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ABSTRACT: We report the synthesis, structural characterization,
and photophysical properties of a propeller-shaped Ag,; nano- 154
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molecule with six rotary arms, protected with m-carborane-9-thiol &
(MCT) and triphenylphosphine (TPP) ligands. Structural analysis & z
reveals that the nanomolecule has an Ag,; central icosahedral core & 1.0 o , g
with six directly connected silver atoms and two more silver atoms § Y l\ ';:;;gg/‘_} White Light "‘ @
connected through three Ag—S—Ag bridging motifs. While 12 5 1.(\};:’_; - vy §
MCT ligands protect the core through metal—thiolate bonds in a 2 05- g .- =)
3—6—3-layered fashion, two TPP ligands solely protect the two T Propelier shape z
bridging silver atoms. Interestingly, the rotational orientation of a co1 nm 1 i
silver sulfide staple motif is opposite to the orientation of 00 : ; : )

300 450 600 750 900
carborane ligands, resembling the existence of a bidirectional Wavelength (nm) Distorted shape

rotational orientation in the nanomolecule. Careful analysis reveals

that the orientation of carborane ligands on the cluster’s surface resembles an assembly of double rotors. The zero circular dichroism
signal indicates its achiral nature in solution. There are multiple absorption peaks in its UV—vis absorption spectrum, characteristic
of a quantized electronic structure. The spectrum appears as a fingerprint for the cluster. High-resolution electrospray ionization
mass spectrometry proves the structure and composition of the nanocluster in solution, and systematic fragmentation of the
molecular ion starts with the loss of surface-bound ligands with increasing collision energy. Its multiple optical absorption features
are in good agreement with the theoretically calculated spectrum. The cluster shows a narrow near-IR emission at 814 nm. The Ag,,
nanomolecule is thermally stable at ambient conditions up to 100 °C. However, white-light illumination (lamp power = 120—160
W) shows photosensitivity, and this induces structural distortion, as confirmed by changes in the Raman and electronic absorption
spectra. Femtosecond and nanosecond transient absorption studies reveal an exceptionally stable excited state having a lifetime of
3.26 = 0.02 us for the carriers, spread over a broad wavelength region of 520—650 nm. The formation of core-centered long-lived
carriers in the excited state is responsible for the observed light-activated structural distortion.

Bl INTRODUCTION Ag(,,m Ag,'’ Agzz,18 Agzs,19 Ag29,20 Ag44,21 Agw,,22 and
several others,”** with various ligands and charge states have
been characterized structurally. Obviously, for a better
understanding of these nanomolecules, both structurally and
electronically, and to explore their potential toward applica-
tions, it is necessary to synthesize new silver nanoclusters and
study their atom-specific functional properties.

Properties of the nanoclusters, such as optical absorption,
photoluminescence (PL), chirality, and circularly polarized
luminescence, depend on the atomic arrangements of the core
and the chemical environments of the surface ligands.”>™>*

Atomically defined silver nanomolecules or nanoclusters with
their core dimension below 3 nm, falling within the gap
between atoms and nanoparticles, are a new class of
nanomaterials with functional properties."”” Ligands on the
surface of these nanoclusters have a profound role in
controlling their nuclearity, shape, size, and stability. Organic
ligands such as thiols,’ pyreneiminethiols,4 phosphines,5
calixarenes,’ alkynes,” carboxylic acids,” deoxyribonucleic
acids (DNAs),” and organometallic ligands such as polyox-
ometalates'”'" have been used for the synthesis of silver
nanoclusters. The size confinement, closely packed electronic
energy levels, and associated electronic nature lead to Received: January 22, 2022 norganic ey

e

numerous applications in the fields of electroluminescence,'” Published: May 27, 2022
sensors,”” catalysis,'* bioimaging,"> etc. Understanding the
properties of nanoclusters depends on the determination of
their atomic structures through single-crystal X-ray diffraction
(SC-XRD) analysis. A handful of silver nanoclusters, including
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Figure 1. (a) Photograph of the bottom of the crystallization vial showing the growth of black pyramidal Ag,, crystals. (b) Optical microscopy and
(c) FESEM images of a millimeter-sized single crystal. (d) Total structure of [Ag,;(MCT),,(TPP),] showing a propeller shape having six rotary
arms along one direction. (e) View of the propeller having a clockwise rotational orientation from one side. (f) View of the same propeller with an
anticlockwise rotational orientation from the other side. The top insets show schematic representations of the respective propellers, and the bottom
insets show antiorientations of the respective silver sulfide core structures. Atomic color code: light blue, silver; yellow, sulfur; orange, phosphorus;

pink, boron; gray, carbon. Hydrogen atoms have been removed for clarity.

Atomic arrangements in the metallic cores often determine the
electronic structure. Previous studies show different types of
inner-core architectures derived from pyramid,”” cuboctahe-
dron,*° icosahedron,*’ and decahedron’” with variable optical
absorption features. Nanoclusters of lower atomicity (<200)
are molecular in nature and exhibit multiple peaks in their
respective absorption spectra, whereas an atomicity greater
than 200 gives particles with plasmonic absorption fea-
tures.”> > Not only the atomic structure but also the nearest
chemical environments, such as the outer shell of the ligands,36
temperature,g’7 pressure,38 solvents,®” and coordinating ions, "’
have a profound effect on their absorption as well as emission
properties.

The reactivity is a major concern for many silver
nanoclusters. Recently, we showed light-activated conversion
of the Ag,, nanocluster."' Another report showed that a bare
Ag;" nanocluster reacts with carbon monoxide™ and
acetylene gases and forms different adduct species.” Ligand-
exchange-induced structural conversion was also noticed for a
Atomic exchange between two
nanoclusters in solution leads to a mixture of alloy nanoclusters
through the formation of transient dimer species, following a
concerted reaction pathway.”*® The use of a suitable surface
ligand determines the stability of the nanoclusters. Among

few silver nanoclusters.**
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different thiols, carboranethiols are gaining prominence
because of their extraordinary thermal stability, robust 3D
structure, and specific borane aromaticity with electron
delocalization all over the icosahedral boron—carbon frame-
work.”” Recently, Zang et al. have synthesized carboranethiol-
protected silver nanoclusters and nanocluster-assembled
frameworks such as Ag14,48 Ag17,49 and Ag30.50 Among such
clusters, o-carboranealkynyl-protected Ag), and CusAgg nano-
clusters behave as efficient hypergolic materials, which ignite
spontaneously upon their exposure to an oxidizer.”"

B RESULTS AND DISCUSSION

In this work, we present the synthesis of a m-carborane-9-thiol
(MCT)- and triphenylphosphine (TPP)-coprotected silver
nanocluster of the formula [Ag,;(MCT),,(TPP),]* (abbre-
viated as Ag,;) using ligand-exchange-induced structure
transformation (LEIST) of [Ag,s(TPP),,H;¢]** (abbreviated
as Agg). Details of the synthesis and characterization of Ag,
through UV—vis absorption and mass spectrometry studies are
presented in Figure SI. During the synthesis of Ag,, through
the LEIST reaction, 10 mg of purified Ag,; dissolved in
methanol was reacted with 8 mg of the MCT ligand. After 2 h
of exchange reaction, the initially green Ag;q solution gradually
turned red, characteristic of Ag,;, through yellowish and
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Figure 2. Structural anatomy of the Ag,; nanocluster: (a) central icosahedral Ag,; core; (b and c) Ag;;—Ags—Ag,P,-layered structure viewed from
two different orientations; (d) different types of Ag—S motifs present in the cluster; (e and f) a silver sulfide skeleton structure without MCT and
Ph ligands; (e’ and e”) different types of carborane binding; (g) complete structure of [Ag,;(MCT),(TPP),] having MCT and TPP ligands; (h)
face-centered-cubic unit cell molecular packing of the nanocluster viewed along the axial directions; (i) MOF-like packing viewed from a corner of
the cube. Color code: light blue, inner core Ag; green, outer core Ag; yellow, sulfur; orange, phosphorus; pink, boron; gray, carbon; white,

hydrogen.

brownish intermediate nanoclusters. Figure S2 shows the
photographs of this color change. Time-dependent UV—vis
absorption spectra (shown in Figure S3) measured during the
reaction showed that the formation of Ag,, started after 30 min
of an exchange reaction. Overnight size focusing in methanol
led to the formation of monodispersed nanoclusters having
sharp absorption features. Each aspect of compositional,
structural, and charge-state characterization of
[Ag,(MCT),,(TPP),]* is presented consequently.

For diffraction analysis, suitable single crystals were obtained
after 7 days of slow diffusion of hexane vapors into a
concentrated nanocluster solution in dichloromethane (DCM;
30 mg/mL) at ~4 °C. Although the nanocluster is dark red in
its DCM solution, millimeter-sized pyramidal black crystals
formed upon crystallization. A photographic image of the as-
grown crystals is shown in Figure la. The optical microscopy
images shown in Figures 1b and S4 depict the pyramidal
surfaces of the crystals, which were further verified by field-
emission scanning electron microscopy (FESEM) images, as
shown in Figures lc and SS5ab. The energy-dispersive
spectroscopy (EDS) spectrum and respective elemental
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mapping (Figures SSc and S6) fit the nominal stoichiometry
of the cluster, confirming the presence of boron, carbon, sulfur,
phosphorus, and silver in the crystals. The as-grown crystals
show well-defined diffraction spots (Figure S7) under the X-
ray beam, which is indicative of good crystallinity. The powder
X-ray diffraction (PXRD) patterns of the microcrystalline
samples are in good agreement with the diffractogram
generated from the SC-XRD data (Figure S8a). SC-XRD
reveals that the nanocluster crystallizes in a cubic crystal
system with the Pa3 space group and a cell volume of 19130
A

Further details of the structural parameters are summarized
in Tables S1 and S2. The complete molecular structure of the
nanomolecule including its ligand shell, as shown in Figure 1d,
resembles a propeller with six rotary arms, where the TPP
centers represent the nodes. Although the nanomolecule does
not have a 6-fold symmetry axis, the spatial orientation of the
carborane ligands resembles a propeller in 2D projection.
Careful analysis reveals that Ag,, looks like a left-handed
propeller when viewed from a TPP at the head, while it is
right-handed when viewed from the opposite direction (Figure

https://doi.org/10.1021/acs.inorgchem.2c00186
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le,f). The orientation of the silver sulfide structure is also
opposite to that of the orientation of carboranes, similar to the
bidirectional orientation in the nanomolecule. The inherent
chirality of the cluster, as observed in its single crystal, was
investigated using circular dichroism (CD) measurements.
However, the CD spectrum shown in Figure S9 shows no
chiral response in the wavelength range of 240—800 nm,
suggesting an achiral nature of the cluster in the DCM
solution. The symmetric character of the nanomolecule in
solution is perhaps due to the dynamic nature of carborane
ligands on the cluster surface. Another reason behind the lack
of a CD signal is the intense absorption features of the
nanomolecule in comparison to the local orientations of the
pendant groups. Further analysis reveals the presence of a C;
rotational symmetry axis along the TPP node of the
nanomolecule, and the orientation of carborane ligands on
its surface looks like an assembly of double rotors (as shown in
Figure S10).

Another independent view of the nanomolecule gives an
oval-like shape with two TPP units at the head and tail
positions of the cluster (Figure S11). The ORTEP image in
Figure S12 shows the cluster’s oval-like shape with specific
packing of the ligands. The distance between the two
phosphorus atoms at antipodal positions of the cluster is
17.139 A. A total of 12 carborane ligands enclose the surface of
the cluster through silver—thiolate bonds. The arrangement of
the carboranes is in a 3:6:3 fashion on the outer surface of the
cluster along the P—P axis (as shown in Figure S13). The three
MCT ligands near the head are in a staggered conformation
with three other MCT ligands near the tail (as shown in Figure
S14). The staggered orientation of these carboranes
determines the opposite orientation of the propeller.

The structural anatomy of Ag,, reveals a central icosahedral
Ag, core and a shell of eight silver atoms (Figure 2a—c). The
average Ag—Ag bond distance in the Agj; core is 2.795 A,
suggesting strong metallic bonding. Six out of the remaining
eight silver atoms are directly connected to the Ag; core
through Ag—Ag bonds with a distance range of 2.924—3.076 A,
showing weaker Ag—Ag bonding compared to that in the core.
The remaining two silver atoms are 4.305 A away from the
nearest Ag; triangular facets and 6.168 A from the central silver
atom. These two silver atoms are connected with the cluster
through three Ag—S—Ag bonds in a tripodal fashion with an
average Ag—S bond distance of 2.637 A. Detailed analysis
reveals that the 12 carboranes bind with the outer surface
through different types of silver sulfide motifs (Figure 2d—f).
Among them, six carboranes present on the body of the cluster
are connected by six Ag,S motifs, where each sulfur is bridged
between one silver atom from the Ag;; core with an Ag—S
bond distance of 2.527 A and one silver from the outer shell
with an Ag—S distance of 2.378 A (Figure 2e’). The remaining
six carboranes near the TPPs are connected by Ag;S motifs,
where one silver is isolated and the other two are from the
Ag,;@Ags unit (Figure 2e”). A comparison between
[Ag,s(SR);5]” and [Ag,;(MCT),(TPP),]* (as shown in
Figures S15 and S16) shows that both of them have central
Agy; icosahedra.'” However, the remaining 12 silver atoms of
[Ag,s(SR);5]~ capped the triangular icosahedral facets through
M3 and p, capping modes with average bond distances of
2.858—3.189 A, whereas in our Ag,;, only six silver atoms
capped the triangular facets through u, capping mode with
average bond distances of 2.924—3.076 A. Fewer atoms
capping the central Ag,; icosahedron in Ag,, in comparison to
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Ag,; and also binding of the additional two silver atoms in Ag,,
not being directly connected to the silver core can be
attributed to the greater steric requirements of the bulky
carborane ligands. There are other reports of the Ag,,
nanocluster, protected by dithiophosphate® and diselenophos-
phate”” ligands with a central icosahedral Ag;; core connected
with eight p;-capped silver atoms. Yet another perspective is
that the bulkiness of the ligand has a proven effect on the
structure of the metal part of the cluster, which could be
potentially further investigated using narrower 10-vertex
carboranes, dicarba-closo-decaboranes.

The molecular packing of the nanomolecule in the single
crystal shown in Figure 2h presents a face-centered-cubic-type
arrangement with eight clusters positioned in the corners of
the cube, having an intercluster distance of 26.745 A and the
remaining six clusters centered on the faces of the cube. The
packing density is 4 [(8 X '/5) + (6 X '/,)] in the unit cell.
Extended packing showed (Figure S17) A—B—A—B-type
lamellar packing with oval shapes of the clusters along each
(a, b, and c) axis. A view of the packing (as shown in Figures 2i
and S18 and S19) through the corners of the cube showed a
metal—organic framework (MOF)-like structure. Careful
analysis reveals that a view of the intercluster packing through
the corner of the cube shows that eight clusters have propeller
orientations, whereas the remaining six clusters have oval
shapes (Figure S19). Views along 4, b, and ¢ corners lead to
two clusters each having propeller orientations, whereas the
remaining 12 clusters have oval shapes (Figure S18). Multiple
intercluster BH—BH and BH—CH van der Waals interactions
among the carboranes are the reason behind their molecular
packing (as shown in Figure $20). A recent study of double-
helical DNA-like intercluster packing shows engineering design
aspects of the metallic nanocluster.”* In this direction, the
propeller-like structure and MOF-like packing arrangements
make the Ag,; nanomolecule interesting.

The UV—vis absorption spectrum of Ag,; (as shown in
Figure 3a) in its DCM solution is characteristic and has bands
at 691, 494, 396, 355, and 307 nm, which are typical for a
confined electronic structure. Time-dependent absorption
spectra showed the stability of the crystals up to 60 days
(Figure S21) under ambient conditions. 3D carboranes present
on the surface of the cluster may be the reason behind their
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Figure 3. (a) UV—vis absorption spectrum of Ag,; in DCM (inset:
photographic image of the cluster in DCM). (b) Full-range high-
resolution ESI-MS spectrum of the cluster having a peak at m/z
4893.43 in a monopositive charge state, assigned as
[Ag,(MCT),(TPP),]* [right inset: exact matching of the
experimental spectrum (black) with the theoretical spectrum
(green)]. Each % indicates TPP loss from the parent peak.
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superior stability. The absorption spectra of Ag,, in different
solvents such as 1,2-dichlorobenzene, acetone, chloroform,
DCM, methanol, ethanol, dimethylformamide (DMF), and
dimethyl sulfoxide (DMSO) were measured (as shown in
Figure S22). All of the spectra were identical except in DMF
and DMSO. Broadening of the spectral bands, along with small
shifts in their peak positions, indicate solvatochromism. The
ligand-centered ground-state orbitals may be prone to
interaction with these polar aprotic solvents, and this could
explain the spectral broadening.

The molecular composition of Ag,, in solution was studied
using high-resolution electrospray ionization mass spectrome-
try (ESI-MS). The sample preparation and instrumental
conditions are specified in the Supporting Information. The
full-range high-resolution ESI-MS spectrum shown in Figure
3b gave a major peak centered at m/z 4893.43 in positive-ion
mode. An expanded view of the peak shows a characteristic
peak-to-peak separation of m/z 1, which confirms the charge
state as 1+. The peak was assigned to [Ag,;(MCT),(TPP),]*.
The isotopic distribution of the experimental spectrum
matches that of the theoretical spectrum. Two other fragment
peaks at m/z 4630.5 and 4368.35 are assigned to the sequential
mass loss of 262 amu, suggesting two TPP losses from the
parent nanocluster. The cluster did not show features in the
negative-ion mode. However, the characteristic ion peak at m/
z 61.98 in negative-ion mode confirms the presence of NO;~
as a counterion in the crystal (Figure S23).

We analyzed the free electron count of
[Ag,(MCT),(TPP),]* to investigate its stability. For this
nanomolecule, 21 silver atoms have one valence (5s') electron
each. Therefore, the total metal electron count is Nv, = 21.
The 12 MCT ligands are electron-withdrawing, whereas the
TPP ligands are neutral and so ligand electrons are involved in
the binding, where M = 12. The cluster has a net charge of 1+,
so that Z = 1. This gives a valence electron count of 8¢ (Nv, —
M —Z=21-12 — 1 = 8), indicating a superatomic electronic
conﬁguration.55’56 This 8e superatomic cluster having a closed-
shell electron distribution in 1s*1p® superatomic orbitals is the
reason behind its electronic stability.

In order to gain additional insight into bonding and
structure, we studied the MS/MS fragmentation of the
molecular ion peak (Figure 4). Fragmentation studies were
carried out by varying the collision energy (CE) by selecting
the parent ion peak at m/z 4893.43 with a charge state of 1+. A
sequential increase of CE from 2 to 20 (in instrumental units)
resulted in two consecutive mass losses of 262 units, which
correspond to two TPP fragments. The loss of TPP fragments
at low CE is due to a weak Ag—P bond, having a bond length
of 2.401 A. At a CE of 25, the peak at m/z 4368.25 displayed
the loss of both TPPs. A further increase of the CE up to 70
led to no more fragmentation of the peak at m/z 4368.25,
revealing strong bonding of the carboranes within the cluster.
At a CE of 75, new fragments are observed from m/z 4368.25,
careful analysis of which reveals a sequential mass loss of 283
units (Figure S24). The m/z 283 mass loss fits the combined
mass of one silver atom and one MCT ligand. So, this
sequential loss is due to the systematic loss of Ag-MCT. A
further increase of the CE up to 150 shows eight sequential
losses of Ag-MCT fragments. Another series of mass fragments
with the mass loss of MCT units (m/z 175) was also present.
The strong appearance of Ag-MCT loss peaks in comparison
to MCT loss peaks indicate strong B—S bonds, which is
different from the o-carborane-1,2-dithiol-protected Ag,,
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Figure 4. CE-dependent MS/MS pattern of the parent cluster (a) up
to a CE of 20, showing only two TPP losses, and (b) a further
increase in the CE up to 150, leading to eight Ag-MCT losses. Each
% peak shows the sequential loss of MCT alone.

nanocluster.”" To understand the stability of the fragmented
peaks, we calculated the valence electrons of each fragmented
clusters (Table S3).

The Ag-MCT loss peaks have eight valence electrons in
comparison to nine valence electrons of fragments generated
due to MCT losses. The closed-shell magic electronic
configuration makes Ag-MCT fragments more stable than
MCT loss fragments. This systematic fragmentation correlates
very well with the structure of the nanocluster with eight silver
atoms outside the Ag,; core. The CE-dependent fragmentation
experiments correlate with the structural complexity and
nature of bonding of the nanomolecule.

The size of Ag,; was characterized using transmission
electron microscopy (TEM). TEM images (as shown in Figure
$25) showed particles with an average diameter of 1.91 + 0.2
nm. The EDS elemental mapping confirms the elemental
composition of the clusters consisting of silver, sulfur,
phosphorus, carbon, and boron in the clusters. The atomic
ratio of silver and sulfur is 1.47, which nearly correlates to the
ratio of 21:12 (1.75). The presence of all of the elements has
been further confirmed using X-ray photoelectron spectrosco-
py (XPS). XPS spectra (Figure S26) have signature features of
the respective elements. The binding energies of 368.3 and
374.3 eV for Ag 3d;/, and 3d;, are due to silver(0). A single
peak at 189.8 eV for the B 1s region is characteristic of boron
in carborane moieties, whereas three peaks at 283.6, 285.1, and
286.9 eV in the C 1s region of the spectra indicate different
types of carbon atoms originating from carborane as well as
TPP ligands. The peak at 131.4 eV is due to P 2p of TPP
ligands. Along with other characteristic peaks, two peaks at
406.7 and 531.6 eV are due to N and O 1s, respectively, which
exhibit the presence of nitrate ions in the crystals.

Multinuclear NMR spectra of a free MCT ligand and Ag,,
were recorded to confirm the binding of the ligands. Free
MCT ligands display characteristic sharp ''B NMR signals at
-3.2, —6.8, —9.8, —13.5, —14.8, —18.5, and —21.7 ppm with
an integration ratio of 1:2:1:2:2:1:1, respectively, for 10 boron
atoms (Figures S27 and S28 and Table S4). Around 30 mg of
purified clusters dissolved in 0.75 mL of CDCl; was used to
measure the NMR spectrum of Ag,,. The "B NMR spectrum
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in Figure S29 shows a set of seven sharp peaks at +2.22, +0.91,
—5.40, —8.20, —12.05, —14.24, and —17.84 ppm due to the
presence of a nonequivalent boron atom of 12 m-carborane
ligands. The broadness of the peaks is due to the high electron
density of the metallic silver core near the carborane. The
proton-decoupled *C NMR spectrum (Figure S30) showed
the signature peaks of the carbon atom for carborane at 54.32
and 55.53 ppm. Along with the carborane peaks, a set of peaks
in the region of 128.48—133.93 ppm appear because of the
aromatic carbons of TPP ligands. A broad *'P NMR peak (as
shown in Figure S31) at 8.67 ppm shows the binding of TPP.
It may be noted that free TPP exhibits a sharp feature at —5.66
ppm. Furthermore, to explore the binding of the ligands, we
measured the IR spectrum of the Ag,; crystals and compared it
with that of the free MCT ligand (Figure S$32). The
appearance of similar vibrational peaks proves the presence
of carboranes in the cluster. Along with the carborane features,
we observed three new peaks at 1385, 1435, and 1480 cm™/,
which are due to the antisymmetric N—O stretching of NO;~
ions present in the crystal lattices.”” Although we have not
observed nitrate as a counterion in the single-crystal structure,
the presence of a NO;~ signature in the IR and ESI-MS
spectrum, along with the characteristic N 1s of nitrate in XPS,
confirming the positive charge of the cluster with nitrate as the
counterion. We measured the Raman spectra of the clusters
and compared the spectral features with those of the free MCT
ligand (Figure S33 and Table SS). The assignments of the
spectral features are similar to those in the literature.”
Characteristic vibrational peaks of MCT in Ag,, are nearly
similar to those of free MCT. The doublet peaks of C—H
stretching (3051 and 3070 cm™') and B—H stretching (2618
and 2645 cm ™) become singlet peaks at 3081 and 2652 cm ™,
respectively. Similarly, red shifts of the C—H and B—H
vibrational features were observed as a result of the effect of
the chemical environment in Ag,,. Identical vibrational features
of the icosahedral cage breathing mode at 760 cm™ indicate
the indistinguishable chemical environment of the carborane
cage. Raman studies show that the B—H and C—H chemical
environments are more affected in comparison to the
carborane cage.

Molecular absorption features of the nanomolecule were
assigned on the basis of their comparison with the computa-
tionally simulated spectra using time-dependent density
functional theory (TDDFT) calculations in a grid-based
projector-augmented-wave method. To reduce the computa-
tional cost, we replaced PPh; as PHj;. Linear-response TDDFT
calculations were carried out to simulate the optical absorption
spectra. A detailed discussion of the theoretical calculations is
presented in the Supporting Information. The simulated
absorption spectrum of the optimized structure in the gas
phase matches well with the experimental spectrum (Figure
Sa). Changes seen are also attributed to the effect of the
solvents. To understand the effect of phosphines, we also
optimized the structure with phosphines. The calculated
absorption spectrum is almost similar to the earlier structure
without phosphines (as shown in Figure S34). The values of
the oscillator strength of all of these transitions are summarized
in Table S6. Figures S35—S38 show the contribution of the
molecular orbitals corresponding to the transition at 672, 565,
494, and 422 nm, respectively. The electronic transition at 672
nm (1.84 eV) originates as a result of the transition from
HOMO-1 and HOMO-2 to LUMO and LUMO+1 (where
HOMO = highest occupied molecular orbital and LUMO =
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Figure 5. (a) Experimental absorption spectrum of the Ag,,
nanocluster and correlation with the theoretical spectrum. The inset
shows the molecular orbitals responsible for the features (H
HOMO and L = LUMO). (b) DOS analysis with respect to individual
atomic orbitals.

lowest unoccupied molecular orbital). The electron density
maps show that this peak is due to charge transfer within the
metallic core. The next prominent peak at 494 nm (2.51 eV) is
associated with the transition from HOMO-S and HOMO—-6
to LUMO and LUMO+1. Electron density maps show charge
transfer from the delocalized HOMOs in the shell to the core-
centered LUMO:s.

Another prominent peak at 422 nm (2.94 eV) is associated
with the transition from HOMO-3, HOMO-17, and
HOMO-18 to LUMO+3, LUMO+1, and LUMO. This
transition is associated with charge transfer from the ligand-
shell-delocalized HOMO to the kernel-localized LUMO. For
an additional assessment of the effect of hybridization on the
formation of molecular orbitals, the density of states (DOS)
was analyzed in the entire energy region (Figure S39). The
middle of the plots was set to zero to indicate the Fermi level.
Orbitals of negative energy are considered to be HOMOs,
whereas orbitals with positive energy are considered to be
LUMOs. Ag Ss and Sp orbitals and S 3p orbitals dominated
the energy levels (i.e, HOMOs and LUMOs) near the Fermi
level. The deeply occupied orbitals having energy of <—1.5 eV
are mostly dominated by the S 3p atomic orbitals, and deeply
unoccupied orbitals having energy of >1.5 eV are occupied by
the 2p atomic orbitals of boron and carbon atoms. According
to the DOS calculation, low-energy transitions are silver-core-
centered, whereas higher energy transitions are mostly ligand-
centered.
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Furthermore, we studied the PL property of Ag,, in solution
by dissolving a few crystals in DCM. We did not observe any
emission from the solution under a 365 nm UV lamp (as
shown in the inset of Figure 6). PL measurements show
(Figure 6) a sharp emission centered at 814 nm in the near-IR
(NIR) region. The asymmetry of the emission line shape may
be contributed by the detector response in the NIR region.
The sharpness of the emission spectrum exhibits their
molecular nature. The sharp excitation maximum at 459 nm
is near to the edge of the absorption maximum at 494 nm,
which is ligand-shell-to-metal-core (LSMC) charge transfer.
The apparent Stokes shift of 2053 cm™ was calculated from
the energy gap between the absorption edge and the emission
maximum (Figure S40). Such a modest Stokes shift also
indicates closely spaced energy levels of the nanocluster.

We studied the thermal and light sensitivity of the cluster.
The cluster shows thermal stability up to 100 °C at ambient
conditions. Illumination with white light leads to structural
distortion, even at room temperature (25 °C). Figure 7a shows
a schematic representation of the structural stability upon
heating and structural distortion upon light irradiation.
Photographic images (Figure 7b) of reddish microcrystalline
samples showed no visible color change upon heating at 100
°C. To investigate the thermal stability, we measured the UV—
vis and Raman spectra after heating at different temperatures.
About 8—10 mg of a microcrystalline powder was used for
heating (exposure time, 4 h). Identical absorption features
(Figure 7d) exhibit the structural stability of the clusters after
100 °C heating. Furthermore, Raman measurements (Figure
7e) showed identical spectral signatures until 100 °C, which
further confirms the same. The sample heated at 120 °C
showed signatures of changes with the emergence of new
features at 1346 and 1593 cm™'. Thermogravimetric analysis
(TGA) and differential thermogravimetric (DTG) studies
(Figure 7f) showed no weight loss up to 140 °C. We
performed a differential scanning calorimetry (DSC) study in a
temperature range of —90 to +750 °C. Figures S41 and S$42
show the DSC data of the cluster. The linear thermogram from
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Figure 6. PL excitation (black) and emission (red) spectra of Ag,,
were measured in its DCM solution. The emission spectrum was
measured using 460 nm excitation. The excitation spectrum was
measured for 814 nm emission. The inset shows optical images of the
nanocluster under daylight (left) and under a 365 nm UV lamp

(right).
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—90 to +125 °C confirms thermal stability. An exothermic
peak observed at 140 °C is probably due to ligand ordering.

Interestingly, we observed spectral broadening of the UV—
vis absorption features upon illumination of the microcrystal-
line samples using white light (xenon arc lamp). Lamp-power-
dependent studies (exposure time 4 h) showed that up to
~100 W there was no variation of the absorption features. In
the range of 120—160 W, spectral features become broad
because of the formation of distorted clusters. Beyond 160 W,
even more drastic changes are seen. Spectra were measured
after dissolving the irradiated samples in DCM. Raman studies
of microcrystalline samples (as shown in Figure 7h) show that,
up to 100 W, there was no change in the vibrational features,
whereas samples exposed at 120 and 160 W had multiple new
peaks. We also observed similar intensities of the BH (2652
cm™") and CH (3081 cm™") stretching vibrations after 120 and
160 W light exposure, and the intensity of the cage breathing
mode (760 cm™") also reduced significantly, which implies a
strain in the carborane moieties. The appearance of new peaks
near 1000—1300 cm™' (the CH and BH bending regions) also
confirmed structural distortion. To explore the molecular
stability, we measured ESI-MS of the samples, exposed to 120
W light. The characteristic peak at m/z 4893.43 confirms its
stability. Therefore, light-illuminated changes in the crystalline
state in the initial stages are attributed to possible molecular
distortions in the structure, although more studies are
necessary to understand the precise nature of the changes.
An earlier investigation of the mechanical properties of cluster
crystals using nanoindentation would suggest a flexible
character for cluster crystals.”” Upon further exposure, at 180
W and above, it appears that additional changes are happening,
as suggested by the emergence of new bands, at 1346 and 1593
cm™". These bands are similar to those arising during thermal
annealing, which suggests that both thermal and photo-
chemical changes result in the same product eventually.
However, more studies are necessary to confirm this.

To understand the electron dynamics responsible for the
multiple absorption features and photoresponsivity, we
performed femtosecond and nanosecond transient absorption
(fs—ns-TA) spectroscopy. Experimental details of the measure-
ments are given in the Supporting Information. Figure 8 shows
the summarized fs—ns-TA data of Ag,; nanocluster, using a
400 nm, 120 fs pump laser with a fluence of 170 yJ/cm? The
contour plot of the obtained result is shown in Figure 8a. To
better understand the excited-state features, the spectral profile
of TA at selected time delays is plotted in Figure 8b. The figure
shows that TA is primarily dominated by the two types of
excited-state absorption (ESA) located in the region of ~465
nm and broad ESA beyond 500 nm. A relatively weak negative
signal (photobleach) is observed near 490 nm. It is at the
position of the peak observed in the optical absorption of
nanocluster (Figure 3a) and arises as a result of phase space
filling by pump excitation.

The weak ESA feature centered at ~465 nm is observed to
have a short lifetime (<10 ps) and disappear rapidly compared
to the other ESA feature (Figure S43). Here, it is also noticed
that photobleach growth accompanies the ESA decay. Such a
behavior suggests that the ESA feature is possibly due to
structural relaxation or charge transfer from the core to shell.
Figure 8c shows the femtosecond-decay profiles associated
with the broad ESA features. It offers a prolonged transient
behavior and does not decay in the femtosecond window. To
determine the kinetics of the long component, we measured
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Figure 7. (a) Schematic representation showing the thermal and photo-illumination effects on Ag,, crystals. (b) Photographic images showing no
visible color change after heating at 100 °C. (c) Photographic images showing a visible color change after 120 W light illumination. (d) UV—vis
absorption spectra after heating at different temperatures. Identical absorption spectra were observed up to 100 °C. (e) Raman spectra of Ag,,
crystals after heating at different temperatures. (f) TGA and DTG analyses showing thermal stability of the cluster up to 140 °C with an inflection
at 338.9 °C. (g) Sequential UV—vis absorption spectra after light exposure using different lamp powers (exposure time of 4 h on each time). (h)
Raman spectra showing the appearance of new vibrational peaks using lamp powers of 120—160 W. Changes are highlighted. (i) Positive-ion-mode
ESI-MS spectrum showing the presence of the cluster after 120 W light exposure. The inset shows an exact matching of the experimental (black)
and theoretical (green) spectra. The peaks labeled % indicate TPP losses from the parent Ag,,.

ns-TA spectroscopy in Figure 8d, where it decays in the
window of 30 us. The curve shown is fitted with a single-
exponential function and renders a decay constant of 3.26 +
0.02 ps. Such a long lifetime of carriers in the excited state is
also observed in other gold and silver nanoclusters possibly
because of ligand-to-metal charge transfer and the inherent
geometry of the cluster.”’ The stable carriers predominantly
center in the metallic core region of the excited state
throughout the wavelength range of 520—650 nm, which are
likely to be the reason behind the photoresponsive nature.

Bl CONCLUSION

In conclusion, we synthesized a MCT- and TPP-coprotected
silver nanocluster, [Ag,;(MCT),(TPP),]", starting from the
Ag,s precursor cluster, protected with TPP and hydride. SC-
XRD reveals that the nanocluster has an Ag;; central
icosahedral core, which is connected with six silver atoms
through direct Ag—Ag bonds and two other silver atoms
connected via three Ag—S—Ag bonds in a tripodal fashion.
Twelve carboranes surround the cluster as thiolates in a layered
fashion, whereas two TPPs are connected at the head and tail
positions of the oval-like cluster core through Ag—P bonds.

8600

The MCT ligands assemble into an array resembling a
propeller having six rotary arms when viewed along its TPP—
TPP axis. A bidirectional rotational orientation of the silver
sulfide core with the MCT ligand was observed in the
nanomolecule. High-resolution mass spectrometry showed the
systematic loss of two TPP ligands at low CEs and eight
carborane ligands with silver atoms at high CEs, confirming
strong bonds between the carborane ligands and the silver
cluster. DFT has helped in the understanding of the
experimental electronic absorption spectrum. The cluster
showed a sharp NIR emission at 814 nm. Although the Ag,,
cluster shows an ambient thermal stability of up to 100 °C in
its solid state, it manifests light-triggered structural distortion,
as shown in UV—vis absorption and Raman spectroscopy
studies. fs—ns-TA studies proved the formation of stable
excited-state carriers with a lifetime of 3.26 + 0.02 us in the
520—650 nm region, responsible for its photoresponsivity.
Altogether, these studies suggest that thermally stable and
photochemically active atomically precise silver clusters of
unique structure and inherent beauty can be formed using
carboranethiols as ligands.

https://doi.org/10.1021/acs.inorgchem.2c00186
Inorg. Chem. 2022, 61, 8593—8603


https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c00186?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c00186?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c00186?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c00186?fig=fig7&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.2c00186?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry pubs.acs.org/IC Featured Article
a)1000 S : mAAosb) -1 ps
' 0.8
%100
£ <
<
K 00 £ 0.4-
o 10
Q
04 0.0+
500 550 600 650 450 500 550 600 650
Wavelength (nm) Wavelength (nm)
0.09
c) o 540nm | d) 2 587 nm
[5) @ 587 nm |
060
%0 0.06- r:{
3 e PR
§ 0.00 ‘%
e
0.045 . . . . . .
0 400 800 1200 0 10 20 30
Delay (ps) Time (us)

Figure 8. (a) Contour plot of the fs-TA spectrum of Ag,, showing broad ESA features from the 520—650 nm region. (b) Time evolution of the
spectral profile of ESA features. (c) Femtosecond-decay spectra of ESA indicating higher stability of the excited-state carriers. (d) Nanosecond time
evolution spectrum measured using nanosecond laser flash photolysis.
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