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ABSTRACT: Exploring the reactions between atomically precise metal clusters and the
consequences of such reactions has been an exciting field of research during the past decade. oo
Initial studies in the area were on reactions between clusters in the solution phase, which ;
proceed through the formation of dimers of reacting clusters. In the present work, we
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examine the interaction between two atomically precise clusters, [Au,s(PET);]” and B sl
[Ag,s(DMBT) 4], in the solid state, where PET and DMBT are 2-phenylethanethiol and ¥
2,4-dimethylbenzenethiol, respectively. The experiments were performed using different ; -
ratios of these two clusters, and it was inferred that the kinetics of the reactions were faster % ﬁ';m&' p
compared with reactions in the solution. The metal exchange between these two clusters, ﬁ\ J
due to their interactions in the solid state, leads to the formation of dimers, trimers, = o =

tetramers, and polymers of atomically precise alloy metal clusters. We observed polymer

Solid state mixing

entities up to hexamers, which were observed for the first time. Control experiments revealed
that metal exchange is a key factor leading to polymerization. Our work points to a new
approach for synthesizing polymers of atomically precise alloy metal clusters.

B INTRODUCTION

Atomically precise metal clusters are a class of molecules that
are well-known for their diverse properties.'™® Their structural
integrity, composition, and electronic confinement make them
promising candidates for various applications.””'> Over the
past decade, exploring the reactions between atomically precise
metal clusters has evolved as a new research area of interest.
These reactions in the solution phase and in the gas phase have
been probed using mass spectrometry.">~'® In such reactions,
the exchange of metal atoms and ligands occurs, while
maintaining the nuclearity of individual clusters.'”~*° Neu-
maier et al. have reported the kinetics of the reaction between
the clusters [Au,s(PET)s]” and [Ag,s(DMBT)5]” in the
solution.”’ This study has identified the formation of dimer
species arising from cluster monomers in the course of the
evolution of reactions and their existence points to important
mechanistic details of the exchange processes.”"
Supramolecular interactions between metal clusters have
been utilized for the bottom-up fabrication of nanomateri-
als.”>"** Directed self-assembly of clusters results in the
formation of polymers of atomically precise clusters.”” >
However, controlled self-assembly of clusters has been
challenging, and Yuan et al. introduced a solvent-mediated
approach for precisely synthesizing polymers of clusters.”” In
this work, we show that clusters can also interact with each
other in the solid state, resulting in the exchange of metal
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atoms, which was not studied previously. In the solid state, the
concentration of clusters is higher, favoring the adhesion
between the clusters and consequently the metal atom
exchange interactions, which could result in the formation of
polymers of alloy metal clusters.

Specifically, we studied the polymerization that occurred due
to metal atom exchange between [Au,s(PET)s]” and
[Ag,s(DMBT)5]”. We performed an experiment in which
the powders of these two clusters were mixed in the solid state
at various concentrations and times. Mass spectrometric
analysis revealed the existence of species up to hexamers,
which existed in the beginning. However, while performing
mass spectrometry, the dilution in solution breaks the polymer,
and eventually monomers exist in the solution. Time-
dependent mass spectral analysis inferred that the kinetics of
polymerization are faster in the solid state than in solution.
The reaction studied using different ratios of the two clusters
concluded that higher ratios of [Au,s(PET);s]” enhanced
metal exchange and favored polymerization. Insights from this
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work proposed a new pathway for developing self-assembled
polymers of atomically precise alloy metal clusters by utilizing
intercluster reactions in the solid state.

B EXPERIMENTAL SECTION

Materials. All the materials were commercially available. Silver
nitrate (AgNO;), 2-phenylethanethiol (PET), 2,4-dimethylbenzene-
thiol (DMBT), tetraoctylammonium bromide (TOABr), tetraphenyl-
phosphonium bromide (PPh,Br), and sodium borohydride (NaBH,)
were purchased from Sigma-Aldrich. All the solvents, methanol,
ethanol, acetone, chloroform, tetrahydrofuran, and dichloromethane,
were purchased from Rankem. All solvents and chemicals were used
as such without further purification.

Synthesis of [Au,s(PET),g]". The [Au,s(PET);s]” cluster was
synthesized using the procedure reported previously.'**® The starting
material, HAuCl,.3H,0O, was synthesized in the lab by following the
method presented in the Supporting Information. A quantity of 40 mg
of HAuCl,.3H,0 (0.1 mmol) was taken in 7.5 mL of tetrahydrofuran.
Then, 66.5 mg (0.116 mmol) of TOABr was added with continuous
stirring. The solution changed from yellow to orange due to
complexation. After 15 min of stirring, 68 uL of PET (CgH,SH)
(0.53 mmol) was added. Gradually, the solution turned colorless.
After 2 h of vigorous stirring, 40 mg of NaBH, (1 mmol) dissolved in
2 mL of ice-cold water was added rapidly. The stirring was continued
for 8 h, and a reddish-brown solution was obtained as a crude
product. After that, the reaction mixture was dried, and the black
particles were collected. They were suspended in methanol, and the
mixture was centrifuged at 5000 rpm for 3 min to collect all of the
black precipitate completely. This was also done to remove any
insoluble byproducts. The precipitate was washed 5 times with
methanol to remove excess thiol. Then, the cluster was dissolved in 8
mL of dichloromethane and centrifuged at 10000 rpm for 5 min. The
supernatant was collected and dried, and again, it was dissolved in
acetone and centrifuged at 10000 rpm for S min. The acetone soluble
fraction was collected, which is the required [Au,s(PET),s] .

Synthesis of [Ag,5(DMBT),g]". The [Ag,s(DMBT)s]™ cluster
was synthesized by modifying the reported procedure.”” Exactly 38
mg of AgNO; (0.22 mmol) was dissolved in a mixture of 2 mL of
methanol and 17 mL of dichloromethane. Into this solution, 90 uL of
DMBT (CgH,SH) (0.66 mmol) was added, which formed a yellow-
colored suspension, and it was kept for stirring at 0 °C. After 20 min,
a freshly prepared PPh,Br (~6 mg, 0.014 mmol) solution in methanol
(0.5 mL) was added with continued stirring. After 5 min, NaBH,
(~15 mg, ~0.4 mmol) in 0.5 mL of ice-cold water was added. The
color of the reaction mixture changed gradually from light yellow to
dark brown. The solution was allowed to stir for 10 h and aged for 24
h in a freezer. The reaction mixture was centrifuged for purification of
the cluster, and the supernatant was collected and concentrated to S
mL. Excess methanol was added to the concentrated solution to
precipitate the products. The obtained precipitate was washed
multiple times (~5) with methanol. The precipitate was then
dissolved in dichloromethane and centrifuged, and the supernatant
was collected. The supernatant was dried, and the pure cluster was
obtained in powder form.

Mixing of Clusters in the Solid State. The powders of both
clusters [Auys(PET);s]” and [Ag,s(DMBT)s]” were measured
according to their molar ratio. Then, these clusters were mixed and
ground using a mortar and pestle, in the laboratory environment. The
clusters were mixed and ground for different time intervals (30, 1, 3,
and S min), and the spectra were collected in each case. The ground
mixture was dissolved in cold acetonitrile and held at —10 °C to
minimize the solution phase contribution to the reaction. The sample
was injected into the mass spectrometer within 30 s (retention time in
solution), and the mass spectrum was acquired immediately. The
entire mass spectral measurement, from sample preparation to data
acquisition, was completed in 2 min. The same mixture was also
analyzed using solid-state optical absorption measurements. In the
further text, the reaction time corresponds to the grinding time of the
two clusters.

B RESULTS AND DISCUSSION

The clusters [Au,s(PET)5]” and [Ag,s(DMBT)s]” were
chosen selectively based on their previous solution phase
studies. Both clusters were synthesized as discussed in the
Experimental Section. In the following text, the clusters
[Au,s(PET) 5]~ and [Ag,s(DMBT),]~ will be represented
as Auys(SR);g and Ag,s(SR)g, respectively. The protecting
ligands of Au,5(SR),5 and Ag,s(SR) 5 are 2-phenylethanethiol
(PET) and 2,4-dimethylbenzenethiol (DMBT), respectively.
These ligands were chosen due to their same molar masses
(138 Da), which avoid complications due to ligand exchange
between clusters in the course of metal exchange. Both clusters
were synthesized and were further characterized by UV—vis
absorption spectroscopy and electrospray ionization mass
spectrometry (ESI-MS). The optical absorption spectra of
both clusters exhibited their characteristic peaks, confirming
their identity (Figure S1). The characteristic features of
Auys(SR);5 were observed at 450 and 690 nm, whereas the
characteristic peaks of Ag,s(SR)5 were at 465, 495, 530, and
650 nm.'” The ESI-MS of both clusters showed their
characteristic peaks, with isotopic distribution matching the
theoretical pattern (Figure S2). The peak of Au,s(SR),g was at
m/z 7393 with a charge of 1-, whereas the peak of Ag,s(SR) 4
was at m/z 5167 with a charge of 1-. The clusters were mixed
for different time intervals in powder form using a mortar and
pestle, followed by ESI-MS measurements (Figure S4). The
experiments were performed with different molar ratios of the
Au,y5(SR)5 and Ag,s(SR);5 clusters. The sample injection into
the mass spectrometer was done quickly, within 1 min, to
reduce the effect of solvent, and the data were collected within
2 min.

The mass spectrum obtained from the 1:1 molar ratio of
Agys(SR) g Auys(SR)y, after mixing them for different time
intervals, is presented in Figure la. In the mass spectrum,
which was collected after 1 min of solid-state mixing, the
characteristic features of Au,s(SR);5 and Ag,s(SR),5 were not
observed. A new set of peaks was observed between m/z 5400
to 6000, and the zoomed-in spectra of this region are shown in
Figure 1b. Each of the peaks in the isotopic distribution is
separated by a m/z of less than 1, showing that these are highly
charged species. The peaks observed in Figure 1b have
monomer, dimer, and tetramer species, with 1-, 2-, and 4-
charges, respectively. The mass separation between these peaks
indicates a Au—Ag exchange between the two clusters. More
detailed isotopically resolved spectra are not presented to
confirm the exchange, although these have been presented in
earlier reports.”’ Exchange between the ligands is not evident
from the mass spectrum since the molecular masses of PET
and DMBT ligands are the same. The monomeric metal-
exchanged species were assigned as Ag,Au;(SR);g (m/z
5434), Ag,Au,(SR);s (m/z 5523), Agy,0Aus(SR);s (m/z
5612), AgioAuc(SRS);s (m/z 5701), AgisAu,(SR);s (m/z
5790), Ag;Aug(SR);s (m/z 5879), AgcAuy(SR)s (m/z
5968), and Ag sAu;o(SR) g (m/z 6058) (nuclearity is always
25). Furthermore, the dimer species were identified as
Ag AU (SR)ss (m/z 5479), Ag,Aug(SR)s (m/z 5568),
Ag39Au11(SR)36 (m/z 5657), Ag37Au13(SR)36 (m/z 5746),
Ag;sAuis(SR);6 (m/z 5835), and AgssAu;,(SR)ss (m/z 5925)
(nuclearity is always S0). All of the dimer species observed
were formed between metal-exchanged species. Notably, we
have not observed the dimer formed between the pure parent
clusters, Ag,s(SR) 5 and Au,5(SR),g, which were present in the
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Figure 1. (a) ESI-MS of Ag,s(SR);s, Au,5(SR) g, and the time-dependent MS of the 1:1 mixture of Ag,s(SR)5:Au,5(SR) ;5 clusters measured after
grinding the mixture. (b) Zoomed-in view of the mass spectrum collected after grinding the mixture for 1 min. (c) Heat map of the mass spectrum
collected after grinding the mixture for 1 min (the compositions of various polymer species observed and their charge states marked).

previous report of solution phase intercluster reaction.”’ The
tetramer peaks observed were due to AggAu;;(SR);, (m/z
5545), AgsiAus(SR);, (m/z 5590), AgreAuy(SR);, (m/z
5634), and Ag;,Auy;(SR);, (m/z 5679) (nuclearity is always
100). The same peaks were observed in the mass spectrum
collected after 3 min of solid-state grinding, but their
intensities started to decrease with time. After 5 min of
mixing, all of the peaks disappeared due to the degradation of
clusters, presumably in the solution. The degraded products
mostly consisted of metal thiolates and their exchanged
species, which were assigned as Ag;(SR)s;, AuAg,(SR),
Au,Ag;(SR), and AusAg,(SR), (Figure S15).

We have performed the same experiment using different
molar ratios, 1:1, 1:3, 3:1, 1:5, and 5:1 of Agy)s(SR);5 and
Auys(SR) 5. The mass spectrum obtained for various molar
ratios of the clusters after 1 min of solid-state mixing is
presented in Figure 2a. As shown in Figure 1, the ratio 1:1 of
Ag,s(SR)5:Auy5(SR) 5 produced monomers, dimers, and
tetramers of the exchanged species. In the mass spectra of
1:3 Agys(SR) 5:Au,5(SR) g, the peaks for the parent clusters
were observed. In the range of m/z 7250—7400, monomeric
Ag exchanged peaks of Au,s(SR)g clusters were observed,
while in the range of m/z 5200—5700, monomeric Au-
exchanged peaks of Ag,s(SR);s were identified. The dimer
peaks were also observed, but they were mainly concentrated
in the range of m/z 7000, indicating that the contribution of
Au atoms is more on the dimer, which accounts for the higher
molar ratio of Auys(SR);g. The time-dependent mass spectra of
1:3 Agys(SR) g:Au,s(SR) 5 show that metal exchange is

happening within 30 s, and with an increase in time, the
intensity of peaks decreases (Figure S3), indicating faster
kinetics of the reaction. From the low-intensity peaks, we
observed the presence of trimer species (3-), and their
compositions were assigned as AgcAug(SR)s, (m/z 7216),
Ag;Au,(SR)s, (m/z 7305), and Aus(SR)s, (m/z 7393). To
further understand the low-intensity peaks, we made a heat
map plot of the mass spectra (Figure S4), and surprisingly, we
found the tetramers and pentamers of parent clusters
Ag,s(SR),;g and Auys(SR);3 (Figure S11). Similarly, in the
mass spectra of the ratio 3:1 Ag,s(SR)5:Au,5(SR),4 also, the
peaks for the parent clusters were observed. Time-dependent
mass spectra (Figure SS) show that in the initial 1 min, only
monomeric Au-exchanged peaks of Ag,s(SR)s clusters were
formed in the range of m/z 5200—5500. However, with
increase in time to 3 min, we observed excessive metal
exchange between the clusters, and peaks were observed in the
range of m/z 5800—6800 (Table S3). Furthermore, in the
same range, we observed dimers, trimers, and tetramers of the
metal-exchanged species (Figure S6 and Table S3). Besides
that, at m/z 6324, a hexamer species [Ag;,Au,5(SR)05]°” was
found with the monomeric unit [Ag;,Au;3(SR)5]~, which was
not previously reported (Figure S12). The mass spectral
analysis showed that the kinetics of polymerization is slower in
3:1, compared to 1:3 Ag,s(SR);5 and Au,5(SR),g. Thus, we
conclude that a higher ratio of Au,s(SR)s favors polymer-
ization.

The time-dependent mass spectra of 1:5
Ag,s(SR) 5:Auy5(SR) 5 showed that the parent cluster peak
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Figure 2. (a) ESI-MS, after 1 min of grinding, of a mixture of Ag,s(SR),5 and Au,5(SR), at various molar ratios. (b) Zoomed-in mass spectrum for
the ratio S:1 of Ag,s(SR),5:Au,5(SR) 5. (c) Heat map plot for the ratio 5:1 of Ag,s(SR),5:Au,5(SR), ¢ (the compositions of various polymer species
observed and their charge states are marked).
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Figure 3. ESI-MS of (a) Au,5(SR);5 and (b) Agys(SR) s measured after solid-state grinding. The inset shows the matching of the experimental and
theoretical isotopic distributions. Dimers and trimers are marked in the inset of (a), and such species are not there in (b). Intensities of the
theoretical monomer and dimer peaks were not matched with the experimental spectrum to make sure that the peaks were clearly visible.

of Au,5(SR),5 was absent, even though the concentration was
higher (Figure S7). Near m/z 5200, Au-exchanged peaks of
Ag,s(SR),s were observed along with the less intense peaks
around m/z 6000. The kinetics of the reaction were fast such
that the peak intensity of the polymer species diminished
rapidly. The heat map plot shows that low-intensity peaks
around m/z 6000 consist of dimers, trimers, and tetramers
(Figure S8), and their composition is presented in detail in
Table S4. However, in the time-dependent mass spectra of 5:1
Ag,s(SR) g:Au,5(SR) g, the parent cluster peak of Ag,s(SR)q
alone was present (Figure S9). Furthermore, the peaks of Au-
exchanged species of Ag,s(SR),5 were present, along with their
dimer, trimer, and tetramer species (Figure $10). The polymer
peaks were mainly concentrated near the range of m/z 5200—
6000, attributed to the higher amount of Ag,s(SR);s present.
The compositions of different polymer species formed are
presented in Table SS. We observed from further analysis of
the mass spectra that in the presence of higher amount of
Ag,5(SR) g the polymers are concentrated toward lower m/z,
whereas for higher amount of Au,s(SR);g they are found
toward higher m/z values.

Metal atom exchange between the clusters is key for
polymerization, which is evident from the mass spectrometry
studies, and the polymeric species were formed by alloys. The
analysis of mass spectra inferred that the presence of higher
ratios of Au,s(SR),¢ favors the polymerization more compared
to Ag,s(SR) g, which is evident from the mass spectra of 1:1,
1:3, and 1:5 mixtures (Figure 2). To further explore this, we
separately took both Au,s(SR);s and Ag,s(SR),g clusters in
powder form, ground them separately using a mortar and
pestle, and measured their mass spectra. This was done to
understand the response of each cluster toward solid-state
mixing. For Au,s(SR),g, we observed dimers and trimers in the
mass spectrum as seen before,”" whereas for Ag,5(SR) g, only
monomers were present (Figure 3). This hinted at the
tendency of Au,s(SR),g to form polymers, which corroborates
our experimental results. The cluster Ag,s(SR)s alone could
not form any polymer due to grinding, which further confirms
that metal exchange between the two clusters is the driving
force for polymerization.

We performed solid-state optical absorption measurements
to confirm that interaction between clusters in the solid state is
responsible for metal exchange and polymerization. We have
taken equimolar amounts of clusters Au,;(SR);3 and

Ag,s(SR) g in the powder form, mixed them for different
time intervals, and their corresponding absorption spectra were
measured. The absorption spectra of individual clusters and
the mixture at various time intervals are shown in Figure S13.
The absorption spectra of parent clusters Au,s(SR);3 and
Ag,s(SR) 4 in the solid state measurements have shown some
differences in the peaks compared to their solution phase data
(Figure S1), which could be attributed to solvent effects. After
mixing the clusters, the spectral features exhibited a notable
shift in the peak positions compared to those of the parent
clusters. However, the spectra collected at different time
intervals of mixing did not show any prominent difference with
respect to time. This suggests that the interaction between the
clusters in the solid state is very fast and is completed within a
few minutes, which matches well with the mass spectral
analysis. The intensity of the absorption peaks also did not
decrease even after 45 min of spectral measurement, indicating
the stability of the cluster polymers in the solid state. We have
also measured the time-dependent UV-vis absorption spectra
of the ground mixture of clusters dissolved in cold acetonitrile
at a time interval of 30 s and up to 2 min (Figure S14). These
control experiments confirmed that the reaction is not very
rapid upon dissolution in acetonitrile and that the effect of
solvent was minimal on the mass spectral analysis.

The previous report on the solution phase reaction of
Au,5(SR)5 and Agys(SR),s showed that the dimer forms only
after 3 min, and metal exchange happens later.”’ However, in
the case of solid-state interaction, the reaction was more rapid
than that in solution, and the whole reaction was completed
within 5 min. In solution, the molecules will be far apart and
have fewer chances of coming together, which is attributed to
their slower kinetics. In solid-state mixing, the molecules are
closer, which favors strong adhesion, and metal exchange
happens between Au,5(SR);s and Ag,s(SR),¢ within the time
scale of polymerization. The exchange efficiency of the two
clusters Ag,s(SR);3 and Au,s(SR);g in the solid state was
nearly 100%. Time-dependent mass spectral analysis shows
that initially, dimer species were forming, which further
interacted with adjacent monomers or dimers to form
oligomers. The polymeric species we have observed constitute
both homopolymers and heteropolymers. Homopolymers have
high-intensity peaks in the mass spectrum due to the overlap of
the peaks of different species at the same m/z value. However,
for heteropolymers, the peak intensities were found to be
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weaker. In the case of Ag,s(SR)5:Au,5(SR),q ratio of 3:1, we
observed an unprecedented hexamer species, and the
theoretical agreement of the peak is shown in Figure S12.
The plausible mechanism for the polymerization of clusters
can be (i) ligand—ligand interactions (7-z, C—H--x) and (ii)
attractive van der Waals forces between the metal atoms and
sulfur atoms in the staples of the interacting clusters. The
aurophilic interactions** would also play a role, as is evident
from the increased tendency of polymerization in the presence
of more Au,s(SR);5. A schematic representation of these
interactions and the formation of polymers of metal clusters is
shown in Figure 4. The negative charge on the cluster is

>

fﬁ‘{‘r =

H

A
M

Ag,5(SR);s

Figure 4. Schematic representation that demonstrates the formation
of alloy cluster polymer from the parent clusters and interactions
within the polymer.

delocalized throughout, electrostatic repulsion did not prevent
intercluster interactions, as reported previously.'> The counter-
ions of Au,5(SR);¢ and Ag,s(SR),¢ are tetraoctylammonium
(TOA") and tetraphenylphosphonium (Ph,P*), respectively,
which are smaller compared to the size of metal clusters. Thus,
the interference of counterions will be minimal during
interaction between the clusters. The presence of Au,s(SR)q
and its metal exchange with Ag,s(SR);s are crucial in the
polymerization of clusters, which was evident from mass
spectrometric observations. The grinding of the clusters also
has a crucial role in the formation of alloy cluster polymers,
since it promotes the interaction between clusters by providing
energy. The mechanical energy from grinding provides the
kinetic energy for the clusters to react with each other. As
shown in Figure 3, the solid-state grinding of Ag,s(SR),4 alone
does not form polymers, implying that metal exchange
between the clusters is the driving force for polymerization.
Thus, intercluster reactions turn out to be a plausible strategy
for synthesizing polymers of atomically precise alloy metal
clusters.

B CONCLUSIONS

In conclusion, we report the polymerization of atomically
precise metal clusters due to metal exchange in the solid state.
The interaction between electronically stable and geometrically
robust metal clusters [Au,s(PET)5]” and [Ag,s(DMBT) ]~
in the solid state produced dimers (2-), trimers (3-), tetramers
(4-), pentamers (S-), and hexamers (6-), which were not
reported earlier. This interaction can synthesize controlled

polymers of bimetallic Ag—Au clusters with the desired
number of monomeric units by optimizing the ratios of the
reactant clusters. The kinetics of the reaction are faster
compared to the already known solution phase studies, and the
metal exchange between the clusters favors the polymerization.
We observed that higher ratios of Au,s(SR);s have faster
kinetics for polymerization than higher ratios of Ag,s(SR)s.
Mass spectrometry revealed the existence of polymers up to
hexamers with a 6- charge, but other higher oligomers could
also be present, which were not observed due to their weak
intensities. Extension of this study using other metal clusters
would provide more insights into the mechanism and help
generalize this approach to synthesize polymers of atomically
precise alloy metal clusters.
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