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ABSTRACT: A large thiolate/phosphine coprotected
Ago(Dppm)4(SR);o nanocluster was synthesized through the
further growth of Ag,,(SR); nanocluster and characterized by
X-ray photoelectron spectroscopy (XPS), electrospray ioniza-
tion mass spectrometry (ESI-MS), and single-crystal X-ray
analysis. This new nanocluster comprised a 32-metal-atom
dodecahedral kernel and two symmetrical Agy(SR);sPs ring
motifs. The 20 valence electrons correspond to shell closure in
the Jellium model. Moreover, this nanocluster could be alloyed
by templated/galvanic metal exchange to the homologue
Au,Agso_.(Dppm)s(SR);p nanocluster; the latter showed

Ag,(p-MBA),, Ag,(Dppm),(TBBM),,

much higher thermal stability than the Ags(Dppm)s(SR);o nanocluster. Further experiments were conducted to study the
optical, electrical, and photoluminescence properties of both nanoclusters. Our work not only reports two new larger size
nanoclusters but also reveals a new way to synthesize larger size silver and alloy nanoclusters, that is, controlled growth/alloying.

1. INTRODUCTION

Noble metal nanoclusters (size <2 nm) have attracted great
research attention for their unique properties. In this ultrasmall
size range, nanoclusters lose the plasmonic features and show
molecular properties.””” Determination of nanocluster structure
gives the possibility to study their related properties, especially
for the larger ones which are the most appealing for many
fields.* ™ In the past years, a series of homogold nanoclusters
were synthesized and structurally characterized by X-ray
crystallography, including Aug,®’ Auy,® Au,,'0 Auy,'
Aty Auyy 71 Auy 01 Aw 10720 Au 2B Au, 2h2S
Au37;26 Au3s;27 Au4o;28 Au44,29 Ausz;zs Au92,3°
Auys,>? and Auysy’"?° With the well-defined structures, the
related properties can be achieved and utilized for various
applications, including catalysis,**~** bioapplication,~*!
tochemistry,42_46 m;igne:tism,47‘48 and energy conversion.

Complex ligand exchange was found to be an eflicient way to
alter the size of gold nanoclusters,”' ~>” i.e,, by using thiol ligand
reacted with phosphine and halide coprotected Au,;; nano-
cluster multiligands protected Au,s(PPh;);o(SR)sCl, or
Auy,(PPh;),0(SR),Cl, nanocluster could be synthesized.%’54
However, study on complex ligand exchange in thiolated silver
nanocluster was relatively rare.
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The thiolated silver nanocluster Ag,,(SR);,"™ was reported
by using p-mercaptobenzoic acid (p-MBA) and fluorinated
arylthiols ligands, respectively.”>~>® This nanocluster showed
an ultrastable nature and could be synthesized at large scale,
which provided an ideal model for complex ligand exchange
reaction.

Herein we present a complex ligand exchange method to
achieve the controlled growth for larger size Ags, nanocluster
by using Ag,, as seeds (for details, see the Experimental
Section). This new nanocluster has an overall composition of
Agyo(Dppm)4(SR)5, with the SO metal atoms distributed in a
Ag @A @Ags@Ag,, distribution. The structure comprises a
Ag;, kernel (a hollow icosahedron (Ag;,) which is retained
from Ag,, surrounded by a dodecahedron (Ag,,)) and two
symmetrical Agy(SR);sPs ring motifs. The Ags(Dppm)s(SR);0
nanocluster has a Cj; point group, with free valence electrons
counted to be 20 (n, = SO — 30 — 0 = 20), which is a closed
shell Jellium number. In order to make the structure more
stable, we have apg)lied the “templated/galvanic metal
exchange” method*”®’ to dope the inert gold atoms into the
Ag metal core and accordingly obtained the homologue
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Figure 1. (A) Comparison of the UV—vis between Ag,, and Ags. (B) Total crystal structures transform from the Ag,(p-MBA),, to the
Agso(Dppm)s(SR)3, nanocluster. (C) Schematic diagram of the conversion from the Ag,, and Ag,. (D) Comparison of the structures of different
surface staple units between Ag,, and Ag;, (color labels: red/green/blue/sky blue = Ag; yellow/magenta = S; orange = P; gray = C; violet = O. For

clarity, all H atoms are not shown.

Aug3,Ag4 66(Dppm)s(SR)3 alloy nanocluster (for details of
occupancy, please see the Supporting Information). The atomic
compositions of these two nanoclusters were further confirmed
by XPS. Ultraviolet—visible (UV—vis), photoluminescence, and
electrochemical analyses were carried out to find the differences
between these two nanoclusters.

2. EXPERIMENTAL SECTION

2.1. Chemicals. All reagents and solvents were commercially
available and were used as received without further purification,
including tetrachloroauric(IlI) acid (HAuCl,-3H,0, >99% metals
basis), silver nitrate (AgNO;, >98% metals basis), p-mercaptobenzoic
acid (p-MBA, >99%), cesium hydroxide (CsOH, 50% w/w aqueous,
Alfa-016505), 4-tert-butylbenzyl mercaptan (HSCH,Ph-t-Bu, >99%),
bis(diphenylphosphino)methane (Dppm, 98%), sodium borohydride
(NaBH,, 99%),sodium cyanoborohydride (NaBH;CN, 99%), meth-
anol (HPLC-grade, 99%), ethanol (HPLC-grade, 99%), dichloro-
methane (HPLC-grade, 99.9%), toluene (HPLC-grade, 99%), and
hexane (HPLC-grade, 99.9%). Pure water was from Wahaha Co Ltd.
All glassware was thoroughly cleaned with aqua regia (HCI/HNO, =
3:1 v/v), rinsed with plenty of pure water, and then dried in an oven
prior to use.

2.2. Synthesis of Agy,(p-MBA);, Clusters. This nanocluster was
synthesized by a reported method.”” Briefly, AgNO; (42.5 mg) was
dissolved in 21 mL of water under vigorous stirring. Then, 154 mg of
p-MBA ethanolic solution was added to the AgNO; solution. The pH
was then adjusted to 12 with CsOH to stabilize the final cluster
product. After that, 9 mL of NaBH, aqueous solution (11 mg/mL)
was added dropwise under vigorous stirring. The reaction was aged for
~1 h at room temperature, and the dark red solution was the crude
product of Ag,(p-MBA),,. The clusters were separated from the
reaction mixture by precipitation with ethanol and the dark red
precipitate was collected by centrifugation (3 min at ~10000 rpm).
The dark red precipitate was washed with excess ethanol and collected
by centrifugation.

2.3. Seeded Growth/Ligand Exchange Method for the
Synthesis of Ags;,(Dppm)s(SR)3, Clusters. First, 35 mg of
Ag,,(p-MBA);, clusters (powder) were added to a flask; then, 10
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mL of methanol containing AgNO; (30 mg), Dppm (25 mg), and
HSCH,Ph-t-Bu (TBBM, 50 uL) were added under vigorous stirring.
After that, 2 mL of NaBH;CN methanol solution (26 mg/mL) was
added under vigorous stirring. The reaction was aged for ~18 h at
room temperature, and the supernatant was collected by centrifugation
(3 min at ~10000 rpm) and then dried. The black product was
washed with excess toluene and collected by centrifugation again.
Black diamond-shaped crystals were crystallized from CH,Cl,/toluene
at room temperature.

2.4. Synthesis of Au,Agso_,(Dppm)¢(SR);, Clusters.
Agso(Dppm)4(SR)3, was dissolved in methanol under vigorous
stirring. Then, Au(I)-SR (SR = TBBM) was added. After about 4 h,
the peak of Ags, (~660 nm) was gradually blue shift to 616 nm, which
indicates the exchange of gold atoms into the silver nanocluster. The
supernatant was collected by centrifugation (3 min at ~10 000 rpm)
and then dried. The black product was washed with excess toluene and
collected by centrifugation again. Black diamond-shaped crystals were
crystallized from CH,Cl,/toluene at room temperature.

2.5. X-ray Crystallographic Determination. The data collec-
tions for single crystal X-ray diffraction (SCXRD) was carried out on a
Bruker Smart APEX II CCD diffractometer at 150 K, using a graphite-
monochromated Mo K radiation (4 = 0.71073 A). Data reductions
and absorption corrections were performed using the SAINT and
SADABS programs, respectively. The structure was solved by direct
methods and refined with full-matrix least-squares on F* using the
SHELXTL software package. All non-hydrogen atoms were refined
anisotropically, and all the hydrogen atoms were set in geometrically
calculated positions and refined isotropically using a riding model. X-
ray diffraction data refinement involving partial occupancy was used to
locate the Au atom in Aug 3,Ag., 66(Dppm)s(SR)3, (for details, see the
Supporting Information).

2.6. DFT Calculations. The density functional theory (DFT)
calculations were employed to optimize the geometric structure of
Agyo(Dppm)g(SR);p and AugAg,,(Dppm)s(SR)s, clusters using
Perdew—Burke—Ernzerhof (PBE)®' function, and the d-polarization
included basis set (DND) is used for C, H, S, and P. The DFT
Semicore pseudopototential (DSPP) approximation with some degree
of relativistic corrections into the core is used for the Au and Ag
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elements implemented in the Dmol® package.”>®* (Here, the R group
is simplified as methyl group to simplify the calculation.)

2.7. Characterization. Ultraviolet—visible (UV—vis) absorption
spectra were recorded on Agilent 8453 spectrophotometer. Single
crystals were dissolved in methanol for spectral measurements.

X-ray photoelectron spectroscopy (XPS) measurements were
performed on Thermo ESCALAB 250. configured with a mono-
chromated Al Ka (1486.8 €V) 150 W X-ray source, 0.5 mm circular
spot size, a flood gun to counter charging effects, and the analysis
chamber base pressure lower than 1 X 107° mbar; data were collected
with FAT = 20 eV.

Electrochemical measurements of clusters were performed with an
electrochemical workstation (CHI 700E) using a Pt working electrode
(diameter 0.4 mm), a Pt wire counter electrode and an Ag wire quasi-
reference electrode in 0.1 M Bu,NPF,—CH,Cl,. Prior to use, the
working electrode was polished with 0.05 mg mL™" Al,O, slurries and
then cleaned by sonication in dilute CH;CH,OH and nanopure water
successively. The electrolyte solution was deaerated with ultrahigh
purity nitrogen for 40 min and blanketed under a nitrogen atmosphere
during the entire experimental procedure.

Photoluminescence spectra were measured on a FL-4500
spectrofluorometer with the same optical density (OD) ~ 0.0S. In
these experiments, the nanoclusters solution was prepared in CH,Cl,
at a concentration of less than 1 mg mL™".

Electrospray ionization mass spectrum (ESI-MS) was recorded
using a Bruker Q-TOF mass spectrometer. The source temperature
was kept at 80 °C. The sample was directly infused into the chamber at
5 uL/min. To prepare the ESI sample, clusters were dissolved in
methanol (~0.1 mg/mL).

3. RESULTS AND DISCUSSION

3.1. Crystal Structure. The UV—vis absorption spectra of
Ag4(SR);0 nanocluster showed obvious peaks at ~410, 485,
530, and 640 nm and a weak broad peak at ~810 nm. After
growth, Agso(Dppm)¢(SR)s, displayed three obvious peaks at
~41S, 485, and 660 nm; the broad peak was further widened
(Figure 1A). The similar UV—vis spectra revealed that these
two nanoclusters might have a similar structure. X-ray
crystallography analysis was performed and found that the
structure of Ags, had an exceptionally high symmetry with Cy;
point group (Ss symmetry) (Figure S1). The symmetry was
attributed to the six “S—Ag—S” staples which formed a
hexagonal prism and occupied the interlaced vertices (Figure
S1C). As shown in Figure 1B, the hollow Ag;, unit from Ag,,
was maintained in the Ags, nanocluster. Detailed analysis of the
crystal structures of Ag,, and Ag, revealed that the 12 Ag
atoms in the motifs of Ag,, nanocluster were distributed at the
12 sides of the dodecahedron while the 12 Ag atoms in the
motifs of Ags, were scattered in the dodecahedron at the top of
the six surfaces because every two Ag atoms were connected by
a Dppm ligand (Figure 1B). The exchange of Dppm ligand and
thiol resulted in enough space in the middle of Ags, for the six
Ag—S units to connect with the Agy, kernel (Figure 1C). The
Dppm ligand made the Ag,S, distorted and stretched the Ag—
Ag bond from 2.996 A in Ag,, to 3.049 A in Ag,, (Figure 1D).
Furthermore, the six special Ag atoms were connected with the
center Ag), kernel and converted the six separate Ag,S,P,
motifs to two ring-shaped motifs (Figure S2).

The details of the atom-packing structure were shown in
Figure 2. The Ags, nanocluster consisted of a hollow
icosahedron (Ag;, inner core) (Figure 2A) within a
dodecahedron (Ag,, outer core) (Figure 2B), forming an
Ag;, excavated-dodecahedral core (Figure 2C) with icosahedral
symmetry. Compared with the reported Ag,(SR); nano-
cluster, this newly formed nanocluster had 6 extra Ag(SR),
units (Figure 2E) which connected the independent
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Figure 2. Dissected structure of Ags,(Dppm)s(SR)s. Color labels:
red/green/blue/sky blue = Ag; yellow = S; orange = P. For clarity, all
C and H atoms are not shown.

Ag,(SR);(Dppm); units (Figure 2D) and accordingly formed
two Ago(Dppm);(SR);s rings (Figure 2G). Meanwhile, these
extra Ag(SR), units connected the outside shell with both Ag,
kernel (Figure S2) and dodecahedron Ag,, outer core and
finally formed the Agy(Dppm)s(SR)s, nanocluster (Figure
2H).

Due to the influence of dual ligands, the mount structure in
Figure 2D comprised the entire layer protecting the compact,
quasi-spherical Ags, core. The radial Ag—Ag distances (2.786—
2.871 A) in the hollow icosahedron Ag,;, were different from
the Ag—Ag distances (2.813—2.843 A) of the empty
icosahedron Ag,, in [Ag,,(p-MBA);,]*" and shorter than the
Ag—Ag distances (2.900—3.202 A) in the dodecahedron (Ag,,
outer core).57

Similar to most of the reported Ag nanoclusters, Ags, was not
very stable at higher temperature (Figure S4). To enhance the
stability of this nanocluster, we used the templated/galvanic
metal exchange method to dope inert Au atoms into this
nanocluster. The Aug3,Ag.,66(Dppm)s(SR); cluster was
obtained by adding Au(I)—SR complex into the Ag, solution
(Figure 3A). SCXRD revealed that gold atoms exchanged the
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Figure 3. (A) Exchange from Ag,,(Dppm)s,(TBBM);, to
Au,Ags,_(Dppm)(TBBM);, by a “templated/galvanic metal ex-
change” method. (B) ESI mass spectrum of Ags,(Dppm)s(TBBM);,
NCs. Inset: experimental and simulated isotope patterns of
[Agso(Dppm)s(TBBM);, + 3Na* + K — H']**. (C) ESI mass
spectrum of Au,Ags,_.(Dppm)s(TBBM);, NCs (x as indicated in
each spectrum). Inset: experimental and simulated isotope patterns of
[AusAg,s(Dppm)s(TBBM);, + 4Na* H*]3* and
[AugAg,,(Dppm)s(TBBM),, + 4Na* — H*]*. Color labels: gray/
green/blue/sky blue = Ag; yellow = S; orange = P; red = Ag/Au.

silver atoms in the hollow M;, metal core. All the atoms in the
M, core were initially treated as partially occupied Au and Ag
with the same coordinates and anisotropic displacement
parameters, and the Au occupied atoms were converged to
44.5% (for details see, Figure SS).

The crystallographic data of these two clusters were similar
(Table 1). As shown in Table 2, the doping of Au atoms made
the average M—M bond (2.799 A) in the M,, kernel a little
shorter than that in the Agg, (2.826 A), and the average Ag—Ag
bond in the Agy, (3.194 A) core was slightly larger than that in
the undoped one (3.169 A) (Figure S3). It was worth noting
that the average Ag—S bond lengths in the center of the
Agso(Dppm)s(SR)3o and Aug, 34Ag4466(DPPm)6(SR)30 clusters
were in the range of 2.551—2.555 A, which were shorter than
other phosphine/thiol coprotected nanoclusters, such as
Ag,4(SC4H,F,) 1, (PPhy)g (2.612 A).°* The P—Ag bonds of
the Agso(Dppm)s(SR)3p and Aus 34Ag44.66(Dppm)s(SR)30
clusters were also shorter than those of
Ag14(SCeH;3F,)1,(PPhy)s by 1-2%.

As shown in Figure 3B, an intense peak was found at m/z
4395.19 Da. This peak and the isotope pattern analysis

corresponded to those of [Agso(Dppm)s(TBBM);, + 3Na* +
K" — H']** (calculated m/z 4395.19 Da; Figure 3B inset).
Similarly, two intense peaks at m/z 4537.44 and 4567.12 Da
and two weak peaks at m/z 4507.79 and 4596.83 Da were
revealed in Figure 3C. These peaks were assigned to
[AuAgs,_.(Dppm)s(TBBM)s, + 4Na" — H'J" (x = 4, 3, 6,
7) (calculated m/z 4507.79, 4537.44, 4567.14, and 4596.83
Da), confirmed by isotope pattern analysis (Figure 3C inset).
From the peak height of the species, the average composition of
the sample was found to be Aug 4,Ag, ss(Dppm)s(SR)3,, which
was consistent with the single crystal data
(Aus 34,Ag44.66(Dppm)s(SR)3o) (Table S1).

3.2. X-ray Photoelectron Spectroscopy. XPS results
revealed that the atomic ratio was 10.89%/89.11% (Au/Ag,
Table 3), which was consistent with the SCXRD result (Table
3). The XPS data was shown in Figure 4A, and details of data
were shown in Figure S6. Figure S6C compared the Ag 3d
spectra of Mg 3,Ag466(Dppm)s(SR);o and bulk Ag. The Ag
3ds/, peak of Agg, nanocluster was at 368.42 eV and shifted to
higher binding energies compared with that of bulk Ag (367.9
eV). This result illustrated that the valence state of Ag in the
Agso nanocluster was positively charged. Following the inert
gold doping into the metal core of Ags, nanocluster, the Ag 3d
spectra shifted away from the position of bulk silver, which
suggested the valence state of silver was more positive than the
homosilver nanocluster. The gold atoms were doped into the
metal core of the silver nanocluster; it was reasonable that the
gold was close to the metal form. As shown in Figure S6D, the
Au 4f, ), peak (84.3 eV) of Au5 34A844 66 Nanocluster was close to
the bulk Au 4f,, (84.0 V).

3.3. Optical Properties. The UV—vis absorption spectrum
of Ags(Dppm)¢(SR);, in methanol at room temperature
displayed three obvious peaks at ~41S5, 485, and 660 nm
(Figure 4B). Meanwhile, Aus3,Ag4, 66(Dppm)s(SR)s, displayed
three obvious peaks at ~395, 485, and 616 nm. A significant
change was that the 660 nm band moved to 616 nm by a 44 nm
blueshift. The photon energy of HOMO—LUMO transition
peak in Agso was 1.134 eV, which was lower than Aus3,Ag.,
(1.235 eV) (Figure S7). This phenomenon might be due to Au
heteroatom substitution, which increased the HOMO—-LUMO
energy gap (E,) of nanocluster.”> Obviously, the distinct
difference of the optical absorption for
Aus 34A844.66(Dppm)s(SR)30 and Agso(Dppm)s(SR)s clusters
indicated a significant contribution of the core metal atoms to
the optical properties.

3.4. Photoluminescence Properties. As shown in Figure
4C, Agso(Dppm)s(SR);9 NCs exhibited inconspicuous photo-
luminescence. After doping gold atoms into this homosilver
nanocluster, the obtained Au,Ags,_.(Dppm)s(SR);, exhibited
an emission at the near-infrared region (870 nm). These
dramatically enhancement together with the reported results
suggested the gold doping was an efficient way to boost the
photoluminescence intensity of homosilver nanocluster.*>®”

3.5. Differential Pulse Voltammograms. Figure 4D
illustrated differential pulse voltammograms (DPVs) of

Table 1. Summary of Crystallographic Data for Ag,,(Dppm)4(SR)3, and Au,Ags,_.(Dppm)s(SR);, Clusters

cluster composition space group a (A) b (A) c(A) a (deg) S (deg) 7 (deg)
Agso(Dppm)s(SR)3 PT 262512(12) 26.6936(12) 26.7376(12) 76.576(2) 60.718(2) 61.726(2)
Aug 34Ag4466(Dppm)6(SR)30 PT 25.8780(9) 26.0327(9) 26.5129(9) 61.613(2) 75.949(2) 61.416(2)

“Dppm, bis(diphenylphosphino)methane; SR, 4-tert-butylbenzyl mercaptan.
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Table 2. Summary of Important Average Bond Length Data for Agy,(Dppm)s(SR);o and Au,Ags,_.(Dppm)s(SR);, Clusters

cluster M-M (A)* M-Ag (A)®
Agso(Dppm)s(SR)30 2.826 2.861
Au; 34Ag4.66(Dppm)s(SR)s30 2.799 2.861

Ag—Ag (A)° Ag—S (A)* Ag-S (A)° Ag—P (A
3.169 2.551 2.638 2.447
3.194 2.555 2,630 2.464

“M—M bond length in the M;, shell (M = Au, Ag). bM—Ag bond length between the M}, and Agy, shell. “Ag—Ag bond length in the Ag,, shell.
dAg—S bond length between the Ag and thiolate in the waist of the crystal. “Ag—S bond length between the Ag and thiolate in the bottom of the

crystal. ng—P bond length between the Ag and phosphorus.

Table 3. Atom Ratio of Au/Ag Measured by XPS and
SCXRD

XPS experiment ratio SCXRD ratio

Au atom 10.89% (5.44/50) 10.68% (5.34/50)
Ag atom 89.11% (44.56/50) 89.32% (44.66/50)
A Ag 3d —Ag,, B —Ag,,
— AU, AG s —AU; A,
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Figure 4. Comparison of Agy(Dppm)s(SR);, (magenta line) and
Aug 3,Ag4 66(Dppm)(SR)3, (black line) for (A) XPS, (B) UV-—vis,
and (C) PL spectras, and (D) DPVs.

Agso(Dppm)s(SR)30 and  Aus 34Ag4,66(Dppm)s(SR)30 nano-
clusters at —42 °C in 0.1 M Bu,NPF;/CH,Cl,. The peaks of

the Ag, were found at +0.44 (O3), +0.20 (02), —0.08 (O1),
and —1.03 V (R1) (Table 4). The electrochemical energy gap

Table 4. Formal Potential Spacing (AV) in the DPV
Potential Scans for Two Analogous NCs Dissolved in
CH,CL, (eV)

03 02 01 R1
AgSO(Dppm)é(SR)m 0.44 0.20 —0.08 —1.03
AU 3,A44.66(Dppm) (SR )30 0.82 0.36 0.09 -1.42

of 0.95 V (Ags,) was determined from the difference between
the oxidation O1 and reduction R1 potentials.”® The
electrochemical energy gap of Aus;,Ag.,cs(Dppm)s(SR)50
was determined to be 1.51 V using the same method. The
electrochemically determined larger HOMO—LUMO energy
gap (Eg) for Au; 3,Ag,, ¢ Was consistent with the photoelectron
spectroscopy analysis. The energy of LUMO orbital of the alloy
nanocluster was higher than the homosilver nanocluster; a
similar trend was also reported by Jin’s and Zhu’s groups.®>*
Interestingly, the HOMO orbital of the alloy nanoclusters
lower than the homosilver nanocluster, which was found for the
first time, indicated that the gold doping could affect the
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HOMO orbital in the alloy nanoclusters. The lower HOMO
orbital explained the higher stability of the alloy nanocluster.

3.6. DFT Calculations. Analysis of the local charge in metal
atoms in the three shells 1 (kernel with 12 atoms), 2 (20
atoms), and 3 (18 atoms) was performed using the hirshfeld
analysis method in Dmol® package, and the results were shown
in Tables S3 and S4, from which we could see the change of the
charge in the two clusters. For example, as shown in Table S3,
the charge of the kernel with 12 metal atoms decreased from
0.098 to —0.077 after replacing six silver atoms with six gold
atoms. In addition, compared with the Ag, clusters, except
with the corresponding Ag doped by gold atom, the charge of
the rest of 44 Ag atoms increased by ~0.162lel (from +3.713 to
+3.875), which was consistent with XPS analysis. Table S4
listed the Hirshfeld charge in the kernels of the two clusters in
detail.

4. CONCLUSION

In summary, we have synthesized Agy(Dppm)s(SR);y by
seeded growth of Ag,(p-MBA);, nanocluster. This new
nanocluster has been identified by X-ray diffraction and
confirmed by ESI-MS and XPS. In order to further increase
the stability of the homosilver Ags, nanocluster, the templated/
galvanic metal exchange method is carried out to exchange the
core silver atoms with inert gold atoms. The obtained
Au,Ags,_.(Dppm)s(SR);, nanocluster is also identified by X-
ray diffraction and confirmed by ESI-MS and XPS. The optical,
photoluminescence, electrochemical, and thermal stability
experiments revealed that the doping of gold into the silver
core can largely affect both HOMO and LUMO orbitals and
increase the stability of homosilver nanoclusters. Our work will
benefit better understanding on the synthesis of stable, large-
size homosilver and silver-based alloy nanoclusters, as well as
the structure related properties.
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B NOTE ADDED IN PROOF

After we finished this work, we noted that two silver

nanoclusters larger than Ag,, have been reported by Bakr’s
70 ) 71 .

group’ and Zheng’s group,” respectively. Both of them are

synthesized by direct method.
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