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ABSTRACT: Investigating large metal nanoclusters decorated with three-
dimensional molecular cages, with complete structural characterization, is
challenging; however, their detailed understanding is important to study
electronic confinement and associated properties. We have structurally
resolved a nearly spherical 2.2 nm silver cluster with the molecular
composition [Ags,S;,(CBT);,]*, altogether having 842 atoms, solely protected
with meta-carborane-thiolates (CBTs). This is the largest nanocluster with
carborane-based molecular cages reported so far. Abscission of the cluster
reveals that it has a face-centered-cubic Ag,, inner core encapsulated with 12
sulfides, which is further surrounded by an outer scaffold of Ag,s—S;, shell,
protected with 32 meta-carboranes. The silver-sulfide skeleton of the JJ[

nanocluster showed an assembly of multilayered polyhedra, having a mixture | [Ag62S12(CBT)5]*

of Platonic and Archimedean solids. High-resolution mass spectrometric

analyses and other spectroscopic studies further confirmed the molecular composition. This nanocluster exhibits characteristic
molecular multiband optical absorption features along with a weak near-infrared (NIR) emission band. Ultrafast femtosecond
transient absorption studies revealed stable photoexcited states linked to interlayer electron mobility between the neutral Ag,,
core and the positively charged Ag,s shell, which are surrounded by negatively charged sulfide (S,, and S;,) layers.
Computational analysis shows that this cluster behaves as a two-electron superatom with a band gap of 1.77 eV, which is
associated with the energy difference between the 1S symmetric and 1P nonsymmetric states. Successful structural
characterization and associated optical properties of the nanocluster suggested that other larger metal nanoclusters
encapsulated by three-dimensional molecular cages may be suitable for single-particle photonic and optoelectronic
applications.
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INTRODUCTION sensing,”’12 radiosensitization,"? catalysis,lz“15 laser printing,l(’

75

. . 17,18 .
Monolayer-protected metal clusters or nanoclusters of 1 to 3 and photothermal applications. Among the various metal

nm core diameter have emerged as an interesting class of clusters, those composed of noble metals, such as gold, silver,
precise nanomaterials bridging the gap between single atoms
(as in the form of molecular complexes) and traditional
nanoparticles.' ~* These nanoscale objects exhibit molecule-like
discrete energy levels leading to characteristic optical and
electrochemical properties.” Specific electronic structure with
transitions within these confined energy levels also results in
phenomena such as electrochemiluminescence,” photolumi-
nescence,” and size-dependent electronic conductivity.® They
have diverse uses in fields such as solar cells,” biomedicine,"’

and copper, are particularly prominent due to their ease of
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[Ags2S12(CBT)s]*

Figure 1. (a) Optical micrograph of a cuboidal single crystal of the [Agg,S;,(CBT);,]*" nanocluster. The inset shows the EDS elemental
mapping of the crystal, having the elements Ag, S, B, and C in it (scale bar 25 pm). (b) Complete molecular structure of the
[Age,S12(CBT)3,]* cluster. Color codes: metallic gray = silver, yellow = sulfur, green = boron, gray = carbon, and white = hydrogen.

synthesis, stability, structural characteristics, and drastic
changes induced by atomic-level modifications.' > Sometimes,
in addition to structures consisting of metal cores and thiolate-
anchored outer ligands, the clusters exhibit more complicated
inner compositions with chalcogen atoms (S, Se, and Te)
forming a multilayer structure with metal cores, metal sulfide
interlayers, and ligand structures.'”** Some of these structur-
ally resolved silver chalcogenide clusters are [Ag,S-
(SC¢H4NCS) ,(PPhy)s],”"

[Agl15534(5CH2C6H4tBu)47(dPPh)s];22
Ag7oszo(SPh)2s(dPPm)101;23 [Agz«azs100(StBu)62(dPPb)s];23

[
[Agl545677((1PPXY)18];24 [Agno(StBu)soSmo(dPPP)12];24
[Ag3szs128(StC5H11)95]:24 and [Ag4908188(StC5H11)114]-24 Most
of these clusters were synthesized through reduction using
silylated metal chalcogenide sources. Embedding chalcogen
atoms in the cluster framework, as well as heterometal doping
in them, has been reported to enhance structural stability and
boost the electron mobility within the framework. As a result,
enhanced emission characteristics and efficient photoelectric
responses were observed in these nanomaterials.””*°

Among the various silver nanoclusters, those of specific
dimensions exhibit distinct electronic properties. For example,
silver nanoclusters with the nuclearity between 4 and 50 atoms
show multiband optical absorption features, while those in the
nuclearity range from 51 to 120 exhibit a continuous transition
to the plasmonic regime, and nuclearity beyond 150 is
plasmonic.”” Although the second category of materials is
interesting for size—property correlations, only a handful of
such clusters have been structurally resolved to date. In
monolayer-protected silver clusters, organic molecules such as
thiols,”*>* phosphines,® alkynes,”** carbenes,** dithiophos-
phates,"’9 amides,*’ deoxyribonucleic acids,*' thiacalixar-
enes,** and carboxylates** are used as protective ligands,
and they play crucial roles in controlling the nuclearity and
electronic properties of the clusters. These ligands also bring
structural stability to these nanoentities through interfacial
charge transfer between the metal core and the ligand shell.

Structure-specific properties can also be tuned by chemical
modifications of the ligands. Among the various thiols,
carborane-thiol cage molecules emerged as an interesting
class of ligands with robust thermal and chemical stability and
three-dimensional aromaticity dispersed around the icosahe-
dral C,B, cage.45_47 In combination, metal nanoclusters
protected by carboranethiols have been reported to possess
greater stability and chemical functionalities, as well. In
addition, they show tunable luminescence,**’ catalytic
activity,so’f'1 sensing capability,52 nanomechanical properties,53
and they are also promising as high-energy hypergolic
materials.>*** Compared to conventional organic thiols,
carboranethiols have most often resulted in silver clusters
with lower nuclearity, such as
[Ag14(C2B10H1052)6(CH3CN)8];56
[Agl4(C2B10H1052)6(C5H5N)8];56
[Ag14(C2B10H1082)6(C6H7N)8];56
[Ag14(C2B10H1052)6(Pph3)6];57 [Ag,,15S-
(CZBIOHIOSZ)6(CH3CN)11])58 [Agn(CzBmHuS)n];sg
[A821(C2310H115)12(PPh3)2]r60
[Agao(czB10H9S3)8(C25H22P2)5];61 and
[Ag33(C2B10HwSZ)12].62 The 3D architecture and associated
steric demands of the cage ligands make the formation of large
metal clusters challenging. In this regard, we report here a
breakthrough in the preparation of a large silver/silver
chalcogenide cluster, comprising 62 silver atoms, 12 sulfides,
and a surface envelope consisting of 32 meta-carborane-thiolate
ligands, altogether having 842 atoms.

RESULTS AND DISCUSSION

Synthesis and Structural Details. The
[Age;S1,(CBT)5,]*" (abbreviated as Agg,) nanocluster was
synthesized through dimethylformamide/methanol (DMF/
MeOH, 2:1 by volume) assisted thermochemical reduction
of silver nitrate in the presence of the My-COOH precursor
(where My-COOH is meta-carborane-9-thiol-12-carboxylic
acid). In brief, solvothermal treatment (75 + 3 °C for 15 h)
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Figure 2. Structural anatomy of the [Ag,S,,(CBT);,]* cluster. (a) The innermost Ag, octahedron, surrounded by eight capping Ag atoms,
resulted in an Ag,, geometry. (b) Ag,, is surrounded by 12 interstitial sulfides, resulting in the Ag;,—S,, structure. (c) Ag,,—S,, is further
protected by the Ag,s shell. (d) Arrangement of the 32 sulfur atoms connected with the carboranes. (e) The total silver-sulfide skeleton of
the cluster. (f) Complete structural skeleton of the cluster along with carborane ligands. Hydrogen atoms are removed for clarity. Color
code: black and gray = silver, yellow and orange = sulfur, green = boron, and blue = carbon. Alignment of multilayer symmetry element in
the structural skeleton outside the fcc-Ag,,: (g) the outer Ag,s shell can be viewed as an icosahedron (Ag,,), a truncated cube (Ag,,), and a
distorted icosahedron (Ag;,). (h) The 12 interstitial sulfides and outer 32 thiolate sulfur atoms can be viewed as an inner icosahedron (S;,),
dodecahedron (S,), and outer icosahedron (S;,). (i) The centroids of 32 carboranes can be visualized as an interpenetration dodecahedron

(CB,,) and an icosahedron (CB,,).

of an equimolar mixture of AgNO; and My-COOH in DMF/
MeOH placed in a hydrothermal bomb or closed glass
container resulted in the red-colored Agg, cluster. Time-
dependent growth of the cluster, monitored by UV—vis
absorption spectroscopy, is shown in Figure S1 (more
synthetic details are provided in the Experimental Section).
To understand the specific role of the My-COOH ligand, a
similar solvothermal synthesis was performed using the meta-
carborane 9-thiol (M,) ligand. However, this reaction did not
result in any distinct features of Agg, clusters (shown in Figure
S2). It may be noted that we have synthesized and purified the
M,-COOH ligand according to our earlier report.*” To further
assess the purity of the compound, we conducted mass

spectrometry, Infrared (IR) spectroscopy, and Raman analysis
(see Figures S3 and S4). These investigations confirm the
presence of the —COOH group attached to the carborane
cage. Most of the silver clusters have been synthesized either
from silver-thiolate precursors using chemical reducing agents
like sodium borohydride, sodium cyanoborohydride, or
borane-amine complexes, or through ligand exchange reactions
starting from pre-existing clusters under either low-temper-
ature or ambient conditions.®*~%° However, the formation of
the Agg, cluster using thermal decarboxylation of Ag-M-
COOH thiolates reported here differs from the usual methods.
To investigate the decarboxylation of the My-COOH ligand
during thermal treatment, we conducted a comparative
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""B{'H} NMR analysis of the M,-COOH ligand before and
after thermal treatment at 55 °C. The NMR spectra (shown in
Figure SS) clearly demonstrate the decarboxylation of the M,-
COOH ligand that occurred during thermal treatment. We
have also tried the direct reduction of AgNO; and M,
precursors using NaBH, and NaBH;CN as reducing agents
(shown in Figures S6 and S7). However, these methods did
not result in the desired Agg, cluster.

It shows the synthesis without any of the conventional
reducing agents and occurs at a relatively higher temperature.
Despite numerous challenges in crystallization, single crystals
were successfully grown with a yield of ~75% from the
saturated solution of the cluster in the DMF/MeOH (1:1, by
volume) mixture. An optical micrograph of a typical red-
colored single crystal is shown in Figure 1a. The inset of Figure
S1 shows many such crystals. Energy-dispersive spectroscopy
(EDS) elemental mapping of different single crystals revealed
the presence of the respective elements, as shown in the inset
of Figure la. The atomic percentages of silver, sulfur, and the
combined elements of boron and carbon in the crystal are
approximately 8.60%, 6.49%, and 55.37%, respectively, which
closely align with the nominal stoichiometry of the cluster.
Additionally, nitrogen and oxygen, associated with the nitrate
(NO;7) counterions, are also detected in the crystal (shown in
Figure S8).

Single-crystal X-ray diffraction showed that the cluster
crystallizes in a monoclinic crystal system with the space
group P2,/n (additional crystallographic details are summar-
ized in Table S1). The complete molecular structure of the
cluster consists of 62 silver atoms, 12 sulfides, and 32 meta-
carborane-thiolates filling up the surface (shown in Figure 1b).
The inner sulfur atoms in the structure of [Agg,S;,(CBT);,]*"
come from My-COOH itself, as no other sulfur source was
used in the synthesis. Similar thiol dissociative processes giving
sulfur are known in the cluster literature.”” Complete set of
crystallographic data, including structural refinement, is in the
Supporting Information. Detailed analysis of the silver/silver-
sulfide skeleton of the cluster can be visualized as an Ag;,—S,,
inner core encapsulated by a shell of Ag,s—S;,. Formation of
the molecular skeleton of the cluster (shown in Figure 2a—2f)
starts with a face-centered cubic (fcc) Ag,, inner core, in which
the average Ag—Ag distance of 2.87 A indicates a strong Ag—
Ag interaction as in bulk silver (see Figure 2a). This Ag;, core
can be described as an Agg octahedron surrounded by eight Ag
atoms in a cubic fashion, forming Agc—Ags geometry. The Ag,,
core is further enclosed by 12 sulfides, each exhibiting triple
coordination (¢;) with the Ag,, framework, and Ag—S bond
distance ranging between 2.49 and 2.63 A (see Figures 2b and
S$3). More precisely, two of the Ag—S bonds are connected to
the outer Agg cube, while the third Ag—S bond is connected to
the inner Ag, octahedron (see Figure S9). Structural expansion
of the framework upon considering the Ag;,—S;, core and the
Agys—Ss, shell revealed that among the 12 inner sulfides, two
exhibit p, coordination, two adopt pg coordination, and the
remaining eight display s coordination with Ag atoms (see
Figure S10).

The outer framework beyond the Ag;,—S;, of the cluster
comprises an encapsulating Ag,s—S;, silver-sulfide shell
(shown in Figure 2c,d). The complete silver-sulfide skeleton
is further surrounded by 32 meta-carboranes (Figure 2e,2f).
Structural analysis of the Ag,s—S3, shell reveals an Ag;,S,, ring,
further enclosed by subunits of three distinct types: Ag,S,,
Ag,S,, and Ag,S, (see Figure S11). Two units of each subunit

type are arranged in opposite positions of the Ag;,S,
envelope. Each of these outer Ag atoms forms fi3, pi4, and pg
intermetallic coordination with an Ag—Ag distance of 3.02 to
3.81 A (shown in Figures S11 and S12).

Symmetry Analysis and Solid-State Packing. We
conducted an analysis of the symmetry elements present in
the multilayer skeleton of the cluster. The inner skeleton of the
cluster is composed of fcc Ag;, (Figure 2a), and the outer Ag,,
skeleton is composed of three layers. The innermost layer of 12
Ag atoms forms a regular icosahedron (Ih) with Ag;, (Schlafli
symbol (3,5)). The next layer is formed by an Archimedean
solid, which is a truncated cube with Ag,, units (Schlafli
symbol t{4,3}). This is followed by a distorted Agi,
icosahedron (Schlifli symbol (3,5)). Notably, each of the
two corners of the inner and outer icosahedra is cross-linked
with each of the octagonal faces of the truncated cube (see
Figures 2g and S13). Next, we analyzed the sulfur atoms, which
include 12 inner sulfides and 32 outer thiolated S atoms. The
sulfides form an inner S;, icosahedron (Th) (Schlifli symbol
(3,5)), and the outer 32 thiolated S atoms create an S,,
dodecahedron (Ih) (Schlafli symbol (S,3)). This is followed by
another S, icosahedron (Th) (Schlifli symbol (3,5)), which is
larger in size (see Figures 2h and S14). These two icosahedra
are stacked on top of each other, with the corners of each one
pointing toward the centroid of each pentagonal face of the S,,
dodecahedron.

More careful analysis reveals that all of the carborane cages
are arranged in two ways, where the first group of ligands was
surrounded by five nearby carboranes and the other category
of carboranes was surrounded by six carboranes. We have
observed that out of 32 carboranes, 12 result in pentagonal
surface cavities, while 20 exhibit hexagonal surface cavities (see
Figure S15). A more detailed analysis of the symmetry
arrangement of all of the carborane centroids shows that they
form an interpenetrating CB,, dodecahedron (Ih), as well as a
CB,, icosahedron (Ih), which correlates with hexagonal and
pentagonal surface envelopes (see Figures 2i and S16). All of
the carborane-thiolate ligands adopt fi;-coordination modes
with Ag—S distances within the range of 2.39—3.00 A (see
Figure S17). Due to the structural complexity, some disorder
has been observed in the outer sulfur atoms (as depicted in
Figure S18). The unit cell packing comprises six clusters, with
four molecules aligned along the center of the b-axis and two
positioned along the center of the ac plane, resulting in an
overall packing density (Z) of 2 (see Figure S19).

The three-dimensional extended supramolecular packing of
the cluster molecules reveals lamellar packing of clusters (see
Figure S20), which enables intermolecular B—H--B, B—H---
H-C, B-+H—-C, and C—H--B interactions between the
clusters via their carborane ligands (see Figure S21). These
interactions are prominent between the large clusters, as each
cluster molecule features 32 carborane molecules on its surface.
The electrostatic potential map of a meta-carborane-9-thiol
molecule exhibits dipole—dipole and electrostatic interactions
between C—H and H—B of carboranes that constitute the
surface shell in the Agg, cluster, which is also correlated with
our previously reported studies (see Figure $22).°%¢7
Residual electron density maps were observed in the extended
lattice, attributed to the presence of solvent molecules and
counterions (see Figure $23). We note that this is the largest
atomically precise metal cluster reported to date, featuring
carborane-based ligands on its surface. Table S2 presents a
detailed summary of all of the structurally resolved carborane-
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Figure 3. (a) Positive-ion mode ESI-MS spectrum of the cluster. The prominent peak at m/z 3170.42 with a charge state of 4+ confirmed the
composition as [Age,S;,(CBT);,]*". Another minor peak at m/z 4248.25 (charge state of 3+) is assigned as the [Agg,S;,(CBT)3,"(MeO)-
(MeOH)]** species. Other peaks marked as 1 (m/z 1523.60), 2 (m/z 1806.60), and 3 (m/z 2089.61) are assigned to the formation of species
[Ags(CBT);]*, [Ag,(CBT),]", and [Ags(CBT),]", respectively. The left inset shows an exact matching of the isotopic distributions of the
high-resolution experimental spectrum with the simulated one, with a spacing of m/z 0.25. (b) UV—vis absorption spectrum of the Ag,
cluster in DMF, with peaks marked. The inset shows a photograph of the cluster solution in DMF.

thiolated and carborane-alkynylated metal clusters reported so
far.

Mass Spectrometry and Spectroscopic Character-
ization. High-resolution mass spectrometry (instrumentation
and sample preparation provided in the Supporting Informa-
tion) was performed to further investigate the molecular
cluster, gain additional independent insights into its
composition, and examine its ionic character. The positive-
ion mode electrospray ionization (ESI) mass spectrum shows a
prominent peak at m/z = 3170.42 (Figure 3a). The m/z
difference between two successive peaks is 0.25, indicating that
the cluster carries a charge of 4+. Thus, the total molecular
mass of 12681.68 is assigned to the composition
[Ag,S1,(CBT)5,]*" with the experimental isotopic distribution
pattern (purple trace) matching well with the simulated one
(orange trace) (inset of Figure 3a). Another minor peak at m/z
4248.25 shows the 3+ charge state assigned with the
composition [Agg;S;,(CBT)3, (MeO)-(MeOH)]*, and it
indicates solvation of the parent cluster with methanol and
methoxide. Collision energy (CE)-dependent MS-MS frag-
mentation analysis was performed on the m/z 3170.42 peak
(shown in Figure S24).

Upon sequential increase of the CE from 0 to 40 eV, a
prominent peak corresponding to m/z 3126.58 with a 4+
charge state was formed because of one CBT (C,B,,H};S) loss
from the parent cluster. Further increase of the CE to 50 eV
led to the appearance of another peak, at m/z 3082.75, with a
4+ charge state, due to the loss of two CBT ligands from the
parent cluster. Another prominent peak that appeared at m/z
2957.93 with a 4+ charge state is assigned to the composition
[AgssS15(CBT),]*". Two other peaks of lower intensity at m/z
2913.92 and 2887.07 (at CE SO eV) are assigned to

[AgsoS12(CBT)5]* and [AgssS1,(CBT),]*, respectively.
With increasing CE to 60 eV, another peak appeared at m/z
2745.44 (with 4+ charge state), assigned to
[Ags6S1,(CBT),6]*". The specific mass losses of 849.96
correspond to [Ag;(CBT);] fragments, which correspond to
the structural motifs observed on the surface of the cluster (as
resolved through SC XRD). We did not observe any specific
fragments characteristic of the losses of silver-sulfide moieties,
which clearly suggested stronger binding of the interstitial
sulfides. Mass spectrometry analysis of the DMF solution, after
dissolving selected single crystals, also confirmed the presence
of nitrate (NO;”) counterions in the crystal structure (see
Figure S25). These counterions are hidden inside the lattice
and contribute to unresolved residual electron density around
the cluster in the single-crystal XRD analysis (see Figure S23).

High-resolution transmission electron microscopic
(HRTEM) investigation of a selected microcrystal shows the
presence of small particles uniform in size with an average
diameter of 1.4 + 0.1 nm (see Figure S26). The drop-cast
cluster solution displayed a similar distribution of particles in
the lower magnification TEM analysis (see Figure S$27).
However, at higher magnifications with increased beam
exposure, we observed beam-induced aggregation and a
corresponding size expansion. The original size of ~1.4 nm
matches the molecular dimensions of the metal-sulfide
skeleton of the cluster, as measured using data from SC
XRD analysis (Figure S28). Additional characterization of the
cluster was performed using X-ray photoelectron spectroscopy
(XPS) and infrared spectroscopy. The XPS survey scan of
freshly prepared microcrystals confirms the presence of Ag
(368.2 and 374.1 V), S (161.3 and 162.9 V), B (189.8 eV),
and C (285.0 eV) elements, corresponding to their character-
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Figure 4. (a) Pseudo color map of femtosecond-TA for the Ag, cluster in DMF solution by a pump excitation of 400 nm and fluence of 200
#Jrem™2, (b) Selected TA spectral profile as a function of time delay. (c) Kinetic decay traces for a 585 nm ESA signal. (d) A schematic
representation of the multilayer charge separation within the cluster.

istic features (see Figure $29). The binding energy (BE) values
of Ag 3d;;, and 3d;,, are consistent with those of the mixed
metallic Ag(0) and Ag(1+) oxidation states. A detailed spectral
scan of the S 2p region revealed two types of sulfur (1:3 ratio)
in the cluster: inner sulfide with binding energies at 161.63 and
162.81 eV for S 2p;/, and 2p,/,, and thiolate sulfide (from
CBT) with binding energies at 162.99 and 164.17 eV for S
2ps/, and 2p,,, respectively (see Figure S30). Additionally,
two peaks were observed at 401.5 eV (N 1s) and 531.9 eV (O
1s), corresponding to nitrogen and oxygen, respectively,
originating from nitrate counterions in the crystal (Figure
S29). Infrared (IR) spectroscopy further confirmed changes in
the ligand shell associated with the decarboxylation of the
starting ligand, My-COOH, during the solvothermal reaction.
The IR spectrum of the Agy, cluster exhibits characteristic
bands at 2602 and 3042 cm™’, corresponding to B—H and C—
H stretching vibrations, similar to those observed in the spectra
of My or My-COOH molecules (see Figure S31). Additionally,
carborane cage breathing and B—B bending vibrational modes
were detected at 860 and 724 cm’, respectively. Weakly
resolved, low-intensity bands associated with B—B and B—C
bending vibrations were observed, likely due to the presence of
electron-dense silver atoms near the carborane in the cluster.
An important feature is the absence of C—O (1287 cm™"), O—
H (1417 cm™), and C=0 (1713 cm™') bands, which are
characteristic of Mo-COOH. Their absence in the spectrum of
the Agy, cluster clearly confirms the decarboxylation process
during solvothermal synthesis. In conjunction with other
methods, IR characterization confirms the presence of

decarboxylated meta-carborane-thiolate as a surface envelope
of the metal cluster. Metal-catalyzed thermal decarboxylation
of carborane acids has been reported in previous studies.’””’
The presence of the 1383 cm™ vibrational band (antisym-
metric N—O stretching band) further confirms the nitrate as
counterions in the crystals. So, the composition of the
compound is [Agg,S;,(CBT)4,](NO;),.

Optical Properties. The optical absorption spectrum of
the Agg, nanocluster (measured in DMF solution) exhibits one
prominent absorption band centered at 530 nm (2.34 eV)
along with two shoulder bands at 446 nm (2.78 eV) and 400
nm (3.1 eV) (Figure 3b). The characteristic optical absorption
bands representing molecule-like discrete electronic energy
levels suggest a transition from a molecular regime to a bulk
metallic regime. UV—visible absorption spectra recorded at
specific intervals over a period of half a year, using the same
solution, showed no spectral changes, indicating remarkable
stability of the nanocluster (see Figure S32), especially in
comparison to a cluster of similar nuclearity protected by
conventional organothiolate (i.e., 2,4-dimethylbenzenethiolate)
ligands.”"

Ultrafast femtosecond transient absorption (fs-TA) studies
were performed to understand the excited-state dynamics of
the Ags, nanocluster. In the measurement, the Agg, nano-
cluster was excited using 120 fs pump pulses centered at 400
nm (3.1 eV). The resulting excited-state dynamics were
investigated using time-delayed probe pulses. The color plot of
obtained TA and spectral cross sections at selected time-delays
with pump fluence of 200 yJ/cm’ is plotted in Figure 4ab.
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Figure S. (a) Projected density of electron states to spherical harmonics functions centered at the center of the mass of the cluster. (b) The
frontier molecular orbitals visualized with and without the full atomic structure from HOMO to LUMO+3 states.

From these figures, we see that the main TA features are
ground state photobleaching (GSPB) in the regime of S15 nm,
and excited state absorption (ESA) starts from 550 nm. The
GSPB is located in the regime, where we observed a primary
optical absorption band centered at 530 nm (see Figure 3b),
and it represents the filling of closely spaced electronic excited
states by the pump excitation. Further, the ESA arises from the
transition of initially photoexcited states to higher excited
states. We also see that ESA grows quickly while GSPB grows
relatively slowly in the TA map (Figure 4a). To get more
insight into these features for a longer time scale, we have
plotted the time evolution profiles of TA for both GSPB and
ESA in Figures S33 and 4c. These figures reveal a fast decay of
excited states with a lifetime of 760 + 23 ps for 515 nm GSPB.
In contrast, the 585 nm ESA band exhibited a fast component
with a lifetime of 21 + 3 ps and stable excited states with a
lifetime of 3.45 & 1.96 ns. We also investigated the TA features
at different pump fluences of 100 and 200 yJ-cm™> (shown in
Figure S34). From this comparison, we see a small increase
(AA of 0.2 X 107%) for the GSPB signal and a relatively large
increase (AA of 0.6 X 107°) for the ESA signal upon increasing
the pump fluence from 100 to 200 pJ-cm™2

The decay time of the excited states remains unaffected by
the pump fluence of 100 yJ-cm™ (as shown in Figure S35).
This result of invariant lifetime is as per the molecular nature
of Agg,, where relaxation of the excited states does not change
as a function of the pump fluence.”” An insight into such
distinct behavior indicates multilayer charge separation within
the molecule. A comprehensive analysis of the cluster indicates
that the silver-sulfide structure, specifically Agg,S;,S3,, has a
charge state of 4+ as observed from the mass spectrometry
analysis depicted in Figure 3a. Considering the electro-
negativity difference between silver and sulfur, along with the
strong metallic bonding in the inner Ag,, core, the structure of
[Age:S12S32]*" can be understood as comprising four distinct
layers. At the center is a charge-neutral Ag), core, surrounded
by a S, ring that carries —12 charges. Outside of this, there is a
positively charged Ag,q layer with +48 charges, followed by an

outer S;, layer that has —32 charges, as schematically
illustrated in Figure 4d. This core—shell architecture of the
cluster suggests a distinct photophysical mechanism for
excited-state dynamics after pump excitation. Initially, photo-
excitation creates excited states dominantly localized on the
outer S;, shell. This immediate population of shells causes the
prompt rise of the ESA signal. Subsequently, these electrons
move from the outer shell toward the inner Ag,, core in an
interlayer charge transfer event. This charge transfer process is
experimentally observed in the form of a time-delayed
appearance of the GSPB signal. Finally, these electrons
dispersed on the core and shell relax back to the ground
state through two different pathways with distinct time scales
of ~760 ps and 3.4S ns. Excited-state dynamics influenced by
the electronic perturbation from secondary metal atom
dopants was also observed in gold nanoclusters.”’ Further,
our suggested mechanism is supported by computational
investigation of the Agg, cluster that reveals that the absorption
peak around 530 nm arises from the core part of the cluster
(see below). As a result, the electron mobility of excited states
within this charged multilayer can give rise to stable ESA and
GSPB features in the cluster.

The Agg, cluster did not exhibit any strong visible
luminescence in either solution or in the solid state when
exposed to 365 nm UV light (see inset of Figure S36). PL
excitation measurement showed two excitation bands centered
at 505 nm (2.45 eV) and 433 nm (2.86 eV) for the cluster,
which are close to the absorption bands of the cluster (see
Figure S36a). The cluster showed a weak NIR emission band
centered at around 988 nm (1.25 eV) upon photoexcitation by
500 nm (2.48 eV) (shown in Figure S36b). Intermetallic
charge transfer across charged multilayers rather than metal to
ligand (ML) or ligand to metal (LM) charge transfer may
contribute to the observed weak NIR emission, distinguishing
it from the red-emitting Agy, clusters encapsulated by tert-butyl
thiolate ligands.”*”

Computational Insights. Computational modeling of the
Agg, nanocluster was performed with density functional theory
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(DFT) using GPAW (see details of methods in the Supporting
Information file). The initial structure, as obtained from the
single-crystal X-ray diffraction analysis, was optimized using a
real-space grid and Perdew—Burke—Ernzerhof functional, after
which further analysis of electronic and optical properties was
done using the GLLB-SC functional. At first, the electron
states were projected with respect to spherical harmonic
functions centered at the center of the mass of the cluster. This
analysis reveals the superatom state symmetries that are
delocalized in the inner metal core of the cluster.”®

It is noted that the [Agg,S;,(CBT);,]*" cluster has a valence
electron count of 2. This is calculated using the formula (Nv,
— M — Z), where Nv, represents the total valence electrons of
the metal atoms, M is the total electrons of electron-
withdrawing ligands, and Z denotes the charge of the cluster.”®
In this case, the calculation is as follows: [62 — (12 X 2) — 32
— 4 = 2]. The DFT results in Figure 5a show a clear change
from 1S symmetric states to 1P nonsymmetric states when
going over the HOMO-LUMO gap (1.77 eV), which
indicates that the system could be characterized as a two-
electron superatom system. These delocalized superatom states
are present mostly on the inner Ag,S;, part (as is visualized in
Figure Sb), which indicates this part as the two-electron
superatom “nucleus”. The visualized 1P states are non-
symmetric with respect to the center of the cluster and reflect
the underlying symmetry of the inner Ag,S;, part (the S,
shell has an icosahedral symmetry).

Next, we calculated the optical absorption spectrum using
the linear response time-dependent density functional theory
(Figure 6). The estimated optical gap of ~700 nm is rather
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Figure 6. Calculated optical absorption spectrum of the Agg,
cluster (in purple) as compared to the experimental spectrum
shown in the inset. The main features are labeled with arrows.

close to the measured gap of ~630 nm. The absorption
spectrum has three main features in very good agreement with
the experimental results. The overall shape of the calculated
spectrum and the positions of the main features at 547, 448,
and 398 nm coincide well with the measured spectrum. The
two shortest wavelength bands (398 and 448 nm) are almost
precisely at the same positions as the measured peaks (400 and
446 nm, respectively). The 547 nm peak has a shoulder around

617 nm, while the measured peak at 530 nm has a single
maximum.

Origin of the absorption bands was analyzed using time-
dependent density functional perturbation theory and dipole
transition contribution maps (DTCM). The DTCM shows the
most important strengthening and screening contributions in a
contour plot for each band as decomposed to the transitions
between occupied and unoccupied Kohn—Sham states. The
analysis was done here for all three main bands and the longest
wavelength shoulder. All of the DTCM plots are shown in
Figure S37. Analysis of the shoulder feature at 617 nm in
Figure S37a confirms the optical activity of the 1S to 1P
transitions over the HOMO—LUMO gap. The first main peak
still has a weak contribution from 1S to 1P transitions, but the
main contribution is already from the states between —1.0 eV
and —1.5 eV to 1P states. Based on the analysis, there is no
optical activity from the 1S to LUMO+3 state, which can
therefore be separated from the 1P states seen at LUMO,
LUMO+1, and LUMO+2. For the two shorter wavelength
peaks (547 and 448 nm), the main contributions are from
lower energy occupied states between —1.0 eV and —2.0 eV to
1P states, while the shortest wavelength peak (398 nm) does
not have contributions from 1S or 1P states.

CONCLUSIONS

In summary, we have synthesized a large silver/silver-sulfide
nanocluster of composition [Agg,S;,(CBT)s,]*. This nano-
cluster, protected by meta-carborane-thiolates (CBTs), was
prepared by a solvothermal process, starting from the metal
precursor, AgNO;, and ligand, My-COOH (where M,-COOH
is meta-carborane-9-thiol-12-carboxylic acid), which undergoes
thermochemical decarboxylation. Structural anatomy reveals
that this highly symmetrical nanocluster has an interesting
multilayer structural arrangement, starting with a fcc Ag,, inner
kernel, encapsulated by 12 sulfide atoms, followed by a layer of
[Ags(CBT);,] shell. Symmetry analysis of the nanocluster
shows that there are five layers of silver atoms, beginning from
the center of the molecule: octahedron, cube, icosahedron,
truncated cube, and distorted icosahedron; containing 6, 8, 12,
24, and 12 Ag atoms, respectively. The sulfur atoms form three
layers: an icosahedron, a dodecahedron, and another
icosahedron, consisting of 12, 20, and 12 sulfur atoms,
respectively. The overall structural organization (composed
of a mixture of Platonic and Archimedean solids) can be
considered as a cluster-over-cluster structure, with a silver/
silver-sulfide kernel encapsulated by three-dimensional carbor-
ane ligands. This is the largest metal nanocluster reported to
date, modified with carborane ligands. This cluster exhibits a
characteristic optical absorption feature with multiple optical
absorption bands. The cluster emits weakly in the NIR region
and the excited electrons move across the charged multilayer
silver-sulfide skeleton of the cluster. DFT calculations show
that the cluster is a two-electron superatomic system having a
band gap of 1.77 eV with the lowest-energy optical transitions
of 1S to 1P superatomic character. This finding showed the
way for further structure—property investigations of large metal
clusters decorated with various types of molecular cluster
cages.

EXPERIMENTAL SECTION

Chemicals Used. Silver nitrate (AgNO;) was purchased from

Rankem Chemicals. Meta-carborane-9-thiol-12-carboxylic acid (M,-

COOH) was synthesized following our previous report.”®> Crystalline
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M,-COOH ligands (98.9% purity) were used for the thermochemical
synthesis of the Agg, cluster. High-performance liquid chromatog-
raphy (HPLC)-grade solvents, including dichloromethane, chloro-
form, N,N-dimethylformamide, acetonitrile, and methanol (99.5%),
were sourced from Rankem Chemicals and Finar, India. All of the
chemicals were commercially available and used as such without
further purification.

Synthesis of My-COOH Ligand. 2 g of portion (11.33 mmol) of
meta-carborane-9-thiol was dissolved in 100 mL of dry and freshly
distilled diethyl ether under inert conditions of argon, and the flask
with the reaction mixture was cooled to —78 °C using an acetone bath
with dry ice. n-Butyllithium (10.0 mL, 24.6 mmol) was added
dropwise via a septum over a period of 20 min, which resulted in a
precipitate of a white solid. The mixture was further stirred for
another hour before an excess of dry ice was added to it, and the
mixture was then left at room temperature to warm up slowly under
an argon atmosphere. Distilled water (200 mL) was added, the
mixture was shaken, and the ether fraction was separated. The
aqueous solution was acidified with 30 mL of aqueous solution of
hydrochloric acid (~15%), and a white solid precipitated immedi-
ately. The mixture was extracted using diethyl ether (S X 50 mL), and
the collected ether fractions were dried by standing over anhydrous
MgSO,. The crude product was purified by sublimation (80 °C) to
yield (~40%) the white microcrystalline product, which was used
further for the synthesis of the Agy, nanocluster.

Thermochemical Synthesis of the Ags, Nanocluster. The Agg,
cluster was synthesized by following a solvothermal synthetic method.
In brief, 20 mg (0.12 mM) of AgNO; was dissolved in 2 mL of
methanol upon stirring. After 20 min, 3 mL of DMF was mixed with
the solution, followed by a dropwise addition of 25 mg (0.11 mM) of
M,-COOH ligand (dissolved in 1 mL of DMF). After 1 h of
additional stirring at room temperature, the transparent mixture was
then transferred either to a closed glass bottle or a Teflon-lined
hydrothermal bomb and placed in a preheated oven (75 + 3 °C) for
1S h. A red-colored solution was formed in the container during the
thermal process. After the treatment, the solution was gradually
cooled to room temperature (25 °C). The red solution was
centrifuged and left to crystallize at room temperature in a dark
environment. Red crystals were formed at room temperature after one
month of crystallization from a DMF/methanol (1:1 v/v) saturated
solution. The yield of the Agg, crystals was ~75% based on AgNO;.
The crystalline samples were redissolved in DMF for further analysis.
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ABBREVIATIONS

CBT, meta-carborane-thiolate; NIR, near-infrared; DMEF,
dimethylformamide; M,-COOH, meta-carborane-9-thiol-12-
carboxylic acid; My, meta-carborane-9-thiol; EDS, energy-
dispersive spectroscopy; fcc, face-centered cubic; Ih, icosahe-
dron; Oh, octahedron; ESI, electrospray ionization; CE,
collision energy; XRD, X-ray diffraction; HRTEM, high-
resolution transmission electron microscope; XPS, X-ray
photoelectron spectroscopy; BE, binding energy; IR, infrared;
fs-TA, femtosecond transient absorption; GSPB, ground state
photobleach; ESA, excited state absorption; DFT, density
functional theory; HOMO, highest occupied molecular orbital;
LUMO, lowest unoccupied molecular orbital; DTCM, dipole
transition contribution map.
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