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For the first time site-specific doping of silver into a spherical Au,s nanocluster has been achieved in
[Au19Ags(MeOPNS)17(PPhs)e]l (BF4)> (AuigAge) through a dual-ligand coordination strategy. Single crystal
X-ray structural analysis shows that the cluster has a distorted centered icosahedral Au@AugAge core of
D+ symmetry, in contrast to the I, Au@Au,, kernel in the well-known [Au,s(SR)1g] ™ (R = CH,CH,Ph). An
interesting feature is the coexistence of [Au,(SPhOMe)s] dimeric staples and [P—Au—SPhOMe] semi-
staples in the title cluster, due to the incorporation of PPhs. The observation of only one double-charged
peak in ESI-TOF-MS confirms the ordered doping of silver atoms. AujgAge is a 6e system showing
a distinct absorption spectrum from [Au,s(SR)1g]™, that is, the HOMO-LUMO transition of AujoAgs is
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1. Introduction

Atomically precise bimetallic nanoclusters have attracted
intense attention owing to their structural diversities and
potential applications."® Gold-silver nanoclusters exhibit
different catalytic, electrochemical and optical properties
compared to their homometallic analogues, and the properties
vary with the degree of doping.’®** For example, Aus,Agss(-
C=CPh),(Br;, has a distinctly different optical absorption
profile from [AugoAg;0(C=CPh),,Cly]Cl, owing to their different
metal arrangements and Au/Ag ratios.’® [Au,s_,Ag.(SR)s(-
PPh3)10CL]*" (x = 13) has a 200-fold increase in luminescence
quantum yield after doping the 13™ Ag atom.'® These results
indicate that the doping number and position of silver atoms
should be considered in studying the structure-property rela-
tionships of alloy clusters.'®**2°

The thiolated gold nanocluster [Au,5(SR);5] (R = CH,CH,-
Ph)***? has been extensively used as a parental cluster for het-
erometal doping, because of its easy preparation and high
stability.>® In 2010, Au,s_,Ag,(SR);s nanoclusters with x up to 11
were synthesized by Negishi et al.,** and similar doping reac-
tions were also reported by Murray et al.>® The structure of
Auys ,Ag(SR);s was determined by Dass et al.,*® which revealed

“Department of Chemistry, Tsinghua University, Beijing, 100084, PR China. E-mail:
gmwang@tsinghua.edu.cn

*Department of Chemistry, College of Chemistry and Chemical Engineering, Xiamen
University, Xiamen, 361005, PR China

T Electronic supplementary information (ESI) available. CCDC 2131886. For ESI
and crystallographic data in CIF or other electronic format see DOIL
10.1039/d2sc00012a

5148 | Chem. Sci, 2022, 13, 5148-5154

optically forbidden due to the P character of the superatomic frontier orbitals.

a disordered arrangement of the icosahedral shell in Au;@-
Aus 3Ags ;@6 X AU, (SR);. Later, different degrees of doping were
achieved, including heavy-doped Au,s_,Ag.(SR);s (x = 19.4,
20.45) by Jin et al.*”*® Although various degrees of doping can be
roughly controlled by regulating the Au/Ag ratios in synthesis
procedures, all these clusters are mixtures containing different
numbers of heteroatoms as revealed by mass spectrom-
etry.*>**?? To establish a direct structure-property correlation,
precise doping of heteroatoms in an ordered manner is highly
demanded. Such a site-specific doping remains a big challenge,
especially for Au-Ag alloy nanoclusters. The difficulty in
obtaining non-disordered gold-silver alloy clusters lies mainly
in the similarity in the atomic radius and electronic structures
of Ag and Au.”?* The substitution of silver atoms at equivalent
sites of gold often occurs during heteroatom doping, leading to
a distribution of Ag heteroatoms in a gold cluster. For example,
the highly symmetric geometry of [Au,s(SR);s] makes the
surface gold atoms hard to be distinguished, which increases
the difficulty of site-specific doping.*

It is well known that surface organic ligands are critical in
the formation of atomically precise metal nanoclusters.®***° It
has been found that the electronic nature, coordination pref-
erence, and bulkiness of ligands can have significant effects on
the structures and properties of the clusters.*™** In order to
achieve site-specific doping of silver into a gold nanocluster, we
develop a strategy to control the atomic arrangement through
the combination of ligands with different ligating preferences.
The use of thiolate and phosphine ligands resulted in the
formation of a novel ordered Au,4Ags core different from those
with disordered Au,;_,Ag, cores. It is remarkable that the silver
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atoms are located at specific positions in the M;; kernel due to
the different affinities of surface motifs.

Herein, we report the synthesis and structural determination
of such an alloy (Au/Ag),s cluster with ordered doping with the
formula  [Au;9Age(MeOPhS);,(PPh;s)s](BF,), (denoted as
Au,0Ags). The composition and structure have been determined
by electrospray ionization time-of-flight mass spectrometry and
single-crystal X-ray structural analysis. An interesting feature is
the coexistence of [Au,(SPhOMe);] dimeric staples and [P-Au-
SPhOMe] semi-staples in this cluster, due to the incorporation
of PPh;, which dictates the specific sites for dopant silver atoms.
In addition, we have also studied the optical properties and
electronic structure of this 6e system, which are quite different
from Au,s_,Agy(SR):g clusters.

2. Experimental
2.1 Materials

Triphenylphosphine (Ph;P, 99.5%), 2,2'-dipyridylamine (Hdpa),
4-methoxythiophenol and silver tetrafluoroborate (AgBF,,
99.0%) were purchased from J&K; sodium borohydride (NaBH,,
98%) and other reagents employed were purchased from Sino-
pharm Chemical Reagent Co. Ltd (Shanghai, China). All the
reagents were used as received without further purification.
Me,SAuCl and Ph;PAuCl were prepared according to literature
methods.***

2.2 Synthesis of MeOPhSAu

To 60.0 ml acetone containing Me,SAuCl (589.2 mg, 2.0 mmol),
MeOPhSH (336.4 mg, 2.4 mmol) and triethylamine (242.8 mg,
2.4 mmol) were added under vigorous stirring, and the mixture
was stirred for 15 minutes in the dark. A large amount of white
precipitate was formed. The resulting solution was rotary
evaporated to dryness to give a white solid, which was washed
with water, ethanol, and ether to give MeOPhSAu.

2.3 Synthesis of MeOPhSAg

10 ml ethanol solution of MeOPhSH (350.5 mg, 2.5 mmol) was
dropwise added into 100 ml aqueous solution of AgNOj;
(425.0 mg, 2.5 mmol), followed by the addition of triethylamine
(242.8 mg, 2.4 mmol), and the solution turned black. In an ice-
water bath, the mixture was stirred for 15 minutes in the dark.
After suction filtration, the obtained solid was washed with
water, ethanol, and ether to give MeOPhSAg.

2.4 Synthesis of Au;5Age

To 4.0 ml CH,Cl, containing Ph;PAuCl (24.7 mg, 0.05 mmol),
0.1 ml of methanol solution of AgBF, (8.8 mg, 0.045 mmol) was
added under vigorous stirring. After stirring for 15 minutes in
the dark, the mixture was centrifuged and filtered to remove the
AgCl precipitate. Hdpa (4.2 mg, 0.025 mmol) was added to the
filtrate, the solution turned pale yellow, and the solution was
stirred for 1 hour in the dark. Subsequently, MeOPhSAu
(16.8 mg, 0.05 mmol) was added, and freshly prepared NaBH,
(0.7 mg in 1 ml ethanol) was added dropwise under stirring. The
color of the solution changed from yellow to orange and then to
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dark brown. After stirring for 4 hours in the dark, MeOPhSAg
(12.4 mg, 0.05 mmol) was added under stirring, and the color of
the solution changed from dark brown to brown-black. The
reaction solution was stirred for 12 hours at room temperature
in the absence of light. After the reaction, the solvent was rotary
evaporated to give a dark brown solid. The solid was dissolved
in 2.0 ml of dichloromethane and centrifuged at 10 000 rpm for
3 minutes. The dark brown solution was collected, to which #n-
hexane was added for diffusion at 4 °C. After two weeks, black
crystals were obtained (10.5 mg, yield 18% based on Au).

2.5 Characterization

UV-Vis-NIR absorption spectra were recorded on a Cary 5000.
The mass spectrum was recorded on an ABI4800plus ESI-TOF-
MS and a Waters Q-TOF mass spectrometer. Crystals of
Au,0Ags were dissolved in CH,Cl, for ESI-MS measurement. X-
ray photoelectron spectroscopy was performed using
a Thermo ESCALAB Xi+ instrument. Intensity data of Au;qAge
were collected on an Oxford Gemini S Ultra system (Cu Ka).
Absorption corrections were applied by using the program
CrysAlis (multi-scan). The structure was solved by direct
methods, and non-hydrogen atoms except solvent molecules
and counteranions were refined anisotropically by least-squares
on F* using the SHELXTL program. The diffuse electron
densities resulting from the residual solvent molecules were
removed from the data set using the Olex2 solvent mask.

2.6 Computational details

Density functional theory (DFT) calculations were performed
with the quantum chemistry program Gaussian 16.** In the
calculations, Au;oAgs was mimicked by a model system of
[Auy0Ag6(PH3)s(SH)17]*". The 6-31G(d) basis set was used for H,
S, P, and LANL2DZ, for Au and Ag.**** Geometry optimizations
were performed with the B3LYP functional, and time-
dependent DFT calculations of the UV-Vis absorption spec-
trum were performed with the PBEO functional.®® One hundred
singlet states (nstates = 100, singlet) are chosen in the calcu-
lations of the UV-Vis absorption spectra. All the transitions
together with their oscillator strengths were then convoluted
with a Gaussian line shape of 0.15 eV broadening to make the
whole optical-absorption spectrum. The molecular orbitals were
visualized via the Multiwfn software and the VMD package.”>*

3. Results and discussion

The synthesis of Au;eAge involves the reduction of the gold
precursor followed by the addition of silver thiolate. It is very
important to remove chloride from Ph;PAuCl, otherwise the
known [(p-Tol3P);0Au;3Ag:1,Clg] (PFe) with a biicosahedral core
is obtained as reported previously.** The halide-free strategy has
been proved successful in synthesizing new phosphine/thiolate
co-protected metal nanoclusters such as [Auss(p-MBT),,(Ph;-
P)s](SbFs); (p-MBT = 4-methylbenzenethiolate).>

The composition of Au,9Ages was determined by electrospray
ionization time-of-flight mass spectrometry (ESI-TOF-MS) in
positive-ion mode. As shown in Fig. 1, there is only one doubly
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Fig.1 ESI-TOF-MS spectrum of Au;gAgeg in CH,Cl,. Inset: comparison
of the experimental (blue) and simulated (red) isotope distribution
patterns.

charged peak observed at m/z 4164.83, which corresponds to the
molecular ion [Au;oAgs(MeOPhS),(PPh;)]*". The isotopic
distribution pattern is in perfect agreement with the simulated
one (Fig. 1, inset). No other doping products with different
numbers of silver atoms were observed. The small doubly
charged peak at m/z 4332.8 corresponds to [Au,oAgs(-
MeOPhS);5(PPh;)s]*", due to the incorporation of MeOPhSAu
into [Au;Ags(MeOPhS),,(PPh;)s]*".

The gold 4f;,, binding energy of Au;0Age is 84.2 €V that is in
between that of Au(0) (84.0 eV) and Au(1) (84.9 eV), confirming
that gold atoms in Ag;9Ags exist in mixed oxidation states of
Au(0) and Au(1). The Ag 3ds, binding energy is 367.6 eV that is
significantly lower than that of metallic silver (368.27 eV),
indicating that Ag atoms in the cluster are positively charged.*

The structure of Au,;9Ags was determined by X-ray single-
crystal diffraction.”® As shown in Fig. 2, the metal core of
Au,0Age is a centered icosahedral Au@AugAgs core, similar to
the Au;; core in [Auys(SR)i5] . However, the icosahedron is
slightly distorted due to the incorporation of Ag atoms. The Au-
Au bond lengths from the central gold atom to the vertices of
the AugAgs icosahedron are between 2.7908(15) and 2.8189(14)
A (average 2.806 A), and the Au-Ag bond lengths from the
central gold atom to the silver vertices of the AugAgs icosahe-
dron are between 2.962(2) and 3.085(2) A (average 3.022 A). The
Au-Au distances in the AugAgs icosahedron can be classified
into two groups: the shorter ones average 2.670 A and the longer
ones average 3.289 A, which are distinguished by whether they
interact with V-shaped [Au,(SR);] staples or not. The Au-Ag
bond lengths on the AugAgs shell are in the range of 2.824(2)-
3.056(2) A (average 2.922 A).

As shown in Fig. 2b, six dopant Ag atoms are located at two
opposite triangles of the icosahedron, and the six gold atoms
are in the arrangement of chair conformation. Each of the two
Ag; triangles is capped by a p; thiolate. In the Ag; units, Ag
atoms are bound by argentophilic interactions with Ag-Ag
distances between 3.462(3) and 3.773(3) A (average 3.623 A), and
the average bond length of the Ag-S bond is 2.469 A.*”*® There
are 12 peripheral gold atoms attached to this AugAgs shell
(Fig. 2c), but the gold-thiolate motifs are different from
[Au,5(SR),5] due to the coordination of 6 PPh; (Fig. 2d).
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Fig. 2 (a) Molecular structure of AujgAge. Au orange, Ag green, P
purple, S yellow, C gray, and O red. (b) The centered icosahedral
Au,Agg core. (c) AuzAge with the 12 exterior Au atoms. (d) Au;Age with
three V-shaped [Au,(SR)s] staples and six [P—Au—SR] staples.

As shown in Fig. 3, Auj0Ages has three dimeric staples
([Auy(SR);3], motif A) and six semi-staples ([P-Au-SR], motif B),
which is quite different from [Au,5(SR);5]” that has six identical
[Au,(SR);] dimeric staples. In the present case, each [Au,(SR);]
staple is connected to two Ag atoms in the AugAgs shell, while
each [P-Au-SR] semi-staple is linked to one Au atom of
AugAgs.*® Therefore, the sites for silver and gold in the AugAgs

\T Motif C

Fig. 3 Gold-thiolate motifs attached to the AugAge shell (some of the
surface binding motifs are removed for clarity).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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shell can be differentiated by the peripheral motifs through
which they are connected. The doping of silver atoms lowers the
symmetry from I;, of the Au,; kernel in [Au,5(SR);5] to D3 of the
Au,Ag; core in the title cluster.

Studies have shown that the difficulty in achieving ordered
doping in Au,s ,Ag,(SR);g might be attributed to the highly
symmetric geometry of [Au,5(SR)15] . Negishi et al. found that
Ag substitution tends to occur at specific sites, where the
substituted Au atoms are not equivalent to the other Au atoms.*
As for the title cluster, its synthesis involves two steps, that is,
the reduction of the gold precursor and the subsequent addi-
tion of silver thiolate. We performed ESI-MS for the reaction
mixture before adding silver thiolate, and no peak of
[Auys(SR)1s]” or [Au,5(MeOPhS);,(PPh;)s]** was observed.
Therefore, the formation mechanism is not a simple substitu-
tion of gold with silver in Au,s, and it may involve the reaction of
unknown intermediate clusters with silver thiolate.

We believe that the precise location of Ag atoms in Au,9Ags is
due to the introduction of the Ph;P ligand. Because of the
stronger bonding of Au-P than Ag-P, the metal atoms that
coordinate to the PPh; ligands are all Au atoms. In comparison,
Ag atoms preferentially take the positions that are bound to the
S atoms of thiolates. > P-NMR of Au,4Ags in CD,Cl, has only one
peak at 37.48 ppm (Fig. S17), which confirms that there is only
one kind of P in Au;4Age consistent with its D; symmetry.

In this dual-ligand system, Au and Ag atoms are fixed at
special positions to form precisely substituted gold-silver
nanoclusters. Similar situations have been observed in
halogen/phosphine co-protected rod-like M,s nanoclusters as
well as M3; alloy nanoclusters.®*** For the M,5 rod-like cluster,
because the Ag-Cl bond is stronger than Au-Cl and Au-P is
stronger than Ag-P, Ag atoms occupy all the positions bound to
chlorides, while Au atoms preferentially take the positions
linked to PPhj;. It is worth mentioning that in a system where
thiolates and phosphines coexist, it is easy to obtain thiolate/
phosphine/chloride co-protected rod-like Au,s_,Ag, nano-
clusters, but this problem can be avoided by removing the Cl in
PPh;AuCl during the synthesis process.

The absorption spectrum of Au;sAge is shown in Fig. 4,
which exhibits two prominent absorption peaks at 390 nm and
463 nm. In comparison with Au,s_,Ag, with disordered doping,
it is found that the UV spectrum of Au;0Ag; is very different.”*
Remarkably, the prominent peak around 700 nm in

=
(=
~

——AuyAgs — [Auz(SR)I"

AusgAge

Abs. (a.u.)
Abs. (a.u.)

300 400 500 600 700 800 900 1000
Wavelength (nm)

300 400 500 600 700 800
Wavelength (nm)

Fig. 4 (a) The absorption spectrum of AujoAgs in CH,Cly. Inset:
photograph of the solution. (b) The comparison of AujgAgg and
[Auzs(SR)1g] ™.
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[Au,s(SR);g]” disappears in AuygAgs. Such a difference is
generated from the alteration in electronic structures.®®®” The
number of valence electrons of Au;0Age is 6 (n =19 +6 — 17 —
2), corresponding to the superatomic electronic configuration
18*1P* in contrast to 1S*1P® of [Au,s(SR)ig] .*** Thus, the
HOMO-LUMO transition is an optically forbidden p-p transi-
tion as confirmed by the following TDDFT calculations, which
explains the disappearance of the ~700 nm peak. Notably, the
geometry of Au;9Ags is oblate as shown in Fig. 2. The Au atoms
in the staples are distributed on the waist of the icosahedron.
Such a core distortion in Au,9Ags is in line with its 6e configu-
ration.” Unlike thiol-protected Au,s or Au,s ,Ag, clusters, the
use of neutral phosphine ligands in Au,9Ags makes the system
more positively charged,*”° leading to the formation of a 6e
system instead of 8e. A similar case was observed in [Augo(-
PhC=C),,(dppm),](SbFes), (dppm = bis(diphenylphosphino)
methane), where it is a 16e system instead of 18e.*
Time-dependent density functional theory (TDDFT) calcula-
tions were carried out to explore the relationship between the
electronic structure and optical absorption properties. We
adopted the structural data from X-ray single crystal diffraction

a) b)
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(-9.162 eV)
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Fig. 5 (a) Experimental absorption spectrum of Au;9Age. (b) Simulated
spectrum of Au9Age. (C) Frontier orbitals including the HOMO, LUMO,
LUMO+1 and LUMO+2 of Auj9Ads.
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Fig. 6 Kohn-Sham molecular orbital energy levels of Au;9Age.

as an input file to the quantum chemistry program Gaussian 16.
As shown in Fig. 5a, there are characteristic absorption peaks at
2.78 €V (o) and 3.38 eV (B) in the simulated spectrum, which fit
well with the experimental results except for a slight blue shift
(Fig. 6b). The band at 2.78 eV was referred to as the transition
from the HOMO to the LUMO+1, whereas the p peak at 3.38 eV
was assigned to the HOMO to LUMO+2 transition. It is worth
noting that Au,9Age exhibits highly symmetric superatomic
orbital properties with the HOMO-LUMO showing P orbital
characteristics, which accounts for the optically forbidden
transition from the HOMO to the LUMO.

According to the Kohn-Sham molecular orbital (MO) energy
level diagram of Au,0Ags (Fig. 6), the HOMO and LUMO+1
orbitals are mainly constituted by the Au and Ag atomic orbitals
in the Au,Age icosahedral core. Therefore, the o absorption
band at 2.78 eV and the B peak at 3.38 eV (Fig. 6b) are primarily
attributed to the charge transfer within the metal kernel.
Notably, the atomic orbitals of P contribute little to KS molec-
ular orbitals.

4. Conclusion

In summary, we have obtained a bimetal nanocluster with
ordered silver doping. This cluster has a precise composition
and well-defined molecular structure, in which dopant silver
atoms are located at the two opposite triangle sites in the dis-
torted icosahedral Au@AueAg; core. This cluster exhibits totally
different optical properties from previously reported Au,s_,Ag,
and Au,;s clusters, due to its 1S>1P* electronic configuration.
This is the first example of doping silver atoms in a spherical
Au,s cluster at specific sites in an ordered way. This work
underlies the effectiveness of using a ligand combination
strategy to generate alloy nanoclusters with special geometric
and electronic structures.

Data availability
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