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ABSTRACT: Recently, silver nanoclusters have garnered considerable attention after the high-yield
synthesis and crystallization of a thiolate-protected silver nanocluster, NasAga4(SR)30 (SR — protecting
thiolate ligand). One intriguing feature of NasAg44(SR)s0 is its outstanding stability and resistance to
chemical reactions, in striking difference from other silver nanostructures whose susceptibility to
oxidation (tarnishing) has been commonly observed and thus limits their applications in nanotechnology.
Herein, we report the mechanism on the ultrahigh stability of NasAgss(SR)30 by uncovering how
coordinating solvents interact with the NasAg4(SR)30 nanocluster at the atomic scale. Through
synchrotron X-ray experiments and theoretical calculations, it was found that strongly coordinating
aprotic solvents interact with surface Ag atoms, particularly between ligand bundles, which compresses
the Ag core and relaxes surface metal-ligand interactions. Furthermore, water was used as a cosolvent to
demonstrate that semi-aqueous conditions play an important role in protecting exposed surface regions
and can further influence the local structure of the silver nanocluster itself. Notably, under semi-aqueous
conditions, aprotic coordinating solvent molecules preferentially remain on the metal surface while water
molecules interact with ligands, and ligand bundling persisted across the varied solvation conditions. This
work offers an atomic level mechanism on the ultrahigh stability of the NasAga4(SR)30 nanoclusters from
the nanocluster-coordinating solvent interaction perspective, and implies that nanocluster-solvent
interactions should be carefully considered moving forward for silver nanoclusters, as they can influence
the electronic/chemical properties of the nanocluster as well as the surface accessibility of small molecules

for potential catalytic and biomedical applications.
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Thiolate-protected silver nanoparticles (Ag NPs) and smaller (1-3 nm diameter) nanoclusters (Ag NCs)
have been investigated for several years alongside the ground-breaking progress made with thiolate-
protected Au NPs and NCs.** After the leap forward from elucidating the thiolate-protected Au NC
structure and properties (i.e., crystallization of Auioz),® progress in Ag NC analogs soon followed. Ag-
based NPs and NCs are an enticing alternative since Ag is not as precious as Au and offers another suite
of chemical and physical properties employable for application. For example, the antibacterial properties
of Ag can be utilized for biomedical applications and the superior optical properties of Ag-based NPs
have shown potential as advanced light harvesting materials. " Importantly, the lower cost of Ag is
beneficial for scaling up syntheses toward cost-effective production for application or industrial utilization.
Despite these advantages, Ag NPs have been known to suffer from tarnishing,® which affects Ag NP
stability and long-term usage of these materials in application stages or on an industrial scale. This
problem also interferes with the fundamental characterization and understanding of optical and electronic

properties as they relate to the size, structure and surface environment of Ag NPs and NCs.

More recently, thiolate-protected Ag NCs have made significant progresses in the field of atomically
precise nanoclusters. Advances in metal NC synthesis techniques have enabled the preparation and
isolation of not only new Ag NC species, but a few Agn(SR)m NCs (where n and m are integers, SR —is
the protecting thiolate ligand).>° Notably, structural elucidation of MsAgas(SR)s0 NCs (M — charge
counterbalancing metal cation) was a significant discovery for the metal NC community.1*!2 The crystal
structures revealed a distinctive metal core with discrete Ag-SR surface structural units, much like the
general construction of thiolate-protected Au NCs. The exceptional stability of MsAg4(SR)z0 is
unprecedented for Ag NPs and NCs. The M4Ag44(SR)zo structure is so greatly favored over other Ag NC
structures that single-species M4Ags4(SR)30 products are attainable in quantitative yields, and the reaction
can be scaled up to produce over 100 g of MaAgas(SR)30 NCs per batch.2!3 Other properties of interest
for MsAgs4(SR)30 NCs include a rich, broadband light absorption across the UV-Vis spectrum, moderate

photoluminescence, and catalytic activity.!3-°



The exceptional stability of M4Aga4(SR)30 has been attributed to the closed atomic shell structure of the
Agsz2 core (Agi2 icosahedron inside Agzo dodecahedron), the closed electronic shell structure of the
molecule (1S%/1P%|1D?, following the Aufbau rule), and the choice of protecting ligands.>*? It was also
recognized that coordinating solvents played a key role in the stabilization of MsAgas(p-MBA)30 (p-MBA
= para-mercaptobenzoic acid), although the mechanism was not fully understood.>*® Further, it was
demonstrated that increasing the coordination strength of the solvent during synthesis increased the yield

of MaAgas(p-MBA)z0 .13

Ligand shells are often thought of as isotropic coatings that offer uniform protection; however, this is
generally not the case. Intramolecular interactions between ligands in the protective outer shell are known
to result in the bundling of ligands, which can impart a more complex structure to the ligand shell.1617 In
the case of NasAg(p-MBA)zo, the p-MBA ligands were observed to form dimer and trimer bundles
through n-nt (face-to-face) and C-H---n (edge-to-face) interactions between benzene rings, respectively,
in the X-ray determined crystal structure.!? Surprisingly, ligand bundling was also observed in NMR
measurements of fully solvated molecules, suggesting that these intramolecular interactions are strong

enough for the gaps in the ligand shell structure to persist in solution.

It has been recognized that the gaps created by ligand bundling in NasAgas(p-MBA)3o leave some of the
Ag atoms unprotected and consequently exposed to potential chemical attack. It was therefore postulated
that coordinating solvent molecules could protect the exposed Ag atoms, effectively forming a second
shell of steric protection.*?® Such a secondary protective layer was not directly observed in single crystal
X-ray diffraction measurements, however, presumably due to the mobility of the coordinating solvent
molecules within the solvent-containing cavities of NasAga(p-MBA)3o crystals. It therefore remains an
open question as to the role of coordinating solvent molecules and the nature of their interactions with

surface structures in the stability of NasAgaa(p-MBA)30 as well as other related NCs.

With ligand shell and surface-based interactions recently generating significant interest,'82* there is a

growing need for more detailed information on solvent effects on metal NC structure and surface



chemistry. Toward this end, the interactions between MsAg4s(SR)30 NCs and selected coordinating
solvents were examined using synchrotron X-ray absorption fine structure (XAFS) spectroscopy and
quantum mechanical / molecular mechanical (QM/MM) calculations to understand how coordinating
solvent molecules interact and affect the local structure and bonding properties of MsAg4s(SR)z0. We
demonstrate that the response of NasAgaa(p-MBA)s0 NCs to solvation interactions is measurable and
provides atomic scale insight into how coordinating solvents stabilize the surface between ligand bundles
and in turn affect the structure and properties of M4Ag4s(SR)z0. Furthermore, this work demonstrates the
utility of combining synchrotron X-ray experiments and computational chemistry for examining the

surface chemistry of atomically precise metal NCs in solution.

RESULTS AND DISCUSSION

Site-specific analysis on the core and surface bonding environments

The crystal structure of NasAgas(p-MBA)3o (Figure 1la-d) has a compact Agsz core that is composed of a
hollow Agz2 icosahedron inside of a Agzo dodecahedron. Protecting the Ags2 core are six Agz(p-MBA)s
capping units known as “mount” motifs, which are positioned in an octahedral geometry around the Ags>
core. Bundles of two and three ligands can be seen on each mount, which result from the intramolecular
n-1 and C-H---7 interactions between p-MBA ligands (Figure 1d). This organization of ligands exposes
the 12 Ag atoms in the 6 mounts as well as 8 Ag atoms at the feet of the mounts in the dodecahedral

shell.?2



Figure 1. NasAgas(p-MBA)30 structure from center to surface: a) hollow Agi2 icosahedron to b) Ageo
dodecahedron to c) six Ag>Ss mounts (silver — Ag, red — S). The organic portion of the protecting ligands
is removed for clarity. d) Mount structures on the cluster surface (blue — O, green — C) illustrating ligand

bundling and open clefts (H atoms removed for clarity).

From inspection of the Ag-Ag and Ag-S bond length distributions in the crystal structure (Figure 2a),
three distinct environments were identified as EXAFS scattering shells for fitting analysis. The Ag-S shell
corresponds to covalent bonding between thiolate ligands and Ag sites in the Agzo cage and in the mounts
(Figure 1c). The shorter distance Ag-Ag shell (Ag-Ag1) corresponds to bonding within the hollow Agi2
icosahedron as well as bonding between Agi and the Agzo cage (Figure 1a-b). The third shell, Ag-Ago,
represents Ag-Ag bonding at a longer distance, namely between the two Ag atoms in the mounts, between

Ag atoms within the Ag2o cage, and between mount and cage Ag sites.
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Figure 2. a) Bond length distribution histogram of NasAga4(p-MBA)30 with assigned EXAFS scattering
paths. b) Ag K-edge FT-EXAFS at 90 K in the solid-phase, showing total fit and individual contributions
from each scattering path. c)Wavelet-transformed EXAFS map showing two domains corresponding to

the Ag-S shell and Ag-Ag shells (i.e., the Ag-Ag: and Ag-Ag2 shells are overlapping in the 2D map).

In order to verify the reliability of the EXAFS fitting protocol to be used in this work, Ag K-edge EXAFS
of NasAgas(p-MBA)30 in the solid-phase at 90 K was first analyzed using the Ag-S and Ag-Ag scattering

shells described above; the fit is shown in Figure 2b and fitted parameters are given in Table 1. Fitted Ag-



S and Ag-Ag bond distances matched well with the average bond lengths determined from the crystal
structure that was also obtained at low temperature (Rag-s = 2.55 A, Rag-ag1 = 2.84 A, Rag-ag2 = 3.14 A),

proving the suitability of the designated EXAFS scattering shells to account for, and

Table 1. EXAFS fitting results for NagAgas(p-MBA)30 at 90 K in the solid-phase. Uncertainties in fitted
parameters are shown in parentheses; Debye—Waller factor (6?); energy-shift parameter (AEy).

Shell CN R(A) o (A?)  AE (eV)

Ag-S 19 2501(7) 0.0066(4)  1(1)

Ag-Ag: 4.1 2.876(3) 0.0051(1) 2.0(4)

Ag-Ag: 33 3.08(1) 0021(3) 2.0(4)

distinguish, core and surface interactions. Complementary to FT-EXAFS, a wavelet-transformed EXAFS
(WT-EXAFS) was obtained to analyze the local structure from a two-dimensional (2D) mapping
perspective (Figure 2c, Figure S1). This 2D mapping approach is used in the following sections to
illustrate the sensitive local structural change of the NCs (i.e., the Ag-S and Ag-Ag domains) induced by

various cluster-solvent interactions.

Coordinating aprotic solvent molecules interact directly with the nanocluster surface

In order to study the interactions between NasAgas(p-MBA)3s and coordinating solvents, solid- and
solution-phase XAFS measurements using DMF and DMSO solvents were first conducted at 300 K (k-
space spectra shown in Figure S2). The EXAFS spectra were fitted for each condition using the three
scattering shells described in Figure 1b and are shown in Figure S3 with associated fitting results in Table
2. We note that the near-edge structure (Figure S4) varies little across the series of NasAgas(p-MBA)3o
measurements, which is due to the similar final valence states in the dipole-allowed transition from 1s >

5p as seen for Ag K-edge transitions.



EXAFS fitting results for NasAgss(p-MBA)30 at 300 K in the solid-phase were consistent with results
from 90 K, but with small variations in average bond distances and, as expected, higher Debye-Waller
factors from thermal disorder. Notably, Ag-S and surface Ag-Ag (Ag-Ag2) bond distances did not change
significantly with temperature whereas Ag-Ag bonds related to the Ags> core (Ag-Agi) decreased in
length. The solid-phase temperature comparison may demonstrate a rigid surface layer while the hollow

Agi2 core is more susceptible to thermal vibrations and fluctuations.

Table 2. EXAFS fitting results for NasAgs(p-MBA)3z0 NCs in solid-phase and in solution-phase
conditions (DMF and DMSO) at 300 K. Uncertainties in fitted parameter are shown in parentheses;
Debye—Waller factor (o%); energy-shift parameter (AEp).

Condition Shell CN R (A) o (A?) AEq (eV)

Ag-S 1.9 250(1)  0.011(1) 0(1)
Solid Ag-Ag: 41 283(1)  0.013(1) 0(1)
Ag-Agz 3.3 3.09(5) 0.03(1) 0(1)

Ag-S 1.9 2525(7)  0.010(6) 22.0(6)

DMF Ag-Ag: 4.1 2.816(5)  0.011(4) 22.0(6)

Ag-Agz 33 3.02(2)  0031(6)  -2.0(6)

Ag-S 1.9 252(1)  0.010(9) -1.4(8)

DMSO Ag-Ag: 4.1 2.818(8)  0.012(7) “1.4(8)

Ag-Ag: 3.3 3.04(3)  0.025(6) -1.4(8)

DMSO and DMF were selected as coordinating solvents based on the documented preparation of
NasAgaa(p-MBA)so NCs.1? NasAgas(p-MBA)so NCs in DMF or DMSO had similar structural responses
to solvation when comparing the fitted parameters with the solid-phase EXAFS measurements (fitting
results in Table 2). The average Ag-S bond length increased by ~0.02 A when dissolved in DMF or DMSO
and the associated Debye-Waller factor remained similar to the solid-phase. Exterior Ag-Ag interactions

(Ag-Ag2) markedly decreased in average distance for NasAgas(p-MBA)30 in solution, while the interior



Ag-Ag bonding within the Ags2 core (Ag-Ag:) decreased only slightly in distance and disorder. These
structural changes associated with the nanocluster-solvent interactions are further supported by WT-
EXAFS results shown in Figure 3. As can be directly seen in the 2D maps, the DMF and DMSO solvated
NCs both show clear changes in intensity of the Ag-S and Ag-Ag domains when compared with the solid-
phase sample. Such changes can be attributed to less thermally induced disorder in Ag local structure of
NaszAgs4(p-MBA)zo in solution-phase, which would increase the EXAFS oscillation signal originating
from Ag-S and Ag-Ag bonding. In addition, the WT-EXAFS maps of these two solvated NCs are similar,

indicating that the two solvents interact with NasAgas(p-MBA)30 in a similar manner.
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Figure 3. Wavelet-transformed EXAFS 2D maps showing the visible changes of the Ag-S and Ag-Ag

domains when NasAgas(p-MBA)30 is measured in a) solid phase, b) DMF solution and ¢c) DMSO solution.



S K-edge XANES measurements (Figure 4) provide a complimentary perspective and reveal that
electronic properties of the S atoms change when dissolved in solution (only DMF was measured since
the sulfoxide moiety in DMSO interferes with this measurement). The most intense peak for NasAgaa(p-
MBA)30 following the absorption edge, commonly known as the white-line, was broadened compared to
free thiol ligands due to S-Ag interactions. The white-line intensity for NasAgas(p-MBA)z0 in DMF was
higher than the solid-phase, which could be due to redistribution of electron orbital density in S as a result
of solvent interactions with the p-MBA ligands or Ag NC core. This shift in electron density from the S

atoms to the Ag NC core would be consistent with core contraction under solvation.
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Figure 4. Sulfur K-edge XANES of thiol reference (cysteine), solid-phase NasAgas(p-MBA)3 and

NasAgas(p-MBA)30 in DMF.

Disappearance of the pre-edge feature (dashed circle in Figure 4) for NasAgas(p-MBA)30 upon dissolution
of the Ag NCs into DMF is interesting to note. The origin of this feature has been described as the
antibonding state of metal-sulfur interaction involving both s and p character of S and has been observed
to be more prominent with a higher contribution of metal-metal bonding (i.e., larger metal core and mixing
of metal atom states), but also when there are vacancies in the LUMO states for the bound metal

species.?2* Since there is no compositional change of NasAgas(p-MBA)s3oin solution, the obvious change



of this spectral feature in Figure 4 indicates that the solvation-induced local structural change resulted in

a considerable variation of the S-Ag bonding properties from the S perspective.

To pinpoint and further confirm the contracting Ag NC core framework and the potential change in
electronic properties of S and Ag from solvent interactions, QM/MM simulations were conducted on a
NasAgas(p-MBA)30 cluster surrounded by DMSO molecules. QM treatment was given to the NasAga4(p-
MBA)3 cluster and its first solvation shell while MM was used for the surrounding solvent environment.
It can be seen from a simulation with DMSO molecules (Figure 5a) that the coordinating solvent occupies
regions between ligand bundles, from the carboxylic acid ends of p-MBA to the Ag NC surface. From
integrating the radial distribution function and inspection, it seems about 3-4 DMSO molecules are within

3-4 Angstroms of the surface Ag for each nanocluster. The closest average radial distance of the

Figure 5. a) QM/MM simulations of DMSO (red clouds) distribution around NasAgas(p-MBA)30 (pink —
Ag, yellow — S, cyan — C, red — O, white - H). b) Interactions between DMSO molecules and surface Ag

sites QM/MM simulations (inset: radial distribution plot of sulfoxide distances to Ag on NC surface)



coordinating sulfoxide group to Ag atoms on the surface was found to be ~3.0 A (Figure 5b inset), which
is short enough for considerable electronic interactions (e.g. electron donation from oxygen lone-pair
electrons to surface Ag which carries partial positive charge). The sulfoxide distance to S atoms of thiolate
ligands is on average slightly longer at ~4.0 A (Figure S5). Together, these results indicate that the
positions of the DMSO around the nanocluster is not random, where DMSO has a preference for positions
nearer to Ag surface atoms. Combining the proximity of DMSO molecules to the Ag NC surface from
simulation and experimental results of contracted Ag NC core, and the change in S electronic properties,
it is evident that an electronic interaction between solvent and the Ag NC surface could account for these
observations. It is further noted that ligand bundling persisted after the addition of DMSO in the

simulation.

Compared to our previous studies of Aun(SR)m NCs in solution,?:% less surface structural disorder was
detected for NasAgas(p-MBA)30 NCs in solution. This is likely because thiolate ligands on the measured
Au NCs are not expected to form distinct ligand bundles. The observation of solution-phase ligand
bundling on NasAgs(p-MBA)3 NCs by NMR as well as our QM/MM simulations here suggest that
ligand-ligand interactions are strong enough to enable ligand bundling to persist in dynamic environments.
This solution-phase bundling creates opportunities for significant interactions between solvent molecules
and Ag atoms on the surface, rather than only solvent-ligand interactions. Carboxylic acid groups may
also play a role in ligand bundling and may interact with water molecules through hydrogen bonding to
further stabilize ligand bundles. Therefore, based on solution-induced changes of Ag-S and Ag-Ag
bonding from EXAFS, solution-phase ligand bundling observed by NMR and QM/MM, and requirement
of coordinating solvents in the synthesis of NasAgas(p-MBA)s0 NCs, the coordination interaction of

DMSO and DMF solvents clearly contribute to the overall stability of NasAgas(p-MBA)30.
Water as a co-solvent interacts with ligands and surface, relaxing the Ag NC core

The final consideration is how nanocluster-solvent interactions and nanocluster local structure itself can

be further tailored by controlling solution conditions. Based on the semi-aqueous reaction conditions



reported for the synthesis and our observation of DMSO interacting with the surface Ag, we tested the
structural response of NasAgas(p-MBA)3o to solution-phase conditions where water was added as a co-
solvent. Two solvent mixtures of DMSO (coordinating with the Ag NC surface) and water (interacting
with carboxylate groups) were tested: 25% (v/v) DMSO/H20 and 10% (v/v) DMSO/H.0. Below 10%
(v/v) DMSO/H20, solutions were no longer stable enough for XAFS measurement. However, the
dissolution of NasAgas(p-MBA )30 in such a high fraction of water could have been due to the neutral pH
of the solution, whereas creating slightly more alkaline conditions would render p-MBA-protected

clusters more soluble.?®

Figure 6. Wavelet-transformed EXAFS 2D maps showing the visible changes of the Ag-S and Ag-Ag

domains for NasAgas(p-MBA)30 in a) 100% DMSO, b) 25% DMSO and c¢) 10% DMSO.



To visually demonstrate the structural change induced by the co-solvent addition, WT-EXAFS 2D maps
of NasAgas(p-MBA)30in 100%, 25% and 10% DMSO are shown in Figure 6. Both solvent mixtures show
considerable changes in the WT-EXAFS Ag-S and Ag-Ag domains. As the concentration of DMSO
decreases more pronounced changes occur to the shape and intensity of both Ag-S and Ag-Ag interactions
in the WT-EXAFS plots. As expected, the 10% DMSO sample demonstrates the biggest changes in the
WT-EXAFS features. Interestingly, the relative intensity of Ag-S and Ag-Ag domains shifts once water
is added. Without water, the Ag-S domain in WT-EXAFS is less intense, but its relative intensity clearly
increases with water added, suggesting the addition of water causes considerable change to the ligand-
metal interactions. These observations are consistent with the EXAFS fitting results (Table 3). When
water is added, Ag-S bonds shorten up to ~0.04 A and metallic Ag-Ag bonds in the Ag NC core (Ag-Agz)
lengthen by ~0.04 A compared to pure DMSO. For the case where the Ag-S bond length shrinks after
adding water to the solvent mixture, we expect a combination of geometrical constraints from H>O-COOH
hydrogen bonding at the tails of p-MBA and a change in dielectric constant with a higher fraction of water

over DMSO could favor more orbital overlap between Ag-S, thereby shortening the average bond length.

Table 3. EXAFS fitting results for NasAgas(p-MBA)3o NCs in DMSO with water co-solvent at 300 K.
Uncertainties in fitted parameter are shown in parentheses; Debye-Waller factor (o%); energy-shift
parameter (AEp).

Condition  Shell CN R (A) 2 (A AE(eV)
Ag-S 1.9 252(1)  0.010(9)  -1.4(8)

DMSO  Ag-Ag: 4.1 2.818(8)  0.012(7)  -1.4(8)
Ag-Agy 33 3.043)  0.025(6)  -1.4(8)
Ag-S 1.9 2.49(1)  0.0083(6)  -3(1)

25%

DMS"O Ag-Ag: 4.1 2.863(8) 0.0123(7)  1.7(9)
Ag-Ag; 3.3 3.07(2)  0.023(4) 1.7(9)
Ag-S 1.9 2479(9) 0.0097(4)  -2(1)

10%

DMS°O Ag-Ag: 4.1 2.854(5) 0.0114(4)  2.1(5)

Ag-Ag2 3.3 3.05(1) 00202  2.1(5)




No increase in surface or core bond disorder was detected for Ag-Ag interactions based on the fitted
Debye-Waller factors. The fitting uncertainty associated with the Debye-Waller factor for Ag-S distances
decreased from 90% to 4-7% when going from DMSO to DMSO/H.0 solvents. The change in Ag-S bond
length and reduction in fitting uncertainty suggest that the combination of aprotic and protic solvents

could work together to stabilize both the NC surface and ligand shell.

These two possible modes of solvation were further studied using QM/MM simulations and the
calculation results are shown in Figure 7. As anticipated, when the DMSO concentration was 10% in our
QM/MM simulation, DMSO molecules were mainly found in surface cleft regions (Figure 7a) whereas

water molecules were found at all locations on the surface of NasAgas(p-MBA)30 (Figure 7b), indicating

Figure 7. QM/MM simulations showing a) the distribution of DMSO (red cloud), b) H20 (green
cloud) around NasAgas(p-MBA)zo (pink — Ag, yellow — S, cyan — C, red — O, white - H), and ¢)

interactions between H>O and carboxylate residues in 10% DMSO.

a favorable interaction between DMSO and surface Ag atoms. The radial distribution plot of the
distances between DMSO oxygen atoms and surface Ag atoms consists of only one dominant peak
at ~3 A, as shown in Figure 8. This indicates both that DMSO selectively partitions to the surface
of NasAgas(p-MBA)30 and that the oxygen atoms are the coordinating residue, given the strong
orientation preference. Compared to the pure DMSO system, the first Ag-O peak is shifted by ~0.2

A and broadened for the 10% DMSO system (Figure 8). This shift and broadening would suggest



there is some competition between water and DMSO molecules at the Ag NC surface. Nevertheless,
the absence of a second solvation shell (around 4.5 A) for the 10% DMSO system indicates that
DMSO is indeed more favored at the surface and that water molecules occupy the space around

the NC where solvent-ligand interactions are more dominant.

QM/MM simulations also provide information on the response of the NasAgas(p-MBA )z structure
to solvent coordination. From these simulation results, we found that Ag-Ag bonding increased on
average by ~0.03 A (Figure S6) when the amount of coordinating DMSO was decreased from 100%
to 10%. This is consistent with our EXAFS results (Table 3) and further supports our findings on
the effects of solvent coordination. Lastly, we note that indeed water molecules were found to form
hydrogen bonding interactions between the carboxylate groups of p-MBA ligands (Figure 7c),

confirming that two modes of solvation from aprotic and protic
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Figure 8. Radial distribution plots of sulfoxide distances to Ag atoms on NC surface for 100%

DMSO and 10% DMSO systems obtained from QM/MM calculations.
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solvents contribute to the stabilization of NasAgas(p-MBA)s0. This notion is well in line with the
observation in Figure 6 where the relative intensity of Ag-S WT-EXAFS domain increases after
water is added. Addition of water can stabilize ligand bundling by H-bonding which strengthen
the Ag-S interactions at the cluster surface, resulting in more rigid Ag-S framework and thus

stronger feature in the WT-EXAFS.

CONCLUSION

Solution-phase X-ray absorption spectroscopy experiments and quantum mechanics / molecular
mechanics simulations were jointly employed to uncover how coordinating solvents interact with
ultrastable NasAgas(p-MBA)30 nanoclusters at the atomic scale. These results indicate that strongly
coordinating molecules such as DMSO and DMF directly interact with Ag atoms on the surface
of NasAgas(p-MBA)30 particularly between ligand bundles and lead to contraction of the Ag core
and variation of the S-Ag bonding properties. In addition, DMSO was found to coordinate with
NaszAgas(p-MBA)3o via a sulfoxide-Ag interaction and was preferentially located on the Ag surface
between ligand bundles, which could provide a secondary mechanism of steric stabilization.
Furthermore, water was used as a co-solvent to illustrate that coordinating solvents and semi-
aqueous conditions play an important role in protecting exposed surface regions and can further
tailor the local structure of the silver nanocluster. Under the co-solvation conditions, aprotic
coordinating solvent molecules preferentially interact with the surface silver while water
molecules interact with ligands. Ligand bundling persisted across the varied solvation conditions.
This work provides an atomic scale mechanism for the ultrahigh stability of NasAgas(p-MBA)3z0
from the nanocluster-solvent interaction perspective and demonstrates the physical and electronic
effects of coordinating solvents on NasAgass(p-MBA )30 nanoclusters. This work may also provide

guidelines for the development of synthetic strategies where the choice of solvent type may
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influence the surface accessibility, the electronic properties, and ultimately, the stability of metal
NCs, particularly for less inert metals. Furthermore, this level of information on solvent-
nanocluster interactions could play an important role in the development of metal nanocluster-

based technologies, such as biosensors and catalysts.
MATERIALS AND METHODS

NasAgas(p-MBA)30 NCs were synthesized according to the protocol published by Desireddy et
al.2 Pertaining to this study, the reaction mixture used a water- dimethy!l sulfoxide (DMSO) co-

solvent and the final product was precipitated using dimethylformamide (DMF).

Ag K-edge XAFS data was collected for NasAgas(p-MBA)3z NC samples from the CLS@APS
beamline (Sector 20-BM) at the Advanced Photon Source (operating at 7.0 GeV). Both solid- and
solution-phase measurements were conducted at 300 K and atmospheric pressure. The powdered
sample collected at 90 K for the initial multi-shell fitting analysis was loaded into a helium-cooled
cryostat chamber for measurement. NasAgs(p-MBA)s0 NCs for solid-phase samples were
prepared by dissolving clusters in a small amount of DMF or DMSO (20 mg of NCs in 100 pL
solvent) and drop-casting them onto Kapton film. The concentrated drops were left to dry under
N2 for at least one hour and then folded until an absorption of at least 0.5 was achieved. Solution-
phase samples were prepared using a ~10 mM solution of NasAgas(p-MBA)30 NCs and utilizing a

Teflon liquid cell with Kapton windows (designed and constructed at the CLS@APS beamline).

The amplitude reduction factor (So?) was fixed at 0.90 for Ag K-edge extended X-ray absorption
fine structure (EXAFS) fitting, which was determined by fitting the Ag-Ag scattering of a Ag foil
reference with a fixed Ag-Ag coordination number (CN) of 12. For multi-shell EXAFS fitting,

CNs were fixed according to the NasAgas(p-MBA)3o crystal structure. Theoretical phase-shifts and
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scattering amplitudes for Ag-S and Ag-Ag scattering paths were calculated using the atomic
coordinates from the NasAgas(p-MBA)so crystal structure model. A k-range of 3 to 12 A™* was
used for the Fourier transformation (FT) to R-space. A fitting window of 1.5 to 3.5 A was used for
fits. Reported uncertainties for EXAFS fitting results were computed from off-diagonal elements
of the correlation matrix, which were weighted by the square root of the reduced chi-squared value
obtained from each simulated fit. The amount of experimental noise was also taken into
consideration for each Fourier transformed R-space spectrum from 15-25 A.?” S K-edge X-ray
absorption near edge structure (XANES) data were collected from the SXRMB beamline at the
Canadian Light Source (operating at 2.9 GeV). Powdered samples were measured in fluorescence
mode under room temperature and vacuum conditions. All samples were mounted onto a copper
sample holder using carbon tape. Liquid-phase measurements were conducted in fluorescence
mode using a Teflon liquid cell with a mylar measurement window. Wavelet transformed (WT)-
EXAFS plotswere generated using Morlet-type wavelets and a k-range of 3 to 12 A for all the
samples.? To closely compare the WT-EXAFS of the samples, all the data processing parameters
were kept the same except for the 90 K sample whose WT-EXAFS was not compared with other

samples.

Quantum mechanical/molecular mechanical (QM/MM) molecular dynamics (MD) simulations
were performed to investigate the influence of the different solvents on the structure of a Ag NC.
The initial structure of [Agas(p-MBA)30]* was taken from the X-ray crystallography data,'? and
then solvated in two types of solvent environments: 1) pure solvent of 1514 DMSO molecules and
2) a co-solvent of 265 DMSO and 2651 water molecules. Four Na" ions were added to balance the

charge.
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The solvated systems were simulated with periodic boundary conditions and were first equilibrated
with classical MD (CMD) for 50 ns using the NPT ensemble (T = 300 K, P = 1 atm) with the time
step of 1 fs, using the Amber 18 package,?® and the GAFF,*° FF14SB,*! and TIP3P force-fields.*
The positions of the Ag atoms were fixed during CMD simulations since our goal was to
equilibrate the solvation structure. The atomic charges in [Agas(p-MBA)s0]* were derived from
fitting the restrained electrostatic potential (RESP) using CP2K .2 Representative snapshots of the
solvated systems after pre-equilibration CMD were then used in the QM/MM simulations. The
energies of the QM region containing the [Agas(p-MBA)30]* cluster and the solvents in the first
solvation shell were computed using the Quickstep module of CP2K, while the MM regions
containing the remaining solvents were treated using the FIST module of CP2K with the same
force field as in the CMD simulations. The QM regions were described with the mixed Gaussian
and plane wave (GPW) approach using the Perdew-Burke-Ernzerhof (PBE) functional,® and the
MOLOPT basis set with a double-( Gaussian basis set augmented with a set of p-type polarization
functions (DZVP).*® Plane waves were expanded up to a density cutoff of 400 Ry and used in
conjunction with the GTH pseudopotentials to describe the core electrons.®®-38 The convergence
threshold of the electronic structure relaxation was set to 10® Hartree. We also employed the
dispersion corrections in the QM calculations.®® Six Gaussian functions were used for the Gaussian
expansion of the electrostatic Potential (GEEP) to couple the QM and MM regions.*%*! The QM
simulation cell was cubic with a length of 30 A. The periodicity was applied only to the MM
simulation cell of 57 A in length for pure DMSO and 50 A in length for water-DMSO; the QM
images were decoupled using the wavelet scheme.*>*3 The QM/MM simulations were carried out
using the NVT ensemble at 300 K for about 15 ps, with the last half of the trajectories being used

for analysis.
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Supporting Information. Ag K-edge EXAFS data for all samples presented in k-space, Fourier
transformed R-space with fitted scattering paths and XANES spectra. Radial distribution plots for
various interaction distances between sulfoxide residues, Ag atoms and thiolate S atoms. This

material is available free of charge via the Internet at http://pubs.acs.org.
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Figure S1. Demonstration of the relationship between the WT-EXAFS, the k-space and R-space EXAFS. Both the
2D WT-EXAFS of NasAgas(SR)30 (90K) and its conversion to a 3D plot are shown.
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Figure S2. Ag K-edge k-space spectra of NagAgas(p-MBA)30 NCs at various temperatures in the

solid-phase and under solution-phase conditions.
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Figure S3. Ag K-edge EXAFS (black line) and multi-shell fit (red line) of NasAgaa(p-MBA)30 NCs in (a) solid-phase
(300 K), (b) DMF, (c) DMSO, (d) 25% DMSO in water and (e) 10% DMSO in water.
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Figure S4. Ag K-edge XANES spectra of NasAgas(p-MBA )30 NCs at various temperatures in the
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Figure S5. Radial distribution plot sulfoxide distances to S atoms of p-MBA ligands within NasAgas(p-MBA)s, from
QM/MM calculations.
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Figure S6. Radial distribution plot of Ag-Ag bond distances within NasAgas(p-MBA)s, from QM/MM calculations.
The inset is a close comparison of the half peak maximum position of the two samples with a shift of ca. 0.03 A.
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