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Nanoscale

Ligand Accommodation Causes the Anti-centrosymmetric
Structure of Au,3Cu, Clusters with Near-Infrared Emission

Rajini Anumula,?Arthur C. Reber,? Pan An,2 Chaonan Cui, Mengdi Guo,? Haiming Wu,? Zhixun Luo, *2
and Shiv. N. Khanna*®

We synthesized an [Au;3Cus(PPhs)s(SPy)s]* nanocluster co-capped by phosphine and thiolate ligands. Interestingly, this
Au,3Cuq, cluster corresponds to an anti-centrosymmetric structure with the four copper atoms coordinated to the mixed
ligands on the same side of the Au,; icosahedron, which is in sharp contrast to the [Au;3Cus(PPh,Py)s(SPhtBu)g]* and
[Au;3Cu,(PPh3)s(SPy)e]* clusters which possess highly symmetric structures with well-separated Cu adatoms. Both
[Au13Cu4(PPh;3)4(SPy)s]* and [Auy3Cu,(PPhs)s(SPy)s]* clusters correspond to 8 valence electron superatoms with large HOMO-
LUMO gaps, respectively. The difference in structure is rooted in the nature of the mixed ligands, with the bidentate SPy
binding strongly to Cu on both binding sites (-N-Cu and Au-SR-Cu ) leading to the co-linking of adjacent Cu atoms, while the
bidentate PPh,Py binds Cu on one site and Au on the other giving rise to a separation of the Cu atoms even in the presence
of relatively higher monomer concentratoin. Both [Au;3Cus(PPh3),(SPy)s]* and [Auy3Cu,(PPhs)s(SPy)s]l* display emissions in
the near-IR regions. TD-DFT calculations reproduce the spectroscopic results with specified excited states, shedding light on

the geometric and electronic behaviors of the ligand-protected Au,;M, clusters.

Introduction

Clusters of thirteen metal atoms are often associated with
high stability rationalized by their closed geometric and/or
electronic shells.’” In particular, the icosahedral Aui; is a
common structural motif in ligated clusters because when the
cluster’s effective valence count is eight electrons, the cluster
has both highly stable geometric and closed electronic shells
responsible for the enhanced stability.”1° Extensive research
efforts have culminated in the discovery of superatomic
stability of M3 clusters including Au,M3.,,'**3 and a 13-atom
metal core is frequently embodied in ligand-protected Mz,
clusters, such as typical Aus(SR)15'*  Agas(SR)is,t°
[CuzsH2:(PPh3)12]*, 1% AuiAgaa(SR)1s Y [AuzAgsy(SAdm),,]%,18 as
well as nanoclusters (NCs) like Aujg,'® Aus; 20 Ausg,?! Augo,??
Aujzz 23 Auigg,?® Agy1,%° and Agis,?® etc. Among these NCs, the
metal clusters generally prefer a symmetric geometry to attain
balanced charge distribution of the metallic core that minimizes
energy. For example, recently Zheng et al.?’ synthesized an
interesting class of bimetallic Au-Cu nanoclusters, where mixed
ligands were employed to control the exposure of metallic sites
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enabling regular capping of multiple copper atoms on balanced
surface sites of the icosahedral Au,3 core.

However, there is no fundamental constraint for stable
metal clusters to always form spherical structures, not only for
noble metal clusters in gas phase,?® but also metal NCs in the
presence of alloy metals and mix ligands.?® Theoretical
advances on gas-phase metal clusters based on the Clemenger-
Nilsson model allows for ellipsoidal distortion caused by Jahn-
Teller effect,3° enabling the electronic stability of metal clusters
with non-magic numbers due to prolate or oblate
deformations.3% 31 |n wet chemistry, variation of ligands
including halogens, phosphines, thiolates, selenolates, alkynes
and amines could produce stable clusters with diverse
geometry as a result of ligand engineering,32-3¢ against Mackay
icosahedrons of closed geometric shells.3”- 38 In particular, the
interfacial structure between the metal core and the ligand
could be different from each other in the presence of multiple
ligands, especially those with unsaturated bonds, enabling new
structures and properties of polymetallic nanoclusters.

While the stability of metal clusters is of significant research
interest, in recent years the intrinsic photochemical properties
of NCs have received increasing interest due to the advantages
of their small particle sizes, biocompatible/degradable
property, and controllability.3® However, in most cases the
photoluminescence of atomically precise nanoclusters is still
unsatisfactory, not only the relatively low quantum vyield, but
also the emission lifetime and the emitted color is always red.
Ongoing efforts are allowing one to address the shortcomings
by ligand engineering and kernel alloying,*%-4> endeavoring to
attain a balance of external environment factors for better
stability and better photoluminescent property.3® 46 For
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example, several interesting studies have demonstrated dual
luminescence*” and NIR emissions with long lifetime,*8
indicating potentials in chemo-sensing and bio-imaging.*® 4°

In the present work, utilizing pyridyl-2-thiol and phosphine
ligands, we have synthesized both Au;3Cu,(SPy)s(PPhs)sand
Au;3Cuy(SPy)g(PPhs), NCs under similar conditions with simply a
different quantity of the copper sault. The two NCs with
atomically precise and molecular purity were characterized by
ESI-Mass spectrometry, single-crystal X-ray crystallography, as
well as full spectroscopic studies. Interestingly, single crystals
parsing shows that the former bears highly geometric structure
with the two copper atoms located on two side. In contrast,
[Au13Cu4(SPy)s(PPhs),]* finds a different arrangement of copper
atoms at the asymmetric sites and it exhibits interesting
infrared luminescence showing long lifetime lasting up to
microsecond, with remarkable stability for several months. DFT
calculation results unveil the superatom cluster stability,
electronic excited states and optical properties of this class of
clusters, shedding light on the ligand accommodation in metal
NCs by controlling the exposure and coordination of metal sites.

Fig. 1 presents the single-crystal structures of the as-
synthesized Aui3Cu, and Au;3Cus NCs. X-ray single crystal
analysis reveals that Au;3Cu, and Au;3Cus NCs are crystallized
with orthorhombic and monoclinic packing structures with
space groups of Pmc2(1) and P2,/n respectively (Table S1, ESI).
Auy3Cu; and Au3Cus NCs compositions were found to be
[Au13Cus(SPy)s(PPhs)e]* and [AuisCus(SPy)s(PPhs)s]* (Py= 2-
pyridyl). Considering that electron transfer mainly occurs on -
SPy group of thiols, both Au;3Cu, and Au;3Cu,s NCs belong to 8-
electron systems (simply, for [Aui13Cu4(SPy)s(PPh3)s]*: N=
13+4-8-1 = 8, while similarly for [Au;3Cu;(SPy)s(PPhs)g]*: N=
13+2-6-1 = 8). In view of this, both Au;3Cu, and Au;3Cus NCs
deserve their reasonable stability pertaining to superatom
clusters with closed electronic shell structures.

Au;3Cuy(PPhy)g(SPy)g

AU13CU4(PP|‘I3)4[5PV)5

Fig. 1 The single-crystal structures of [Au;3Cu,(SPy)s(PPhs)el*
and [Au;3Cu4(SPy)s(PPhs),]* clusters. Color legend for the cluster
parts: violet sphere, Au; bronze sphere, Cu; light yellow sphere,
S; orange sphere, P; gray stick, C; blue stick, N.

Interestingly, the single crystal structure analysis shows an
anti-centrosymmetric geometry of the Au;3Cu, cluster with four
copper atoms on the same side of Aujzicosahedron. Among the
four Cu atoms, two are oriented on opposite sides of the cluster,
face capping the Auiz core (forming spindle-shaped Aui3Cu,)
and triply coordinated to three nitrogen atoms of three pyridyl-
2-thiol groups. The other two Cu atoms are asymmetrically

2| J. Name., 2012, 00, 1-3

located on the same side of Au;5Cu,, and triply coordinated to
one nitrogen and two sulfur atoms of the pyridyl-2-thiol ligand.
Two SPy ligands bridge the two equatorial Cu atoms, with one
nitrogen site and one sulfur site bound to each copper atom,
with a third bond formed with a neighboring SPy sulfur. This
coordination of four Cu atoms in [Au13Cu4(SPy)s(PPh3),]* differs
from the previously reported [Aui13Cus(PPh,Py)s(SPhBut)s],?’
and [Au13Cu4(PPh,Py)s(SePh)s] clusters,>® where the four Cu
atoms are oriented in a tetrahedral geometry with the 4 Cu
adatoms equally and symmetrically spaced around the Aujs
core. The copper atoms are exclusively triply coordinated to one
nitrogen and two sulfur or selenium atoms of thiol and
selenophenolate ligands.

The origin of anti-centrosymmetric geometry of the cluster
[Au13Cu4(SPy)s(PPh3),]*, different from the literature report of
[Au13Cus(PPh,Py)4(SCeHs-tert-C4Hg)s]* with a symmetric Au-Cu
core,?’ is associated with the ligand itself. For the literature one,
the PPh,Py ligand bears both phosphine- and nitrogen- binding
sites, allowing the phosphine binding to Au while the nitrogen
bind to Cu,* which helps the thiol ligand in stabilizing the
metallic core with copper capping at balanced sites. While for
[Au13Cu4(SPy)g(PPhs)4]* cluster in this study (details in Fig. S1,
ESI), the bidentate SPy ligands have both a nitrogen site (that
binds to Cu) and a thiol group (selectively bind to form an Au-S
bond or an Au-S-Cu bond); meanwhile, the phosphine additive
also binds weakly with the four uncapped Au atoms. Because of
the existence of competition for the SPy ligands to form Au-S
bonds or Au-S-Cu bonds, there comes a compromise solution by
forming four Au-S bonds and four Au-S-Cu bonds respectively.
In view of the steric hindrance of phosphine additive, and
because the SPy ligand in this study is smaller in size than the
ligands -SePh, -PPh,Py and tert-C4Hg-CgH4S— in previous similar
NCs, it is reasonable for the additional two copper atoms to be
capped on the waist of the Au;3Cu,. That is, the dramatic
bidentate ligands give rise to a separation of Cu adatoms when
using PPh,Py and SCgH,-tert-C4Hy, while a congregation of Cu-
adatoms in Au;3Cus within the mixed PPhz and SPy protection.

In  [Au;3Cu4(SPy)g(PPhs)4]* clusters, the two oppositely
oriented Cu atoms across Au;; core shows an average Au-Cu
bond length at ~2.805 A, while it is 2.859 A for the two
equatorially distributed Cu atoms. It is notable that, the Au-Au
distances in the Au;3Cu, are averaged at 2.8034 A, which is
shorter than the Au-Au distance of bulk gold (~2.884 A),
indicating contraction of the Au@Au,, core. Such an Au-Au
bond contraction in Au;3Cu, clusters is due to subtraction of
valence electrons by the electrophilic thiol ligands, and altered
metal-metal interactions within the relativistic effect of gold.>?

The as-prepared Au;3Cu,4 NCs were further characterized
by ESI-MS, as shown in Fig. 2. It is shown that a single intense
and prominent peak observed at m/z 2453.78 and 2573.87
respectively, unambiguously corresponding to the molecular
ions of [Aui3Cuy(SPy)s(PPhs)e]* and [Au;3Cus(SPy)s(PPhs)sl*,
suggesting very high purity of the two NCs. The experimental
isotopic and simulation patterns (Insets) are well consistent
with each other.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 ESI-MS of the as-prepared (A) [Au13Cu4(SPy)s(PPhs),]tand
(B) [Au13Cu;(SPy)e(PPhs)s]* clusters, collected in positive mode.
The fragment peaks on the left correspond to the removal of a
SPy group, and both a SPy and a benzene group. Insets:
experimental and simulated isotopic patterns.

Fig. 3 shows the experimental and theoretical calculated UV-
vis absorption spectra of Au;3Cu, and Au;3Cuy NCs. Interestingly
the experimental UV-vis spectrum of Au;3Cu, NCs shows
absorption bands at 475 and 575 nm, etc. Although a slight
peak-position shift, this UV-vis spectrum substantially agrees
with the previously published studies.?” >3 In comparison, the
TD-DFT calculated UV-vis spectrum shows a few peaks assigned
to molecule-like optical transitions, which is consistent with the
experimental observation. For Au;3Cus NCs, the experimental
UV-vis absorption displays a wide absorption band up to
1000nm along with three weak absorption peaks at 459,
520/555 nm. This experimental UV-vis spectrum of Au;3Cus NCs
shows accordance with the TD-DFT calculation results, but
slightly different from that of the previously reported
[Au13Cugs(PPh,Py)4(SPhBuUt)s] NCs.>%27 The absence of plasmonic
absorption peak of gold NPs agrees with the anticipated optical
transitions and suggest high purity of the as-synthesized NCs.

We then examined the emissions of the Au;3Cu, and Au;3Cu,
NCs. The specialized near-infrared detector found a near-
infrared emission peak at 965nm for [Au;3Cus(PPhs)4(SPy)s]*
(Fig. 4A), which is comparable with the DFT-calculated HOMO-
LUMO gap of 1.17 eV. Similar results have also been found for
the Auy3Cu; NCs which exhibit a NIR emission at 1006 nm, as
shown in Fig. 4B. This is consistent with the DFT-calculated
HOMO-LUMO energy gap of 1.23 eV for [Au;3Cu,(PPhs)s(SPy)sl*.
It is worth mentioning that, the photoluminescence spectra by

This journal is © The Royal Society of Chemistry 20xx
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a traditional spectrofluorometer showed that, for Au;3Cu, NCs,
a near-infrared emission emerges at 818 nm (Fig. S4, ESI), which
is similar to the previously reported studies.> >0 For the Au;3Cu,
NCs, a relatively weak emission was also observed at 815 nm,
along with an emission band at visible region. Previously
multicolor emissions of metal NCs have been frequently
observed,*”> 3458 due to a synchronous fluorescence and
phosphorescence, or a large gap between two electronically
excited states enabling to suppress the internal conversion
process hence radiative emission directly from the higher
excitation states.
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Fig. 3 A comparison of the experimental (red) and theoretical
(blue) UV-vis absorption spectra of [Au;3Cu4(SPy)s(PPhs)s]* (A)
and [Au13Cu;(SPy)s(PPh3)e]* (B) clusters, respectively, measured
in dichloromethane (DCM) solvent.

To better understand the novel emission of such NCs, we have
performed a theoretical investigation into the electronic
structure of the Au,3Cu, and Au,3Cuy, clusters. Fig. 5 depicts the
density of states and molecular orbitals of both the
[Auy3Cus(PPhs)4(SPy)g]* and [Au;3Cu,(PPhs)s(SPy)s]* clusters.

J. Name., 2013, 00, 1-3 | 3
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Note that, [Au;3Cu4(PPhs)4(SPy)s]* has a large HOMO-LUMO gap
of 1.17 eV and the electronic structure is that of an 8 valence
electron cluster with an electronic structure of 1S?|1P¢, where
the uppercase letters correspond to the symmetry of the
delocalized orbital.
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Fig. 4 Photoluminescence spectra of (A) [Au;3Cus(PPhs)4(SPy)s]*
and (B) [Au;3Cu,(PPh3)g(SPy)el* clusters.
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Fig. 5 Superatom analysis for the Kohn-Sham electron states of
[Au13Cu4(SPy)3(PPh3)4]+ and [Au13Cu2($Py)G(PPh3)6]+ clusters.

The molecular orbitals that correspond to the delocalized
shell are also shown in Fig. 5, where the Cu atoms are found to
be more positively charged than the Au atoms, with the average
Hirschfeld charge on the Cu atoms being +0.19 |e| while the
average charge on the Au atoms being +0.035 |e|. This is
consistent with our argument that the reason for the anti-
centrosymmetric structure is due to the nitrogen sites binding
to the positively charge Cu preferentially than to the Au sites.
The Miilliken population reveals that the 4s orbitals of the Cu
atoms have an occupation of 0.36 | e| for the opposite Cuatoms
and 0.51 |e| adjacent Cu atoms. The Miilliken population also
reveals significant 4p occupation of the Cu atoms, a clear
marker that the Cu should be considered metallic, rather than

4| J. Name., 2012, 00, 1-3

considered to be in the +1 oxidation state.>® The top of the filled
valence electron band of the [Au;3Cu4(PPhs)4(SPy)s]* cluster has
significant Cu 3d occupation. The lowest energy unoccupied
orbitals  correspond to delocalized 1D  orbitals.
[Auy3Cu,(PPhs)g(SPy)el* is calculated to have a HOMO-LUMO
gap of 1.23 eV, and also has an electronic shell structure that is
consistent with that of an 8 valence electron superatom. The
molecular orbitals are shown in Fig. 5. The Cu atoms in the
[Auy3Cu,(PPh3)g(SPy)e]* cluster are also found to be more
positive than the Au atoms, with Hirschfeld charges found to be
+0.19 |e| for Cu and 0.04 |e| for Au. The Miilliken population
analysis reveals that the Cu atom has a 4p occupation of 0.69
|e|, which is relatively large and consistent with the fact that Cu
atom is in a more metallic state comparing with its Cu*!
oxidation state.

In regards to the higher energy photoluminescence peaks in
[Au13Cu4(PPh3)4(SPy)s]*, we find the 10th, 11th and 12th excited
states of [Au13Cu4(SPy)s(PPhs)4]* have large oscillator strengths.
These three excitations correspond to 1P delocalized orbitals
being excited to the 1D delocalized orbital, with energies of 1.59
eV, 1.62 and 1.63 eV corresponding to wavelength of 763-780
nm. Among them, the 11th excited state corresponds to an
excitation from the HOMO of the cluster to top of the energy
levels, suggesting that the fast-radiative emission could be a de-
excitation from the 1D delocalized orbital to the 1P delocalized
orbital. To some extent, this is consistent with the luminescence
of the Au;3Cus NCs in DCM solvent recorded by a traditional
Horiba Scientific Fluoromax-4 spectrofluorometer (Fig. S4, ESI).
We performed an optimization for the 10t excited state of
[Au;3Cu4(SPy)s(PPhs)4]*, and found a photoluminescence energy
of 1.39 eV corresponding to a wavelength of 892 nm. Therefore,
the de-excitation of the 1D-1P superatomic transitions above
the LUMO-HOMO de-excitation is likely responsible for the
higher energy photoluminescence. We also note that the T;
state is at 1.15 eV corresponding to a 1080 nm de-excitation,
suggesting that higher energy emission is unlikely to be the T;-
Sp transition. Similar calculations have also been carried out for
[Auy3Cu,(SPy)s(PPh3)g]* where analogous excitations in this
cluster are the 16-18t lowest excitations, with higher energies
of 1.70-1.72 eV, or 720-727 nm. It is noteworthy that, these
energies are calculated with no relaxation, thus should be
higher than the experimentally obtained values.

Conclusions

We have successfully synthesized two Au-Cu alloy metal
clusters, [Au;3Cuy(PPhs)s(SPy)s]* and [Aui3Cus(PPhs)s(SPy)s]t by
employing mixed ligands. The compositions of the Au;3Cus and
Auy3Cu; clusters were determined by ESI-MS spectrometry and
single crystal X-ray crystallography. Both the two NCs are +1
charged and contain 8-electrons in its valence shell. The two
clusters are found to be stable for up to several months showing
reasonable stability of the 8-electron metallic cores and
cooperative effect by the dual ligands of pyridine-2-thiol and
triphenylphosphine. What is interesting is that, Au;3Cu, shows a
symmetric structure with the two copper atoms located on two

This journal is © The Royal Society of Chemistry 20xx
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triangular faces of icosahedral Auj;; from two ends, while
Au3Cuy bears an asymmetric structure pertaining to unusual
Cu-capped kernel alloying process under the ligand engineering
by mixed ligands. It is demonstrated that the cooperative effect
of the mixed ligands could induce relatively less steric hindrance
(or more Cu space occupancy) providing accessible sites for
copper to be doped on neighboring surface sites from one side
of the Aui3Cus cluster. TD-DFT calculations reveal large
HOMO-LUMO energy gaps at 1.17 eV and 1.23eV for the two
clusters, which are consistent with their reasonable stability
pertaining to the nature of metal cluster core and ligand
accommodation within variable steric hinderance and
electrostatic interactions. Both Au;3Cusand Au,3Cu, NCs display

near-IR emission indicating potential applications in biosensing.

Materials and methods

Chemical reagents. Copper (ll) acetate [Cu(OAc),, purity 99%]
was purchased from Alfa Aesar Chemical Reagent; hydrogen
tetrachloroaurate [HAuCl4-4H,0, purity 99.9%] from JK chemical
company; sodium borohydride (NaBH4; purity 98%) and
triethylamine (CgHisN, A.R.) from Acros chemicals. Also, 2-
pyridinethiol (CsNHsS, purity 99%) and triphenylphosphine
(C1gH15P, purity 95%) are from JK chemical company. Ultrapure
Millipore water (18.2 MQ-cm) was used for the synthesis and
purification of nanoclusters. The solvents dichloromethane,
methanol, ethanol, n-pentane, diethyl ether and n-hexane were
of analytical grade of high purity and used without further
purification.

Synthesis of precursor. Pure AuPPh3Cl was synthesized from
HAuCl4-3H,0 and PPhs by the following procedures. Firstly, 1 g
of HAuCl4-3H,0 was dissolved in 80 mL absolute ethanol which
was taken in a round-bottom flask. Then, 1.33 g of PPh; was
dissolved in 40 mL ethanol which was then added to the above
gold mixture under constant stirring. After stirring for about 30
min, white precipitates formed immediately and were filtered,
washed with diethyl ether three times, and finally dissolved in
CH,Cl,. Excess pentane was then added to the above solution to
form white crystals of AuPPhsCl. All the above reaction steps
were carried out at room temperature and in dark conditions as
the synthesized AuPPh;Cl is a light sensitive chemical.

Synthesis of Au;3Cu,; clusters. The Auy3Cus clusters were
synthesized in one-pot by co-reduction of AuCIPPh; and cupric
acetate in presence of pyridine-2-thiol ligand by reducing with
NaBH; in DCM and methanol solvents. Initially 12.36 mg
Cu(OAc), was taken in a round bottomed flask and was
dissolved in methanol via ultrasonic assistance prior to the
addition of AuPPh;CI. Later, 10 mg of the as-prepared AuPPh;Cl
precursor complex was dissolved in dichloromethane (DCM)
solvent and added to the reaction mixture. The solution was
cooled to 0 °Cin an ice bath, and 7 mg 2-pyridinethiol dissolved
in DCM was then directly added to the reaction mixture. After
stirring for 20 minutes, 1 mL NaBH,; aqueous solution (10
mg/mL) and 50 pL triethyl amine were added together quickly

This journal is © The Royal Society of Chemistry 20xx
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to the reaction mixture under vigorous stirring. The reaction
mixture was aged for 24 h at 0 °C. The aqueous phase was then
removed using rotavapor and brown color extract were used for
crystallization in CH,Cl,/hexane (1:4 ratio) solvents at 4 °C to
afford black block crystals after 13 days. The yield of Au;3Cuy
was up to ~40 %, and the washed clusters, stored in a freezer at
4 °C, were found to be highly stable for several months.

Synthesis of Au;3Cu; clusters. The synthesis of Au,3Cu, clusters
is based on the literature method.?” First, 12.0 mg Cu(OAc), was
dissolved in methanol and solubilized in help of ultrasonication.
Next, similar procedures as above were conducted: 10 mg as-
prepared AuPPh;Cl was dissolved in DCM solvent and added to
the above reaction mixture; the solution was kept in 0 °C ice
bath; 7 mg 2-pyridinethiol dissolved in DCM was then added to
the mixture; stirring for 20 minutes; 1 mL NaBH; aqueous
solution (10 mg/mL) and 50 pL triethyl amine were added
quickly together to the reaction mixture; and the solution was
kept aging for 24 hours at 0 °C. The reaction mixture was then
repeatedly washed with deionized water till it produces powder
clusters. Black block crystals were crystallized from
CH,Cl,/hexane at 4 °C after 10 to 15 days. The yield of the
Au,3Cu, clusters was ~20%.

Characterization. The molecular formulas of ligand-protected
Auq3Cu, and Auq3Cuy clusters were determined by single crystal
parsing and confirmed by electron spray ionization mass
spectrometry (ESI-MS). The Au;3Cu, clusters were dissolved in
DCM and mixed with methanol in the volume ratio of 1: 0.5 for
ESI-MS measurements using a stainless-steel needle syringe.
The instrument parameters used for the ESI-MS were kept in a
mass range of 500-10000 Da, a capillary voltage of 3.0 kV,
sample flow rate 120 uL/h, dry gas flow of 4.0 L/min at a
temperature of 80°C, and the nebulizer gas pressure at 1.0 bar.
The UV-vis absorption spectra were recorded using a Shimadzu
UV-3600 UV-Vis-NIR spectrophotometer by dissolving the pure
Auq3Cu, crystals in DCM solvent. Photoluminescence spectra of
the Auy3Cu, clusters in DCM solvent were recorded by a normal
Horiba Scientific Fluoromax-4 spectrofluorometer (PMT 200-
950nm) and an Edinburgh FLS980 Fluorescence and lifetime
spectroscopy (NIR PMT 900-1700nm), respectively. The
fluorescence lifetime decay measurements were carried out on
a spectra physics Millenia-eV with Tsunami laser, in DCM
solvent.

Theoretical calculation methods. First-principles studies on the
ligated clusters were carried out using Amsterdam Density
functional (ADF) set of codes.®® The generalized gradient
approximation (GGA) of Perdew, Burke, and Ernzerhof (PBE) is
used to incorporate the exchange and correlation effects.®* A
TZ2P basis set and a large frozen electron core was used. The
zero-order regular approximation (ZORA) is used to include
scalar-relativistic effect.®> Time-dependent density functional
theory (TD-DFT) was used to model the UV-Vis spectra, and the
lowest 800 excitations were used.
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