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ABSTRACT: Atomically-precise metal nanoclusters exhibit robust electronic, chemical and optical properties and have
compositions that can be described with an exact number of metal atoms and protecting ligands, i.e. they are molecules,
making them ideal systems to uncover nanoscale structure-property relationships. Recently, silver nanoclusters have gar-
nered considerable attention after the high-yield synthesis and crystallization of a stable thiolate-protected silver nanoclus-
ter, MaAgs4(SR)30 (M - counter-cation; SR - protecting thiolate ligand). The structure of MaAgs4(SR)30 has a distinct cluster-
in-cluster Ag core (Agi2+Ag20) that is protected with six isometric capping units (Agz2(SR)s). Interestingly, the ligand shell
has solvent accessible regions due to the bundling of protecting ligands. Despite the exposed nature of the surface, the clus-
ter has demonstrated outstanding stability and resistance to chemical reaction. Herein, we investigate the interaction of
coordinating solvents with the MsAgs4(SR)30 nanocluster core, surface and ligand shell and propose that coordinating sol-
vents and semi-aqueous conditions play an important role in protecting exposed surface regions and can further influence
the local structure of the silver nanocluster itself. Through XAFS and quantum mechanical/molecular mechanical studies of
NasAgas(p-MBA)30 (p-MBA - para-mercaptobenzenoic acid), we found that strongly coordinating aprotic solvents such as
DMF and DMSO interact with surface Ag atoms particularly between ligand bundles to compress the Ag core and relax sur-
face Ag-S interactions. Under semi-aqueous conditions, aprotic coordinating solvent molecules preferentially remain on the
metal surface while water molecules interact with ligands. Ligand bundling persisted across the tested solvation conditions.
This work demonstrates that M4Aga4(SR)30 nanoclusters are sensitive to solvent interactions, indicating that the choice of
solvent can influence stability and possibly formation of these highly stable silver nanoclusters. Moreover, solvent-
nanocluster interactions should be carefully considered moving forward for silver nanoclusters, particularly with ligand
bundles, as they can influence the electronic/chemical properties of the nanocluster as well as the surface accessibility of
small molecules for catalysis-based applications.

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.1-4 After the gigantic leap forward in elucidating
thiolate-protected Au NC structure and properties (i.e.,
crystallization of Auio2)5, 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 applica-
tion. For example, the antibacterial properties of Ag can be
utilized for biomedical applications® and the superior opti-
cal 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 to-
ward 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 applica-
tion stages or on an industrial scale. This also interferes
with the fundamental characterization and understanding
of optical and electronic properties as they relate to size,
structure and surface environment of nano Ag.

More recently, thiolate-protected Ag NCs have made signif-
icant progress in the field of atomically-precise clusters.
Advances in metal NC synthesis techniques have enabled
the preparation and isolation of new Ag species, but only a
few new Agn(SR)m NCs (where n and m are integers, and
SR is the protecting thiolate ligand) have known struc-
tures.>1® Notably, structural elucidation of MsAgss(SR)30
NCs was a significant discovery for the metal NC communi-



ty.1112 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 MsAgs4(SR)30 is unprecedented for
Ag NPs and NCs, however.'? The M4Ags4(SR)30 structure is
so greatly favoured over other Ag structures that single-
species M4Agas(SR)30 products are attainable in quantita-
tive yields, and the reaction can be scaled up to produce
over 100 g of MaAgs4(SR)30 NCs per batch.'?13 Other prop-
erties of interest for MsAgss(SR)30 NCs include a rich,
broadband light absorption across the UV-Vis spectrum,
moderate PL emission, and catalytic activity.13.14TPB1

The exceptional stability of MaAgss(SR)30 has been at-
tributed to the closed atomic shell structure of the Ags:
core (Agiz icosahedron inside Agzo dodecahedron), the
closed electronic shell structure of the molecule
(1S?|1P¢|1D1, following the Aufbau rule), and the choice of
protecting ligands.1112 [t was also recognized that coordi-
nating solvents played a key role in the stabilization of
MsAgsa(pMBA)30, although the mechanism of protection
was not understood.'213 Further, it was demonstrated that
increasing the coordination strength of the solvent during
synthesis increased the yield of MsAgas(pMBA)30 NCs.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 more complex structure to the
ligand shell.TPB2TPB3 [n the case of NasAga(p-MBA)30, the p-
MBA ligands were observed to form dimer and trimer
bundles through m-m (face-to-face) and C-H---m (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 intramo-
lecular interactions are strong enough for the gaps in the
ligand shell structure to persist in solution.!3

It has been recognized that the gaps created by ligand
bundling in NasAgss(pMBA)30 leave some of the Ag atoms
unprotected and consequently exposed to potential chemi-
cal attack. It was therefore postulated that the coordinat-
ing solvent molecules could be acting to protect the ex-
posed Ag atoms, effectively forming a second shell of steric
protection.’>13 Such a secondary protective layer was not
directly observed in x-ray structure measurements, how-
ever, presumably due to the mobility of the coordinating
solvent molecules within the solvent-containing cavities of
NasAgas(pMBA)s0 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 NasAgas(pMBA)30, in particular, as well as
other related NCs.

With ligand shell and surface-based interactions recently
generating significant interest,'8-21 there is a growing need
for more detailed information on solvent effects on metal
NC structures and surface chemistry. Toward this end, the
local structure of Ags4(SR)30 NCs was examined using XAFS
and quantum mechanical/molecular mechanical (QM/MM)

to understand how coordinating solvent molecules interact
and affect the ligand shell and structure of MsAga4(SR)zo.
We demonstrate that the response of NasAgss(p-MBA)30
NCs to solvation interactions is measurable and provides
insight into how coordinating solvents stabilize the surface
between ligand bundles and in turn affect the structure of
M4Agaa(SR)30. Furthermore, this work demonstrates the
utility of XAFS techniques for examining the surface chem-
istry of atomically-precise metal NCs in solution.

MATERIALS AND METHODS

NasAgss(p-MBA)s0 NCs (p-MBA = para-mercaptobenzoic
acid) were synthesized according to the protocol published
by Desireddy et al.'? Pertaining to this study, the reaction
mixture used a water-DMSO co-solvent and the final prod-
uct was precipitated using DMF.

Ag K-edge XAFS data was collected for NasAgas(p-MBA)3o0
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 con-
ducted 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. NasAgs4(p-MBA)30 NCs for solid-phase
samples were prepared by dissolving clusters in a small
amount of DMF or DMSO (20 mg of NCs in 100 uL solvent)
and drop-casting them onto a Kapton film. The concentrat-
ed drops were left to dry under N 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 NasAgss(p-MBA)z0 NCs and utilizing a Teflon
liquid cell with Kapton windows (designed and construct-
ed at the CLS@APS beamline).

The amplitude reduction factor (So?) was fixed at 0.90 for
Ag K-edge 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 NasAgss(p-MBA)30
crystal structure. Theoretical phase and scattering ampli-
tudes for Ag-S and Ag-Ag scattering paths were calculated
using the NasAgs(p-MBA)so crystal structure model. A k-
range of 3 to 12 A-1 was used for the Fourier transfor-
mation to R-space. A fitting window of 1.5 to 3.5 A was
used for fits. Reported uncertainties for EXAFS fitting re-
sults 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.22 S K-edge 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 using carbon tape. Liquid-phase measure-
ments were conducted in a fluorescence mode using a
Teflon liquid cell with a mylar measurement window.

The 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
[Agss(p-MBA)30]* was taken from the X-ray crystallog-
raphy datal? and then solvated in two types of solvent
environments: 1) pure solvent of 1514 DMSO molecules;
2) a co-solvent of 265 DMSO and 2651 water molecules.
Four Na* ions were added to balance the charge.

The solvated systems were simulated with periodic
boundary conditions and were first equilibrated with clas-
sical MD (CMD) for 50 ns at constant number, pressure,
and temperature (NPT ensemble), with T =300 K, P =1
atm, and with the time step of 1 fs. We performed CMD
simulations using the Amber 18 package?? together with
the GAFF,2* FF14SB25 and TIP3P2¢ force-fields. The posi-
tions of the Ag atoms were fixed during CMD simulations
since our goal was to equilibrate the solvation structure.
The atomic charges in [Agss(p-MBA)30]* were derived from
fitting the restrained electrostatic potential (RESP) using
CP2K.27 Representative snapshots of the solvated systems
after pre-equilibration were then used in the QM/MM
simulations. The energies of the QM region containing the
[Agsa(p-MBA)30]* cluster and the solvents in the first solva-
tion 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 dou-
ble-{ Gaussian basis set augmented with a set of p-type
polarization functions (DZVP).2° Plane waves were ex-
panded up to a density cutoff of 400 Ry and used in con-
junction with the GTH pseudopotentials to describe the
core electrons.30-32 The convergence threshold of the elec-
tronic structure relaxation was set to 10-¢ Hartree. We also
employed dispersion corrections in the QM calculations.?3
Six Gaussian functions were used for the Gaussian expan-
sion of the electrostatic Potential (GEEP) to couple the QM
and MM regions.343> The QM box was cubic with a cell
length of 30 A. The periodicity was only applied to the MM
box with a cell length of 57 A (pure DMSO0) and 50 A (wa-
ter-DMSO) and the QM images were decoupled using the
wavelet scheme.3637 The QM /MM simulations were carried
out in NVT ensemble at 300 K for about 15 ps, with the last
half of the trajectories being used for analysis.

RESULTS AND DISCUSSION

Separately probing the core and surface bonding environ-
ments of NasAgas(p-MBA)30

The crystal structure of NasAgs4(p-MBA)30 (Figure 1a) has
a compact Ags2 core that is composed of a hollow Agiz
icosahedron inside of a Agzo dodecahedron. Protecting the
Ags2 core are six Agz(p-MBA)s capping units known as
“mount” motifs (or mounts), 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 m-m interactions between p-MBA
ligands (Figure 1b). This organization of the ligands expos-
es the 12 Ag atoms in the 6 mounts as well as 8 Ag atoms at

the feet of the mounts in the dodecahedral shell, which
together form a cube.™83

From inspection of the Ag-Ag and Ag-S bond length distri-
butions in the crystal structure (Figure 1c), 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 1a, top right). The shorter
distance Ag-Ag shell (Ag-Agi) corresponds to bonding
within the hollow Agi; icosahedron as well as bonding
between Agi2 and the Agao cage (Figure 1a). The third shell,
Ag-Agz, represents Ag-Ag bonding at a longer distance,
namely between the two Ag atoms in the mounts, between
Ag atoms within the Agzo cage, and between mount and
cage Ag sites.

Ag K-edge EXAFS of NasAgss(p-MBA)s30 in the solid-phase at
90 K was first analyzed using the Ag-S and Ag-Ag scatter-
ing shells described above; the fit is shown in Figure 1d
and fitted parameters are given in Table 1. Fitted Ag-S and
Ag-Ag bond distances matched well with the average bond
lengths calculated from the crystal structure (Rags = 2.55
A, Ragagi = 2.84 A, Ragagz = 3.14 A), verifying the suitability
of the designated scattering shells to account for, and dis-
tinguish, core and surface interactions.

R(A)

Figure 1. a) NasAgss(p-MBA)30 structure from center to
surface: hollow icosahedron (Agi2) to Agzo dodecahedron
to six Ag2Ss mounts (silver - Ag, red - S). The organic por-
tion of the protecting ligands are removed for clarity. b)
Mount structures on the surface of NasAgss(p-MBA)30 clus-



ters (blue - O, green - C) illustrating ligand bundling and
open clefts. ¢) Bond length distribution histogram of
NasAgas(p-MBA)30 with assigned EXAFS scattering paths.
d) Ag K-edge R-space of NasAgas(p-MBA)30 NCs at 90 K in
the solid-phase, showing total fit and individual contribu-
tions from each scattering path.

Solid- and solution-phase XAFS measurements were con-
ducted at 300 K for NasAgss(p-MBA)30 NCs (k-space spectra
shown in Figure S1). The EXAFS spectra were fitted for
each condition using the three scattering shells described
and are shown in Figure S2, with associated fitting results
in Table 2. We note that the near-edge structure (Figure
S3) varies little across the series of NasAgss(p-MBA)3z0
measurements in various conditions, which is due to the
fully occupied final valence states in the dipole-allowed
transition from 1s - 4p for Ag K.

EXAFS fitting results for NasAgas(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 disor-
der. Notably, Ag-S and surface Ag-Ag (Ag-Agz) bond dis-
tances did not change significantly with temperature
whereas Ag-Ag bonds related to the Agiz core decreased in
length. The solid-phase temperature comparison may
demonstrate a rigid surface layer while the hollow Agi:
core is more susceptible to thermal vibrations and fluctua-
tions.

Table 1. EXAFS fitting results for NasAgss(p-MBA)30 at
90 K in the solid-phase. Uncertainties in fitted parame-
ters are shown in parentheses; Debye-Waller factor
(o?); energy-shift parameter, AEo.

Shell CN R (A) 02 (A2 AEo (eV)

Ag-S 1.9 2.501(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) 0.021(3) 2.0(4)

Coordinating aprotic solvent molecules interact directly
with nanocluster surface

Solvents for examining the effects of solvation (DMSO,
DMF and water) were selected based on the documented
preparation of NasAgss(p-MBA)30o NCs.'? Solution-phase
studies were first conducted with coordinating aprotic
solvents DMSO and DMF. NasAgs4(p-MBA)30 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 aver-
age 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 inter-
actions (Ag-Ag:) markedly decreased in average distance
for NasAgss(p-MBA)30 in solution, while the interior Ag-Ag
bonding within the Ags: core (Ag-Agi) decreased only
slightly in distance and disorder.

Table 2. EXAFS fitting results for NasAgs4(p-MBA)30 NCs
in solid-phase and in various solution-phase condi-
tions at 300 K. Uncertainties in fitted parameter are
shown in parentheses; Debye-Waller factor (c?); ener-
gy-shift parameter, AEo.

Condition  Shell R (A) o2 (A2) (Aef/‘))
AgS 250 0011() o)
Solid  Ag-Am  283(1)  0013(1) o)
AgAz  3.095)  0.03(1) o)
AgS  2.525(7)  00106)  -2.0(6)
DMF  AgAg  2816(5)  001id)  -2.0(6)
AgAzm  3.022)  0.031(6)  -2.0(6)
AgS  2521)  00100)  -14®)
DMSO  Ag-Ag  2818(8)  0012(7)  -14(8)
AgAg  3.043)  0.0256)  -14@)
AgS  249(1)  00083(6)  -3(1)
oo AgAg 2863®)  00123()  170)
AgAzm 3072 0023@)  170)
AgS 247909 000974 -2(1)
Dot AgAm 2854()  001l4@)  210)
AgAg  305(1) 00200  2165)

Measurements of the S K-edge absorption (Figure S4)
provide a complementary perspective and reveal that the
electronic properties of the S atoms change when in solu-
tion (only DMF was measured since the S within DMSO
interferes with this measurement). The white-line for
NasAgss(p-MBA)30 was broadened compared to free thiol
ligands is due to S-Ag interactions. The white-line intensity
for NasAgas(p-MBA)30 was higher in DMF than in 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 con-
sistent with core contraction under solvation.

Disappearance of the pre-edge feature for NasAgss(p-
MBA)30 upon dissolution of the solid into DMF is interest-
ing to note. The origin of this feature is typically due to
spin-forbidden quadrupole 1s—>3d transitions for S and
has been observed to be more prominent with the higher
contribution of metal-metal bonding, but also when there
are vacancies in the LUMO states for the bound metal spe-
cies.3839 Since there is no compositional change of
NasAgas(p-MBA)30 in solution the change in electronic
properties of S could be due to small changes in the Ag-S-C
bond, where variable bond angles and orientations could



broaden the observed solid-phase transition. However, as
observed by NMR and as will be seen from QM/MM simu-
lations, ligand bundles are not entirely disrupted by solva-
tion. A more likely explanation could be changes in S
and/or Ag atom electron density due to coordinating sol-
vent interactions.

Figure 2. QM/MM simulations of DMSO (red clouds) dis-
tribution around NasAgss(p-MBA)30 (pink - Ag, yellow - S,
cyan - C, red - O, white - H).

To pinpoint and further confirm the contracting Ag frame-
work and the potential change in electronic properties of S
and Ag, QM/MM simulations were conducted on a
NasAgas(p-MBA)30 cluster surrounded by DMSO molecules.
QM treatment was given to the NasAgas(p-MBA)so0 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 in Figure 2 that the coor-
dinating solvent occupies regions between ligand bundles,
from the carboxylic acid ends of p-MBA to the Ag NC sur-
face. The closest average radial distance of the coordinat-
ing sulfoxide residue to the Ag atoms on the surface was
found to be ~3.0 A (Figure S5a), which is short enough for
considerable electronic interactions. The sulfoxide residue
distance to S atoms is on average slightly longer at ~4.0 A
(Figure S5b). Together, these results indicate that the posi-
tions of the DMSO molecules were not entirely random,
with a preference for positions nearer the Ag atoms. Relat-
ing the proximity of DMSO molecules to the Ag NC surface
to the experimental result of contracted Ag core and the
change in S electronic properties, it is evident that an elec-
tronic interaction between the solvent and the Ag NC sur-
face could account for these observations.

Compared to our previous EXAFS studies of Aun(SR)m NCs
in solution, less surface structural disorder was measured
for NasAgss(p-MBA)30 NCs in solution. The observation of
solution-phase ligand bundling on NasAgs4(p-MBA)30 NCs
by NMR as well as by QM/MM simulations suggests that
ligand-ligand interactions are strong enough to enable
ligand bundling to persist in dynamic environments. This
solution-phase bundling creates opportunities for signifi-
cant interactions between solvent molecules and Ag atoms
on the surface, rather than only solvent-ligand interac-

tions. The carboxylic acid groups may also play a role in
ligand bundling and may interact with water molecules
through hydrogen bonding to further stabilize ligand bun-
dles. Based on the solution-induced changes of Ag-S and
Ag-Ag bonding measured by EXAFS, the solution-phase p-
MBA ligand bundling observed by NMR and QM /MM simu-
lations, and the requirement of coordinating solvents in
the synthesis of NasAgss(p-MBA)30 NCs, the coordination
interaction of DMSO and DMF solvents are hypothesized to
play an important role in the overall stability of the NC.

Water as a co-solvent interacts with ligands and surface,
relaxing Ag NC core

The final consideration is how water molecules combine
with aprotic solvent molecules to influence the core and
surface environment of NasAgss(p-MBA)s0 NCs. Based on
the semi-aqueous reaction conditions and our initial ob-
servation of DMSO interacting with the Ag NC surface, we
tested the structural response of NaiAgas(p-MBA)so 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/Hz0. Below 10% (v/v) DMSO, solutions were no
longer stable enough for XAFS measurement.

Interestingly, both solvent mixtures had similar EXAFS
fitting results. Compared to pure DMSO, the Ag-S bonds
shortened by up to ~0.04 A and the metallic Ag-Ag bonds
in the Agiz inner shell (Ag-Agi) were longer than in pure
DMSO. No increase in surface or core bond disorder was
detected for Ag-Ag interactions based on the fitted Debye-
Waller factors, in fact a small decrease was observed. 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/H20 solvents. The change in
the Ag-S bond length and this reduction in fitting uncer-
tainty suggest that the combination of aprotic and protic
solvents could be working together to stabilize the Ag NC
surface and ligand shell, respectively.

These two possible modes of solvation were further stud-
ied using QM/MM simulations. In these simulations, water
molecules (less coordinating than DMSO) were expected to
interact with the carboxylic acid groups on p-MBA through
hydrogen-bonding (bringing together ligand bundles and
reducing intermolecular rotations) while DMSO molecules
were expected to interact with the Ag NC surface in the
clefts between ligand bundles (similar to pure DMSO).

As anticipated, when the DMSO concentration was 10% in
our QM/MM simulation, DMSO molecules were mainly
found in surface cleft regions whereas water molecules
were found at all locations on the surface of Nas:Agss(p-
MBA)30, indicating a favourable interaction between DMSO
and surface Ag atoms. The radial distribution plot of dis-
tances between DMSO oxygen atoms and surface Ag atoms
consists of only one strong peak at a distance of ~3 A, as
shown in Figure S5. This indicates both that DMSO selec-
tively partitions to the surface of NasAgss(p-MBA)30 and
that the oxygen atoms are the coordinating residue, given
the strong orientation preference. The first peak was also



shifted by ~0.2 A as well as significantly broadened, which
is consistent with the low DMSO concentration and the
transient nature of solvent coordination. The absence of a
second solvation shell is consistent with the low DMSO
concentration and with the absence of a strong preferen-
tial interaction between first and second DMSO solvation
shells.

The QM/MM simulations were also able to provide infor-
mation on the response of the NasAgas(p-MBA)so structure
to solvent coordination. From these simulation results, we
found that Ag-Ag: bonding decreased on average by ~0.04
A (Figure S5) when the amount of coordinating DMSO was
increased from 10% to 100%. This is consistent with our
EXAFS results (Table 2) and further supports our findings
on the effects of solvent coordination.

Figure 3. QM/MM simulations showing the distribution of a) DMSO (red cloud) and b) H20 (green cloud) around NasAgs(p-
MBA)30 in 10% DMSO and 90% H20 (pink - Ag, yellow - S, cyan - C, red - O, white - H). ¢) Interactions between water mole-

cules and carboxylate residues from QM/MM simulations.

CONCLUSION

Solution-phase XAFS and QM/MM simulations were em-
ployed to investigate solvation coordination and its influ-
ence on the structure of NasAgas(p-MBA)30 as well as its
remarkable stability. From EXAFS measurements and
analysis, core and surface bonding environments were
individually monitored with EXAFS fitting analysis and
showed structural changes that correlated with solvent
coordination. These results indicate that strongly coordi-
nating molecules such as DMSO and DMF directly interact
with Ag atoms on the surface of NasAgas(p-MBA)30 and lead
to contraction of the Agi; inner core. In addition, Ag-S
distances were observed to increase due to the coordinat-
ing solvent molecules. QM/MM simulations found that
DMSO coordinated with NasAgss(p-MBA)30 via its O atom
and was preferentially located on the Ag surface between
the bundles, which could provide a secondary mechanism
of steric stabilization. This work demonstrates the chemi-
cal effect of coordinating solvents on NasAgas(p-MBA)s0
NCs, strongly supporting its critical role in the exceptional
stability of NasAgs4(p-MBA)30. This work paves the way for
the development of entirely new synthetic strategies
where the choice of solvent type may also influence the
surface accessibility, the electronic properties, and ulti-
mately the stability of metal NCs, particularly for less inert
metals. This could play an important role in the develop-

ment of new NC technologies, such as Ag NC sensors and
catalysts.
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dimethylsulfoxide; DMF, dimethylformamide; p-MBA, para-
mercaptobenzenoic acid
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Figure S1. Ag K-edge k-space spectra of NasAgas(p-MBA)3z0
NCs at various temperatures in the solid-phase and under

solution-phase conditions.
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Figure S2. Ag K-edge EXAFS (black line) and multi-shell fit
(red line) of NasAgs4(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 S3. Ag K-edge XANES spectra of NasAgas(p-MBA)30

NCs at various temperatures in the solid-phase and under

solution-phase conditions.
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Figure S4. S K-edge XANES of free thiol (powder), NasAgs4(p-
MBA)30in DMF and NasAgs4(p-MBA)30in solid form.
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Figure S5. Radial distribution plots of a) sulfoxide distances
to Ag atoms on NC surface, b) sulfoxide distances to S atoms of
p-MBA ligands, ¢) Ag-Ag bond distances within NasAgas(p-

MBA)30.



