. We suggest that the ob-
served phenomenon is critically influenced by
the following factors: (i) Droplet fission occurs
due to Coulomb repulsion. We know from the
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Fig. 5. Mass spectra of silica samples. (A and B) Full-range negative ion mass spectrum of (A) the deposited silica showing the peaks due to silicates compared with that
of (B) standard sodium silicate. (C and D) Tandem mass spectra of (C) [SiO;H.H.0]™ and (D) [Si:OsH:. H.O]", showing water loss during fragmentation.

literature that the droplets produced at low
flow rates (typically ~5 ml/min) have a narrow
distribution of sizes, with the most abundant
radius in the range of 1.5 mm. Such an electro-

spray droplet was shown to have an electric
charge of ~10-** C, which corresponds to

~60,000 singly charged ions (10). In our case, the

droplet sizes are larger, in the range of approx-
imately tens of micrometers (11); produced at
a flow rate of 0.5 ml/hour, that is, 8.3 ml/min;
and large enough to accommodate the parent
particles. The droplet size reduces along the
flight path, which results in the explosion of
the droplets. This explosion produces smaller
droplets that experience larger stresses (9),
leading to the breakage of particles. (ii) Erosion
of the quartz particles in the charged droplets
and solubility of quartz in water (6 parts per
million at 25°C) together bring SiO:2 species
into the solution. We tested the possible effect
of enhanced acidity in microdroplets on the
mineral particles in a separate experiment by
electrospraying pure water on the parent mine-
rals for 4 hours (fig. S9). We saw surface rough-
ening in this experiment, although the changes

Spoorthi et al., Science 384, 1012-1017 (2024)

are much less pronounced than those shown in
Fig. 1. The reactive species at the droplet-air
interface may play an important role in these
events. (iii) The dissolution and reprecipitation
of silica particles may occur in microdroplets.
The solubility of quartz in water is influenced
by factors such as electrostatic forces, hydration-
induced ionization, pH, and Laplace pressure.
The interaction between charged silica par-
ticles and water droplets is substantial, result-
ing in the formation of reactive species. We
observed the formation of silicate ions during
the process (Fig. 5). These ions may repreci-
pitate under specific conditions. Charged mi-
crodroplets can modify surface chemistry,
promoting dissolution that leads to nano-sized
silica particles. However, these chemical events
may occur slowly and therefore may not fully
explain the phenomenon of formation of crys-
talline nanoparticles. (iv) The H20 radical cat-
ion present in the microdroplets (7) can also
contribute to the observed phenomenon. To
probe this possibility, we analyzed the formation
of nanoparticles from silica by simulating it
as a charged system. The H20O radical cation

31 May 2024

present in the microdroplets may pull out
electrons from silica, and we have simulated
the process by removing an electron from the
system and adding a compensating jellium
background to remove electrostatic divergence
of the charged periodic system. Our results
confirm that the generalized SFE of slip along
the (010) plane is negative [see (0.5, 0.5) slip
configuration of the SiO: slab in table S7].
(v) The nanoparticles that form may catalyze
the fission of microdroplets. This assumption
is supported by a study in which it was shown
theoretically that nanoparticles actively frag-
ment droplets (12). Accelerated droplet fission
further accelerates the particle disintegration.
We present a schematic of the fragmentation
process in fig. S10.

Atmospheric water droplets, such as clouds
and fog, can acquire charges not only because
of the ionic species present inside them but
also because of contact electrification (13).
These charges on naturally occurring droplets
cannot be ignored. As we have demonstrated,
under the right conditions, electrosprayed mi-
crodroplets can break hard particles, including
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complex minerals, and the potential of natu-
rally occurring atmospheric droplets to do the
same needs to be explored. If this process does
happen, it would be important for weathering
and the production of natural nanoparticles
(). Soil forms through rock weathering, a pro-
cess that involves multiple factors, and it takes
200 to 400 years to yield 1 cm of it, composed
of varied particle sizes. Our study highlights
the role of charged microdroplets of water in
unprecedented weathering, which, to our knowl-
edge, had not yet been explored. Disintegration
of minerals makes nascent surfaces, which may
participate in catalysis that leads to new chem-
ical transformations in droplets in the pres-
ence of reactive species. “Microdroplet showers”
composed of nanoparticles and molecules fall-
ing on Earth may be of importance to the chem-
ical and biological evolution of the planet.
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Materials and Methods

Materials

River sand and natural ruby were purchased from the local market and fused alumina (99+%) was
purchased from Sigma-Aldrich. All samples were used without additional purification. Ultrapure
water (18.5 MQ Milli Q) was used for all the experiments. The samples were ground using a
laboratory mortar and pestle and suspended in water and centrifuged using a Remi RM-03 plus
centrifuge. Prior to centrifugation, the particle suspension was ultrasonicated (Digital ultrasonic
cleaner, 40 kHz, 100 W) for 10 min to ensure the separation of particles.

Characterization

Photographs of the initial samples were taken using a digital single-lens reflex (DSLR) camera.
Optical images of the micron-sized particles were captured by VH-Z100R Keyence optical
microscope. Thermo Scientfic Verios G4 UC high-resolution FESEM at 20 kV accelerating
voltage was used to study the surface morphology of the micron-sized particles. Energy dispersive
spectroscopy (EDS), using FESM confirmed their composition. Thin film of gold was sputtered
on the sample to reduce charging. High-resolution TEM images of the nanostructures were taken
at an accelerating voltage of 200 kV using a JEOL 3010 instrument. The sizes of the materials
were compared by performing thin-film X-ray diffraction using Rigaku SmartLab X-ray
diffractometer system with Cu Ka radiation (A = 1.5406 A). Raman spectra were recorded using a
CRM alpha 300 S spectrometer of Witec, Germany, with an excitation source of 532 nm. The mass
spectral data were acquired using a Thermo Scientific LTQ XL mass spectrometer.

Electrospray deposition experiments

A home-built electrospray set-up was used for microdroplet experiments (Fig. 1A). The spray was
generated from a Hamilton syringe which was connected to a silica capillary of 50 um inner
diameter through a union connector. The syringe needle was connected to a high voltage power
source. A syringe pump controlled the flow rate of the suspension. The substrate was grounded.
The experiment was done under ambient conditions (25 °C, 50-60% relative humidity). A multi-
nozzle set-up was prepared to scale up the method. The components used such as silica capillaries
were purchased from Molex, USA. Union connectors and PEEK tubing sleeves were procured
from IDEX Health & Science, USA.

Determining the collection yield of the sample

The spray was carried out (as mentioned in the experimental section) at the optimized condition.
Initially weight of the bare substrate (aluminum) was taken. Subsequently, the fine suspension of
silica was electrosprayed. After the electrospray, the weight of the substrate with the sample was
measured. The difference in the weight before and after deposition gives the weight of the silica
deposited. The ratio of the sprayed sample with respect to the initial sample gives the collection
yield.

Computational details

Our first-principles calculations are based on density functional theory as implemented in
QUANTUM ESPRESSO (14), and ultrasoft pseudopotentials to model interactions between
valence electrons and the ionic cores. We used a generalized-gradient approximation (GGA) (15)
of the exchange-correlation energy with a revised functional PBEsol parameterized by Perdew,
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Burke and Ernzerhof (PBE) (16). Electronic wave functions and charge density expansions in
plane wave basis sets were truncated at cut-off energies of 30 Ry and 240 Ry respectively. We
analyze here bulk and a slab terminated with (110) surfaces of SiO2, since the TEM images in
experiments confirm the (110) surface of quartz or SiO2. A 1x2x4 supercell is used to model the
slab with (110) surfaces by introducing a vacuum layer of 15 A thickness parallel to the slab
separating its adjacent periodic images. Brillouin Zone (BZ) integrations were sampled on uniform
12x12x8 and 2x1x1 meshes of k-points for bulk and slab of SiO», respectively. Calculated lattice
constants of bulk SiO (a=4.95 A and c=5.44 A) are within the typical GGA errors with respect to
their experimental estimates ((a = 4.95 A and ¢ = 5.44 A) (17). To simulate responses of the slab
to electric field, we add a saw-tooth potential as a function z. Calculations were also performed
on the (001) surface of SiO to confirm the conclusion drawn. Similar calculations were conducted
on the (001) surface of a-Al>03 (alumina). Additional details are presented in the main text as well
as in Tables S2-S5.
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Supplementary figures

Fig. S1. FESEM images of silica particles before electrospray, at various magnifications, showing
that smaller adhering particles are larger than 100s of nm in size.
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Fig. S2. Images of natural quartz. (A) Photograph of the ground quartz powder used for
centrifugation and separation of smaller particles. (B) Optical image of the particles separated by
centrifugation and used for electrospray; particles are below 10 um in size.
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Fig. S3. Detecting nanoparticles in bulk form. XRD of ground natural quartz before (A) and after
(B) electrospray deposition, compared with the JCPDS data of quartz. Broadened peaks in (B)
indicate the smaller size of the quartz particles.
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Fig. S4. Effect of spray potential on the particles. HRTEM images of natural quartz at various
applied spray potentials (A, B) 3.0 kV where the fragmentation just begins. (C, D) 4.5 kV. (E, F)
55kV.
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Fig. S5. Raman spectroscopic characterization. Raman spectra showing the characteristic Si-O
symmetric stretch (A1) of natural quartz. (A) Before and (B) after electrospray deposition. Peaks
confirm the structural integrity of quartz. The spectra were collected with 532 nm excitation.
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Localized

Fig. S6. lllustration of slip. Schematic representation showing ‘no slip’ and ‘slip’ representation
of SiO». The slip has been introduced in the crystal using the transformation equation as shown
in the figure.
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Table S1: The generalized SFEs calculated for (110) surface of bulk and slab SiO with (0, 0), (0,

0.5), (0.5, 0) and (0.5, 0.5) slip configurations.

SFE (J/

X VA Slab Bulk
0.0 0.0 0.0 0.0
0.5 0.5 -1.21 2.08
0.5 0.0 1.20 1.65
0.0 0.5 -0.07 1.73
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Table S2: Calculated cleavage energies (in //m2) along the (010) direction for the (001) surface

of bulk and slab SiO-.

Vacuum
thickness Bulk Slab
(A)
0 0 0
8 5.84 453

Here we have simulated the processes of cleavage and slip in bulk and (001) terminated slab of
SiO2. We obtained energies of cleavage of bulk and slab of SiO> as a function of vacuum thickness,
b and find that cleavage energies of the slab are ~20% lower than that of the bulk (see above),
supporting our suggestion that breaking of a nanoscale crystal of SiO2 across (001) surface is easier

compared to the bulk.
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Table S3: Generalized SFEs calculated for (001) surface of SiO. slab with (0, 0), (0, 0.5), (0.5, 0)

and (0.5, 0.5) slip configurations.

SFE (J/
mz)

X z Slab
0.0 0.0 0.0
05 0.5 -0.32
05 0.0 0.94
0.0 05 1.13

Here we examine the formation of nanocrystals through nucleation of a stacking fault on (010)

plane with slip localized at a single (010) plane, achieved with transformation of the unit cell vector

b using

f=xa+b+zc,

where a , b and c are the periodic cell vectors, and (x, z € [0,1]) are the fractional coordinates.

Negative SFE of (0.5, 0.5) slip on (010) plane in the (001) slab of SiO; relative to the reference
structure (x, z) = (0, 0) means spontaneous formation of stacking faults (see above), which is
similar to what we reported for the (110) surface of SiO2. We therefore conclude that these
mechanisms of nanocrystal formation in SiO2 are generic and can happen along other surfaces

also.
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Table S4: Calculated cleavage energies (in //m2) along the (010) direction for the (001) surface
of bulk and slab of Al>Oa.

Vacuum
thickness Bulk Slab
@A)
0 0 0
8 7.43 7.30

The simulations of the stable form a-Al>.O3 (alumina), the corundum structure (R3¢ space group)
are presented here. Our estimates of optimized lattice parameters, a = 5.14 A and & = 55.35¢ are
within the typical GGA errors of their experimental values (a = 5.13 A and a = 55.33°) [14].
Simulation was performed by (a) subjecting the crystal to uniaxial tensile strain localized at a (010)

plane, and (b) slip on a (010) plane. We find that cleavage energy of the slab is lower than that of
bulk.
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X Neutral Positive
z Slab Slab
SFE (J/ 0.0 0.0 0.0 0.0
m2) 05 05 1.86 1.75
05 0.0 251 -0.27
0.0 05 1.85 -0.21

Table S5: SFEs of the (010) plane with (0, 0), (0, 0.5), (0.5, 0) and (0.5, 0.5) slip configurations
on the (001) surface of neutral and positively charged slab of Al>Oa.

Generalized SFEs of four configurations of slip on (010) plane have been tabulated here. Positive
SFE in neutral slab of a-Al>O3 indicate formation of slip in alumina is not quite favorable. To
understand the process of disintegration of alumina in nanoforms, a charged system was simulated
by removing an electron and adding a compensating jellium to maintain charge neutrality of the
periodic system. The SFEs in charged alumina are negative for the slips at = (0.5, 0.0) and (0.0,
0.5) configurations, supporting spontaneous formation of stacking faults, facilitated by interaction
with protons
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Table S6. SFEs of (010) direction with (0, 0), (0, 0.5), (0.5, 0) and (0.5, 0.5) slip configurations
on the (110) plane of SiO. from our DFT-based calculations analyzing the effects of hydrogen
atom (H-atom) and electric field (E = 108 V/m). Our calculations show that SFEs in slab-SiO;
with (0, 0.5) and (0.5, 0.5) configurations are negative and energetically favorable (marked in
bold). The SFEs for bulk remain positive.

Slab
w/o H- 1 H- 2 H-
x z atom atom atoms E
SFE (J/
m?) 0.0 0.0 0 0 0 0
05 05 -1.21 -0.93 -0.88 -1.20
05 0.0 1.20 1.18 0.90 1.12
0.0 05 -0.07 0.89 -0.83 -0.09
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Silicate fragments

No H-atom One H-atom Two H-atoms

Fig. S7. Silicate formation upon interaction with H atoms. The relaxed stacking fault structures
with a slip vector (x,z) = (0, 0.5) (A) without hydrogen atom, (B) with one hydrogen atom and (C)
two hydrogen atoms, clearly highlighting surface reconstruction and formation of silicate
fragments in (0, 0.5) stacking fault structure with two hydrogen atoms. Silicon atoms are shown
in blue, oxygen atoms in red, and hydrogen atoms in green. Hydrogen atoms are shown also with
dotted arrows.
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Fig. S8. Confirming the composition of ions in the gas phase. Tandem mass spectra of standard
silica solution. (a) and (b) showing the water loss during fragmentation of m/z 95 [SiOsH.H.OJ

and m/z 173 [Si.OeHs.H20], respectively.

99



Fig. S9. Effect of charged microdroplets on quartz. FESEM images of natural quartz before (A)
and after (B) deposition of charged microdroplets. Pure water was electrosprayed under conditions
shown in Fig. 1A, onto an aluminum substrate covered with mineral particles for 4 h and the

resulting substrate with minerals was analyzed. Increased surface roughness is seen in the product
particles.
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Table S7: Generalized SFEs calculated for (110) surface of positively charged slab of SiO, with

slips (0, 0), (0, 0.5), (0.5, 0) and (0.5, 0.5) on the (010) plane.

SFE (J/
ma)

x z Slab
0.0 0.0 0.0
05 05 -1.18
05 0.0 0.81
0.0 0.5 0.03
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e

Fig. S10. llustration of the process. Schematic representation of the mechanism of NP formation.
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Movie S1: A detailed video of the experiment demonstrating the spontaneous weathering of
natural minerals in charged water microdroplets.
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Sheets Through Ambient Microdroplets
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The creation of micrometer-sized sheets of silver at the air-water interface by
direct deposition of electrospray-generated silver ions (Ag*) on an aqueous
dispersion of reduced graphene oxide (RGO), in ambient conditions, is
reported. In the process of electrospray deposition (ESD), an
electrohydrodynamic flow is created in the aqueous dispersion, and the
graphene sheets assemble, forming a thin film at the air-water interface. The
deposited Ag* coalesce to make single-crystalline Ag sheets on top of this
assembled graphene layer. Fast neutralization of Ag* forming atomic Ag,
combined with their enhanced mobility on graphene surfaces, presumably
facilitates the growth of larger Ag clusters. Moreover, restrictions imposed by
the interface drive the crystal growth in 2D. By controlling the precursor salt
concentration, RGO concentration, deposition time, and ion current, the
dimensionality of the Ag sheets can be tuned. These Ag sheets are effective
substrates for surface-enhanced Raman spectroscopy (SERS), as

solvated ions present in a droplet plume
undergo reduction to create nanoparticles,
which are then deposited onto an electri-
cally grounded surface. This technique of-
fers the advantage of avoiding the use of
harsh reducing agents. Notably, recent re-
search from our team has demonstrated
the capability of ESD in synthesizing nano-
materials, with the resulting material’s di-
mensional characteristics influenced by the
nature of the deposition surface. For ex-
ample, while ESD of silver and silver-
palladium mixture on wire mesh resulted
in 1D nanowires,[6] deposition of palla-
dium on air-water interface formed 2D
nanoparticle-nanosheets.!’!

Interfacial processes have been at the

demonstrated by the successful detection of methylene blue at nanomolar

concentrations.

1. Introduction

Electrospray deposition (ESD) is a method wherein charged
droplet sprays are placed onto a surface. Initially employed as a
preparative tool in nuclear research,! 1 ESD has progressed into a
precise deposition technique applied in various domains. These
applications encompass the development of polymer coatings,[?
the creation of thin conductive ceramic films,’] and even the
preparation of films involving DNA,[3] and proteins.[*! Recently,
ambient ESD has emerged as an innovative synthetic method for
producing a diverse range of nanomaterials.’! In this process,
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forefront of producing extensive 2D assem-
blies for many years. In these processes,
molecules or particles are confined at the
interfaces between liquid and air or be-
tween two liquids, allowing them to form
assemblies solely in the 2D plane along the interface. A sim-
ilar approach has proven successful in the bottom-up synthe-
sis of both inorganic and organic 2D materials.[®! In these pro-
cesses, the components undergo reactions at an interface, re-
sulting in the formation of 2D structures.”) Taking inspira-
tion from these methods, we attempted the ESD of Ag* ions
at air-water interfaces. This process led to the creation of Ag
nanoparticle-nanosheets (NP-NS), a pseudo-nanosheet where
tiny Ag nanoparticles formed through ESD were assembled in
a 2D arrangement.[”l We hypothesized that the restricted mobil-
ity of the formed Ag nanoparticles prevents them from merging
into genuine 2D structures.

Graphene, a well-known nanomaterial, is famous for its un-
usual electronic and mechanical properties.[10-16] Bonding,[17]
transport,'® diffusion,['*?% and aggregation of metals [*!1 on
graphene have been extensively studied producing rich science
and relevant applications. Extensive research has been conducted
to investigate the increased mobility of various metals and metal
clusters on graphene surfaces.[221 According to computational
studies, small clusters of gold (Au) and silver (Ag) have a pref-
erence for adopting 2D structures on graphene surfaces. Addi-
tionally, at higher concentrations, these clusters tend to form is-
lands on the graphene surface.[2324] An earlier report from our
group showed the coalescence of monolayer-protected Au clus-
ters on graphene surfaces due to their enhanced mobility.[?"]
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Figure 1. A) Optical micrograph of the electrospray deposition setup, showcasing the formation of a graphene thin film at the air—water interface
following ESD onto an aqueous graphene suspension. B) Schematic representation of the ESD process, illustrating the electrohydrodynamic flow within
the aqueous RGO suspension, leading to the formation of a thin film at the liquid surface, followed by the deposition of a silver sheet onto the RGO

layer, and C) TEM image of the deposited solid silver sheet on the RGO film.

These inspired us to introduce graphene into our ESD synthetic
system.

In this work, we successfully achieved the formation of large-
area single crystalline silver sheets, measuring hundreds of mi-
crometers in length, on an aqueous suspension of graphene un-
der ambient conditions. Our approach combines several key fac-
tors: the ambient ESD method generates tiny silver clusters, the
enhanced mobility of these clusters on graphene allows them
to coalesce into larger structures, and the presence of an in-
terface restricts their growth in 2D. While various methods ex-
ist to fabricate 2D silver sheets with controlled dimensions,
such as cathodic arc deposition and magnetron sputtering,[26-29]
they necessitate demanding conditions like high vacuum, ele-
vated temperature, and involvement of specific environments,
besides appropriate equipment. Furthermore, these techniques
convert existing silver metal into the desired 2D form. In con-
trast, our straightforward process eliminates the need for special-
ized chemicals or complex instruments. Instead, it transforms
a readily available salt solution into single-crystalline metallic
sheets under ambient conditions. This chemical approach with
minimum infrastructure offers a significant advantage in terms
of simplicity and accessibility. Besides, it extends the scope of
ambient synthesis in microdroplets, an active subject area in
the context of molecular science.[3031] We have extensively char-
acterized these Ag sheets using microscopic and spectroscopic
techniques and studied their growth dynamics. The resulting Ag
sheets demonstrated excellent SERS activity, making them highly
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promising for potential applications in sensing various contami-
nations.

2. Results and Discussion
2.1. Synthesis of Ag-Sheets using ESD

Figure 1A presents an optical image of the ESD apparatus and
the formation of an RGO film on the top of the water surface. Ini-
tially, the electrospray deposition of the Ag-salt solution induced
an electrohydrodynamic flow that led to the creation of a thin
layer of assembled RGO at the air-water interface. As the pro-
cess continues, the subsequent ESD of Ag* ions onto the RGO
layer facilitates the neutralization of these ions into Ag atoms,
and further, enables the coalescence of Ag atoms to form the
desired metal sheets. Formation of the assembled RGO layer is
facilitated by ESD-induced electrohydrodynamic motion in the
aqueous RGO dispersion. This entire process is schematically
presented in Figure 1B. In a previous report, we demonstrated a
similar electrohydrodynamic flow in pure water to assemble sus-
pended Pd nanoparticles on its surface, leading to the formation
of NP-NS.

To establish that the formation of the RGO layer on the water
surface was driven by similar forces, control experiments were
performed. In such experiments, only DI water was electro-
sprayed onto an aqueous suspension of RGO. The assembled
RGO film was collected on a glass coverslip (Figure S1A,
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Supporting Information) and placed on a sheet of paper with
letters A, B, & C written using a red marker pen. The letters
were clearly visible after placing the RGO-coated cover slip on
top of them, indicating the thinness of the film. The RGO layers
appear to be closely packed by the electrohydrodynamic flow
to form the thin layer, as evidenced by the electrical continuity
(Figure S1B, Supporting Information) of the RGO film-coated
coverslips. Figure S1C (Supporting Information) schematically
depicts the process of RGO assembly at the water surface and
the subsequent formation of a metallic Ag sheet on top of it.

In the case of ESD of Ag* ions, a shiny white round spot with
a metallic luster was observed just under the sprayer head on the
RGO surface after continued deposition for 2 h. This material was
collected on various substrates such as transmission electron mi-
croscope (TEM) grids, indium tin oxide (ITO)-coated glass slides,
and coverslips for further characterization. Electron microscopy
analysis confirmed that the shiny spot was indeed composed of
Ag metallic sheets. Figure 1C presents a large area TEM image of
an Ag sheet formed on RGO. The size of the deposition spot was
influenced by the distance between the spray tip and the deposi-
tion surface. An optimal distance of 10-15 mm was consistently
maintained during all deposition processes.

The air-water interface plays a critical role in the formation of
Ag sheets. The RGO suspension’s water component not only con-
tributes to the formation of the RGO layer through electrohydro-
dynamic motion but also facilitates the removal of unwanted or-
ganic residues from the Ag salt precursor. Without the air-water
interface, no Ag sheet was formed on a dried RGO spot, deposited
on an ITO-coated glass slide (Figure S2, Supporting Informa-
tion). For this experiment, the RGO suspension was subjected to
30 min of bath sonication and then drop-cast onto an ITO-coated
glass slide. The RGO was allowed to dry under laboratory condi-
tions before performing a 2-h ESD of AgOAc. To demonstrate the
significance of the RGO thin film formed at the air-water inter-
face through electrohydrodynamic flow in the RGO suspension,
an additional control experiment was conducted. In it, 1.5 mL
of aqueous RGO suspension was placed in a vial and left open
in the laboratory environment. After 3 h, a visible film appeared,
floating on the surface. This film was then collected onto an ITO-
coated slide and allowed to dry. Subsequently, ESD of Ag salt so-
lution was carried out on the dried spot for a duration of 2 h,
followed by SEM imaging. Despite the 2-h-long ESD process, no
Ag sheets were observed (Figure S3, Supporting Information). In
contrast, the electrohydrodynamic flow enables the tighter pack-
ing of RGO layers, as evidenced by the electrical continuity mea-
surement depicted in Figure S1 (Supporting Information).

2.2, Characterization of the Synthesized Ag-Sheets

Figure 2A displays a scanning electron microscopy (SEM) image
of Ag sheets formed on an ITO-coated glass slide through 5 h
of ESD at a spray current of 100-110 nA. The SEM image re-
veals that the Ag sheets can cover a large area, with individual
sheets reaching sizes of up to 30-35 pum. In Figure 2B, a higher
magnification TEM image of a typical Ag sheet is shown. The
presence of graphene layers can be clearly observed underneath
the Ag sheet, as indicated by the green arrow. In Figure 2C,D, a
TEM image of an entire Ag sheet and its corresponding energy-
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dispersive X-ray spectroscopy (EDS) mapping are presented, re-
spectively. The inset in Figure 2D displays the EDS spectrum col-
lected from the sheet, indicating a composition of 100% Ag. Ad-
ditionally, the inset in Figure 2C shows an X-ray photoelectron
spectroscopy (XPS) spectrum of the Ag sheet. This spectrum con-
firms the presence of Ag 3ds,2 at 368.1 eV, providing evidence that
the sheets are indeed made of metallic silver.

High-resolution transmission electron microscopy (HRTEM)
analysis confirms the crystalline nature of the sheets. Figure 3A,B
present HRTEM images of the Ag sheet formed on RGO. In
Figure 3A, the lattice is clearly visible, with interplanar distances
corresponding to the Ag(111) plane. The inset of Figure 3A dis-
plays a fast Fourier transform (FFT) image of the single crys-
talline Ag sheets, showing the cubic close packing of the lattice.
Furthermore, careful imaging at the edges of the sheet reveals the
presence of RGO layers surrounding the Ag sheets, as shown in
Figure 3B. This observation indicates the structural relationship
between the Ag sheets and the underlying RGO material.

A thorough investigation using HRTEM was conducted at var-
ious locations across the resulting Ag sheet to confirm its single
crystalline nature. Figure S4A-C (Supporting Information) de-
picts HRTEM images showing prominent Ag (111) planes, pro-
viding evidence that the Ag sheets are indeed single crystalline.
X-ray diffraction (XRD) analysis was also conducted to comple-
ment the HRTEM findings. For the XRD experiments, the Ag
sheets synthesized were placed on a Si-wafer by careful scoop-
ing. Figure 3C presents the XRD spectrum of the Ag sheets on
a Si-wafer substrate. The spectrum reveals solely the peak corre-
sponding to the Ag (111) plane at a 26 value of 38.23°. Figure 3D
presents a slow scan spectrum of the Ag (111) region, further con-
firming the single crystallinity of the Ag sheets formed via ESD.
Additionally, the XRD spectrum was collected from the graphene
thin film-coated Si-wafer (Figure S5, Supporting Information) as
areference.

2.3. Optimizing Parameters for the Formation of Reproducible
and Uniform Ag Sheets

We conducted several experiments to optimize the parameters
for achieving reproducible and uniform Ag sheets. These exper-
iments are detailed in this section.

2.3.1. Precursor Salt Concentration

Initially, we varied the concentration of the precursor salt (AgOAc
in this case) from 2.5 to 10 m while maintaining a fixed applied
potential of 2 kV and a deposition time of 2 h. TEM analysis of the
resulting Ag sheets (Figure S6, Supporting Information) revealed
significant differences in their crystallinity based on the precur-
sor concentration. At a lower concentration of 2.5 mm (Figure
S6A, Supporting Information), the Ag sheets were only partially
single-crystalline, indicating incomplete formation. Increasing
the concentration to 5 mM (Figure S6B, Supporting Informa-
tion) led to partial improvement in crystallinity, suggesting a
transition toward single-crystallinity but still, the process was in-
complete. Utilizing a concentration of 10 mM (Figure S6C, Sup-
porting Information) yielded fully single-crystalline Ag sheets
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within the 2-h deposition time. This demonstrates the impor-
tance of sufficient precursor concentration for achieving com-
plete crystallinity. Based on these findings, we opted for a pre-
cursor salt concentration of 10 mm for all the subsequent exper-
iments. Higher concentrations were not explored due to disrup-
tions to the electrospray process caused by high salt content.

2.3.2. RGO Concentration

Upon varying the concentration of RGO in the aqueous sus-
pension, the morphology of the Ag sheets was changed. Figure
S7A-C (Supporting Information) showcases TEM images illus-
trating the Ag sheets formed in an aqueous suspension with
different RGO concentrations. At lower RGO concentrations
(0.01 wt%), the Ag sheets exhibited a perforated structure. Con-
versely, an increase in RGO concentration (0.05 wt%) resulted in
the formation of solid sheets. This transition is likely attributed
to the nonuniform thin film formation (as elaborated earlier, the
electrohydrodynamic flow phenomenon leads to the formation of
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Figure 2. A) SEM image showing Ag sheets synthesized over a large area, B) TEM image of the Ag-sheet revealing its extremely thin nature, with the
underlying graphene layers also being observable, C) TEM image showing a large Ag sheet; inset shows an XPS spectrum in the Ag3d region showing
that the material is in zero-oxidation state, and D) Energy dispersive spectroscopy (EDS) mapping of the sheet shown in image D; inset of D is the EDS
spectrum of the same.

a thin film of RGO on the water surface) at lower RGO concentra-
tions, with regions displaying defects or cracks in the film. These
observations underscore the significance of RGO concentration
in influencing the characteristics of the sheets.

2.3.3. Time of Deposition

Similarly, we noted that the nature of the sheets was also depen-
dent on the deposition time. Figure S8 (Supporting Information)
shows TEM images of Ag sheets formed after different deposition
times. It can be observed that as the deposition time increases,
the sheets become more solid in nature, whereas those formed
at lower deposition times remain perforated. Furthermore, ex-
tending the deposition time beyond the formation of solid sheets
leads to an increase in the thickness of the resulting sheets (as
depicted in Figure 3EF). To corroborate this observation, we con-
ducted an experiment utilizing two identical ESD setups to syn-
thesize Ag sheets. One setup was operated for 2 h, while the other
was allowed to run for 10 h. Figure S9 (Supporting Information)
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Ag (111) plane
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Figure 3. A) HRTEM image of a typical Ag sheet showing Ag (I | I) plane, these sheets are single crystalline in nature (inset shows the FFT of cubic close
packing), B) HRTEM image of an Ag sheet at the edge showing the presence of graphene layers, C) XRD spectrum collected from the as-synthesized
Ag sheets, collected over a Si wafer substrate. D) Slow scan XRD spectrum of the Ag (I 11) region. E) and F) are Field emission scanning electron
microscopic (FESEM) images of the Ag sheet showing that these sheets can be very thin or layered in nature depending on the deposition time.

presents FESEM images of the resulting sheets. Notably, the im-
ages clearly demonstrate a significant increase in the thickness of
the Ag sheets formed during the longer, 10-h deposition process.

2.3.4. Flow Rate, Applied Voltage, and Deposition Rate

It’s important to note that another crucial factor influencing the
outcome of an ESD process is the deposition rate. A control ex-
periment was performed to investigate the effect of electrospray
deposition rate on the synthesized Ag sheets. Two independent
experiments were conducted using identical ESD setups except
for the deposition rate of the incoming ions. The deposition rate
was controlled by monitoring the deposition current using a pico-
ammeter. In one experiment, the current was setat 100 nA (ap-
plied voltage 2.0 kV), while 50 nA (applied voltage 1.5 kV) was
used in the other. This experiment also demonstrates the effect
of flow rate, and different voltages applied for the ESD process
as both these parameters are proportional to deposition current.
TEM analysis (Figure S10, Supporting Information) of the result-
ing Ag sheets collected after 1 h of deposition revealed distinct
dimensions in the X-Y plane for each deposition current. This
data confirms that the Ag sheets initially grow in a 2D fashion
and subsequently begin to increase in thickness with extended
deposition times. Therefore, careful control of both the deposi-
tion time and rate enables precise tailoring of the sheet size, ul-
timately leading to the creation of a stable, uniform surface for
further applications.

2.3.5. Different Precursor Salts

To investigate the influence of the counter anion on Ag sheet for-
mation on graphene, various silver salt precursors were tested.
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Ag sheet was formed with all the precursors, including silver ac-
etate, silver perchlorate, and silver nitrate. Figure S11A,B (Sup-
porting Information) present the SEM images of Ag sheets pro-
duced using AgClO+ and AgNOs, respectively. These findings re-
veal that the counter anions have no significant effect on the for-
mation of Ag sheets.

2.4. ESD of Mixtures of Metal Salts

Further, ESD experiments were conducted using mixtures con-
taining different proportions of Ag and Pd precursors to investi-
gate the influence of foreign metal on the Ag sheet formation. In
Figure 4A,B, TEM images after ESD of the mixture at two differ-
ent proportions (Ag: Pd 1:1 and 5:1) are shown. Additionally, EDS
mapping was performed to determine the presence of the met-
als. The data presented indicate that there is minimal or no effect
of the foreign atom (Pd in this case) on the Ag sheet formation.
The formation of Ag sheets appears to be relatively unaffected by
the presence of Pd in the precursor mixture.

2.4.1. Extending the Scope of ESD for Metal Separation

We investigated the potential of ESD on graphene for separat-
ing metals by depositing mixed precursor solutions. Our ini-
tial experiments focused on noble metals, specifically equimo-
lar mixtures of silver with gold and platinum. As depicted in
Figure S12 (Supporting Information), the resulting product ex-
hibited clear separation, despite the initial homogenous precur-
sor mixture. Interestingly, silver formed single-crystalline metal-
lic sheets, while the other metals formed distinct nanoparticle
assemblies. We further explored this phenomenon using non-
noble metal precursors, including a mixture of silver acetate,

© 2024 Wiley-VCH GmbH

110

85U8017 SUOWIWOD dAERID d|qealjdde ayy Aq paulaAoB aie sajoIe WO SN JO Sa|nJ 104 A1eiqi aulUO A3JIM UO (SUOIIPUOI-PUB-SWIBY/W0DAB|IM"ALeIqH|3UI|UO//:S1Y) SUORIPUOD U SWIL 8y} 88S ‘[Z20z/zT/ET] U0 Ateiqi sunjuo AsjIm ‘Ateiqi [eusD Aq 65T00¥Z0Z [IWS/Z00T 0T/I0p/Wod Asjim AIeiqujauljuoj/:sdny woiy papeojumoq ‘0 ‘6289€T9T


http://www.advancedsciencenews.com/
http://www.small-journal.com/

ADVANCED
SCIENCE NEWS

smdll

www.advancedsciencenews.com

Ag:Pd 5:1

Ag:Pd 11

a1

Figure 4. TEM images for ESD of Ag and Pd mixtures: A) Ag: Pd I:1, and
B) Ag: Pd 5:1. Down portions of each figure show EDS maps of the corre-
sponding images.

sodium acetate, and magnesium acetate (representing common
hard water contaminants). Figure S13A (Supporting Informa-
tion) shows an SEM image of the resulting bundle of small Ag
sheets. Point EDS analysis (Figure S13B, Supporting Informa-
tion) confirmed the presence of 100% silver, demonstrating suc-
cessful separation. Notably, large-area Ag sheets were not ob-
served in this case. This could be attributed to the presence of
other metal ions with high mobility occupying the graphene lay-
ers, hindering the coalescence of silver. These findings suggest
that the ESD method holds promise for effectively separating sil-
ver from industrial or mining wastewater. Further research is
warranted to explore its applicability to diverse metal-containing
waste streams.

2.5. ESD of Other Noble Metals on Air-Water-Graphene
Interface

We tested other noble metals to explore the possibility of form-
ing single crystalline sheets using the same technique. In the
case of other noble metals (such as Pd, Ay, and Pt) on the aque-
ous suspension of RGO, the formation of 2D structures was not
observed; instead, nanoparticles (size 5-10 nm) were formed.
Figures S14 and S15 (Supporting Information) show TEM im-
ages of the ESD product of Pd and Au, respectively on RGO. This
suggests that further optimization of the conditions is necessary
to create sheets. This difference in the structures formed is likely
to be due to the nature of the softness of the metals. Ag, being
relatively soft compared to Au and Pd, allows for more favorable
coalescence of atoms, leading to the formation of 2D structures.
However, in the case of Au and Pd, the atoms do not coalesce
easily, resulting in the formation of nanoparticles instead of 2D
structures.

2.6. Surface-Enhanced Raman Spectroscopy (SERS)
Creating a stable and reliable SERS substrate remains a signifi-

cant challenge due to factors such as nanoparticle aggregation,
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Figure 5. A) Surface-enhanced Raman spectrum of methylene blue, on
Ag@RGO surface, B) concentration versus intensity (@1625 cm™') plot
for MB within the concentration range 80—90 nm.

metal oxidation, molecule adsorption/desorption dynamics, sub-
strate instability, and reproducibility.[*?] This is why stable sub-
strates exhibiting robust SERS properties garner significant at-
tention within the scientific community. In this study, we have
successfully fabricated a surface comprised of single-crystalline
silver sheets deposited on RGO. These metallic sheets exhibit ex-
cellent stability and can be reproducibly formed with controlled
sizes. The synergistic interaction between silver and RGO en-
dows the fabricated surface with exceptional SERS capabilities.

Here, we tested the SERS property of the ESD-synthesized Ag
sheets embedded in graphene, using methylene blue (MB) as a
target molecule (Figure 5A). We collected the Raman spectra of
various concentrations of MB and constructed a calibration curve
to determine the limit of detection. We used the most intense
peak for MB at 1625 cm™! for this purpose (Figure 5B and Figure
S16, Supporting Information). By employing linear fitting of the
data, we evaluated the theoretical limit of detection with an R?
value of 0.99999. Interestingly, we observed acceptable Raman
spectra for MB at concentrations as low as 0.08 pm with the Ag
sheets. However, the featured peaks were absent for the same
sample with RGO as the substrate (Figure S17, Supporting Infor-
mation). This observation suggests the synergistic effect of RGO
and Ag for SERS-based detection.

© 2024 Wiley-VCH GmbH
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3. Conclusion

A room temperature process to make large area single crystalline
Ag sheets from its salt solution, without any other reagent was
demonstrated. Although there are multiple studies on enhanced
mobility of atoms on graphene surfaces, experimental proof of
it was still a challenge due to limitations in experimental de-
sign. Here we demonstrated an ambient method that provides
a means to test the fate of metal ions/atoms introduced directly
on graphene layers. We report that the formation of metal sheets
depends on the concentration of reduced graphene oxide suspen-
sion and the nature of the metal. The presence of foreign species,
such as Pd atoms does not affect the formation of Ag sheets. The
method could be used to separate silver from common contam-
inants such as alkali and alkaline earth metals from solutions.
Due to the SERS property of the metals, the method has potential
applicability in various fields, including environmental monitor-
ing and biomedical sensing. Our Ag film could detect methylene
blue at nanomolar concentrations. The simplicity and sensitiv-
ity of the method make our material an attractive candidate for
on-site detection applications.

4, Experimental Section

Materials and Methods: All the chemicals used for the experiments
were commercially available and were used without any further purifica-
tion. Silver acetate (AgOAC) and silver perchlorate (AgClO4) were pur-
chased from Sigma—Aldrich, India. AgNO3 was purchased from RANKEM.
Reduced graphene oxide (RGO) was chemically synthesized in the labora-
tory using the modified Hummers’ method. Locally available deionized
(DI) water was used for making graphene suspension.

Instrumentation: Nanoelectrospray (nESI) emitters were made using
a micropipette puller (P-97) purchased from Sutter Instrument, USA.
Transmission electron microscopy (TEM) and high-resolution transmis-
sion electron microscopy (HRTEM) were performed using an accelerat-
ing voltage of 200 kV using a JEOL 3010, 300 kV instrument equipped
with a UHR polepiece. A Gatan 794 multiscan CCD camera was used for
image acquisition. EDS spectra were collected on the Oxford Semistem
system housed on the TEM. Samples were taken onto 300-mesh carbon-
coated copper grids (spi Supplies, 3530C-MB) by dipping them into a
graphenic suspension after Ag deposition and drying under ambient con-
ditions before examining them in TEM. A field emission scanning elec-
tron microscope (FEI Quanta FEG 200, USA) was used to image the Ag
sheets. Energy dispersive spectroscopy (EDS) analyses were performed
with the same SEM instrument. Some images were collected also with
an FEl Quanta 100 instrument having a tungsten filament source. X-ray
photoelectron spectroscopic (XPS) measurements were conducted using
an Omicron ESCA probe spectrometer with polychromatic MgKa X-rays
(hv = 1253.6 eV). Raman measurements were made using a Confocal Ra-
man micro spectrometer (Witec GmbH, Germany) with 532 and 633 nm
laser sources.

Synthesis of Graphene: Reduced graphene oxide (RGO) was synthe-
sized using the modified Hummers’ method. 25 mL concentrated sul-
phuric acid (H,SOy), 5 g potassium persulfate (K,S,0Og), and 5 g of phos-
phorus pentoxide (P2Os) were mixed in a 250 mL beaker and heated at
90 °C with continuous stirring till all the reagents dissolved in H2SOa4.
Then the temperature of the reaction mixture was brought down to 80 °C,
and 6 g of graphite powder was added slowly to it. The temperature of the
reaction mixture was maintained at 80 °C for 5 h. Bubbling in the reac-
tion mixture was observed initially, which was subsidized with time. After
5 h of heating the reaction mixture was kept for cooling at room tempera-
ture. Once it was cooled, it was diluted with | L of distilled water and kept
undisturbed overnight. The resultant solution was filtered, and the super-
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natant was washed thoroughly with water to remove excess acid present
init.

About 230 mL of concentrated H2SO4 was taken in a 500 mL beaker
and it was maintained at 0-5 °C by keeping it in an ice bath. Then the
pre-oxidized graphite was added to the cooled acid with stirring. ~I5 g of
potassium permanganate (KMnOs) was carefully added to this mixture.
The addition of KMnO4 was done such that the temperature of the mix-
ture did not go beyond 10 °C. Then this reaction mixture was kept at 35 °C
for 2 h. Once the reaction was complete, | L of distilled water was added to
the mixture very carefully so that the temperature did not go beyond 50 °C.
After the addition of water, the mixture was kept for stirring for another 2 h.
Afterward, 1.5 L of distilled water and 25 mL of 30% H20; were added to
it. Then it was kept at room temperature for one day. The supernatant was
discarded slowly and the remaining solution was centrifuged and repeat-
edly washed with 10% HCI followed by water. Then the resultant solid was
dried in air and 2% (w/v) water dispersion was made, and it was dialyzed
for 3 weeks continuously to remove contaminants like salts and acid. After
dialysis, the dispersion was diluted to obtain 0.5% (w/v) graphene oxide
(GO).

The GO dispersion was then reduced to get RGO. Pre-reduction of GO
was done by adding sodium carbonate (5 wt%) and 800 mg of sodium
borohydride followed by heating for | h. Then the reaction mixture was
cooled, centrifuged, and washed with water thoroughly and redispersed.
To make a free-standing dispersion of RGO in water, sulfonation was done.
For that 20 mg sulfanilic acid and 8 mg sodium nitrite were dissolved in
0.25% NaOH solution followed by the addition of 4 mL 0.1 m HCI. Then
the mixture was stirred and kept in an ice bath. After |5 min of stirring,
aryl diazonium salt solution was added to 20 mL, 0.5 mg mL™' RGO dis-
persion. Then the reaction mixture was kept in an ice bath and stirred for
2 h. After the reaction was complete, it was filtered washed with water re-
peatedly, and redispersed to obtain 0.05 wt% RGO suspension.

Electrospray Deposition (ESD): Spray emitters for ESD were made us-
ing a borosilicate glass capillary of 0.86 mm inner diameter and 1.5 mm
outer diameter. The glass capillaries were pulled in such a way that they
had an opening of 10-25 pm at the tip. Each tip underwent quality control
through optical microscopy, and any deviation from the desired size range
or exhibiting flaws was discarded. This specific size range was chosen
based on previous findings, where it was shown to be crucial for achiev-
ing long-term stability for ESD.[%7333% Selected tips were filled with an
aqueous solution (10 mm) of silver acetate (AgOAc) using a microinjec-
tor pipette tip. It was then connected to a homemade electrode assembly.
A positive voltage in the range 2-2.5 kV was applied through a platinum
wire. With the application of the high voltage, a spray plume containing
the charged droplets was visible at the tip of the sprayer. This spray plume
was directed to an Eppendorf tube containing an aqueous suspension of
RGO. To have a stable continuous spray, the liquid was grounded by past-
ing a copper strip on the inner wall of the vial. The deposition current was
maintained at 100—110 nA using a picoammeter. The details are presented
in the inset of Figure 1A.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements

The authors acknowledge DST, Govt. of India, and I[IT Madras for re-
search funding. The authors acknowledge Dr. Bivas Saha and Mr. Deb-
malya Mukhopadhyay of JNCSAR, Bengaluru for helping in measuring the
XRD data.

Conflict of Interest

The authors declare no conflict of interest.

© 2024 Wiley-VCH GmbH

112

85U8017 SUOWIWOD dAERID d|qealjdde ayy Aq paulaAoB aie sajoIe WO SN JO Sa|nJ 104 A1eiqi aulUO A3JIM UO (SUOIIPUOI-PUB-SWIBY/W0DAB|IM"ALeIqH|3UI|UO//:S1Y) SUORIPUOD U SWIL 8y} 88S ‘[Z20z/zT/ET] U0 Ateiqi sunjuo AsjIm ‘Ateiqi [eusD Aq 65T00¥Z0Z [IWS/Z00T 0T/I0p/Wod Asjim AIeiqujauljuoj/:sdny woiy papeojumoq ‘0 ‘6289€T9T


http://www.advancedsciencenews.com/
http://www.small-journal.com/

ADVANCED
SCIENCE NEWS

smdll

www.advancedsciencenews.com

Author Contributions

D.S. was responsible for the conception and design of the work, data
collection, data analysis and interpretation, drafting, and editing of the
article. A.S. performed TEM measurements, data analysis and interpre-
tation, drafting, and editing of the article. K.U. performed electrospray
deposition. S.M. performed Raman measurements. T.P. supervised the
study, performed data analysis, interpretation of results, and editing of
the article.

Data Availability Statement

The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Keywords

ambient ions, electrospray deposition, graphene, microdroplets, SERS,
silver sheets

Received: January 8, 2024
Revised: March 26, 2024
Published online:

[I1 G.Siuzdak, T. Hollenbeck, B. Bothner, J. Mass Spectrom. 1999, 34,
1087.

[2] M. K. Rahman, T. H. Phung, S. Oh, S. H. Kim, T. N. Ng, K.-S. Kwon,
ACS Appl. Mater. Interfaces. 2021, 13, 18227.

[3] V.N.Morozov, Adv. Biochem. Eng. Biotechnol. 2010, 119, 115.

[4] V.N.Morozov, T. Y. Morozova, Anal. Chem. 1999, 71, 1415.

[5] J. Ghosh, R. G. Cooks, Trends Analyt. Chem. 2023, 161, 117010.

[6] D. Sarkar, M. K. Mahitha, A. Som, A. Li, M. WIeklinski, R. G. Cooks,
T. Pradeep, Adv. Mater. 2016, 28, 2223.

[7] D. Sarkar, R. Singh, A. Som, C. K. Manju, M. A. Ganayee, R. Adhikari,
T. Pradeep, J. Phys. Chem. C. 2018, 122, 17777.

[8] R.Dong, T. Zhang, X. Feng, Chem. Rev. 2018, 118, 6189.

[9] H.-S.Jang, B. Seong, X. Zang, H. Lee, J. W. Bae, D.-H. Cho, E. Kao, C.
Yang, G. Kang, Y. Liu, H. S. Park, D. Byun, L. Lin, Adv. Mater. Interfaces.
2018, 5, 1701491.

Small 2024, 2400159

[10]
(]
[12]

[13]
[14]

[15]
(1]
[17]
[18]

[19]
[20]

(21]
(22]
(23]

[24]

(23]

[26]
(27]
(28]
(29]

(30]
B31]

(32]
(33]

(34]

2400159 (8 of 8)

www.small-journal.com

Y. Zhang, Y.-W. Tan, H. L. Stormer, P. Kim, Nat. Plants. 2005, 438,
201.

A. H. Castro Neto, F. Guinea, N. M. R. Peres, K. S. Novoselov, A. K.
Geim, Rev. Mod. Phys. 2009, 81, 109.

X. Du, |. Skachko, A. Barker, E. Y. Andrei, Nat. Nanotechnol. 2008, 3,
491.

O. C. Compton, S. T. Nguyen, Small. 2010, 6, 71 1.

X. Zhao, Q. Zhang, D. Chen, P. Lu, Macromolecules. 2010, 43,
2357.

L.-C. Tang, Y.-J. Wan, D. Yan, Y.-B. Pei, L. Zhao, Y.-B. Li, L.-B. Wu, J.-X.
Jiang, G.-Q. Lai, Carbon. 2013, 60, 16.

F. Bonaccorso, Z. Sun, T. Hasan, A. C. Ferrari, Nat. Photonics. 2010,
4,611,

W. Zhou, M. D. Kapetanakis, M. P. Prange, S. T. Pantelides, S. J.
Pennycook, J.-C. Idrobo, Phys. Rev. Lett. 2012, 109, 206803/1.

O. Cretu, A. V. Krasheninnikov, ]. A. Rodriguez-Manzo, L. Sun, R. M.
Nieminen, F. Banhart, Phys. Rev. Lett. 2010, 105, 196102/1.

W. D. Luedtke, U. Landman, Phys. Rev. Lett. 1999, 83, 1702.

B. Yoon, W. D. Luedtke, J. Gao, U. Landman, J. Phys. Chem. B. 2003,
107, 5882.

C. Zheng, W. Chen, Y. Huang, X. Xiao, X. Ye, RSC Adv. 2014, 4,
39697.

B. Wang, B. Yoon, M. Koenig, Y. Fukamori, F. Esch, U. Heiz, U.
Landman, Nano Lett. 2012, 12, 5907.

S.S. Chag, S. Jang, W. Lee, D. W. Jung, K. H. Leg, J. D. Kim, D. Jeong,
H. Chang, J. Y. Hwang, J.-O. Lee, Small. 2018, 14, 1801529.

I. Shtepliuk, I. G. Ivanov, N. Pliatsikas, T. lakimov, S. Lara-Avila, K. H.
Kim, N. Ben Sedrine, S. E. Kubatkin, K. Sarakinos, R. Yakimova, ACS
Appl. Nano Mater. 2021, 4, 1282.

A. Ghosh, T. Pradeep, J. Chakrabarti, J. Phys. Chem. C. 2014, 118,
13959.

C. P. Johnson, Thin Film Process. 1991, Il, 209.

I. G. Brown, Annu. Rev. Mater. Res. 1998, 28, 243.

N. Ghobadi, S. Rezaee, J Mater Sci Mater Electron. 2016, 27, 8464.

P. Asanithi, S. Chaiyakun, P. Limsuwan, J. Nanomater. 2012, 2012,
963609.

X.Yan, Int. J. Mass Spectrom. 2021, 468, 116639.

A. B. Theberge, F. Courtois, Y. Schaerli, M. Fischlechner, C. Abell, F.
Hollfelder, W. T. S. Huck, Angew. Chem., Int. Ed. 2010, 49, 5846.

J. Prakash, Int. Rev. Phys. Chem. 2019, 38, 20I.

D. Sarkar, B. Mondal, A. Som, S. J. Ravindran, S. K. Jana, C. K. Manju,
T. Pradeep, Glob. Chall. 2018, 2, 1800052.

D. Sarkar, A. Som, T. Pradeep, Anal. Chem. 2017, 89, 11378.

© 2024 Wiley-VCH GmbH

113

85U8017 SUOWIWOD dAERID d|qealjdde ayy Aq paulaAoB aie sajoIe WO SN JO Sa|nJ 104 A1eiqi aulUO A3JIM UO (SUOIIPUOI-PUB-SWIBY/W0DAB|IM"ALeIqH|3UI|UO//:S1Y) SUORIPUOD U SWIL 8y} 88S ‘[Z20z/zT/ET] U0 Ateiqi sunjuo AsjIm ‘Ateiqi [eusD Aq 65T00¥Z0Z [IWS/Z00T 0T/I0p/Wod Asjim AIeiqujauljuoj/:sdny woiy papeojumoq ‘0 ‘6289€T9T


http://www.advancedsciencenews.com/
http://www.small-journal.com/

Smiall

Supporting Information

for Small, DOI 10.1002/smll.202400159

Interfacial Growth of Large Area Single-Crystalline Silver Sheets Through Ambient
Microdroplets

Depanjan Sarkar*, Anirban Som, Keerthana Unni, Sujan Manna and Pradeep Thalappil*

114



WILEY-VCH

Supporting Information

Interfacial Growth of Large Area Single-Crystalline Silver Sheets through Ambient
Microdroplets

Depanjan Sarkar*, Anirban Som, Keerthana Unni, Sujan Manna, and Thalappil Pradeep*

*Email: pradeep@iitm.ac.in

*E-mail: depanjansarkar@gmail.com

S = b
X

Surace

Water

Figure S1. Optical photographs of A) graphene thin films collected on glass cover slips, B)
electrical conductivity of the film. C) Schematic representation top view, showing the formation

of single crystalline Ag sheet on graphene

115


mailto:pradeep@iitm.ac.in
mailto:depanjansarkar@gmail.com

WILEY-VCH

Figure S2. SEM image of ESD of Ag ions on a dried graphene surface.

Figure S3. SEM image of ESD of Ag ions on a graphene film formed by evaporation of the
solvent.

Ag (111) plane 5. Ag (111) plane

Figure S4. HRTEM images collected from different points of a Ag sheet showing Ag(111)
lattice planes.
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Figure S5. XRD spectrum of the graphene thin film-coated Si-wafer substrate for reference.

Figure S6. TEM images of Ag sheet synthesized using different precursor concentrations, A)
2.5 mM, B) 5 mM, and C) 10 mM.
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Figure S7. TEM images of Ag sheet formed on RGO. From A) to C) concentration of the RGO

suspension increases.

deposition.
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Figure S9. FESEM images of Ag sheets formed after A) 2h deposition, and B) 10 h deposition,

showing clear difference in their thickness.

-

Figure S10. TEM Images of the Ag sheets formed with different deposition currents: A) 50
nA, and B) 100 nA.

119



WILEY-VCH

Figure S11. SEM images of Ag sheets synthesized from different precursor salts: A) AgClOs,
and B) AgNOsa.

Figure S12. TEM images collected from the ESD samples of mixed precursor of noble metal

salts, A) silver-gold, and B) silver-platinum.
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Figure S13. A) SEM image of the Ag sheets formed after ESD of mixed precursor solution of
silver acetate, sodium acetate, and magnesium acetate. B) Point EDS spectrum showing that
the sheets are made of 100% silver. Atomic percentages are presented in the inset.
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Figure S15. TEM image of Au nanoparticles formed after ESD of Au on aqueous suspension
of RGO.
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Figure S16. Concentration vs SERS intensity (@1625 cm™) plot for MB within the
concentration range 200-800 nM.
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Figure S17. Raman spectrum collected using 0.08 uM methylene blue on graphene surface.
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We report the first mass photometric characterization of nanoag-
gregates of atomically precise nanoclusters (NCs) in solution.
The differently-sized nanoaggregates of silver—gold alloy NCs,
[Ag119xAux(DPPB)sCls0,]?* [x = 1-5 and DPPB = 1,4-bis(diphenyl-
phosphino)butane], formed in solution, were examined by mass
photometry (MP) with a protein calibration. In addition, we con-
ducted MP studies of varying solvent composition to understand
the structural evolution of nanoaggregates. The masses of nanoag-
gregates were correlated to structures of 15 to 50 nm diameter
observed in cryo-electron microscopy.

Atomically precise metal nanoclusters (NCs) belong to an
emerging family of materials with potential applications in
areas such as energy, environment, and biology.'® These
NCs, resembling macromolecules, are typically characterized
by high-resolution mass spectrometry (MS), single-crystal X-ray
diffraction, and other spectroscopic studies.*® They undergo
structural changes and interact with various molecular entities
or with each other in solution.” In such processes, under
specific conditions, they form aggregates that are observable
by dynamic light scattering (DLS) and related in situ spectro-
scopic/microscopic techniques.®1° Aggregation of NCs is cen-
tral to building NC-based multi-dimensional materials.81
Exploring such assemblies of NCs is an emerging area of
interest in nanotechnology due to its relevance in deriving
tuneable collective properties as well as for exploring novel
applications in a wide range of fields.'>1> Determining
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accurate number of building units in superstructures in the
multi-dimensional closed-packed molecular aggregates of NCs
is a grand challenge, particularly in solution. However, metal
NCs themselves can exhibit a wide range of arrangements, from
monomeric species to large multimeric complexes. Conse-
quently, the presence of heterogeneity in complex systems
poses a significant challenge for accurately determining the
number of building units, especially when ligand-protected
NCs form superstructures such as chains, helices, spheres,
capsids, and prisms.1® At the same time, it is a challenge to
construct nanoassemblies of precise morphology due to the
lack of control of kinetics and assembly dynamics.

Over the years, several techniques have been applied to
characterize NC-based multidimensional assemblies and inves-
tigate their potential applications in the solid state.” Among
these techniques, electron microscopy and X-ray scattering
have been most relevant to understand their structural
integrity.*® Unfortunately, these techniques have inherent lim-
itations, primarily in determining the number of monomeric
units responsible for the formation of such structures. The
most efficient way to assess composition of these NC-aggregates
is to investigate their masses.!® The traditional mass analysis
technique, mass spectrometry, has focused on measuring
ensembles of hundreds or thousands of atoms/molecules in
the gas phase by imparting multiple charges on them.?° These
methods have been successful in analysing biomolecules, NCs,
and NC-based supramolecular-oligomeric small complexes.?122
However, mass spectrometry cannot examine the NC-
assembled species directly in solution and consequently their
structural evolution.

Here we report the first investigation of the structural
evolution of such nanoaggregates in solution using interfero-
metric scattering microscopy (iSCAT), later renamed as mass
photometry (MP).23 MP is an emerging optical technique with a
high dynamic mass range, needing only nanomolar concentra-
tions of analyte, and has been used generally for examining
biomolecules such as proteins.?® Earlier, the iSCAT technique
has been employed in materials science to accurately infer the

Chem. Commun., 2024, 60, 6655-6658 | 6655
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size-distribution of nanoparticles of various sizes without prob-
ing their masses.?*?6 Grant et al. employed this method
to determine size distributions of gold nanoparticles and
compared the results with those obtained from transmission
electron microscopy (TEM).?® The iSCAT technique can be
demonstrated to have superior accuracy in measuring the
particle size distribution of nanoparticles compared to DLS.
However, the use of MP for nanoparticle mass determination
has remained unexplored. Individual proteins, protein com-
plexes, and their aggregates in the 30 kDa-5 MDa mass range
have been examined by this technique, giving new insights into
their structural and functional properties; namely, polymeriza-
tion, host-guest interactions, and self-assembly.?327 These
nano-sized nanoparticles are comparable in size to that of
many biomolecules such as proteins, antibodies and nucleic
acids.?® Thus, MP can be used to study solution-phase aggrega-
tion dynamics of NCs, similar to its use in biomolecular
interactions. With this objective, we used MP to examine a
particular NC system that is known to form precise nanoag-
gregates in solution.?

We used a new series of Ag—Au alloy nanoclusters denoted as
[Ag11,:Au,(DPPB)sCls02]>* [x = 1-5]. They are co-protected by
1,4-bis(diphenylphosphino)butane (DPPB) and chloride ligands
and exhibit useful photophysical properties.® The unique sol-
vophobic property of this Ag—Au alloy NC leads to the formation
of luminescent solution phase self-assemblies. Size-dependent
luminescence characteristics of these aggregates and their
potential applications have been explored previously.® In this
report, we investigated these alloy NCs and their precisely
formed nanostructures, by varying the compositions of the
solvent system (methanol:water). This investigation was con-
ducted using a Refeyn TwoMP mass photometer (Refeyn Ltd),
complemented by cryogenic electron microscopy (cryo-EM).2°
Details of the experimental protocol are discussed in the ESI.#
To examine the suitability of MP for studying the solution
phase self-assembly of atomically precise NCs, we used an
equimolar mixture of b-amylase and thyroglobulin with a broad
mass range of 50-660 kDa as a standard, in 30% (v/v) methanol
solution. A calibration graph (#? = 0.9999) was obtained from
the measurements and the error was estimated to be 5%.
Details of the calibration method are described in ESI.+ The
stability of protein calibrants in 30% (v/v) methanol was con-
firmed by comparing the same in ammonium acetate (AmAc)
solution by MP measurements (see histograms in ESI%). In
Fig. 1, we show the electrospray ionization mass spectrometric
(ESI MS) characterization of the parent NC system used in this
study. The peaks marked with 1-5 correspond to different NCs
with varying number of gold atoms, i.e., [Ag10Au(DPPB)sCls02]%*,
[AgeAu2(DPPB)sCls02]%*, [AgsAus(DPPB)sCls02]%*, [Ag7Au4(DPPB)s.
Cls02]?*, and [AgsAus(DPPB)sCls02]?*, with the same nuclearity
(Ag11;xAUx = Mu1, with x = 1-5). The position and isotopic
distribution of each of these help us to assign the precise
composition of the NC (see inset of Fig. 1A(ii)). The well-defined
NC aggregates formed with varying solvent compositions was
revealed in a previous report by DLS and TEM studies.? As
demonstrated, the nature and quantity of the nanoaggregates

6656 | Chem. Commun., 2024, 60, 6655-6658

View Article Online

ChemComm

() _[47)

0 1

ud ﬁl“] YR
(i I 83 "B 4 :
- i \.

(iv)

0 100 300 400

.
PR - &
B i (3 = Q "“‘/’: 300
é s
5
Fig. T (A) (i) Calculated structure (x = 2), (ii) the metal, Agi1y.Aux, core (x =
2), and (iii) ESI MS of [Agi1;xAu{DPPB)sCls02]?* (x = 1-5) nanoclusters. In
inset, calculated isotopic distribution is stacked with the experimental one.
(B) Concept and experimental implementation of MP. Parts in the graphic
representation: (1) solvent mixture (sol mix) containing nanoclusters; (2)
nanocluster aggregates in solution; (3) glass surface; (4) immersion oil; (5)
objective lens. Single-particle landing event on a non-coated cover slide is
shown on the right. (C) A stacked plot of the MP histogram of various-sized
nanoaggregates with the counts of particle landing events, with varying
solvent composition. May are shown on the spectra as [xx]. The photo-
graphs of single-particle binding events on the glass—sol interface during
each set of measurements is shown. The corresponding fuwaters of solvent
mixture is labelled on each histogram.

Massz?aDa)

are dependent on the solution composition. Specifically, an
increase in solution polarity, achieved by increasing the fraction
of water (i.e., fwaters), corresponds to an increase in the size of
nanoaggregates. To understand the possible intercluster inter-
action, we tried to predict the structure of NC and its ligand
orientation theoretically (see Fig. S1, ESI$). To measure the mass
of each nanoaggregates corresponding to a specific composition,
MP experiments were carried out by dropcasting the solution on
the pre-treated glass slide (see details in ESIZ), as shown in
Fig. 1B. Data for the first set of measurements with NC-
aggregates at faos solution of the solvent mixture (sol mix) i.e.,
40% (v/v) water and 60% (v/v) methanol, are shown in Fig. 1C(i).
The nanoaggregates exhibit non-specific binding events on the
glass slide during their landing on the substrate, which are
captured as microscopic events, as presented in Fig. 1C(i) images.
The size distribution resulting from such multiple-binding events
was captured and plotted, corresponding to a mass of 47 kDa as
determined using protein calibration, at faos%. Several such MP
measurements were carried out by increasing fwaterse. Upon gra-
dually increasing the water percentage in the sol mix (water%:
50%, 60%, 70%, and 80%), different sets of equimolar NC
solutions were prepared, and their mass distributions were mea-
sured immediately. The stacked MP histogram presented in
Fig. 1C(i)—(vi) are indicative of the average mass distributions
(Mav) of promptly generated-nanoaggregates across the different
sets of NC solutions. It is evident that an increment in the water
percentage leads to a systematic increase in Mav. It increases from
65 to 83 to 93 to 103 kDa with an increase in water content. This
systematic evolution in mass agreed with the previously reported
DLS data.® A table containing various percentages of solvents, the
corresponding masses of aggregates, and the number of NCs

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Stacked plots of the time-dependent mass variation of nanoag-
gregates with normalized counts of single-particle landing events at (A)
faow and (B) feow, respectively, in MP. The time scale of each stack
represents the time of data acquisition at a particular sol mix. The photo-
graphs of single-particle landing events at the glass—sol mix interface with
increasing time are shown as insets with each measurement. (C) Sche-
matic representation of the variation in diameter of nanoassemblies during
NC-aggregation at (i) faow and (i) feow respectively. r1, r1° represent the
diameter of the nanoaggregates at the initial stage of growth, and r2, r.°
represent the same at the final stage.

present in each of them is presented in ESI+ (Table S1). Aggrega-
tion numbers (Nncs) of 13, 18, 23, 26, 29, and 50 for various
solvent compositions corresponding to smaller aggregates, grow-
ing aggregates, and bigger aggregates were observed. However, at
water% = 90%, the size of nanoaggregates decreases, consistent
with the previously reported DLS data (an explanation will be
presented later).8 As expected, aggregation depends strongly on
the input concentration of the NC and the binary solvent compo-
sition. In Fig. 2, we show the data obtained at a constant input
concentration (/260 nM) in two distinct solvent compositions:
(i) fao% which correspond to the formation of the smallest
nanoaggregates with May = 47 kDa, and (ii) fso» forming the
largest nanoaggregates with Mav = 103 kDa. Here are two different
aggregate dimensions at a given point of growth. A smaller
aggregate (i.e., at fao%) grows systematically with time while the
larger aggregates remain essentially invariant in time. When the
water% is high, e.g., at fso%, individual NCs become unstable in
solution, which make them aggregate rapidly. Lower solvent
polarity results in a gradual increase in the diameter of the
nanoaggregates, whereas higher solvent polarity leads to rapid
aggregation, as schematically shown in Fig. 2(C). Fig. 3 illustrates
the comparative size-evolution (mass) of nanoaggregates at faov
and fsow with changes in solvent polarity, represented as a
function of evolution time. The total number of particles non-
specifically interacting with the uncoated coverslip during mea-
surements was recorded, and subsequently the mass of a single
particle was calculated by spatio-temporal isolation (see ESI4 for
more details about data processing and mass calculations). In the
case of faw (Fig. S3, ESI%), time-dependent measurements show a
gradual increase in the mass from 39 to 47 kDa (Fig. S3(i)—(iii),
ESI$), implying solution phase growth of aggregates during the
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Fig. 3 Time-dependent size-evolution of nanoaggregates.

initial 20 min. After 45 min of incubation, along with simulta-
neous growth in smaller aggregates (o100 kDa), larger aggregates
(4500 kDa) were also recorded in single particle mass analysis.
These two mass distributions are shown in Fig. S3(iv) (ESI%). This
phenomenon continued until 60 min of measurement [as shown
in Fig. S3(v)(a and b), ESI%]. Similar measurements were per-
formed in the case of fso%. Here, systematic growth of smaller
particles in the smaller mass range was absent (see Fig. S3(i)—(iii),
ESI%). Moreover, the presence of bigger particles was recorded
coherently throughout the entire tracking timeframe, i.e., 5-60
min. The possible Nncs were calculated from the recorded mass
(see Fig. S3, ESI$). The evolution of the size and structure of the
nanoaggregates was captured first by room-temperature TEM (RT-
TEM). Standard time-dependent TEM examination showed that
the aggregates were well-defined NCs with a hollow-cage sphere-
shaped or vesicle-like structures (as shown in Fig. S5-S7, ESI%).
For additional understanding, time dependent RT-TEM micro-
graphs (see S7, ESI# for RT-TEM sample preparation) of fao% and
feow were collected. In Fig. S5-S7 (ESI%), time dependent RT-TEM
micrographs at faos are presented, which in turn reflects that with
increasing growth time (i.e., from 0 to 30 to 60 min), there is a
gradual increase in Mav along with thickening of the wall of the
nanoaggregates, corroborating the MP observations (see Table S2,
ESI$).

To obtain more precise information about the gradual
increase in diameter during solution-phase growth, we
employed cryo-EM, as shown in Fig. 4. Detailed cryo-TEM
methodology is provided in the ESI.+ While RT-TEM images
suggest the presence of a hollow-cage morphology within
individual nanoaggregates, this feature is less distinct in the
cryo-TEM micrographs. This disparity may be attributed to
differences in sample preparation methods used in the respec-
tive TEM studies. Cryo-TEM micrographs display the size
evolution of nanoaggregates over time, revealing sizes of 12.5,
33, and 45 nm at 0, 30, and 60 min of aggregation, respectively.
Notably, the trend in gradual increase of diameter derived from
cryo-TEM data align well with the MP data. In the case of fso,
cryo-TEM and RT-TEM observations indicate the minimal size
evolution of donut-shaped nanoaggregates as a function of
growth time (Fig. S5-S11, ESI#). Our data suggest that the
aggregates are hollow in nature as we described previously.®
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Fig. 4 Time-dependent (A)—(C) RT-TEM (scale bar 100 nm) and (D)—(F)(i)
cryo-TEM (scale bar 50 nm) measurements and (ii) the extracted average
particle-size distribution with average diameter from cryo-TEM micro-
graphs, all formed at faos.

As water and methanol are miscible, we believe that the solvent
molecules encapsulated within the nanoaggregates also have the
same composition as in the bulk. Due to the limited mass
accuracy of MP, an exact number of solvent molecules encapsu-
lated in the aggregates is unclear. By assuming a donut-/vesicle-
shaped assembly of NCs, we calculated the Nnc mathematically
from the average radius of the nanoaggregates obtained from the
cryo-TEM micrographs. The Nnc value, initially (i.e., Z21 min
incubation) was 12 which is in very good agreement with the
mass calculated by MP (see Fig. S3(iv), ESI%). A detailed mecha-
nism of formation of NC-based nanoaggregates and their solution
phase evolution are discussed in ESl$ (see S111). To carefully
assess the applicability of MP measurements for investigating
nanoparticle systems, we tried to correlate the observed MP data
with cryo-TEM (see SI12, ESl%).

In conclusion, we presented the first MP studies of atomically
precise NC aggregates showing their systematic assembly leading to
hollow spheres of precise composition. MP is simple, highly
sensitive, intrinsically quantitative, and fast technique in measuring
masses of protein complexes. We showed that atomically precise
cluster aggregates could be quantified in terms of their Nnc in
solution. The results could be correlated with cryo-TEM and RT-
TEM, which confirmed that the aggregates are hollow spheres. Their
solution phase size evolution and dynamics could be observed in
real-time (in MP). In conjunction with computational studies, MP
makes it possible to propose structures and correlate those with
emerging properties such as enhanced luminescence in such
aggregates. Our study show that mass photometry is a new way to
explore the properties of nanoparticle assemblies in solution.
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SI1. Synthesis and characterization of of phosphine-protected alloy clusters

We have synthesized diphosphineobutane- and chlorine-co-protected Ag-Au alloy nanoclusters using a
single-step co-reduction method. There are only very few reports on phosphine- and halide-protected
nanoclusters using a single-step reaction. Here, Agi1-xAux was synthesized by co-reducing a mixture of
silver and gold precursors in the presence of diphosphine ligands in methanol and dicholoromethane as
co-solvents. About 0.112 mmol AgNOs; and 0.006 mmol HAuCI..3H,O were dissolved in 5 mL of
methanol by keeping the total metal ion concentration at 0.118 mmol. To the mixture of Ag and Au
precursors, ~ 75 mg of 1,4-bis-(diphenylphosphine)butane (DPPB), dissolved in 9 mL of
dichloromethane (DCM), was added with constant stirring. After 20 min of stirring, 35 mg of NaBH,4
in 1 mL of ice-cold water was added. The colorless mixture immediately turned brown. After ~ 6-8 h
of vigorous stirring in dark, the color of the entire solution turned orange and was kept for aging at 4 C
for 24 h. The solution was rotary evaporated and extracted in methanol. During extraction, 10 mL of
methanol was introduced to the product and then the solution was centrifuged several times at 8000 rpm
for 4-5 min to remove excess DPPB and phosphine complexes as a precipitate. After that, the entire
methanol solution was vacuum-dried, and finally, the nanoclusters were cleaned with DCM. The dried

alloy nanocluster was dissolved in methanol and used for further characterization.

The nanocluster was characterized using positive mode ESI MS measurements. The nanocluster was
dissolved in methanol. Waters Synapt G2-Si high-definition mass spectrometer (HDMS) was used to
record the ESI MS spectrum. During measurements, capillary voltage was set at 3 kV, and desolvation
gas flow was maintained at 450 L h1. The source and desolvation temperature were maintained at 100

and 150 °C.

S12. Prediction of the structure of the NC

We tried to predict the structure of NC and its ligand orientation theoretically using the Avogadro
software package with the universal force field (UFF) method.! Furthermore, to optimize the geometry
of Ag-Au alloy NCs, we employed a conjugate gradient optimization algorithm with a simple line

search technique, and energy convergence of 106 eV.2® Fig. 1(A) shows the optimized-NC structure.
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The Agi1xAuy core is surrounded by five P of monodentate DPPB ligands, while the remaining terminal
P atoms of the DPPB ligands are bound to five Cl atoms. This bonding configuration may be responsible
for the aggregation observed in response to changes in the solvent polarity. We also attempted to
optimize the NC structure by attaching all phosphorus atoms as bidentate ligands to the Agi1-xAux core.
However, this structural modification did not reach convergence and resulted in complete distortion of
the structure. Therefore, we considered that the initial structure, with monodentate P, was the most
likely one for this NC. The system shows solvent-dependent aggregation as reported previously.* To
calculate the specific volume of the vesicle-like nanoaggregates, we considered the NC to be spherical

in nature. Therefore, we used van der Waals diameter in our calculation (see Fig. 1).

Fig. 1 The spherical structure of the NC with its van der Waals diameter (i.e., ~ 2.48 nm).

SI3. Sample preparation for MP characterization

Approximately 15 mg of nanocluster was formed during each set of the synthesis. MP is a label-free
single-particle analysis technique. For the MP measurements, 1.35 mg of nanocluster was dissolved

in 1 ml of methanol to prepare a working stock (~5 uM).

For the MP studies of solvent-induced aggregation with varying water % (i.e., fwater%), 6 sets of
reactions were prepared. methanol and water at different ratios were added to each set by keeping the
final volume fixed to 100 uL. To each set, 10 uL of stock solution of nanocluster (~500 nM) was

added.
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During each set of MP acquisition, unless otherwise stated 10 uL of solvent mixture was carefully
placed in the sample gasket, and then after focusing the object well, 10 uL. of 500 nM nanocluster
solution was added and mixed well. The final concentration of nanocluster present in the silicone

gasket wells was 50 nM (i.e., optimum concentration range for TwoMP).

S14. Mass photometry measurements

Mass photometry is an analytical technique that is used to determine the mass of a sample by
measuring the amount of light it scatters during particle landing events on the coverslip. It relies on
the relationship between the mass of a particle and its optical properties. This method was already
employed to distinguish 24-mer of Apoferritin proteins from Fe®* metal ions containing holoferritin
nanocages.® Utilizing MP in such systems opens up new directions to implement this technique in

nanomaterials. Instrumental methods used for mass photometric experiments are described below.

1) Measurement, solution preparation, and instrument operation. For the MP measurements,
15 uL of a specific solvent mixture, i.e., 70% water and 30% of methanol, was used to find focus by
the objective lens through the ‘Droplet-Dilution Find Focus’ method in AcquireMP (Refeyn) software.
This particular solvent mixture was prepared in such a way that the calibrants, as well as the
nanocluster aggregates, are stable during the acquisition. After focusing the droplet on top of the glass
slide, 5 uLL of the NC solutions prepared at different solvent mixture was added to acquire particle
landing events on the glass slide. The total solution volume during each measurement was fixed at (15
+5) uL = 20 pL. The data was recorded as a movie by using the same software. Refeyn TwoMP mass

photometer was used for the study.

2) Preparation of glass coverslips. Glass coverslips (24 x 50 mm, Thorlabs) were cleaned
thoroughly by rinsing alternatively with Milli-Q water and isopropanol for a minimum of 8 times, and

then dried using a nitrogen stream and stored in a dry clean place until use. Silicone gaskets (6 cm x
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1 cm) were rinsed sequentially with Milli-Q water, isopropanol, and Milli-Q water, dried under a
nitrogen stream, and placed on the freshly cleaned coverslips.
3) Mass photometry setup. All MP measurements were acquired on a Refeyn twoM? mass
photometer with a 10.8 x 2.9 um? field of view.
4) Calibration process. 1:1 protein mixture, i.e., B-amylase (BA) (10 nM), and thyroglobulin
(TGA) (10 nM) were used as calibration mixture in 70% water:30% methanol. These proteins were
selected such that the protein mixture can be used to calibrate the mass range of interest (i.e., 50 — 660
kDa). Final concentration of each calibrant was 10 nM. We used the same acquisition method for each

sample analysis.

SI5. Data processing

Dynamic mass photometry movies were processed by treating each frame with a sliding medium
background subtraction algorithm with high spatiotemporal resolution using DiscoverMP software. In
brief, each frame was divided by its local median, that is, the median of a pre-defined frame interval
(here 890 frames) centered around the frame of interest, to calculate the background-subtracted frames,

F:

X.

i
Fi=

XL'— 100:i + 100

Where X; is the current raw frame and Xi.100:i+100 represents the median pixel values of raw frames, from
i-100 up to (and including) i+100.6 Each background-subtracted frame was then additionally treated
with a two-dimensional (2D)-median noise filter to remove any large dynamic background sources (for
example, fluctuations in illumination, if present). The window size of 890 frames for the sliding median
algorithm was chosen during the acquisition of single particle landing events because it was the window

size that did not detrimentally affect particle contrast or contrast precision.

S16. Calculation of single particle mass during particle-landing events on the coverslip
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To measure accurate mass for the individual mass of the nanoaggregate of each set of measurements,
we selected a particular spherical point spread function (PSF) from a particular ratiometric frame from
the entire frames of a measurement. Then we inverted the selection spatially and temporally from the
entire acquisition movie. This method enables us to measure the ratiometric contrast, as well as mass/es
(in kDa) of individual particle/s accurately per count.”®

We then calculated the kernel density estimate (KDE) plot from the area of each Gaussian distribution.
The KDE is calculated as, a = AU\/(Zﬂ), where a is the area, A is the amplitude and o is the standard
deviation of the fitted Gaussian.

Here, the equal binding rate of each nanoaggregates with the coverslip was considered as only Ag-Au
alloy nanocluster, i.e., [Agi1-xAux(DPPB)sCl,0,]%* [x = 0-5] was taken as the precursor for the entire

study.

SI7. Calculation of the average mass of alloy-NCs

The composition of Au-doped nanocluster used here is [Agu1«Aux(DPPB)sCls02]?* [X = 0-5], where
DPPB represents 1,4-bis(diphenylphosphino)butane. In the mass spectrometric study, the Au-undoped
and doped nanocluster ionizes at m/z 1808, 1852, 1897, 1942, and 1986 with varying ion intensities.
To calculate the approximate number of nanoclusters that are present in the nanoaggregates, the

following method is employed —

The central mass of nanoaggregates (observed in MS)

The average mass of nanocluster (observed in MS)

The intensity ratio (IR) of five nanoclusters (X = 0-5) =4119.5:2932.3:2139.2:1583.3:1000.6

=4:3:2:.1.6:1

Total of IR=11.6
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The average mass/charge (m/z) of these Au-undoped and Au-doped nanoclusters =

(M IR;
Xi|l— Xz X ,i=0-5
z 11.6

Z

3670.33
= 2

= 1835.16
S18. Sample preparation for RT-TEM measurements

During RT-TEM measurements, 3 uL of NC-solution of binary solvent mixture was dropcasted directly
on a regular carbon-coated Cu-grid and kept for drying (~ 10 min) before inserting the grid for the

TEM-imaging.
S19. Cryo-electron microscopy of nanoaggregates

Cryo-electron microscopy (cryo-EM) was performed using a Thermo Glacios cryo-EM instrument. To
prepare the cryo-EM specimens, a 3 uL droplet of NC-solution was applied to a lacey carbon-coated
copper TEM grid. The grid was then rapidly frozen in liquid ethane using the Vitrobot Mark from FEI
in Eindhoven, The Netherlands. The freezing conditions involved maintaining a temperature of 4°C
with 67% humidity. After vitrification, the grids were either directly transferred to the cryotransfer
holder of the microscope or stored in liquid nitrogen until the EM measurements. The imaging took
place at a temperature around 90 K. The TEM was operated at an acceleration voltage of 200 kV, and
a defocus of the objective lens between 0.5 — 1 um was applied to enhance contrast. Cryo-EM
micrographs were recorded at various magnifications using a bottom-mounted 4k CMOS camera. The

total electron dose in each micrograph was kept below 17 e/A2,
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Set Water (%0) MeOH (%) Mass (kDa) No of NCs

(Mw = ~3670)
1 40 60 47 13

2 50 50 65 18

3 60 60 83 23

4 70 30 93 26

5 80 20 103 29

6 90 10 84-183 23-50

Table SI1 Calculation of the aggregation number (Nncs) present per nanoaggregate as different solvent
mixture.

(A (B)

112 kDa 112kDa *

111

Calibration in AmAc Calibration in H,O(70%): MeOH(30%)

Fig. SI2 Histogram of proteincalibrants measured in (A) 100 uM ammonium acetate (AmAc) solution and (B)
70% water and 30% methanol mixture, by MP. Histograms collected from AcquireMP software. The masses of
different oligomers are labelled in the histograms.
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Fig. SI3 Spatiotemporal selections of single particle landing event enables determining mass of single
nanoaggregate for a particular measurement. (A)(i-v) Time-dependent MP histograms of size-evolution of single
particle landing event of nanoaggregtaes at fao in the mass range of 0-5500 kDa. Inset of each histogram shows
the expanded mass range labelled with average mass. (vi) Table shows the average number of parent nanocluster

present per nanoaggregate.
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Fig. Sl4 Spatiotemporal selections of single particle landing event enables determining mass of single
nanoaggregate for a particular measurement. (A) Time-dependent MP histograms of size-evolution of single
particle landing event of nanoaggregtaes at fsos in the mass range of 0-5500 kDa. Inset of each histogram shows
the expanded mass range labelled with average mass. (vi) Table shows the average number of parent nanocluster
present per nanoaggregate.
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Fig. SI5 (A) (i-iv) RT-TEM micrographs of alloy nanocluster-based nanoaggregates of fag at 0 min. Inset (a)
shows the average particle size distributions observed at 0 min.
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Fig. SI6 (i-iv) RT-TEM micrographs of alloy nanocluster-based nanoaggregates of faoy at 30 mins. (a) Inset shows
average size-distribution of the nanoaggregates as a function of counts after 30 min.
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Fig. SI7 (A) (i-iv) RT-TEM micrographs of alloy nanocluster-based nanoaggregates of foy at 60 min and inset

(a) represents the particle-size distribution.
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Fig. SI8 Cryo-TEM micrographs of s at (A) 0 min, and (B) 30 mins.
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Fig. SI9 RT-TEM micrographs of alloy nanocluster-based nanoaggregates of fsos, at 0 mins. Inset shows a schematic
representation of the donut-shaped nanoaggregates.

Fig. SI10 RT-TEM micrographs of alloy nanocluster-based nanoaggregates of fgo at 30 mins. Inset shows a schematic
representation of the donut-shaped nanoaggregates.
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Fig. SI11 RT-TEM and cryo-TEM micrographs of nanoaggregates forming at 0 min (i-ii) and at 30 min (iii-iv)
of faou, respectively. Insets of (ii) and (iv) show the expanded view of the vesicle-like structure of nanoaggregate
with NC-shell (in nm).

S17

143



10

11

12

13

et MP Cryo-TEM RT-TEM
Avg.
Evolution Mass Gaussian GNCS . Evolution Diameter Avg. Neos/nano thickness
fi— time (kDa) (o) (Ngg time range radius aggregate ofh ttl1le
(min) 5 (min) (nm) (nm) shel
3670) m)
Faom0 0 39 14.4 ~11 0 125+5 6.25 ~12 10.9
Tr00 30 70 27.56 =19 30 335 16.5 ~21 15
Fio00 60 86 28.49 ~25 60 45+ 15 225 - 16

Table SI2 Comparison of masses (Mas), gaussian (o), radius, NncS of nanoaggregates, and thickness
of the shell of the nanoaggregate determined at different times of evolution for fa, from MP, cryo-
TEM, and RT-TEM.

SI11. Possible mechanism of formation and evolution of nanoaggregates

The possible mechanism of formation of such hollow spherical superstructures was discussed in the
previous report.t* The NC is completely soluble in methanol and consists of hydrophilic (Cl) and
hydrophobic (DPPB) counterparts in its ligand shell. To understand the details of solution phase self-
assembly of NCs encapsulated by DPPB and CI ligands, we performed a series of time-dependent MP
measurements at faou and fso. The self-assembly of NCs and the growth of nanoaggregates with
increasing dielectric constant are mainly attributed to n---n and C-H---xt interactions between DPPB
ligands of alloy NCs, as discussed in previous research.'* Over time, these aggregated assemblies of
NCs tend to reach a state of minimum surface energy, resulting in the formation of hollow vesicle-like
structures. Each individual vesicle continues to grow within the solution, with the rate of growth being
influenced by the polarity of the solvent and the availability of NC monomers in the solution. This

growth process continues until the vesicles reach a threshold diameter, beyond which no further growth

S18

144



10

11

12

13

14

15
16
17
18
19
20
21
22
23
24
25
26

27

28

is discernible. Three major phenomena were observed in terms of mass calculation of such
nanoaggregates in solution. First, with increase in water percentage (see Fig. 1C), a greater number of
NCs assembled to form nanoaggregates with increased molecular mass. This is in accordance with a
previous report where with increase in water, thick-walled nanoaggregates were formed.** Second, at
foow, the overall Mav decreased compared to that at fso.. We attribute such phenomena to rapid
agglomeration due to a sudden increase in the solvent polarity which effectively reduced the size of the
nanoaggregates to retain the spherical morphology. Moreover, it is already known that higher amount
of water in a water-methanol binary solvent system causes fast aggregation.®® Lastly, at a constant
water-methanol ratio (i.e., at fau), initially smaller aggregates were noticed, presumably due to high
solubility of NCs in methanol. However, these smaller aggregates grew with time. This is more-likely
due to enthalpy driven self-assembly, associated with hydrophobicity of the DPPB ligands (see Fig. 2A

and Fig. 3).1 The growth of nanoaggregates was observed systematically e.g., at fsou, feos, and fzox.

S112. Correlation between MP and cryo-TEM measurements

We carried out a side-by-side comparison of the MP and cryo-TEM workflows along with the size evolution of
nanoaggregates. At faou, the MP study showed that the average NC, at 1 min of the measurements is ~12 (see table
in Fig. SI2). In corollary, cryo-TEM measurements at 5 min showed an average particle size-distribution of 12.5
+ 5 nm. The average van der Waals diameter of individual NC was ~2.48 nm (measured from computationally
optimized NC). To calculate the specific volume of the vesicle-like nanoaggregates, we considered the NC to be
spherical in nature. Therefore, we used van der Waals diameter in our calculation. Combining RT-TEM and cryo-
TEM studies, we confirmed that NCs are aggregating in solution as hollow spheres, as suggested previously.* The
density of a nanoaggregate can be estimated by dividing the average mass, as determined by MP, by its average
volume, which is derived from cryo-TEM measurements. For instance, at fapy and after 60 min, the nanoaggregates
exhibit an average mass of 86 kDa and a diameter of 45 nm. This results in a calculated density of ~ 0.003 g/cms.
This density is considerably lower than that of bulk water and methanol, which have densities of 1 and 0.792
g/cm3, respectively. The deviation could be arising from an under-estimation of the mass by MP or over-estimation

of the size by cryo-TEM. Therefore, correlating the findings with more established single molecule mass

determination techniques like charge detection mass spectrometry (CDMS) could enhance the
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measurement accuracy, an area that requires further investigation in future. Such a correlation with

CDMS has additional issues as gas phase ions produced by electrospray ionization may lose some or

all the solvent molecules or the aggregate ions may be fragmented.
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ABSTRACT: This work demonstrates that antigalvanic reactions findl Gelvanic Redcton

(AGRs) between thiol-protected plasmonic gold nanoparticles ‘ l

(NPs) and atomically precise silver nanoclusters (NCs) are an
interfacial chemistry-driven phenomenon. We reacted 2,4-dime-
thylbenzenethiol (DMBT)-protected Au NPs (average diameter of
4.46 + 0.64 nm) with atomically precise [Agos(DMBT):5]- NC
and obtained bimetallic AgAu@DMBT alloy NPs. Systematic / ‘
investigations with optical absorption spectroscopy, high-resolution AU@SRNP Ag.@SRNP AVAGBSRNP A, Au@SRNP
transmission/scanning transmission electron microscopy, and T
elemental mapping revealed the reaction-induced morphological

and compositional transformation in NPs. Furthermore, we show Galvanic Reaction

that such AGRs get restricted when geometrically rigid interfaces

are used. For this, we used 1,3-benzenedithiol (BDT)-protected Au@BDT NPs and [Agx(BDT)12(TPP)4]3~ NCs (TPP =
triphenylphosphine). Electrospray ionization mass spectrometric (ESI MS) studies revealed that the interparticle reaction proceeds
via metal-ligand and/or metal exchange, depending on the interface. Density functional theory (DFT) calculations and molecular
docking simulations were used to understand the interactions and reaction energetics leading to favorable events. Interfacial
chemistry of this kind might offer a one-pot synthetic strategy to create ultrafine bimetallic NP-based hybrid materials with potential
optoelectronic and catalytic applications.

1. INTRODUCTION other doped species upon mixing [Auas(SR)1s]~ NC with Ag-
Bimetallic nanoparticles (NPs) have attracted significant thiolate, using mass spectrometry.» Later, Wu reported
interest in view of their enhanced catalytic? and plasmonic reactions of neutral [Auas(SR)is]’ and other ultrasmall Au
performance.3* Common synthetic routes to bimetallic NPs and Ag NPs (sized below 3 nm) with metal ions of Ag and
include coreduction, thermal breakdown, seed-mediated Cu.” [Auas(SR)1s]- NC was considered a unique candidate
growth, and galvanic replacement processes.®> Classical galvanic for AGR as Ag* ions failed to react with 2—3 nm Au NPs.”/
reaction (GR), where a noble metal cation is reduced by a less Wu et al. reported that the oxidation potential of ligand-free
noble ion, is known for its high tunability and efficiency in Au NPs was lower than the reduction potential of Ag*, leading
producing bimetallic NPs.*~* However, the antigalvanic to the oxidation of gold NP and reduction of Ag*, upon mixing
reactions (AGRs), namely, the reduction of metal ions by the two species.”® Similarly, Jin et al. demonstrated a similar

less reactive (or more noble) metals, were considered
impossible. Such a reaction was demonstrated using atomically
precise nanoclusters (NCs).!%!! Atomically precise metal NCs
are classified as molecular materials in view of their precise
composition and well-defined electronic structure, physico-
chemical, and optical properties.1>-17 The reduction potential Received: March 2, 2024
of metal NPs decreases as the particle size reduces.’s-2 Revised: ~ May 14, 2024

Specifically, in the context of ultrasmall ligand-stabilized Au Accepted: May 16, 2024
NPs, their oxidation potential becomes notably lower than the Published: May 29, 2024
reduction potential of a few less noble metal ions.?’~2* Choi et

al. first identified the [Au2Ag(SR)1s] -, [Au2Ag2(SR)1s] -, and

size dependence on the redox potentials of the 11-
mercaptoundecanoic acid (MUA)-protected Au particles.?”
Pattadar et al. reported a size-dependent AGR reactivity of

H H © 2024 American Chemical Society https://doi.org/10.1021/acs.chemmater.4c00620
ACS Publications
7581 Chem. Mater. 2024, 36, 7581—7594
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Figure 1. Schematic illustration of the AGRs in Au@SR NP with atomically precise Ag,@SR NCs via intersystem exchange resulting in bimetallic
AuAg@SR NPs. SR corresponds to 2,4-DMBT, 1,3-BDT, and 4-FTP; detailed ligand structures are omitted for clarity. Au@DMBT and Au@BDT
NPs are denoted by the label Au@SR. Ag @SR refers to [Agys(DMBT)1s]~, [Agua(FTP)30]4~, [Agu(FTP)30]3~, and [Agao(BDT)12(TPP)4]3~
NCs. As indicated, Au@BDT—-Ag,@BDT and Au@DMBT-Ag,@BDT reactions do not occur. Color code: yellow, Au; gray, Ag; green, S; pink-
blue/orange, ligand. Note that the atomic dimensions and particle sizes are significantly underestimated to suit the representation.

weakly stabilized and surface-attached Au NPs (diameter particles retain their intrinsic properties in the super-
ranging between 1 and 4 nm) with Ag* or PtC} 2~ ions.? The structures.>2-70 We recently reported the formation of a
ligand monolayer on the NC surface plays a prominent role in self-assembled 2D superlattice of monodispersed Ag—Au—

AGRs.1622-2¢ Saghu and Prasad reported the solution phase alloy NPs by reacting polydispersed Ag NPs with
reaction involving Au@DDA (DDA = dodecylamine) and [Auxs(SR)1s]~ NC.”! As studied using mass spectrometry,
Au@DDT (DDT = dodecanethiol) NPs with Ag* ions, the reaction mechanism suggested an interparticle atomic
yielding Au@Ag core—shell and monometallic Ag and Au exchange (meta]—]igand species)/ and the meta]—ligand

NPs, respectively, at 90 “C.% The architecture of the resulting interface was crucial for the reaction.” Kazan et al. showed
NPs was found to be influenced by the nature of ligand binding that the thiol acts as a messenger in the metal—atom exchange
to the metal NP surface, with excess DDA and DDT ligands between the NC and the surface in such reactions.”2 A later
facilitating the reduction of Ag* to Ag?. Studies also revealed study on the kinetics of isotopic exchanges showed a size
that the heteroatom addition or replacement resulted in dependence when the reacting partner was varied from the
alloyed Au NC with either the retention® or an alteration of nanoscale to bulk metal with an isotopically pure
its original structural framework.3? Ligands facilitate the [Ags5(SR)1s]~ NC.52 A recent study showed [Aga5(SR)1s]~
formation of heterometallic NC frameworks.3-3 However, NC-meditated site-selective etching of anisotropic Au nano-
most reports on AGRs are limited to atomically precise triangles (Au NTs).” Roy et al. reported [Auas(SR)1s]~ and
ultrasmall NPs with sizes smaller than 3 nm.!? Considering CuO NP reaction, which induced the aggregation of Cu-doped
AGRs from the perspective of interfacial chemistry may help NC leading to spherical superstructures.’* The feasibility of
address such processes with plasmonic NPs.% interparticle reactions and the dynamics at the metal-ligand
Atomic exchange during nanocluster—nanoparticle (or interface across the gold—silver system of all dimensions is a

interparticle) reactions is a relatively less explored area of natural extension of this problem.
study. Ligand-exchange, - metal-exchange,*-% and iso- Self-assembled colloidal NP-based, also known as supra-
topic-exchange®-52 reactions of atomically precise metal NCs particles, hybrid materials are known for their potential
are well-known. 131435354 Like molecules, atomically precise catalytic,” optoelectronic,’*”7 and biological applications.”
metal NCs undergo internanocluster (or intercluster) reactions In reference to our previous and current studies, we presume
in solution.-5 Bimetallic and trimetallic NCs have also been that modulating the reaction microenvironment (temperature
prepared using intercluster reactions.’>*® Studies on the and solvent, for instance) and/or the protecting ligand of NPs
intercluster reaction mechanism suggest a pathway for the could potentially facilitate their assembly into supraparticles,
exchange of metal or metal-ligand fragments.>® The thiolate such as superlattices,”! nanodiscs,”* and nanodumbbells.®> For
monolayer protecting the NC surface is dynamic in nature, > example, nanodiscs may find potential applications as nano-
and the metal-ligand interface controls the atom transfer in an flasks for catalysis”®’ and selective ion capture.’! NP
intercluster reaction.”” However, most examples of interpar- superlattices may find prominence in optoelectronic applica-
ticle interactions are purely driven by supramolecular tions, for example, surface-enhanced Raman scattering
interactions, such as hydrogen-bonding, van der Waals, C— (SERS)-based sensors,? nanoscale devices,** and many more
H---m m--m and electrostatic interactions where the reacting possibilities.3 In the future, we intend to utilize our concept of
7582 https://doi.org/10.1021/acs.chemmater.4c00620
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Figure 2. Schematic representation of the interparticle reaction between Au@SR NP and [Ag2s5(SR)1s]- NC, where SR = 2,4-DMBT (A). TEM
images of Au@DMBT NPs before (B) and after (C) the reaction. Dark-field STEM image of the reacted NPs (D) and the corresponding EDS
maps of S (E), Ag (F), and Au (G). Scale bars: 50 (B—G) and 10 nm (insets of B and C). Color code in A: yellow, Au; blue, Ag; pink, S; gray, C. H
has been omitted for clarity. Note that the ligand structure and anchoring sites are not a true representation of the NP.

interparticle chemistry to develop ultrafine bimetallic NP-
based hybrid nanomaterials for such promising optoelectronic
and catalytic applications.

Herein, we report the phenomenon of AGR in plasmonic Au
NPs by performing interparticle reaction between Au@SR NPs
and atomically precise Ag@SR NCs (schematically illustrated
in Figure 1). To demonstrate the effect of the metal-ligand
(SR-Au- - - Ag-SR) interface, NPs and NCs protected with
monodentate and bidentate thiols, as well as mixed
monolayers, were investigated. This work establishes that
interparticle reactions are universal across noble metal systems.
With the right choice of a particle system, we can now create
bimetallic NPs and size-focus them all in one pot,
simultaneously. This leads us to propose that atom transfer
between NP and NC during interparticle reactions is a
potential pathway to AGRs.

2. EXPERIMENTAL SECTION

The materials and methods for the syntheses of NPs, Au@DMBT,
and Au@BDT, and the NCs, [Ag2s(DMBT) 5],
RS O A L T RS s s ST
protecting ligands on the particles, such as DMBT, BDT, FTP, and
TPP, correspond to 2,4-dimethylbenzenethiol, 1,3-benzenedithiol, 4-
fluorothiophenol, and triphenylphosphine, respectively.

2.1. Interparticle Reactions. Initially, a stock solution of NCs
(1.0 mg/10 mL) was prepared in the relevant solvent based on its
highest solubility. [Ags(DMBT)1g] - and [PPhy]a[Agas(FTP)30]
(where, n = 3, 4) NCs were dissolved in DCM.
[Ag29(BDT)12(TPP)4]3- NC was dissolved in DMF. Then, a solution
of Au@DMBT and Au@BDT NPs (5.0 mg/3 mL) was prepared in
DCM and DMF, respectively. 0.3 mL of NC was added to the NP
solution and allowed to react under rest. The reaction was monitored
using high-resolution transmission electron microscopy (HRTEM)
and “optical absorption spectroscopy. The detailed” concentration
calculations are presented in the SI. In the subsequent text, this
experiment is referred to as reaction@NP.

7583

2.2. Mass Spectral Measurements. We performed electrospray
ionization mass spectrometry (ESI MS) using Waters Synapt G2-5i
instrument. From the stock solutions, 1 mL of NC and 0.3 mL of NP
were mixed, and the reaction mixture was diluted with solvent (DCM
or DMF, depending on the particle solubility) while maintaining the
total volume at 6 mL. Then, the required volume was taken for time-
dependent ESI mass and optical absorption spectral studies. The
concentration calculations are presented in the SI. In the subsequent
text, these ESI MS measurements are referred to as reaction@NC.

In simple terms, the interparticle reaction (referred to as reaction@
NP) requires an excess of Au NPs (for example, 2.50 yM Au@DMBT
NP reacts with 1.75 yM [Agos(DMBT)1s]~ NC), while the mass

spectral study (referred to as reaction@NC) necessitates an excess of
Ag NC (322 uM Au@DMBT NP reacts with 012 uM
[Ag2s(DMBT)g3]- NC) to thoroughly comprehend the reaction
mechanism (detailed concentration calculations are provided in the
Supporting Information, SI 2).

3. RESULTS AND DISCUSSION

3.1. Interparticle Reaction at Structurally and
Compositionally Analogous Metal-Monodentate Li-
gand Interface. Interparticle reaction between a plasmonic
Au@DMBT NP and atomically precise [Agss(DMBT);s]~ NC
and the consequent reaction pathway leading to the final
product is schematically illustrated in Figure 2A (see the SI for
additional data and complete characterization). We prepared
Au@DMBT NPs with an average diameter of 4.46 + 0.64 nm
using a modified Brust—Schiffrin method (synthetic proce-
dures in the SI 1). Hereafter, the 2,4-DMBT-capped-Au NPs
are referred to as ~4.5 nm Au@DMBT NPs. TEM image of
the parent Au@DMBT NPs is presented in Figure 2B (further
details in the SI, Figure S1). The optical absorption spectrum
Of AEDMBINE (hapr) Sharasteshisnioplized syriose
utilized the [A%5 (DMBT) 13* NC synthesized using a

reported protocol.® The mass spectrum and optical absorption
spectral data of the pure Ag NC are provided in Figure S2. In
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Figure 3. (A) Schematic representation of the metal-exchange pathway as the NC interacts with NP. (B) Time-dependent ESI mass spectra of the
interparticle reaction. (C) Corresponding optical absorption spectra of the reaction and (D) resulting change in the color of the solution. The peak
labeled * in panel B is due to unidentified contamination. Color code in panel A: yellow, Au; blue, Ag; pink, S; gray, C. H has been omitted for

clarity.

the negative ion ESI MS, the [Ag;(DMBT)1s]~ NC showed a
molecular ion peak centered at m/z 5166, with unidentified
contamination at m/z 5204 (refer to the control sample of
Figure 3B and full range spectrum in Figure S2A). For our
experiment, we mixed known volumes of Au@DMBT NP (2.5
M) and [Agx(DMBT)1s]- NC (1.75 uM) solutions in DCM
at room temperature (refer to the Experimental Section and SI
for a description of the calculations of concentrations, SI2).
TEM of the reacted Au NPs is presented in Figure 2C
(additional data in Figure S3). We estimated the particle size
distribution from the most probable diameter of the metallic
core of multiple NPs as observed in TEM. The average size of
Au@DMBT NPs changes from 4.46 = 0.64 nm (d-spacing
0.28 nm, fwhm 1.51 nm) to 4.81 + 0.59 nm (d-spacing 0.27
nm, fwhm 1.40 nm) before and after the reaction, respectively
(Figure S4). A slight shift in the distribution toward a lower
fwhm value for the reacted Au NPs suggests an onset of size-
focusing compared to the parent Au NP.

The effect of alloying on surface plasmon resonance (SPR)
in Au and Ag NPs has been studied widely.* Insertion of Ag-
atoms into a Au NP strongly alters the plasmon resonance and
leads to a shift in the peak position depending upon the
structure and composition of the alloy NP.37% The optical
spectra of the reaction mixture showed a continuous evolution,
indicating spontaneous solution phase dynamics (Figure S5).
The system took 30 min to reach equilibrium after particle
mixing; visible spectral changes appeared as early as 2 min.
Upon reaction with [Agas(SR)1s]~ NC, the reaction mixture
exhibited a blue shift of ~31 nm in the SPR compared to the
parent Au NP, resulting in a modified peak at 488 nm. Such a
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change in the spectral feature indicates the insertion of Ag-
atoms in the parent Au NP. The scanning transmission
electron microscopy—energy-dispersive X-ray spectroscopy
(STEM~EDS)-based elemental maps of gold (Au M), silver
(Ag L), and sulfur (S K) of the reacted NPs are presented in
Figure 2D—G. Elemental mapping images of Au—Ag—S
showed a uniform distribution across particles, indicating the
formation of well-alloyed bimetallic Au-Ag-thiolated hybrid
NPs. The EDS spectra collected from various locations on the
grid loaded with the reacted NP sample showed a higher Au
content compared to Ag (Figure S6).

Our previous work utilized ESI MS to study interparticle
reaction mechanisms.?27! Mass spectrometry can track the
chemical changes occurring in a Au NC as it reacts with the Au
NP, providing mechanistic insight into such reactions. We
performed a time-dependent ESI MS of the particle mixture
with constant mass spectrometric parameters (refer to the
Experimental Section). Such interparticle systems are referred
to as reaction@NC in the subsequent text. Figure 3A
schematically illustrates that the Au@DMBT NP and
[Ag2s(DMBT)1s] - NC reactions proceed via a spontaneous
intersystem metal-exchange pathway (details on the ratio of
particle mixing are in the SI). NP-NC reactions are
spontaneous and stoichiometric in nature.>”! Figure 3B
shows the time-dependent evolution of the mass spectral
features of [Agss(DMBT)1s]~ NC upon interaction with Au
NP (full range MS in Figure S7). As the reaction progressed,
the peak corresponding to the parent species,
[Agxs(DMBT)1s]~ NC (m/z 5166), gradually shifted toward
a higher mass species, [AguAu(DMBT)s]~ NC (m/z 5255),
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Figure 4. (A) Schematic illustration of a nonreactive 1,3-BDT-protected Au NP and Ag NC interactions. (B) TEM images of the parent Au@BDT
NPs (a) and unreacted Au@BDT NPs/[Agyo(BDT)12(TPP)4]>~ NC in the reaction mixture (b). (C) Dark-field STEM image of the reaction
mixture (a) and the corresponding EDS maps showing the footprint of elemental Au (b) and Ag (c). (D) Time-dependent ESI mass spectra of the
reaction@NC. Scale bar: 20 nm. Color code: yellow, Au; blue, Ag; pink, S; gray, C; H is omitted.

and complete conversion of the former occurred within 30 process via interparticle reaction involves the complete

min. The mass difference with the newly emerged peaks is ~89 consumption of both the parent [Ag,s(DMBT)15]- NC and

Da, which corresponds to a simultaneous Ag (108 Da) loss and the intermediate [AgosAux(DMBT)1s]~ NC species (Figure

Au (197 Da) addition into the [Ag:s(DMBT)is]~ NC. In S9). Figure S11 tprﬁsents TEM images comparing the particle
the reactants

addition to the first-doped NC species, [AgxAua(DMBT)1s] morphologies o and the products. Therefore, it
NC (m/z 5344) was also observed at a reasonable intensity can be presumed that the smaller NC, upon interaction with
(isotopic distribution patterns in Figure S8). Similarly, the the NP, undergoes intersystem atom transfer and eventually
prominent optical absorption spectral features of gets completely consumed by the larger NPs, resulting in the
[Agos(DMBT)1s] - NC showed a gradual and continuous formation of alloy NPs.

blue shift as the reaction progressed (Figure 3C). Within 30 3.2. Interparticle Reaction at Structurally and
min of reaction, the spectral features of the parent NCs evolved Compositionally Analogous Metal-Bidentate Ligand
into two major features at 470 and 610 nm, resembling the Interface. We studied the interparticle reaction by modifying

previously reported [AgxAu(DMBT);s]- NC.# The the particle monolayer with a bidentate-capping ligand called
[Agas(DMBT);s]~ NC reaction with Au@DMBT NP causes 1,3-benzenedithiol (BDT). It is already known that the dithiol-

a gradual change in the color of the reaction mixture from protected NCs show distinctly different chemistry at the
brown to olive-green with time (Figure 3D). The reacted NC metal-ligand interface compared to the monothiolated ones.”
exhibited an ~ 6.8-fold enhancement in photoluminescence Ghosh et al. showed that in the intercluster reactions, dynamics
compared to the parent [Agxs(DMBT)is]- NC; a similar at the metal—ligand interface could be altered with the
phenomenon was reported by Bootharaju et al. (Figure 59).% dithiolates binding to the metal core in a bidentate manner,
In this section, we correlated the results of the reaction@NP which, in turn, reduces the flexibility of the interface.”
and reaction@NC to propose an overall reaction mechanism The overall reaction for a dithiol-capped particle system, 1,3-
for the interparticle reaction between Au NP and Ag NC. BDT-protected plasmonic Au NPs (to be referred to as Au@
Previous ESI MS observations confirm that the NC-NP BDT NPs) and atomically precise [Aga(BDT)12(TPP)4]?-
reaction takes place along a pathway involving atomic exchange NC, is schematically represented in Figure 4A (see the SI for
between particles. The MS studies of the reacted Au NP experimental and characterization data). We synthesized the
indicated that the parent [Agys(DMBT)1s]~ NC undergoes Au@BDT NPs with an average size of 3.70 + 0.48 nm using a
complete consumption during the reaction (Figure S10). From modified Brust—Schiffrin method (TEM image in Figure 4B-a,
the absence of luminescence in the reacted Au NP solution, as and further characterization in Figure 512).92 The ESI MS of

seen in the photoluminescence spectra and photographed the pure [Agxo(BDT)12(TPP)4]*~ NC shows a molecular ion
under UV light, it can be further inferred that the alloying peak centered at m/z 1603 after the loss of 4 TPP ligands
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Figure 5. Schematic representation of the interparticle reaction between (A) Au@DMBT NP and [Aga(FTP)30]¢~ NC and (B) corresponding
time-dependent ESI mass spectra for the reaction@NC. (C) Au@BDT NP and [Ag;(DMBT)is]- NC reaction and (D) corresponding time-
dependent ESI mass spectra. Color code: yellow, Au; blue, Ag; pink, S; magenta/gray, C; green, F; H was omitted for clarity.

during electrospray ionization (characterization details in
Figure 513).% For the study of reaction@NP, we mixed
known volumes of Au@BDT NP (4.6 yM) and
[Ag29(BDT)12(TPP)4]3~ NC (1.55 uM) solutions in DMF at
room temperature (refer to the Experimental Section and
concentration calculation in the SI). In Figure 4B-b, the TEM
image of the reaction@NP mixture shows an unreacted particle
mixture, where the particles with higher and lower contrasts

correspond to Au@BDT NPs (highlighted in white) and
subnanometer [A%zg(BDT)u(T_PPIMP* NCs (highlighted in
yellow), respectively. The optical absorption spectra of the

constituent particles in the mixture were stable after 24 h of
mixing, further confirming that there were no interparticle
interactions (Figure S14). A comparative TEM image of the
starting materials and the reaction mixture imaged after 30 min
and 24 h of mixing are provided in Figure S15. In Figure 4C,
the STEM—EDS-based elemental maps show the Au M
(Figure 4C-b), and Ag L (Figure 4C-c) translocation across
the interparticle reaction mixture (note that the white outline
indicates the NP-rich region). The Au M mapping (Figure 4C-
b) appears weak in the regions where Au NPs are lesser in
concentration. In contrast, the Au-deficit regions showed
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higher Ag intensity in the Ag L mapping (Figure 4C-c).
Therefore, elemental mapping also indicates that the analyte is
composed of unreacted Au and Ag particles. Quantitative
STEM~EDS spectra of the Au NP before and after mixing
with [Agae(BDT)12(TPP)4]3~ NC are provided in Figure S1é.

We performed the ESI MS experiment to further confirm
that the interparticle mixture does not include an atomic
exchange between the systems. For the reaction@NC study,
LB e B RRE AE O B
room temperature and analyzed the reaction mixture (refer to
the Experimental Section and concentration calculation in the
SI). All of the mass spectrometric parameters were kept
constant during the entire measurement. The MS peak
corresponding to [Agze(BDT)12]>~ NC (m/z 1603) remained
intact in the reaction mixture even after 24 h. The
corresponding optical spectral data given in Figure 517 agrees
with the mass spectral observations. Therefore, we conclude
that Au@BDT NP and [Agw(BDT)n2(TPP)4]*~ NC are

nonreactive, allowing the parent particles to retain their
inherent chemical properties. From the above study, we infer
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that the introduction of bidentate ligand stabilization into the
particle system ultimately inhibits interparticle reactions.

3.3. Role of the Metal—Ligand Interface in an
Interparticle Reaction. From the previous discussions, we
understand that the monolayers and their nature of bonding to
the NP surface are key in controlling their reactivity toward
NC.7 Krishnadas et al. reported the involvement of the
metal-ligand (Au-PET-Ag-FTP) fragments in an intercluster
reaction between [Auas(PET)1s]~ and [Agu(FTP)s0]*~.%> To
further investigate the contribution of the ligand in these
interparticle (Au NP-Ag NC) events, we have introduced an
FTP-protected Ag NC system.

We chose Au@DMBT NP and [PPhy]a[Agu(FTP)s30]
(where, n = 3, 4) NC as our particle system where Au-
DMBT - - - Ag-FTP acts as a reacting interface (details in the
Experimental Section). ESI MS and optical absorption spectral
data of the [PPhy]s[Agu(FTP)3] NC are presented in Figure
518. Using similar experimental conditions as for the DMBT-
capped particle system, we conducted both reaction@NP and
reaction@NC on the Au@DMBT
NPU[PPhy]a[Agus(FTP)s0] NC system (refer to the Exper-
imental Section). The SI includes microscopic and spectro-
scopic results for the reaction@NP. As the reaction progressed,
the spectral feature corresponding to Au@DMBT NP evolved
into an enhanced and blue-shifted SPR at 523 nm in the
optical absorption spectra, suggesting a Ag NC-induced
chemical change in the parent Au NP (Figure 519). However,
the reaction of Au NP with the [PPhy]a[Agus(FTP)30] NC
causes a slight increase in their average size, from 4.46 + 0.64
to 4.72 + 0.91 nm (Figure 520). The fwhm values are 1.51 and
1.91 nm, calculated from the size distribution of NPs before
and after the reaction, respectively.

Figure 5A depicts a schematic representation of the
mechanistic pathway for the reaction between Au@DMBT
NP and [Agu(FTP)30]*~ NC. As the interparticle reaction
progressed, the molecular peak corresponding to the parent
species, [Agu(FTP)s0]*~ NC (m/z 2140), shifted gradually
toward the species with lower m/z values (Figure 5B). The
[AgsAu(FIP)»]*~ NC (m/z 2130) was detected as a major
species within 2 min in the reaction. The mass difference with
the newly emerged peaks is ~10 Da, which corresponds to a
Ag~—FTP unit (235 Da) loss from the [Agu(FTP)s0]4~ NC
and a simultaneous Au (197 Da) addition into it. Along with
the first-doped species, [AgunAua(FIP)2s]*~ (m/z 2120) and
[AguAus(FTP)y7]*- (m/z 2111) NC species were detected in
a reasonable intensity. The [AgsAu(DMBT)(FTP)v]4~ NC
species, as observed at m/z 2164, corresponds to a
simultaneous (Ag-FIP)- - - (Au-DMBT) exchange in the
[Agu(FTP)s0]*~ NC (isotopic distributions match in Figure
S21). Noticeable deviations from the parent [Aga(FTP)s0]*
NC features were observed in the optical spectrum acquired
within 2 min of mixing the particles (Figure S522). Most of the
spectral features evolved within 30 min into the reaction, and
two major features appeared around 412 and 529 nm, with
weaker features around 483 and 643 nm. Moreover, we note
that such a blue-shifted spectrum resembles the previously
reported Au-doped-Agu@FTP NC.*% We carried out the
Raman spectral measurements on the reacted Au NP to
confirm FTP-DMBT ligand exchange on the NP surface (refer
to the SI for details). As shown in Figure 523, the reacted NP
shows distinguishable SERS corresponding to C—X stretching
(191-282 cm~") and deformation (775—-877 cm™1), ring
breathing (980—1047 cm™1), and C-C stretching (1512—
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1681 cm~) frequencies (wavenumber ranges correspond to
the AgAu@DMBT, FTP NP), which are characteristic for
halogenated thiophenols.?*~% The presence of an electro-
negative F atom in the 4-FTP ligand is likely to cause a greater
metal-ligand backdonation, leading to a shift in the frequency
and relative intensity.* From the foregoing results, we infer
that the Ag NC-mediated AGR of Au NPs proceeds via a
metal-ligand fragment exchange.

3.4. Interparticle Reaction at a Structurally Complex
Metal—Ligand Interface. Next, we studied the Au NP—Ag
NC reaction at a geometrically complicated interparticle
interface, which included dithiolated and monothiolated NPs
to provide a range of geometric/structural rigidity and
flexibility, respectively. We chose Au@BDT NP and
[Agxs(DMBT)1s]- NC as our particle system of interest,
where Au-BDT- - -Ag-DMBT acts as a reacting interface
(synthesis and characterization in the SI). Intercluster
reactions with BDT-protected metal NCs have been studied
extensively in the past. Such reactions usually involve a metal-
exchange reaction pathway instead of a metal-ligand
exchange.”! We carried out the reaction@NP and the
reaction@NC for the above particle system while keeping
the experimental conditions the same as the previous
experiments.

The Au@BDT NP and [Agx(DMBT)is]- NC reactions
involve an intersystem atom exchange, as schematically
represented in Figure 5C. In ESI MS measurement as shown
in Figure 5D, we observed a steady shift with time in the
molecular peak corresponding to the parent species,
[Agxs(DMBT)1s]- NC (m/z 5166), toward higher mass
species, [Ag2uAu(DMBT)s]- (m/z 5255) and
[AgsAux(DMBT)1s]~ (m/z 5344) NCs, where the former
was a major and the latter was a minor product. However, a
slower reaction time (~3 h) can be attributed to a hindered
interparticle approach because of the geometrically compli-
cated interface compared to the DMBT-capped system (~0.5
h) (further discussion in Section 3.6). Our mass spectral
measurements are consistent with the time-dependent optical
absorption spectra (Figure S524). In reaction@NP, the average
size of Au@BDT NPs changes after reaction with
[Agxs(DMBT)1s]~ NC from 3.70 £ 0.48 nm (Figure S25A)
to 3.17 £ 0.42 nm (Figure S25B), and the fwhm values are
1.08 and 0.95 nm, respectively. However, unlike the DMBT-
capped-interparticle system, we did not observe much change
in the overall particle size distribution. The optical absorption
spectrum of Au@BDT NPs showed a blue-shifted and
enhanced SPR on reaction with [Ag:s(DMBT)1s]~ NC,
indicating a Ag-doping in Au@BDT NPs (Figure 526).
Therefore, the Au@BDT NP—[Agys(DMBT)1s]~ NC reaction
proceeds via a metal-only exchange, as supported by the data
from both the reaction@NP and the reaction@NC.

Next, while maintaining the complexity of the reacting
interface (Au-DMBT - - - Ag-BDT), we studied the particle
system with reversed monolayer coverage, such as Au@
DMBT NP and [Agz9(BDT)12(TPP)4]3~ NC. The reaction@
NP and reaction@NC for the particle system were performed
along a similar line as in the previous one. As for the reaction@
NP, TEM images (Figure S27) and optical spectral data
(Figure 528) suggested that individual particles in the NP-NC
mixture remained unreacted in solution for the entire period of
measurement. In the time-dependent ESI MS study for the
reaction@NC, the [Agx(BDT)12]*~ NC peak (m/z 1603)
remained intact in the solution even after 24 h, also suggesting
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Figure 6. Plot showing the extent of the relative metal exchange (%) as a function of reaction time (in min) for the [Ags(DMBT)is]- NC with
Au@DMBT (A) and Au@BDT NP (B) interparticle systems. (C) Proposed mechanism of Au-doping in parent [Ags(DMBT)is]~ NC (a) and the
corresponding reaction energies resulting in [AgxAu(DMBT)is]~ (b) and [AgsAus(DMBT)is]- NCs (c). Color code: yellow, Au; gray, Ag; pink,

S. C and H are omitted for simplification.

no reaction with the NP (Figure 529). The corresponding
optical spectra agree with the mass spectral observations
(Figure S30).

Using Au-BDT- - - Ag-FTP as a model, we further investigated
the absence of ligand participation in NP~NC reactions with a
geometrically complex interparticle interface, similar to those
observed between Au-BDT- - - Ag-DMBT. We chose Au@BDT
NP and [PPhy]n[Agu(FTP)30] NC as our particle systems
where Au-BDT- - - Ag-FTP acts as a reacting interface
(reaction@NC and reaction@NP results are provided in SI,
Figure S31). The Au@BDT NP and [Agu(FTP)3]>*~ NC
reaction proceeds via an interparticle metal-only exchange
pathway, as schematically represented in Figure S31A. In ESI
MS measurement as shown in Figure S31B, within 5 min of
reaction, we observed a rapid shift in the molecular peak
coggsponing e parentspedey [ ApeFTOUI NG/

ower
[Ag43 (FTP) 30]3— (m/z 2816) and [Ag43Au(FTP)3O]3— (m/z
2881) NCs, respectively, where the former was a minor
product and later was major (isotopic distributions are
matched in Figure S31C). No significant mass spectral signals
were detected in the MS region associated with
[Aga(FTP)30]4~ NC (m/z 2070—2220) during the reaction.
Based on the mass spectral intensity, we presume that
[Agu(FTP)30]>~ and [Agu(FTP)s]*~ NCs upon reaction
with Au@BDT NP undergo a Ag loss to form transient
[Agus(FTP)30]*~ NC followed by a Ag—Au exchange to form a

stable [AgssAu(FTP)s0]°~ intermediate species. However,
determining an accurate interparticle reaction pathway requires
additional investigations. Noticeable deviations from the
parent [Agu(FTP)30]3~ NC features were observed in the
optical spectrum acquired within 5 min of mixing the particles,
and the spectrum resembled Au-doped-Agu@FTP NC (Figure
531D).% In the case of reaction@NP, the optical absorption
spectrum exhibited a gradual blue shift in SPR of Au@BDT
NPs with time, upon reaction with [Ags(FTP)30]>~ NC,
indicating Ag-diffusion in the parent Au NP (Figure S31E and
schematically illustrated in Figure S31F). The parent Au@
BDT NPs were monodispersed in nature and exhibited no
assembling tendency (TEM image in Figure S31G-a).
Interestingly, the reacted NPs self-assembled in the solution
to create sphere-like superstructures; a similar phenomenon
was previously reported with Ag- and Cu-doped Au particles

-a).7L74 U 3—
E\T(igu A On@rBel%%blc\)IIIl’ng tzlilng[;e rom 3)?

he averagg size of A
0.48 nm (Figure S31G-b) to 3.01 + 0.66 nm (Figure S31H-b),
and the fwhm values were 1.08 and 1.56 nm, respectively.
Unlike the DMBT-capped-interparticle system, the shift in
particle size distribution toward a higher fwhm value suggests
that the reaction introduced a polydispersity into the Au NPs.
From the above discussion, we conclude that the Au@BDT
NP-[Agu(FTP)30]*~ NC reaction also proceeds via a metal-
only exchange pathway.
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Figure 7. Docking structures of the interactions of (A) [Agxs(DMBT);s]~ NC on SR-protected Au NP, (B) [Agys(DMBT)s]~ NC on DMBT-
monolayered Au(111) surface, and (C) [Ag29(BDT)12(TPP)4]>~ NC on BDT-monolayered Au(111) surface. Color code: gold, Au; orange, Au.g;

gray, Ag NC staple; silver, Ag NC icosahedron; magenta, S of surface ligands; red, S of NC ligands; cyan, C of surface ligands; light green, C of
thiolate NC ligands, sky blue, C of TPP ligands; blue, P. H was omitted for clarity.

3.5. Relative Abundance Plots. To better understand the
kinetics of atom exchange in an interparticle reaction, we
investigated the trend in the abundance (%) of reactant and
product NCs as a function of reaction time (Figure 6). In this
context, the relative abundance (%) refers to the intensity of an
ion of a parent or a product relative to the total parent and
product ions at a given time. We assumed that the abundance
of the parent NC was 100% at a zero reaction time.

As discussed in the previous section, the Au@DMBT NP
and [Agxs(DMBT)1s]~ NC reactions proceed via alloy—NC
intermediates where [Ag 2 Au(DMBT) 15] - and
[AgxsAu(DMBT)15]- NCs were identified as major and
minor products, respectively (Figure 3B). Initially, we observed
a rapid conversion of the parent [Agxs(DMBT)1s]~ NC into its
first-doped [AgaAu(DMBT)is]~ product, while the second-
doped [AgsAu(DMBT)1s]~ product appeared at a much
slower rate (Figure 6A). The [Agos(DMBT)1s]~ and [AgaAu-
(DMBT)15]~ NCs have an analogous crystal structure with an
M3 icosahedron core and six M»(SR)s motifs, where M and
SR refer to metal and thiolate, respectively. It is reported that
doping in [Agxs(DMBT)1s]~ to [Ag24Au(DMBT)15]~ NCs
occurs in a nanogymnastic fashion, with metal exchange
beginning at the staple and progressing to the Auis
icosahedron core.” The reaction energy (AE) values for
each step were computed using density functional theory
(DFT); turther discussion in Section 3.6. The possible
explanation for faster 6a — 6b (AE = —0.45152 eV)
conversion of the [Ag»s(DMBT)1s]~ (6a) to highly stable
[Ag2aAu(DMBT):s]~ (6b) might be attributed to an
interparticle Au—Ag exchange of the surface atoms (Figure
6C). Next, the intrananocluster atomic exchange involves rapid
swapping at the staple (6b — 6¢, AE = —0.05984 eV) followed
by a slower diffusion into the core (6c — 6d, AE = —0.33456
eV) until equilibrium is attained. The interaction between
Au@DMBT NP and [AguAu(DMBT)1s]~ NC results in the
infusion of a second Au-atom, which presumably accounts for
the slowest rate of conversion to [AgxAu(DMBT)is]~ (6g).
As per our calculations, the second Au-atom replaces a Ag-
atom at the staple position in AgxAun (6c — 6e, AE =
—0.45152 eV) followed by intrananocluster swapping rear-
rangements (6e — 6f, AE = —0.03808 eV and 6f — 6g, AE =
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—0.31824 eV). We believe that the overall interparticle
reaction kinematics would be much more complex if the
byproducts were also considered.

Similarly, the reaction of Au@BDT NP and
[Agxs(DMBT)1s]- NC involves an intersystem metal-only
hopping where the [Ag 2 Au(DMBT) 18] - and
[Ag»Aux(DMBT)15]- NCs were identified as the major and
minor products, respectively (Figure 5D). Herein, the
[Ags(DMBT)1s]- to [AguAu(DMBT)is]- conversion is
much slower than the previous one (Figure 6B). The longer
reaction time scale may be due to the sterically hindered
interparticle interaction at the metal ~ligand interface before
metal exchange. The mechanism of Au-hopping during the
doping reaction presumably takes a similar path, as explained
in Figure 6C. We infer that the interparticle reaction time scale
depends on the metal-ligand bond and the rigidity of the
reaction interface.

3.6. Computational Studies. To understand the driving
force and mechanism behind the interparticle reactions, we
used the density functional theory (DFT) combined with
molecular docking (computational details in SI3). Molecular
dynamics (MD) simulation of octahedral-shaped Au@SR NPs
suggests a surface coverage of Au-SR staples and longer Au-SR
chains.’® Staple and ligand coverage on the facets is
heterogeneous, lowest at the vertices where the four faces
meet and at the edges between neighboring facets.'® Lower
coverage areas on the NP surface may be sterically more
accessible for a facile reaction.

The Ag NC docking on the octahedron Au NP suggests that
the Ag NC approaches one of the octahedral facets of the NP
and interacts with Au—S staples and chains, ligands, and the
bare gold surface of the NP (Figure 7A). To simplify the
calculations, we assumed a Au(111) surface with a variable
monolayer coverage instead of an octahedral Au NP to interact
with Ag NC (detailed discussion on the surface construction in
the SI4 and Figures S32—-533). Docking interactions of the
[Ag25(DMBT)18]’ and [Agzg(BDT)u(TPP);;]S’ NCs are with
2,4-DMBT (Figure 7B) and 1,3-BDT (Figure 7C)-mono-
layered Au(111) surfaces at a low ligand and staple coverage,
respectively (interatomic distances are highlighted in the
inset). A comprehensive analysis of the Ag NC—Au(111)@SR
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surface docking interaction at different extents of monolayer
coverage in terms of binding energies (BEs) is presented in SI
5 and 6 (Figures S34—536 and Tables S1 and S2).

We calculated reaction energetics to understand the
thermodynamic feasibility of the interparticle reactions.
Based on our DFT calculations, the most favorable Au-doping
route in [Agos(DMBT)1s]~ NC is via the Aga(DMBT)s staple,
the Agi3 icosahedron, and finally, the icosahedron core (refer
to Figure 6C in Section 3.5 and energy values in Tables S3 and
54). In [AgxAux(DMBT)15]- NC, the second Ag-atom
preferably occupies the Auys icosahedron position (Figure
6C and energy values in Table S5). Similarly, [AgxsAu-
(BDT)1o(TPP)4J*~ NC has its most favorable geometry with
Au in the core position (refer to Figure S37 and energy values
in Table S6).

Next, we used a 2 X 1 supercell of the Au(111) surface
derived from a (3 X 4) unit cell to calculate the metallic
exchange reaction energies (AE) between the Ag NCs and
Au(111)@SR surface models (surface description in compu-
tation details, SI). Our simulations show that upon reaction,
Ag-atom preferably occupies the inner layers of the Au(111)
surface instead of the staple or top layer (Figure S38 and AE
values in Tables 57-59). Figure S39 shows a comparison of
the reaction energies for the NC—surface reactions: (1)
[Ag2s(DMBT)1s]-—Au(111)@DMBT (AE = 0.0019 Ha), (2)
[Ag(BDT)12(TPP)4]*~—Au(111)@BDT (AE = 0.0128 Ha),
(3) [Ag2s(DMBT)1s]-—Au(111)@BDT (AE = 0.0038 Ha),
and (4) [Agx(BDT)12(TPP)4]*>~—Au(111)@DMBT (AE =
0.0109 Ha). Reactions (1) and (3) are more feasible than (2)
and (4) based on the AE values, consistent with our
experimental results. However, the calculations suggest that
the reactions are slightly endothermic as the optimizations
were performed under conditions equivalent to zero temper-
ature. At room temperature, the entropic term (—TAS) is
expected to further lower the Gibbs free energy so that AG
becomes negative. This leads to a spontaneous reaction, as
observed in our experiments with [Ag,s(DMBT)is]- NC.
Further, the small positive reaction energies for reactions with
[Ag2s(DMBT)1s]~ NC (reactions 1 and 3) compared to that
with [Agag(BDT)12(TPP)4]3~ NC (reactions 2 and 4) indicate
a low reaction barrier for the former. Therefore,
[Ag2s(DMBT)1s]~ NC is more reactive toward the Au(111)
@SR surface, which is true regardless of the presence of
DMBT or BDT monolayers and is consistent with our
experimental observations.

Overall, we have found that the [Ag);(DMBT)1s]- NC
binds more strongly to Au(111) monolayer surfaces for low
coverages, which are expected to favor the reaction as the
surface Au and staple Au and S atoms are sterically more
accessible, and that the Ag/Au atomic exchange between the
Ag NC and the Au(111)@DMBT is slightly more favorable for
[Ag2s(DMBT)1s] - as the reaction energies are smaller. The
steric hindrance effects of the slightly larger
[Ag2(BDT)12(TPP)4]>~ NC with bulky TPP groups are likely
to be greater, leading to higher energy barriers for the reaction
of [Agx(BDT)12(TPP)4]?~ compared to [Agxs(DMBT)is]-,
and hence the reaction does not occur. Mechanistically, the
calculated reaction energies between different symmetry sites
of the NC and surface indicate that the substitution of Ag-
atoms into the deeper layers is more feasible, while Au-atoms
prefer to occupy the central-atom position and icosahedral
sites of the Ag NC.

4. CONCLUSIONS

In summary, we demonstrated AGRs in plasmonic Au NPs
with atomically precise Ag NCs where the interparticle metal -
ligand interface controls the overall reaction dynamics. Au@
DMBT NPs on reaction with [Agss(DMBT)1s]~ NC resulted
in well-alloyed bimetallic NPs. Reaction-driven transformations
in the morphology and composition of the Au NPs were
studied using HAADF-STEM equipped with EDS. With the
introduction of dithiol-induced geometric rigidity at the
interface, no reaction was observed for the Au@BDT NP- - -

[Ag29(BDT)12(TPP)4]3~ NC systems. ESI MS studies
confirmed that the reactions involve interparticle metal —ligand
and metal-only exchanges in the case of monothiol- and
dithiol-capped NPs, respectively. DFT calculation also
confirmed that the overall metal-exchange reactions energeti-

cally favor the DMBT-capped particle system over the BDT-
capped system. Further electrochemical, in situ microscopic,
and molecular dynamics studies are required to fully
comprehend the phenomena behind such reactions. The
universality of NP~NC reactions throughout the noble metal
system can be further extended to prepare multimetallic alloy
particles with controlled size and composition.
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SI'1. Experimental section

Instrumentation. UV-Vis Spectroscopy: The optical absorption spectra were recorded using
a Perkin Elmer Lambda 25 instrument with a range of 200 — 1100 nm and a band-pass filter of

1 nm.

HRTEM: High-resolution transmission electron microscopic (HRTEM) imaging was carried
out on a JEOL 3010, 300 kV instrument with a UHR polepiece. Energy dispersive analysis
(EDS) was performed using an Oxford EDAX connected to the HRTEM. A Gatan 794
multiscan CCD camera was used to capture the images. Samples were prepared by dropcasting
the dispersion on carbon-coated copper grids (spi Supplies, 3530C-MB) and dried at ambient

conditions.

ESI MS: All the mass spectrometric measurements were carried out in a Waters Synapt G2-Si
instrument. The instrument is well equipped with electrospray ionization, and all spectra were
measured in the negative ion and resolution mode. The instrument has the capability of
measuring ESI MS with high-resolution up to the orders of 50,000 (m/Dm). Nal was used for
calibrating the instrument. The measurement conditions were optimized to a capillary voltage
of 3 kV, a cone voltage of 20 V, a desolvation gas flow of 400 L/h, a source temperature of

100 °C, a desolvation temperature of 150°C, and a sample infusion rate of 30 mL/h.

HAADF-STEM and EDS mapping: The high-angle annular dark-field scanning transmission
electron microscopic imaging was carried out in a JEOL JEM-2800 high-throughput electron
microscope equipped with a Schottky-type field emission gun operating at 200 kV with
simultaneous bright field (BF) and dark field (DF) STEM imaging modes.

The energy-dispersive X-ray (EDS) spectra and elemental mapping were collected using dual

silicon drift detectors.
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Raman spectroscopy: Raman measurements were carried out using a WITec GmbH
alpha300S confocal Raman equipped with a 532 nm laser as the excitation source.
Measurements involved a 20x objective (Plan-Apochromat, Zeiss), 600 grooves/mm grating
for 1 s acquisition time. A laser power of ~800 uW was maintained on the sample throughout

the measurement.

Materials and methods. Silver nitrate (AgNOs, >99%), 2-phenylethanethiol (PET, 98%), 2,4-
dimethylbenzenethiol (DMBT, 95%), 1,3-benzenedithiol (BDT, 99%), 4-fluorothiophenol
(FTP, 98%), triphenylphosphine (TPP, 99%), tetraoctylammonium bromide (TOABr, 98%)
and sodium borohydride (NaBHa, >99%) were purchased from Sigma Aldrich.
Tetrachloroauric acid (HAuCl4.3H20) was prepared from pure gold and aqua regia in the
laboratory. All the solvents (dichloromethane, hexane, methanol, and toluene) used were of
HPLC grade without further purification. Millipore-produced deionized water (~18.2 MQ) was

used throughout the experiments.

Synthesis of Au@DMBT nanoparticles. The synthesis of 2,4-dimethylbenzenethiol-capped
Au nanoparticles, referred to as Au@DMBT NPs, was carried out using a modified Brust-
Schiffrin synthesis method.* Initially, an aqueous solution of HAuCI4-3H20 (5.0 mg in 0.5 mL
H20) was mixed with a solution of tetraoctylammonium bromide (TOABr, 13.4 mg) in 30 mL
toluene. The aqueous-organic mixture was vigorously stirred for 15 min, and then 7 uL of 2,4-
DMBT was added. Next, 2.0 mg of NaBH4 in 10 mL of ice-cold water was added dropwise
with vigorous stirring as the color of the reaction mixture turned purple. After stirring for nearly
an hour, the organic layer was separated, and the size focussing was done with overnight
heating at 60 ‘C. The color of the organic layer changed from purple to wine-red. Further
purification was performed by removing the solvent under reduced pressure using a rotary
evaporator and washing it with ethanol. Finally, the purified NP was extracted in toluene, dried
in a rotary evaporator, and stored in a refrigerator.

The synthesized Au@DMBT NPs were characterized using optical absorption spectroscopy
and HRTEM, as presented in Figure S1. From the particle size distribution, the NPs were found
to have an average size of 4.46 + 0.64 nm, referred to as ~ 4.5 nm Au@DMBT NPs. Please
note that for particle size calculation, we are referring to the most probable diameter of the

metallic core of the particle.
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Synthesis of Au@BDT nanoparticles. 1,3-Benzenedithiol-protected Au NPs, referred to as
Au@BDT NPs, were synthesized by modifying the typical Brust-Schiffrin synthesis protocol.*
In a typical synthesis, an aqueous solution of HAuCl4-3H20 (15.0 mg in 0.5 mL H20) was
mixed with a solution of TOABr (104.0 mg) in 30 mL toluene. The aqueous-organic mixture
was vigorously stirred for 15 min, and then 2 pL of 1,3-BDT was added. Next, 13.6 mg of
NaBH3 in 10 mL of ice-cold water was added in a dropwise manner with vigorous stirring as
the reaction mixture turned purple. After an hour, the organic layer was separated, and the size
focussing was done with overnight heating at 60 "C. With heating, the organic layer turned to
wine-red from purple. For purification, the solvent was rotary evaporated, followed by ethanol
wash. Finally, the purified NPs were extracted in toluene, dried in a rotary evaporator, and
stored in a refrigerator.

The synthesized Au@BDT NPs were characterized using optical absorption spectroscopy and
HRTEM,; the data are presented in Figure S11. From the particle size distribution, the NPs were
found to have an average size of 3.70 = 0.48 nm, referred to as ~ 3.7 nm Au@DMBT NPs.
Please note, for particle size calculation, we are referring to the most probable diameter of the

metallic core of the particle.

Synthesis of [Ag2s(DMBT)1s]~ nanocluster. The NC was synthesized by slightly modifying a
previously reported protocol.? First, 38.0 mg of AgNO3 was dissolved in 2 mL of methanol. To
this mixture, 90 uL of 2,4-DMBT was added, which produced an insoluble yellow Ag-thiolate,
followed by 17 mL of DCM, and then it was stirred for 15 mins at 0 °C. Afterwards, 0.5 mL
of methanolic solution of 6 mg PPh4Br was added, followed by dropwise addition of 15.0 mg
of NaBHas in 0.5 mL of ice-cold water. The reaction mixture was further stirred for 7-8 h,
followed by overnight aging in the refrigerator. For purification, the crude cluster solution was
centrifuged to remove any insoluble impurities, and the collected supernatant was concentrated
by rotary evaporation. The precipitate was washed multiple times with methanol. Then, the
nanocluster was extracted in DCM and centrifuged again to remove any remaining insoluble
impurities. DCM was removed using rotavapor, and the purified NC was obtained in its
powdered form.

The purified NC was characterized using optical absorption microscopy, HRTEM, and ESI MS
(Figure S2).

Synthesis of [Agze(BDT)12(TPP)4]* nanocluster. The NC was synthesized following a
reported method with a slight modification.® Briefly, 20.0 mg of AgNOs was dissolved in a

167



solvent mixture of 2 mL methanol and 10 mL DCM. To this mixture, 13.5 uL of 1,3-BDT was
added and stirred for 15 min. Then, an aqueous solution of 10.5 mg NaBHa in 0.5 mL ice-cold
water was added dropwise and stirred for another 5 h in dark. Next, the reaction mixture was
centrifuged to eliminate insoluble impurities, and the crude cluster was obtained as an orange
supernatant. The supernatant was concentrated by rotary evaporation, and the precipitate was
washed with methanol. Finally, the purified NC was extracted in DMF.

Optical absorption microscopy, HRTEM, and ESI MS characterization of purified NC solution
in DMF confirmed the formation of [Agze(BDT)12(TPP)4]*~ (Figure S13).

Synthesis of [PPh4]n[Ag44(FTP)30] nanocluster. The NC was prepared following a solid-state
synthetic route.* In a typical synthesis, 20.0 mg of AgNOz and 12.0 mg of PPhsBr were
thoroughly grounded in an agate mortar and pestle for 5 min. Next, 76 uL of 4-FTP was added
to the reaction mixture in one shot and further grounded for three more minutes. In the next
step, 45.0 mg of NaBH4 was added and ground until the mixture turned into a brown paste. The
mixture was extracted using 7 mL of DCM and left undisturbed at room temperature till the
optical absorption spectra showed all the characteristic features of the NC. For the purification,
the NC was precipitated with hexane and collected by centrifugation. The precipitate was
washed multiple times with hexane, dissolved in DCM, and centrifuged to remove any thiolate
impurities. Finally, the purified NC solution was vacuum-dried and stored in the refrigerator.
Optical absorption microscopy, HRTEM, and ESI MS characterization of purified NC solution
in DCM confirmed the formation of Agau(FTP)so (Figure S18). [Agas(FTP)30]*  and
[Agz4(FTP)30]* were the prominent features in the MS of the pure Agas(FTP)s0 NC (Figure
S18A).

Sl 2. Concentration calculation
(a) [Ag2s(DMBT)18]~ NCs

Molecular weight = 5167
Mass of a [Agz5(DMBT)18]‘ NC, m = 5167103 = 8 58x1018 mg

6.023x10%
Mass of [Agzs(DMBT)1s]” NCs in the stock solution, W=1 ™ _ =0.1x10% ™
10 mL L
3 .
Number of particles in the sample, N = W = 01x10 =7 716x109 particles
m  858x1078 L

Molarity of Au@DMBT NPs in solution, My = [ _ 116<10% o 5 uM
Na  6.023x10%
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For interparticle reaction (reaction@NP),
0.3 mL (V1) of Agzs NC from the above solution is diluted to make a 3.3 mL (V2) solution.
Using the formula, M1V1 = M2V2

Molarity of [Agzs(DMBT)ze] NC, M = 221007 T

=1.75 uM
3.3mL

For ESI MS measurements (reaction@NC),

1 mL (V1) of [Ag2s(DMBT)18]” NC from the above solution is diluted to make a 6 mL (V2)
solution.

Using the formula, M1V1 = M2V2

Molarity of [Agzs(DMBT)zs] NC, Mz = 22 T2

=3.22 M
6 mL

Size of the metal core of the [Agzs(DMBT)1s]- NC (from the single crystal XRD) = ~ 1 nm;
please note that the metal core diameter as measured in HRTEM (1.9 nm) is slightly
overestimated.

Surface area of a Agzs NC = 4mR? = 3.14 nm?

A [Ag2s(DMBT)1s]- NC surface is covered by 18 DMBT ligands.

S0, let’s assume a DMBT ligand occupies a surface area of 0.17 nm?.

3

Mass of 1 DMBT (C H S) ligand, m = 137.23x10 mg = 2.28x10'° mg
8 9 DMBT —
6.023x1023

(b) Au@DMBT NPs
Average size of Au NP (metal core from HRTEM), 2R = 4.5 nm
Volume of a Au NP (sphere), V = %nR3 = 47.69 nm®

Let us consider that Au NPs have an fcc structure with a packing fraction of 74%.

Net volume of a Au NP, Vnp = 74% of V = 35.29 nm?®

Radius of a Au atom, Rau = 0.146 nm
Volume of a Au atom (sphere), Vau = “7R® =0.013 nm?

3 Au
Number of Au atoms per NP, Nau = Ve - 2715
Vau
Mass of a Au atom, mau = 196.96 u
Mass of the metal core, m = NAWmAU — 2715x196.96 x 103 = 8 88x10716 mg
o Na 6.023x10%
8
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The exact ligand coverage over the plasmonic Au NPs is not known. From our calculations on
2,4-DMBT ligand coverage on a [Ag2s(DMBT)1s]” NC, we are approximating that 1 DMBT
ligand occupies a surface area of ~ 0.17 nm? on a Au NP surface. However, the ligand packing
is likely to differ from our approximation.

Surface area of Au NP = 4nR? = 63.58 nm?

Number of DMBT ligands per NP, NomeT = ~ 374

Mass of total ligand coverage, Miigand = Nomsr X mowmsr = 8.52x101" mg

Total mass of a AU@DMBT NP, M = Mcore+Miigand = 9.73x1071® mg

For interparticle reaction (reaction@NP),

Weight of Au NP (dry weight of the sample), W =5 3’;‘9 - = 1.51x103 m_Lg
om

3 .
Number of particles in the sample, N = W = 15110 = 7 55x1(18 particles
m  9.73x10°0 L

Molarity of Au@DMBT NPs in solution, My = [\ 18540 ¢ uM
Na  6.023x10%

For ESI MS measurements (reaction@NC),
0.3 mL (V1) of Au NP from the above solution is further diluted to make a 6 mL (V2) solution.
Using the formula, M1V1 = M2V2

2.5uMx03 mL _

Particle molarity of Au@DMBT NPs,Mz2= """~ ~=0.12 uM
6 mL

(c) [Ag29(BDT)12(TPP)4]*> NCs
Molecular weight = 5857
Mass of a[Ag (BDT) (TPP)]* NC, m= 587103 =9 72x10® mg
29 12 4 6.023x10°
Mass of [Ag2e(BDT)12(TPP)4]*>~ NCs in the stock solution, W = 1 =0.1x103 8
10 mL L

3 .
Number of particles in the sample, N =W = 02x10 =1 03x10!° particles
9.72x10® | L

mg

m

Molarity of Au@BDT NPs in solution, My = [ _ 10910% M
Na  6.023x10%

For interparticle reaction (reaction@NP),

0.3 mL (V1) of [Ag2e(BDT)12(TPP)4]>~ NC from the above solution is diluted to make a 3.3 mL
(V2) solution.

Using the formula, M1V1 = M2V2

Molarity of [Agzs(BDT)12(TPP)J’” NC, M = /220020

=155 M
3.3mL
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For ESI MS measurements (reaction@NC),

1 mL (V1) of [Ag2e(BDT)12(TPP)4]>~ NC from the above solution is diluted to make a 6 mL
(\V2) solution.

Using the formula, M1V1 = M2V2

Molarity of [Ag2e(BDT)12(TPP)4]*” NC, M2 = 17.0 uMx1 mb

=2.85uM
6 mL

Size of the metal core of the [Ag20(BDT)12(TPP)s]*~ NC (from the single crystal XRD) =~ 1
nm; please note that the metal core diameter as measured in HRTEM (1.7 nm) is slightly
overestimated.

Surface area of a [Ag20(BDT)12(TPP)4]*” NC = 47R2 = 3.14 nm?

A [Ag29(BDT)12(TPP)4]*~ NC surface is covered by 12 BDT and 4 TPP ligands.

Let’s assume that the bidentate and monodentate ligands, i.e, BDT and TPP, contribute 85.7%
and 14.3% of the total ligand shell, respectively.

So, 1 BDT ligand occupies a surface area of 0.22 nm?,

Mass of 1 BDT (C H S) ligand, m = 1402%103mg =2 32x101° mg
6 4 2 BDT —6_023x1023

(d) Au@BDT NP
Average size of Au NP (metal core from HRTEM), 2R = 3.7 nm
Volume of a Au NP (sphere), V = 5)nR?’ =26.51 nm?

Let us consider that Au NPs have an fcc structure with a packing fraction of 74%.
Net volume of a Au NP, Ve = 74% of V = 19.62 nm3

Radius of a Au atom, Rau = 0.146 nm
Volume of a Au atom (sphere), Vau = “7R® =0.013 nm?

3 Au
Number of Au atoms per NP, Nau = Ve - _ 1509
Vau
Mass of a Au atom, mau = 196.96 u
Mass of the metal core, m = NAuxmAu — 1509x196.96 x 103 mg = 4, 93x1026 mg
o Na 6.023x10%

The exact ligand coverage over the plasmonic Au NPs is not known. From our calculations on
1,3-BDT ligand coverage on a [Agze(BDT)12(TPP)4]>~ NC, we are approximating that 1 BDT
ligand occupies a surface area of ~ 0.22 nm? on a Au NP surface. However, the ligand packing

is likely to differ from our approximation.
Surface area of Au NP = 4nR? = 42,99 nm?
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Number of BDT ligands per NP, Nomst = ~ 195
Mass of total ligand coverage, Miigand = Npmer*Mpwmet = 4.52x10°1 mg

Total mass of a Au@BDT NP, m = Mcore+Miigand = 5.38x1071% mg

For interparticle reaction (reaction@NP),

Weight of Au NP (dry weight of the sample), W =5 3;”9 - = 1.51x10° m_Lg
.Sam

3 .
Number of particles in the sample, N = W = 15110 =9 871018 particles
m  5.38x107° L

Molarity of Au@BDT NPs in solution, M1 = N _ 2810 M = 4.6 uM
Na  6.023x10%

For ESI MS measurements (reaction@NC),
0.3 mL (V1) of Au NP from the above solution is further diluted to make a 6 mL (V2) solution.
Using the formula, M1V1 = M2V2

Molarity of Au@BDT NPs, M, = *8#03mt

=0.23 M

6 mL

T T T T T
400 500 600 700 800 900

Diameter (nm) Wavelength (nm)

Figure S1. Characterization of Au@DMBT NPs. HRTEM images of Au@DMBT NPs
captured at different magnifications (A) 0.1 um, (B) 10, and (C) 2 nm. Profile of inverse fast
Fourier transform (IFFT) in the inset of (C). Corresponding particle size distribution (D), and

the optical absorption spectrum (E).
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Figure S2. Characterization of [Agzs(DMBT)1s]” NC. (A) ESI MS of the pure NC, (B)
comparison of experimental and calculated isotopic distribution pattern, and (C) the optical
absorption spectrum. Experimental and calculated spectra are in the red and black trace,

respectively.

o - Ay

Figure S3. HRTEM images of Au@DMBT NPs after reaction with [Ag2s(DMBT)1s]” NC

captured at different magnifications (A) 0.2 um, (B) 10, and (C) 2 nm. Profile of inverse fast
Fourier transform (IFFT) in the inset of (C).
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Figure S4. Particle size distribution of Au@DMBT NPs plotted as (A) histogram before (a)
and after (b) the reaction. (B) Gaussian fitting of the histograms for fwhm calculation.
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Figure S5. Time-dependent optical absorption spectra of the reaction@NP for Au@DMBT
NP and [Ag2s(DMBT)18]” NC system (A). and (B) Optical absorption spectra of the AQ@PET
NPs, [Auzs(PET)18]” NC, and the doped AQAU@PET NP. The doped NP shows a clear red-
shifted SPR, a characteristic feature of bimetallic Au-Ag NPs.> Copyright 2020 Royal Society
Publishing Group.
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Figure S6. EDS spectrum of Au@DMBT and [Agzs(DMBT)1s] ™ reaction product.
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Figure S7. Full-range ESI mass spectra of the DMBT-capped-NP and NC reaction.
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Figure S8. Isotopic distribution pattern for the species detected in the ESI MS experiment for
the DMBT-capped NP and NC reaction. Experimental and calculated spectra are in the black
and red trace, respectively.
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Figure S9. Solutions of [Ag2s(DMBT)18]” NC, photographed under visible and UV light (A)
and their corresponding photoluminescence spectra (B), before and after their reaction with
Au@DMBT NP, alongside reacted plasmonic AJAU@DMBT NP.
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Figure S10. A comparative ESI MS of pure [Agzs(DMBT)1s]” NC and reaction mixture
measured after 30 min of reaction@NC and reaction@NP.

Figure S11. Morphological correlation between reactants and the product. TEM images of
reactants, AuU@DMBT NP (A) and [Ag:s(DMBT).s]- NC (B), and the product, AQAU@DMBT
NP (C). Scale bar: 20 nm.
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Figure S12. Characterization of Au@BDT NPs. HRTEM images of Au@BDT NPs captured
at different magnifications (A) 0.1 pm, (B) 10, and (C) 2 nm. Profile of inverse fast Fourier
transform (IFFT) in the inset of (C). Corresponding particle size distribution (D), and the

optical absorption spectrum (E).
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Figure S13. Characterization of [Ag20(BDT)12(TPP)4]*~ NC. (A) ESI MS of the pure NC after
losing 4 TPP ligands, (B) comparison of experimental and calculated isotopic distribution

pattern, and (C) the optical absorption spectrum.
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Figure S14. Time-dependent optical absorption spectra of the reaction@NP for Au@BDT NP
and [Agze(BDT)12(TPP)4]*~ NC reaction. The temporal rise in absorbance is presumably due to
aggregation facilitated by non-reactive interparticle interaction, as seen in TEM (Figure S15).

(A) Au@BDT NP and (B)
[Ag29(BDT)12(TPP)4]>~ NC, and the reaction mixture imaged after (C) 30 min and (D) 24 h of
mixing. For better contrast and to avoid beam-induced damage, the NC was imaged at a lower
magnification. Scale bar: (A, C, D) 20, and (B) 100 nm.
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Figure S16. EDS spectra showing the elemental composition of Au@BDT NP (A) before, (B)

after mixing with [Ag2e(BDT)12(TPP)4]*~

NC.
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Figure S17. Time-dependent optical absorption spectra of the reaction@NC for Au@BDT NP

and [Ag20(BDT)12(TPP)4]*~ NC system.
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Figure S18. Characterization of pure [PPha]n[Ag44(FTP)30] NC. (A) ESI MS of the pure NC,
(B) comparison of experimental and calculated isotopic distribution pattern, and (C) the optical

absorption spectrum.
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Figure S19. Time-dependent optical