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We report the synthesis of [Ag;7(0;-CBT);,]*> abbreviated as Ag;, a stable 8e~
anionic cluster with a unique Ag@Ag ,@Ag, core-shell structure, where o;-
CBT is ortho-carborane-1-thiol. By substituting Ag atoms with Au and/or Cu at
specific sites we created isostructural clusters [AuAg;¢(0;-CBT) 1] (AuAgye),
[Ag13Cu4(01-CBT)12]* (Ag13Cuys) and [AuAg;Cus(01-CBT)o]* (AuAg;,Cuy).
These substitutions make systematic modulation of their structural and elec-
tronic properties. We show that Au preferentially occupies the core, while Cu
localizes in the tetrahedral shell, influencing stability and structural diversity of
the clusters. The band gap expands systematically (2.09 eV for Ag;; to 2.28 eV
for AuAg;»,Cuy), altering optical absorption and emission. Ultrafast optical
measurements reveal longer excited-state lifetimes for Cu-containing clusters,
highlighting the effect of heteroatom incorporation. These results demon-
strate a tunable platform for designing nanoclusters with tailored electronic
properties, with implications for optoelectronics and catalysis.

Atomically precise nanoclusters (NCs) of coinage metals (Au, Ag and
Cu), protected by various organic ligands, represent an intensely active
category of functional nanomaterials, capturing significant attention
of materials science and nanotechnology' ™. With diameters ranging
typically between 1 and 3 nm, these NCs resemble molecules with
electronic energy states transitioning from quasi-continuous bands to
discrete orbitals®. This transition, a consequence of quantum con-
finement, endows NCs with distinctive chemical, photophysical and
optical properties*™®. Notably, the monodisperse character of these
NCs, with a precise structure and composition and the ability to adopt

various atomic arrangements offer unprecedented insights into their
structure-property relationships'®". These NCs possess intriguing
optical properties attributed to multiple optical absorption bands,
luminescence, and X-ray radioluminescence, which find applications
across diverse fields of optics, sensors, nonlinear optics, X-ray scintil-
lation, biomolecular imaging and solar cells'>*°. Coinage metals have a
strong affinity for various protecting ligands including thiolates, sele-
nolates, phosphines, hydrides, halides, and alkynes® >, The selection
and combination of these ligands play crucial roles in determining the
structure, size and composition of the resulting NCs***, Thiolate
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ligands form stable metal NCs due to strong binding via the metal-
thiolate (sulfide) interface'.

In comparison to the conventional organo-thiols, carborane-thiols
have emerged as an interesting group of ligands with structurally
robust backbone. Metal NCs with carborane ligands have been
reported as sensors of nitro-aromatic vapors®® and as materials exhi-
biting hypergolic activity***". Similar type of activity was not observed
for organo-thiolate-stabilized metal clusters. Carboranes, more pre-
cisely dicarba-closo-dodecaboranes of general formula, C,B;oHj,, with
their 12-vertex nearly icosahedral structure, offer promising prospects
for synthesizing metal NCs with tunable properties as they can be
derivatized by almost any organic functional group (thiol, selenol,
phosphine, alkyne, etc.) commonly used in metal NCs*>™. In general,
carboranes are characterized by rigid, robust, three-dimensional
architectures, with superior chemical and thermal stability, having
distinct electronic structures, making them valuable for applications
ranging from luminescent polymer materials to catalysts, drug synth-
esis, energy storage materials, and molecular nanomachines*, Car-
boranes possess tunable electronic properties influenced by their
dipole moment and 3D pseudoaromatic character, distinguishing
them from other organic compounds***'. While there are reports on
carborane-thiol stabilized metal clusters with luminescence proper-
ties, challenges remain in synthesizing tunable multimetallic clusters
with precise positioning of heteroatoms in the shell?***%,

Incorporating a precise number of hetero-metal atoms into NCs
through alloying represents a promising approach for introducing
synergistic effects aimed at enhancing ambient stability, catalytic
activity, and other key properties*™*°, Heteroatoms like Pt, Pd, Au and
Cu have been effectively incorporated into various Ag-based NCs via
co-reduction of metal ions, galvanic and antigalvanic exchange, and
post-synthetic modifications*>*°=°, The selection of metal components
and ligands plays a critical role in regulating the quantity and dis-
tribution of dopant atoms, and influencing the overall atomicity and
consequently the electronic structure of the NCs*****"~°, Precise spa-
tial arrangement of metal dopants and the formation of heteronuclear
bimetallic bonds influence the properties of NCs, particularly their
optical characteristics. Furthermore, adding different metals to single-
metal nanohybrid systems has been shown to enhance their nonlinear
optical properties®® 2, Synthesizing silver NCs of specific nuclearity,
site-specific incorporation of other metals and high purity of the
resulting systems pose persistent challenges. Several factors, such as
acidity, solvent, temperature, light, metal precursor, and ligand of
choice, profoundly influence the nuclearity, shape, and surface activity
of these NCs"****#*, In addition to conventional co-reduction methods
yielding NCs with metal-thiolate interfaces, unconventional synthetic
strategies such as solid-state gel-based synthesis, mechanical grinding,
microwave irradiation, and metal exchange-induced size focusing have
been employed. Furthermore, fast purification techniques utilizing
desalting columns have been used to scale up the production of high-
purity NCs® ™5, An Ag,; core protected with 4-tert-butylbenzene-thiol
was predicted commputationally®, in view of the difficulties asso-
ciated with crystallization, and upon Au incorporation, the structure
was solved by single crystal X-ray diffraction (SC-XRD)"’.

Herein, we present a systematic study of incorporation of gold
and copper heteroatoms into a carborane-thiol protected M;; NCs,
starting from monometallic Ag;; to bimetallic AuAg;s and Ag;3Cuy to
trimetallic AuAg;,Cuy clusters. The X-ray crystal structure of Agy,
revealed two different positions in the metal kernel which were sub-
stituted with Au and Cu, resulting in significant changes in the lumi-
nescence properties of the resulting clusters. Comparative
photophysical studies show that the inner metallic skeleton deter-
mines the emissive band gap and excited state carriers. Density-
functional theory (DFT) calculations provided insights into the mole-
cular orbitals responsible for their electronic transitions. Additionally,
femtosecond and nanosecond transient absorption (fs-ns TA)

measurements were employed to further explore the excited state
charge transfer and relaxation dynamics of the NCs. This work man-
ifests an interesting class of isostructural NCs with site-specific optical
properties and establishes that specific ligands allow the creation of a
range of compositionally diverse clusters of the same nuclearity, with
distinctly different properties.

Results and discussion

Synthesis and crystallization

The Agy; cluster was synthesized through a single-step chemical
reduction of mixed precursors composed of silver nitrate (AgNO3), 1,2-
bis(diphenylphosphino)ethane (DPPE) and ortho-carborane-1-thiol (o;-
CBT) in dichloromethane (DCM):methanol (MeOH) (9:5, v/v) solvent
mixture using sodium borohydride (NaBH,4) as a reducing agent. The
bimetallic AuAg;¢ and Ag;3Cuy clusters were synthesized with chlor-
oauric acid (HAuCl,) and copper(l) chloride (CuCl) as metal sources.
Trimetallic AuAg;,Cu, NC was synthesized using the mixture of all
three starting precursors: AgNOs, HAuCl,, and CuCl. Other synthetic
conditions remained identical as for the synthesis of Ag;;. Specific
details of the synthetic procedures are presented in the Methods.
Incorporation of Cu at the shell by precisely alloying all the four
positions was much challenging for Ag;3Cuy and AuAg;,Cuy,. Initially, in
the synthesis of Cu incorporated Ag;;, multiple peaks in ESI-MS cor-
responding to Ag;7,Cu, (x=0-4) were observed as shown in Supple-
mentary Fig. 1 which was later overcome leading to pure Ag;3Cuy NC by
optimising the quantities of precursors. Similarly, crude sample of the
trimetallic cluster showed multiple peaks in ESI-MS as shown in Sup-
plementary Fig. 2 where the final cluster was isolated by crystallization.
The formation of these NCs was monitored using time dependent UV-
Vis absorption spectroscopy, which showed the prominent absorption
peak at 400 nm for Ag;; and Ag;3Cu, as well as 385 nm for AuAg;¢ and
AuAg;,Cu, after 15 h of reduction (Supplementary Figs. 3-6). Although
DPPE did not constitute the outer ligand shell of these NCs, it played a
significant role in the synthesis as neither of the products were
observed in the absence of it (Supplementary Fig. 7). DPPE also played
an important role in making counterions in the crystallization of the
bimetallic AuAg;¢ and Ag;3Cuy NCs. The formation of metal clusters
assisted by phosphine has also been observed in refs. 71,72 We per-
formed synthesis by replacing DPPE with PPh,Br and nBu,NF as sta-
bilizing counter cations in which no NCs were observed. Single-crystals
suitable for X-ray diffraction were obtained by slow diffusion of hexane
(either from vapors or from an overlayer) into the concentrated DCM
or DCM- acetonitrile (ACN) /chloroform (CHCl3) mixture solutions of
the clusters (Ag;;, AuAg;¢ and Ag;3Cuy) and slow evaporation of the
DCM-MeOH solution, at 4 °C in the case of AuAg;;Cu,. Optical micro-
scopy images demonstrated hexagonal, cuboidal, rod-like, and poly-
hedral crystals of Ag;;, AuAgi, AgisCuy and AuAg;,Cu, clusters
(Supplementary Fig. 8), respectively. Surface morphology of each
crystal was further investigated using field emission scanning electron
microscopy (FE-SEM), and elemental composition was analyzed by EDS
(see Supplementary Figs. 9-12).

Structural details resolved through SC-XRD
The SC-XRD analysis identifies the crystal system and space groups of
the clusters. The Ag;; and Ag;3Cuy clusters were crystallized in
orthorhombic and triclinic crystal systems in space groups Pbcn and
P-1, respectively. AuAg;c and AuAg;,Cuy clusters crystallized in trigonal
and cubic crystal systems of space groups R-3 and Fd-3, respectively
(crystallographic details are presented in Supplementary Tables 2-6).
Optical anisotropy was also observed when the crystals were placed
between cross-polarizing filters in the optical microscope where Ag;,,
AuAg;e and Ag;3Cuy show distinct change in color whereas AuAg;,Cuy,
being cubic, does not show any polarization (Supplementary Fig. 8).
The crystal structure of Ag;; reveals a metal core featuring three
distinct positions, with a central atom surrounded by twelve Ag atoms
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Fig. 1| Elucidation of systematic synthesis and molecular architectures of
isostructural Ag;;, AuAg;s, Ag;3Cuy and AuAg;,Cu, clusters shielded by 0,-CBT
ligands. Systematic synthesis and molecular structures of isostructural Ag;;,
AuAgse, Ag13Cuy and AuAg;,Cuy clusters, protected by twelve 0,-CBT ligands

Ag @

-

AuAg,,Cu,

(metallic gray: silver, yellow: gold, reddish orange: copper, cyan: sulphur, green:
boron, dark grey: carbon and white: hydrogen). The tetrahedral framework, built
on an icosahedron is shown at the center.

forming an icosahedron and capped with four Ag atoms in a tetra-
hedral fashion (as depicted in Supplementary Fig. 13). Strong inter-
metallic bonding having an average Ag-Ag distances of 2.930 A was
observed in the metallic kernel. We note that the Ag-Ag distance in
bulk silver metal is 2.89 A. The structure offers three distinct positions
for Ag within the Ag;; NC, simply understood as Ag@Ag(@Ags,
making it possible for the synthesis of bimetallic and trimetallic NCs.
Introduction of Au in the reaction vessel results in AuAg;,, where Au
occupies the central position (Au@Ag@Ag,), while introduction of
Cu results in Ag;3Cuy, where the tetrahedral positions are occupied by
Cu (Ag@Ag,@Cuy). In the case of trimetallic AuAg;>,Cuy NC, both Au
and Cu occupy their respective positions as central atom and outer
tetrahedral positions, while Ag occupies the icosahedral positions
(Au@Ag,@Cuy), as illustrated in Fig. 1.

All the four NCs are enveloped by twelve 0,-CBT ligands, where
each carborane is connected with tetrahedral and icosahedral metal
atoms through y, sulfide linkages with an average metal-S distance of
2.495,2.515,2.385 and 2.339 A for Agy,, AuAgse, Ag13Cu, and AuAg;>Cuy
clusters, respectively (Supplementary Fig. 14). The average inter-
metallic distances of the central icosahedral My; inner kernel was
2.938A for Agy7; 2.931 and 2.930 A for AuAg;e and AgisCus, respec-
tively; and 2.902 A for AuAg,Cu,, as presented in Supplementary
Fig. 14. Contraction of the icosahedral core of Ag;; was observed for
AuAgs and Ag;3Cuy, which was further contracted for AuAg;,Cuy
making it the highest symmetrical structure. The centred icosahedral
Ag;; kernel of M;S;, atomic arrangement resembles the seven or eight
Ag(l) ions capping of the Ag;; kernel, forming the M,o and My, clusters.
Comparison of different dopped systems of Mo or My; with My sys-
tems shows site specificity of the M;; system where the nuclearity, type
of ligands as well as the definite composition remain intact for the
bimetallic as well as trimetallic clusters (Supplementary Fig. 15)*".

The unit cell molecular packing of AuAg;s and Ag;sCuy as pre-
sented in Supplementary Fig. 16 reveals that certain fragments,
namely, [Au(DPPE),]* and [Cu(DPPE),]*, were crystallized along with
the NCs. The distance of [Au(DPPE),]* and [Cu(DPPE),]* fragments
from the respective central metal atom of NC is =13 A (Supplementary
Fig. 16). The existence of non-covalent interactions such as, C-H...mw
and B-H...mr, between the fragments and NCs are the key features in the
crystal lattice of AuAg;s and Ag;3Cuy which assist in holding the
molecules together in their crystal lattice (Supplementary Fig. 17).
Additionally, B-H...r interactions between the carboranes gives stabi-
lization to the crystal lattice of all the NCs. Figure 2 and Supplementary
Fig. 18 indicating lamellar packing of the NCs within the lattice. The
cluster AuAg;,Cu, crystallizes in the cubic system which also shows
pores but the void size and porosity are not well defined as the counter
ions are not evident in the SC-XRD structure as shown in Supple-
mentary Fig. 19.

Mass spectrometric investigations

High-resolution electrospray ionization mass spectrometric (HR-ESI-
MS) studies were performed to verify the molecular compositions of
these clusters. Negative ion mode ESI-MS spectrum of Ag;;, AuAgss,
Agi3Cuy and AuAg;,Cuy clusters showed prominent peaks at my/z
1312.42, 1342.11, 1253.48, and 1283.15, respectively (Fig. 3a). All these
peaks have (3-) charge making the overall masses as 3937.26, 4026.33,
3760.44, and 3849.45 amu, which correspond to the Ag;;, AuAgs,
Ag;sCuy and AuAg;,Cuy clusters, respectively, with their ligands
showing exact mass differences between the respective NCs. The iso-
topic distribution of the experimental peak matches well with the
simulated spectrum (inset of Fig. 3a). The initially synthesised crude
samples of Ag;3Cuy and AuAg;>,Cuy NCs showed multiple peaks in the
negative mode ESI-MS (Supplementary Figs. 1, 2) which were later
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" Bimetallic

Trimetallic

Ag,; (orthorombic)

AuAg,,Cu, (cubic)

Ag45Cu, (triclinic)

Fig. 2 | Supramolecular packing of the monometallic Ag;;, bimetallic AuAg;¢
and Ag;;Cu,, and trimetallic AuAg;,Cuy. Ag;; are packed in an orthorhombic
system. When Au and Cu are incorporated, the resulting bimetallic clusters AuAg;¢
and Ag;5Cu, are packed in trigonal and triclinic systems, respectively. The

trimetallic AuAg;,Cu, cluster, packed in a cubic system, exhibits the most sym-
metrical packing (metallic gray: silver, yellow: gold, reddish orange: copper, cyan:
sulphur, green: boron, dark grey: carbon, orange: phosphorous and white:
hydrogen).

eliminated by optimising precursor quantities and crystallization,
respectively. Collision energy dependent MS/MS fragmentation of the
selected molecular ion peaks were performed to get additional mole-
cular insights of the clusters. The selected peak at m/z 1312.42 for the
Agy7 cluster reveals that by incrementally increasing the collision
energy (CE) from 0 to 15 (in instrumental units), two additional peaks
emerge at m/z1740.04 and 458.17, attributed to [Ag;sLi0]* and [AgL,]
species (as depicted in Supplementary Fig. 20). In the case of AuAg;s, at
a CE of 15, the appearance of two new peaks at m/z 1784.06 and 458.17
implies the generation of [AuAg;sLio]* and [AgL,] fragments, respec-
tively (Supplementary Fig. 21). Upon increasing the CE to 25, two peaks
were detected at m/z 1672.72 and 414.27, due to [Ag;3CusL;o]* and
[CuL,] species, respectively (Supplementary Fig. 22). Similarly, for the
trimetallic AuAg;,Cu, cluster, peaks appeared at m/z 1717.28 and
414.27 at CE 25 due to [AuAgCuslol* and [Cul,], respectively
(Supplementary Fig. 23). The emergence of [ML,] fragments with M
representing either Ag in Ag;; and AuAgye or Cu in Ag;3Cuy and
AuAg,Cu,, distinctly illustrates the peripheral environments char-
acteristic of these clusters (Fig. 3b, Supplementary Figs. 20-23). In our
earlier reports, comparable patterns of systematic fragmentation of
surface carborane and carborane-thiolates were noted in Ag4, and Agy;
clusters®®®. The clusters did not show features in the positive-ion
mode. However, the characteristic ion peak at m/z 993.24 and 859.20
in positive-ion mode confirms the presence of [Au(DPPE),]* and
[Cu(DPPE),]* as counterions in the crystals of AuAg;s and Ag;3Cuy,
respectively. However, both the ions were seen in the mass spectrum
of the as synthesized crude of AuAg;,Cu, but detailed analysis of the
crystal structure and the positive mode ESI-MS of the crystals con-
firmed their absence in the crystals (Supplementary Figs. 24, 25). Such
complex counter cations like [Ag(DPPE),]°, [Au(DPPE),]* and
[Cu(DPPE),]* were not observed in the case of Ag;; and AuAg;,Cu, in
the SC-XRD as well as in the ESI-MS measurements and we propose that
Na* derived from NaBH, could be the plausible counterion. Therefore,
the complete compositions have been identified as [Na'l;[Ag;(0r-
CBT)1l*, [[Au(DPPE),]'ls[AuAg;6(0,-CBT)o]*, [[Cu(DPPE),]'13[Ag15Cu,
(0rCBT)p]* and [Na'l:[AuAg;,Cus(o-CBT)ol* for Agi;, AuAgie,
Ag3Cu, and AuAg;,Cuy, respectively. Crystallization of the NCs using
PPh,* and nBuyN* as counter cations was also tried where the clusters
degraded and eventually no crystals were formed.

Additional characterization

The UV-Vis absorption spectra of the NCs in DCM show distinct char-
acteristic features (Fig. 3c-f). Strong and relatively sharp absorption
bands were observed: Ag;, exhibits bands at 400, 312, 269, and 241 nm;
AuAg, at 385, 288, and 271 nm; Ag;5Cuy at 475, 400, and 307 nm; and
AuAg;,Cu, at 385, 303, and 265 nm. These features signify the closely-
spaced molecule-like electronic states within these NCs. The major
absorption bands centered at 400 nm for Ag;; and Ag;;Cuy shift to
385 nm for AuAg;s and AuAg;,Cuy, attributed to the electronic per-
turbation of the cluster upon single Au atom substitution in the center
of the icosahedral framework. Stability over 2 months of the clusters in
the solution was observed, which is demonstrated by identical UV-Vis
absorption features (Supplementary Fig. 26).To further explore the
thermal stability, UV-Vis spectra as well as the real time ESI-MS were
collected after subjecting microcrystalline powder samples (8-10 mg)
to heating at various temperatures for 90 min. All characteristic
absorption features (Supplementary Figs. 27-30) remained without
any change, which indicates high structural robustness of these clus-
ters. They were stable up to 125, 150, 175, and 100 °C for Ag;;, AuAgss,
Ag13Cuy, and AuAg;,Cuy, respectively. We see stability enhancement
from Ag;; to bimetallic AuAg;¢ and Ag;3Cu, but not in the trimetallic
AuAg,Cuy. Thermogravimetric analysis (TGA) (Supplementary
Figs. 31-34) revealed no discernible weight loss up to 125°C for the
clusters. As previously observed, carborane-thiol ligands have once
again provided remarkable stability to the NCs. The exceptional sta-
bility of NCs with site-specific alloying protected by carborane-thiols
aligns well with earlier reports, reinforcing their effectiveness in sta-
bilizing these systems*”5,

The X-ray photoelectron spectra of the four clusters, depicting
peaks corresponding to all the anticipated elements, are presented in
Supplementary Fig. 35. A more detailed examination of the metallic
components within the NCs is presented in Supplementary Fig. 36.
Specifically, the detailed spectra of Ag 3 d reveal the existence of silver
in two distinct oxidation states within Ag;;, AuAg;s and Ag;3Cuy.
However, in the case of the AuAg;,Cu, NC, Ag is in zero oxidation state
with a binding energy of 368.26 eV. Furthermore, the central Au atom
is in its zero oxidation state in both AuAg;s and AuAg;,Cuy. Cu is
detected in the clusters, Ag;3Cuy and AuAg;,Cuy (931.3 eV) in the oxi-
dation state close to 1+. Notably, all the NCs exhibit sulfur in the
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Fig. 3 | Comprehensive characterization of Ag;;, AuAg;¢, Ag;3Cu, and
AuAg;,Cu, clusters showing the comparative mass spectrometry, MS/MS
fragmentation and UV-Vis absorption spectra. a Full range mass spectrum of all
the four clusters. Inset shows the exact matching of the isotopic distributions of the
experimental and simulated spectra (all simulated spectra are in cyan colour).
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307 nm 400 nm

Absorbance

4750m
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b MS/MS fragmentation of the respective clusters at CE 0 and 25 showing the
dissociation of surface ML, fragments (L: 0,-CBT). UV-Vis absorption spectra of

e Ag;;y and ¢ AuAg;e, f Agi3Cuy and d AuAg;,Cuy, clusters measured in DCM. Insets of
c-fshow the structures of the respective clusters (metallic gray: silver, yellow: gold,
reddish orange: copper, cyan: sulphur, green: boron and dark grey: carbon).

thiolate form, along with two types of boron, originating from the
carborane ligands (Supplementary Fig. 37).

To further investigate the ligand shell, FT-IR spectra of all the NCs
were compared with that of the free 0;-CBT ligand (Supplementary
Fig. 38). Typical vibration bands were observed in all the spectra
confirming the presence of carboranes with their terminal BH bonds in
the NCs. Two BH stretching vibration bands in free 0,-CBT at 2601 and
2573cm™ were shifted to a single band at a lower frequency of
2561 cm™ upon binding to the NCs. This shift in the spectra of the NC-
bound 0,-CBT ligand can be assigned to the effect of heavy substrate
atoms, the molecule is anchored to, and to the general effect of space
restriction within the packed surface, both of which affect the vibra-
tional modes. The observed lower wavenumber of the vgy band in the

NCs thus matches with the formation of chemically bound thiolate
moieties.

DFT investigations of substitution

DFT calculations were used to study the energetics of different sites for
Au and Cu to get insights into the relative stability of the experimen-
tally crystallized structures (for details, see the Methods). We investi-
gated the cluster system with single Au and Cu substitutions using
experimentally determined structure of the Ag;; cluster. Heteroatoms
were added in all the symmetrically different metal atom positions.
Optimized structures and their relative energies are presented in
Supplementary Fig. 39. Based on energies, Au favors the central site of
the icosahedral metal core by 0.34-0.37 eV, in comparison to the
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Fig. 4 | Comparative projected electronic density of states (PDOS) of the clus-
ters. a-d The HOMO-LUMO energy gap of each cluster is centered around zero and
the magnitude of the gap is presented. The Au-incorporated clusters, AuAg;s and
AuAg;,Cuy, manifest the most substantial HOMO-LUMO gaps, measuring 2.25 and
2.28 eV respectively whereas the Ag;; and Ag;3Cu, clusters display band gaps

of 2.09eV.

capping sites of the outer kernel. Positions at the outermost metal
layer, i.e., at the metal-thiolate interface, are the most unstable ones
with 0.71eV higher energy compared to the cluster with a gold atom in
the center. The most stable cluster also seems to maximize the HOMO-
LUMO gap (2.19eV) from all the calculated systems, being =0.1eV
larger than for the other model structures. This structural and elec-
tronic stability, in comparison to the other sites, confirm the experi-
mental observation of single Au-dopant in the center of the cluster.
Copper shows the opposite behavior than gold, i.e., energetically
preferred sites are in the outermost metal-ligand interface, within the
Cu-(SR);3 surface motifs as presented in Supplementary Fig. 40. The
rest of the possible sites in the metal core are 0.38-0.40 eV higher in
energy. Considering the symmetry of the metal-ligand interface, there
are exactly four energetically favorable sites in the metal-ligand
interface which follow tetrahedral arrangement. This matches well
with the experimental observation of exactly four Cu-dopants crys-
tallized in the bi- and trimetallic clusters. The energetically stable Cu-
substituted cluster model, similarly to the one with a Au atom in the
center, has slightly larger (increase of 0.05-0.08 eV) HOMO-LUMO
gap (2.05eV) compared to the other calculated cluster models. This
means that in both the cases the energetically stable structure is also
electronically stable. Seemingly, the calculated energy difference is
large enough to affect selectively the molecular composition and
structure of the final cluster products. Similar behaviour of the

electronically preferred position of copper and gold was also observed
for the MAg,, system having an icosahedral core”.

DFT calculations of optical absorption properties

The electronic structures of these clusters were analyzed by projecting
the density of states to spherical harmonic functions centered at the
center of mass of the cluster which reveals the positions and symme-
tries of the superatom states. The results of this analysis are presented
in Fig. 4. All clusters show the 8e-superatom characteristics, the
highest occupied states being of P-symmetry and the lowest unoccu-
pied states of D-symmetry. Au-incorporated clusters, AuAg;s and
AuAg;,Cuy have the largest HOMO-LUMO gaps of 2.25 and 2.28 eV,
whereas Ag;; and Ag;sCu, clusters have 2.09 eV as the band gap. Dis-
tribution of the states vary slightly below the P-symmetric states
between -1.5 and -3.5 eV, which is the region for metal-ligand interface
states. Analysis of the electronic structure primarily suggests that the
optical gap and dipole-allowed first transitions between HOMO P-
states and LUMO D-states are potentially located similarly in Ag;; and
Agi3Cuy, and would be found at slightly shorter wavelengths for
AuAgs and AuAg,Cuy. The experimental band gap was estimated
using differential pulse voltammetry (Supplementary Fig. 41) and the
Tauc plot method. The Tauc plot analysis reveals experimental band
gaps of 2.12, 2.25, 2.08, and 2.26 eV for Ag;;, AuAg;s, Agi3Cuy, and
AuAg;,Cuy, respectively (Supplementary Fig. 42), closely matching the
theoretical values.

Theoretical UV-Vis absorption spectra of the clusters were calcu-
lated using the linear response time-dependent density-functional
theory (LR-TDDFT). A comparison of the calculated and experimental
UV-Vis spectra for all the clusters is presented in Fig. 5. More detailed
comparison of the band positions is presented in Supplementary
Table 1. For all these clusters, the first feature in the spectrum has
relatively low intensity compared to the most prominent second band.
Both experimental and computational spectra of Ag;; and AuAg
clusters are in good agreement across the measured spectrum. In the
calculated spectra, the main bands are at 396 and 391 nm for Ag;; and
AuAgy,, respectively while the corresponding experimental positions
are 400 and 385 nm. A blueshift upon Au incorporation was observed
in both experimental and theorical spectra. The two lowest energy
bands in the spectra of Ag;3Cu, and AuAg;,Cu, are also present, but
the calculated main peaks at 428 and 423 nm seem to be red-shifted by
=0.2 eV, compared to the experiments. The first peak determining the
optical gap is in agreement with the HOMO-LUMO gap. For Ag;; and
Agi3Cuy, the first peak appears at 492 and 499 nm, respectively,
whereas for the Au-incorporated clusters AuAg;¢ and AuAg;,Cuy, the
peaks are at slightly lower wavelengths, 458 and 477 nm. This coincides
with the corresponding HOMO-LUMO gap. The overall shape of the
calculated spectra of Cu substituted clusters at lower wavelengths is
however richer and more pronounced than the measured spectra. The
trend with respect to incorporation of the cluster with Au-atom
remains the same: the main peak is observed at a lower wavelength for
the clusters with Au than without it, i.e., Ag;; compared to AuAg; and
Ag3Cuy compared to AuAg,Cuy. The clusters shown in Fig. 5c¢, d
exhibit numerous “place-isomers” in solution due to mixing of metals
at various core positions, driven by entropy. Calculations based solely
on asingle, “frozen” crystal structure may not fully capture the spectral
properties observed experimentally in solution, leading to deviations
between calculated and measured spectra in Fig. 5c, d. The excitations
of all clusters create an oscillating electron density (as visualized in
Fig. 5 insets) at the metal core and at the metal-ligand interface, but
they does not reach the carborane ligands.

To analyze the spectral features, we calculated the dipole transi-
tion contribution maps (DTCMs) that show the strengthening and
screening contributions in Kohn-Sham basis at the energy of the
selected absorption band. The analysis is based on the perturbation
time-dependent density-functional theory and was done for the Ag;;
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Fig. 5 | Comparison of calculated and experimental UV-Vis spectra with
induced density inset for Ag;;, AuAg;s, Ag;3Cuy and AuAg;,Cu, clusters.
Comparison of calculated and experimental UV-Vis spectra for a Ag;;, b AuAgy,,
¢ Ag3Cuy, and d AuAg;,Cuy. As two spectra are compared, absorbance is plotted in

Wavelength (nm)

arbitrary units. Major peak positions are marked. Inset figures show the induced
density (i.e., electron density oscillations, where red and blue are the positive and
negative isosurfaces, respectively) for the excitations related to the peaks at a Ag;7:
396 nm, b AuAg;e: 389 nm, ¢ Ag;3Cuy: 428 nm and d AuAg;;Cuy: 423 nm.

cluster as a reference system. The results are presented in Supple-
mentary Fig. 43 and they confirm that the dipole-allowed transitions
between superatom states P and D are mainly controlling the first two
features in the spectrum. The highest wavelength peak is purely P> D
transitions, while for the second main peak, the P> D transitions have
been coupled with metal-ligand interface > D-state type transitions. At
even lower wavelengths, the bands change due to new transitions.
These include transitions from superatom P states to higher unoccu-
pied states (2.5-3.0 eV) and from states in the metal d-band region to
unoccupied superatom D states. This analysis shows that superatom P
and D states play a crucial role in the optical response, appearing
throughout the wavelength range as starting or target states. For Cu-
incorporated clusters, the red shift in the main peaks compared to Ag;7
and AuAg;e clusters is due to differences in the coupling between P> D
transitions and metal-ligand interface -> D transitions.

Photoluminescence properties

The photoluminescence (PL) properties of these clusters are studied in
solution (in DCM) and solid states. Ag;; and AuAg;e clusters emit weak
luminescence in solution (insets of Fig. 6a, b). However, Ag;3Cu, and
trimetallic AuAg;>Cu, clusters emit bright red and yellowish-orange
emissions in solution (insets of Fig. 6c, d respectively). PL spectral
measurement of Ag;; shows a very weak emission band at 650 nm
upon a characteristic excitation centered at =400 nm. For centrally Au
incorporated cluster, we observed a week emission band in the visible
region (at 610 nm) and a prominent NIR emission band at =815 nm. The

absolute quantum yields of Ag;3Cu, and trimetallic AuAg;,Cu, clusters
in DCM (using an excitation wavelength of 380 nm) were 5.80% and
4.37%, respectively. Quantum yields were below 0.1% for weekly
emissive Ag;; and AuAg, clusters. We also observed significant emis-
sion enhancement upon cooling the Ag;; and AuAg;e cluster samples
to 77K due to the rigidification-induced structural modification as
presented in Fig. 6e, f. Bright luminescence was observed for Ag;; and
AuAg;e upon crystallization as well (Supplementary Fig. 44). Detailed
structural analyses revealed robust intermolecular noncovalent inter-
actions, specifically BH~BH, CH~BH, and BH~m interactions, within
Ag17 and AuAge crystals (Supplementary Fig. 17). These interactions
create rigid order in the crystals giving rise to a crystallization-induced
emission. Enhanced emission by crystallization and lowering the
temperature was reported for gold, silver and their alloy clusters®£%!,
Ag13Cuy and AuAg;,Cu, exhibit emission bands at 650 and 610 nm,
respectively, in solution (Fig. 6¢, d). These clusters showed broad
excitations ranging from 380-470 nm with a peak at 380 nm (Supple-
mentary Figs. 45, 46). Bright luminescence was observed for the
crystals of Ag;3Cuy and AuAg;>Cu, (Supplementary Fig. 47). Au incor-
poration in the core (AuAg;e) did not intensify the luminescence in
solution, however the incorporation of Cu (for Ag;3Cu, cluster) in the
outer shell significantly enhanced the luminescence intensity in solu-
tion. Similarly, the trimetallic AuAg;,Cuy, cluster with both the core and
the shell incorporation showed strong emission in solution. The
emission behaviour of Ag;; NCs upon heteroatom doping can be
compared with Ag,o(S-Adm);g(PPhs) 4 (where S-Adm is the adamantane
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Fig. 6 | Photoluminescence spectra, emission enhancements, and decay pro-
files of Agy;, AuAg;e, Agi3Cuy and AuAg;,Cuy clusters. Photoluminescence
excitation and emission spectra of a Ag;;, b AuAgy,, ¢ Ag;3Cuy and d AuAg;,Cuy in
DCM solution. Each inset shows the photograph of the respective cluster solution
under a UV lamp at 365 nm. Solidification-induced emission enhancement of e Ag;,

and f AuAgy, clusters achieved by cooling the solution to 77 K. Inset shows the
respective photographs of the solution at different temperatures. Luminescence
decay profiles of g Ag;;, h Ag;5Cu, and AuAg;,Cu, clusters with average lifetimes.
i PL intensity of AuAg;,Cu, cluster after exposure to oxygen and argon in DCM
solution.

mercaptan) NCs, where luminescence was modulated based on the
dopant type and its specific atomic position. In Ag,9, Au doping
enhances luminescence, while Cu incorporation reduced it. However,
in Ag;7, Cu doping at the shell (Ag;5Cu, and AuAg;,Cu,) significantly
increased the luminescence. These effects highlight the complex role
of heteroatom positioning in modulating optical properties®.

To understand the nature of the emissive excited states, lumi-
nescence decay measurements were performed. TCSPC measurement
showed three component decay for Ag;; in DCM solution, having an
average lifetime of 15 ns. Such decay is associated with a singlet excited
state (Fig. 6g). On the other hand, Au and Cu incorporation sig-
nificantly enhances the emissive lifetime (0.64 us for AuAg;c with two
component decay and 5.3 ps for Ag;3Cu, with one component decay,
see Supplementary Fig. 48 and Fig. 6h, respectively). Such a micro-
second lifetime indicates phosphorescence emission, originating from
the triplet states. Trimetallic AuAg;,Cu, cluster also showed phos-
phorescence emission with an average lifetime of 3.3 us with one
component decay (Fig. 6h). To further understand, oxygenation stu-
dies were performed upon exposing the cluster to oxygen gas. We
observed significant quenching of luminescence intensity for Ag;3Cuy
and trimetallic clusters after oxygen bubbling as depicted in Supple-
mentary Fig. 49 and Fig. 6i, which further proved the presence of
triplet excited states. Quenching of the emission intensity upon oxy-
gen exposure confirmed the presence of triplet excited state for metal
clusters’.

Photophysics from TA spectroscopy

To understand the effect of heteroatoms on carrier dynamics of NCs, we
performed fs TA spectroscopy on all the four NCs. We recorded the TA
spectra (AA) of these NCs across the range of 440-650 nm at various
pump-probe delay times, utilizing a 400 nm pump excitation with a
pulse duration of 120 fs and a fluence of 350 pJ cm? The results are
presented in Fig. 7a-h. The TA spectrum of Ag;, (Fig. 7a) shows a broad
featureless photoinduced absorption spanning from 440 to 640 nm,
which grows continuously up to =1 ps before saturating and then starts
to decay (Fig. 7b). This photoinduced absorption feature that shows a
decay is not predicted by our theoretical calculations or observed in the
optical absorption spectrum, suggesting its origin to the excited state
absorption (ESA) of the NCs. =50% of 600 nm and =20% of 490 nm of
ESA decays within 1ns (Fig. 7b), indicating a differential relaxation pro-
cess in Agyy. In contrast, bimetallic AuAg;¢ reached ESA saturation at
=0.5 ps, and displayed a slower decay than Ag;; (Fig. 7c, d).

In contrast, the ESA of Ag;3Cu, shows continuous growth by many
orders of magnitude compared to Ag;; and AuAgy, without any
observable saturation up to 1.5 ns (Fig. 7e, ), which is the limit of our
experiment. This response starkly differs in the trimetallic AuAg;,Cuy,
which demonstrates a growth pattern up to 10 ps followed by a slower
decay, providing a mixed response between the bimetallic AuAg;, and
Agi3Cuy (Fig. 7g, h). To probe further into nanosecond timescales, flash
photolysis experiments were conducted using a 355nm, 7 ns pump
excitation. Decay kinetics at 400 nm were best described by a single
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Fig. 7 | Fs TA spectra and decay kinetics of Ag;;, AuAg;s, Ag;3Cu, and
AuAg;,Cu, clusters. Fs TA of the NCs at a fluence of 350 yJ cm?, at a 120 fs
duration pump at 400 nm and different pump-probe delay times. The TA spectrum

of a Agy;, ¢ AuAge, e Ag;5Cuy, and g AuAg;,Cuy. Decay kinetics at selected wave-
lengths for b Ag;;, d AuAgye, f Agi13Cuy, and h AuAg;,Cuy.

exponential function with a decay constant of =11 ps, indicating longer
stability of the photo-excited carriers (Supplementary Fig. 50a). At
560 nm, the decay was too fast to capture, suggesting faster dynamics
at this wavelength. TA decay profiles for AuAg;,Cu, demonstrated the
short lifetime of carriers that is also described with single exponential
decay kinetics having a decay constant of =6ns (Supplementary
Fig. 50b). The obtained lifetime of excited carriers follow the pattern
similar to the PL lifetime, where also we saw the long lifetime of carriers
upon introduction of the Cu atoms in the NCs. Comprehensively, the
PL enhancement in bi and tri-metallic NCs appeared due to increased
heteronuclearity and polarizability of metal-metal bonds®***. The
doping of Cu and Au into the Ag;; cluster is likely to introduces rela-
tivistic effects where Au produces more pronounced effects compared
to Cu in the electronic structure®*, These relativistic effects are likely to
alter orbital energies and electronic configurations, which can mod-
ulate the electronic states and optical characteristics of the NCs. This
modulation may create more favorable conditions for intersystem
crossing®, ultimately leading to the observed extended decay lifetimes
and enhanced phosphorescence in our Cu and Au-doped NCs.

Discussion

In this study, we explored the synergy of different metal atoms within
atomically precise M;; NCs, with a M@Mp@M, structure, exhibiting
unique photophysical properties, protected with ortho-carborane-1-thiol
(0,-CBT). The parent Ag;; cluster has a central icosahedral (Ag;;) core
encapsulated by four capped Ag atoms. For bimetallic clusters, Au atoms
occupies the central position of the icosahedron and resulted in the
centrally Au incorporated Au@Ag;s, while four Cu atoms prefer the
outer tetrahedral positions, and thus resulted in Ag;;@Cu,. Incorpora-
tion of both Au and Cu atoms at their respective preferred positions lead
to the formation of the trimetallic Au@Ag,@Cuy. All these clusters were
stabilized by twelve carborane-thiol ligands. Molecular composition and
structure of these clusters were revealed by mass spectrometry and SC-
XRD structural analysis. Site-specific incorporation of Au and Cu in the
M;; NCs was supported by theoretical calculations. Alloying stabilizes
the bimetallic clusters, rigidifies the cluster core, which was supported
by computations and it leads to the opening up of the HOMO-LUMO
gap. The Agy; displays fluorescence emission. Au incorporation provides
slight stabilization to the emissive excited state, whereas Cu incorpora-
tion significantly enhances the decay lifetimes and resulted in phos-
phorescence emission. Theoretical calculations revealed that the central

atom incorporation of the cluster with a Au expands the HOMO-LUMO
band gap in both AuAg;¢ and AuAg;,Cu,, whereas Cu incorporation to
the outer capping region enhances photoluminescence emission in
Ag3Cuy and AuAg;,Cuy. Fs TA showed structure specific relaxation of
the excited state carriers. Altogether, this work explores the systematic
site specific alloying leading to the synthesis of a carborane-thiol-
protected trimetallic NC. It can also play a role to prepare diverse types
of atomically precise photoemitters upon specific placement of a
selective metal atom. Outer kernel substituted with Cu, bright lumines-
cence and the packing pores of the trimetallic cluster in the solid state
may lead to new catalysts, sensors and nano traps, especially considering
the stability of these clusters.

Methods

Chemicals

Silver nitrate (AgNO3, 99.0%) was purchased from Rankem Chemicals,
while copper(l) chloride (CuCl, 97.0%), chloroauric acid (HAuCly,
98.0%), sodium borohydride (NaBH4, 98.0%), 1,2-bis(diphenylpho-
sphino)ethane (DPPE, 98.0%), and triphenylphosphine (TPP, 98.0%)
were purchased from Sigma Aldrich. Ortho-carborane-1-thiol (0,-CBT)
was synthesized from ortho-carborane derivative, purchased from
Katchem, Czech Republic. Crystalline 0,-CBT ligands (98.9%) were
used for the NC synthesis. High-performance liquid chromatography
(HPLC)-grade solvents, including dichloromethane (DCM, 99.8%),
chloroform (CHCl;, 99.4%), n-hexane (99.0%), acetonitrile (ACN,
99.8%), and methanol (MeOH, 99.5%), were sourced from Rankem
Chemicals and Finar, India. Milli-Q water was used for cluster synthesis
and purification. All the chemicals were commercially available and
used without further purification.

Synthesis of Ag;7

The Ag;; was synthesized at ice cold condition (=0 °C) using a DPPE-
assisted silver-thiolate co-reduction reaction. In brief, 20 mg AgNO;
was dissolved in 5 mL of MeOH. 10 mg of 0;-CBT ligand was dissolved in
9 mL DCM, which was added in stirring condition. After 5 min of the
reaction, 10 mg of DPPE, dissolved in 1mL DCM was added to the
reaction mixture. After 15 min of reaction, 20 mg NaBH,, dissolved in
1mL water, was added. A brownish solution was formed, which even-
tually converted to a dark brown solution after overnight reaction.
After 18 h of reaction, the mixture was thoroughly washed with MeOH/
H,O0 followed by complete solvent evaporation. Then the cluster was
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extracted using DCM and dried on a rotavapor. The yield of the pro-
duct is 78% in terms of silver. Hexagonal single crystals were grown
after 10 days at 4 °C through hexane vapor diffusion into the con-
centrated DCM solution (20 mg mL™) of the cluster.

Synthesis of bimetallic AuAg;s and Ag;;Cu,

To synthesize the bimetallic NCs AuAg;¢ and Ag;3Cuy, a similar synthetic
procedure was employed. For the AuAgy, a starting reagent consisting
of 20 mg AgNO3 and 5 mg of HAuCl, was utilized. On the other hand, for
Ag13Cuy, a starting reagent containing 20 mg AgNO5 and 20 mg of CuCl
was used. Following a reaction time of 18 h, the resulting AuAg;s NC
exhibited a greenish-brown solution in DCM. On the other hand,
Ag3Cuy cluster gave an orange-brown color. Both the clusters were
purified by thoroughly washing with MeOH/H,O followed by complete
solvent evaporation with final extraction in DCM. The yield of AuAg;e
and Ag;3Cu,, measured in terms of silver content, was 65% and 72%,
respectively. Rod-shaped yellowish-orange Ag;5Cuy crystals were grown
by allowing hexane vapor diffusion into a concentrated solution in
DCM/CHCI3 mixture (1:1). After multiple efforts, cuboid crystals of
AuAg;¢ were grown in the DCM/ACN mixture (4:1), layered with hexane.

Synthesis of trimetallic AuAg;;Cu,

The synthesis of the AuAg;,Cu, with three different metals was carried
out using a similar procedure. To conduct the synthesis, a mixture
consisting of 20 mg of AgNO;, 5 mg of HAuCl,4, and 20 mg of CuCl was
employed. The reaction took place for 18 h at 0 °C, followed by over-
night standing at 4 °C. Formation of the trimetallic NC had a low yield
of 35%-40% (measured in terms of silver). By allowing the as-
synthesized mixture in a solution of DCM and MeOH to slowly eva-
porate at 4 °C, beautiful orange-colored polyhedral trimetallic crystals
were obtained. The resulting trimetallic AuAg;,Cu, from the crystal-
lization process was utilized for further studies.

Characterisations

All UV-vis absorption data were obtained on a Perkin EImer Lambda
365 spectrophotometer at room temperature. The SC-XRD data was
measured at temperatures (7 = 173 or 296K), using a Bruker D8
VENTURE diffractometer equipped with Cu K (1 =1.54178 A) radiation
source and PHOTON II detector. The structure was solved by SHELXT-
2018 and refined by full-matrix least squares techniques using SHELXL-
2018 or 2019 software packages incorporated in WingX suite. High-
resolution mass spectrometry employed a Waters Synapt G2-Si
instrument for electrospray ionization and collision-induced dis-
sociation studies. Photoluminescence properties of the nanoclusters
in DCM/MeOH were recorded by a Horiba Jobin Yvon Nanolog, using a
450 W xenon-arc lamp source. TA spectrometer generate 120 fs pulses
centered at 800 nm by Spectra physics Mai-Tai oscillator which are
sent to Spectra physics Spitfire amplifier to generate high energy (4 mJ
pulse™) 120 fs pulses with a repetition rate of 1kHz. Differential pulse
voltammetry measured a 2.04 eV band gap for Agy, clusters, aligning
closely with theoretical predictions, though carborane-thiol protec-
tion caused electrode fouling, limiting further experiments.

DFT calculations. The DFT calculations were done using the GPAW
software. The Kohn-Sham problem was solved by using real-space grids
with 0.2A grid spacing. The electron-electron exchange-correlation
interaction was approximated using the Perdew-Burke-Ernzerhof func-
tional. Structure optimization started from the resolved crystal struc-
tures for each cluster type, and we used 0.05 eV/A* maximum force limit
for convergence. Symmetries of the frontier orbitals were analyzed using
projections to spherical harmonics with respect to cluster’s center of
mass with 12.0 A cutoff. LR-TDDFT was used for absorption spectra,
dipole transition contribution map (DTCM) was used for analyzing the
origin of the absorption peaks, and electron density oscillations of the
peaks were visualized by using induced densities.

Data availability

The data that support the findings of this study are available from the
corresponding authors upon request. Crystallographic data for the
structures reported in this article have been deposited at the Cam-
bridge Crystallographic Data Centre (CCDC), under deposition num-
bers CCDC 2356804 (Ag;7), 2356806 (AuAg;e), 2356807 (Ag13Cuy) and
2356892 (AuAg;>Cus).
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