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The photoelectron spectra of Au2Sin− (n = 1–7) clusters were measured, and the structural evolution
and bonding properties of Au2Si1–7

− anions and their corresponding neutral counterparts were inves-
tigated by theoretical calculations. The two Au atoms in Au2Si1–7

−/0 prefer to occupy low coordinate
sites and form fewer Au–Si bonds. The aurophilic interaction is fairly weak in these clusters. The
most stable structures of both Au2Sin− anions and Au2Sin neutrals can be described as the two Au
atoms interacting with the Sin frameworks. The most stable isomers of Au2Sin− anions are in spin
doublet states, while those of the neutral clusters are in spin singlet states. The lowest-lying isomers
of Au2Si1−/0 have C2v symmetric V-shaped structures. The global minimum of the Au2Si2− anion
has a D2h symmetric planar rhombus structure, while that of the Au2Si2 neutral adopts a C2v sym-
metric dibridged structure. In Au2Si3−/0, the two Au atoms independently interact with the different
Si–Si bonds of the Si3 triangular structure. The global minima of Au2Si4–7

−/0 primarily adopt pris-
matic based geometries. Interestingly, Au2Si6−/0 have significant 3D aromaticity and possess σ plus π
double bonding characters, which play important roles in their structural stability. Published by AIP
Publishing. https://doi.org/10.1063/1.5029870

I. INTRODUCTION

Silicon clusters doped with transition-metals (TM) not
only can form stable fullerene-like cage structures,1–6 but also
can exhibit unique physical and chemical properties such as
different charge transfer, large HOMO-LUMO gaps, and tun-
able magnetic properties.7–13 These stable TM-doped silicon
clusters may be used as potential building blocks of cluster-
assembled nanomaterials for silicon-based microelectronic
transistors, catalysts, solar cells, and lithium-ion batteries.14–20

Therefore, the structural evolution and bonding properties of
silicon clusters doped with different numbers of TM atoms
have been widely investigated in the past decades. Numerous
experimental and theoretical investigations showed that silicon
clusters doped with multiple-TM atoms can possess special
geometric structures (tubular, pearl-chain style, wheel-like,
stacked naphthalene-like, or dodecahedral structures)6,21–28

and induce novel magnetic properties (ferromagnetism or
anti-ferromagnetism).24,29–33

Gold has large electronegativity, high electron affinity,
and strong relativistic effects.34,35 Especially, it is well rec-
ognized that the relativistic effects can stabilize the 6s orbital
and destabilize the 5d orbital of an Au atom and also decrease

a)Authors to whom correspondence should be addressed: xlxu@iccas.ac.cn;
xuhong@iccas.ac.cn; and zhengwj@iccas.ac.cn, Tel.: +86 10 62635054,
Fax: +86 10 62563167.

the energy gap between the 6s and 5d orbitals to promote s–d
hybridization, giving rise to the Au atom having a wide range
of oxidation states.35,36 More impressively, an Au atom can
behave like an H atom in its bonding to the other atoms, and
novel Au–Si clusters can be formed by virtue of the isolobal
analogy between gold and hydrogen.35,37 These unique prop-
erties and effects of gold may lead to the structural evolution,
and the bonding properties of silicon clusters doped with Au
atoms may be different from those of silicon clusters doped
with the other TM. Theoretical calculations suggested that
nanoscale Au–Si systems can be used as the potential materials
for producing higher performance solar cells.38 Both vapor-
liquid-solid growth of high-quality Si nanowires and Au–Si
alloying reactions were found to be strongly related with the
formation of liquid AuSi layers.39–41 Very recently, the inves-
tigation of silicon nanocrystals doped with noble metal (Cu,
Ag, and Au) atoms unveiled that the Au atoms on the surface
play especially a significant role in catalyzing the growth of
high-quality Si nanowires and can also promote the formation
of Si–Si covalent bonds in the nanostructures.42 Investigat-
ing the structural evolution and bonding properties of Au
atom doped silicon clusters can give insight into the micro-
scopic mechanisms in gold-catalyzed high-quality Si nanowire
and Au–Si alloying reactions and can also provide valuable
information for the production of cluster-assembled functional
materials.

The geometric structures of silicon clusters doped with
one or two Au atoms have been previously investigated by
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several theoretical calculations.3,43–47 On the experimental
sides, the far-infrared spectra of AuSin+ (n = 2–11, 14,
15)48 and the photoelectron spectra of SiAu2–8

−, Si2Au2,4
−,

Si3Au3
−, and AuSi4–12

− were measured.37,49–53 Recently,
the spin-orbit splittings and low-lying electronic states of a
diatomic AuSi molecule were investigated by anion photo-
electron spectroscopy and ab initio calculations.54 In order to
get more detailed information regarding the structural evolu-
tion and bonding properties of Au2Sin clusters, in this work,
size-selected anion photoelectron spectroscopy and theoretical
calculations were used to investigate Au2Sin− (n = 1–7) and
their corresponding neutral counterparts. It is found that the
Au–Au interaction in Au2Si1–7

−/0 is rather weak. Our results
also show that Au2Si6−/0 have C2v symmetric tetragonal pris-
matic structures, 3D aromaticity, and σ plus π double bonding
characters.

II. EXPERIMENTAL AND THEORETICAL METHODS
A. Experimental methods

Experiments were carried out on a home-built apparatus
consisting of a laser vaporization cluster source, a time-of-
flight mass spectrometer, and a magnetic-bottle photoelec-
tron spectrometer, which has been described elsewhere.55

Au2Sin− cluster anions were produced in the laser vapor-
ization source by laser ablation of a rotating and translat-
ing disk target compressed from a mixture of isotopically
enriched 28Si (99.989%) Au/28Si powder (Au:Si mole ratio
2:1 and 4:1) with the second harmonic (532 nm) light pulses
from a nanosecond Nd:YAG laser (Continuum SureliteII-
10). Helium carrier gas with ∼0.4 MPa backing pressure
was delivered to expand through a pulsed valve (General
Valve Series 9) into the laser vaporization source to cool the
Au2Sin− clusters. The generated cluster anions were mass-
analyzed by the time-of-flight mass spectrometer. Au2Si1–7

−

were each size-selected with a mass gate and decelerated by
a momentum decelerator before being photodetached by the
fourth-harmonic light (266 nm) pulses from another Nd:YAG
laser. The resulting photoelectrons were energy-analyzed by
the magnetic-bottle photoelectron spectrometer. Photoelec-
tron spectra of Au2Si1–7

− were calibrated with the known
spectra of Cu− and Au− taken under similar conditions. The
energy resolution of the magnetic-bottle photoelectron spec-
trometer was about 40 meV for electrons with kinetic energies
of 1 eV.

B. Theoretical methods

Theoretical calculations have been performed using the
Gaussian 09 program package,56 in which full structural opti-
mizations and frequency analyses of Au2Si1–7

− anions and
their neutral counterparts were carried out employing den-
sity functional theory (DFT) in the context of Beck’s three-
parameter and Lee–Yang–Parr’s gradient-corrected correla-
tion hybrid functional (B3LYP).57–60 Pople-type all-electron
6-311+G(d, p) basis set61 was used for the Si atoms, and
the scalar relativistic effective core potential Stuttgart/Dresden
(SDD) basis set62 was used for the Au atoms. No symmetry

constraint was imposed during the overall geometry optimiza-
tions for both anionic and neutral clusters. The initial structures
were obtained by putting the Au atoms to different adsorption
or substitution sites of the low-lying isomers of bare silicon
clusters at all possible spin states and were also obtained from
the Au2Sin clusters reported in the literature.46,47 Addition-
ally, the initial structures were also generated using the crystal
structure analysis by particle swarm optimization (CALYPSO)
software.63 Harmonic vibrational frequency analyses for all
clusters were carried out to confirm that the obtained struc-
tures were true local minima on the potential energy sur-
faces. To further evaluate the relative energies of the low-lying
isomers, the single-point energies of Au2Si1–7

−/0 were also
calculated by using the more accurate coupled-cluster meth-
ods including single, double, and perturbative contributions of
connected triple excitations (CCSD(T))64,65 based on the opti-
mized B3LYP geometries, in which the aug-cc-pVQZ-PP basis
set66 was used for the Au atoms and the aug-cc-pVTZ basis
set67 was used for the Si atoms. Zero-point energy (ZPE) cor-
rections obtained from the B3LYP functional were included in
all the calculated energies. Natural population analysis (NPA)
was performed to gain insight into the charge distributions
of Au2Si1–7

− within the Natural Bond Orbital (NBO) version
3.1 programs,68–75 as implemented in the Gaussian 09 pro-
gram package. To further probe the bonding properties of these
gold-silicon complexes, we used the Multiwfn program (3.41
package)76 to analyze the orbital compositions of the most
stable isomer of Au2Si6− by using the natural atomic orbital
method.

III. EXPERIMENTAL RESULTS

Photoelectron spectra of Au2Si1–7
− recorded with 266 nm

photons are shown in Fig. 1, and the experimental vertical
detachment energies (VDEs) and adiabatic detachment ener-
gies (ADEs) of these clusters measured by their photoelectron
spectra are summarized in Table I.

As shown in Fig. 1, the spectrum of Au2Si1− reveals
a relatively weak peak at 1.78 eV, a shoulder peak at 3.47
eV, a high-intensity broad peak at 3.57 eV, and a broad peak
at ∼4.0 eV. The spectrum of Au2Si2− has five well-resolved
major peaks centered at 1.80, 2.56, 3.09, 3.50, and 3.86 eV,
respectively, and a shoulder peak at 2.75 eV. The photoelectron
spectrum of Au2Si2− in this work is in good agreement with
that reported by Li et al.49 The spectrum of Au2Si3− displays
five well-discernible high-intensity peaks centered at 2.32,
3.09, 3.30, 3.49, and 3.95 eV, respectively. In the spectrum of
Au2Si4−, there are a low-intensity shoulder peak centered at
2.92 eV and a major peak centered at 3.14 eV, followed by two
overlapping high-intensity peaks at 3.64 and 3.81 eV, respec-
tively. The spectrum of Au2Si5− presents a low-intensity broad
peak centered at 2.25 eV, followed by three high-intensity
peaks centered at 3.46, 3.7, and 4.0 eV, respectively. In the
spectrum of Au2Si6−, there is a low-intensity peak centered at
2.44 eV, followed by three major peaks at 3.20, 3.5, and 4.0 eV,
respectively. For the spectrum of Au2Si7−, there are two well-
separated low-intensity peaks at 2.79 and 3.20 eV, followed by
three discernible high-intensity peaks at 3.7, 3.9, and 4.0 eV,
respectively.
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FIG. 1. Photoelectron spectra of Au2Sin− (n = 1–7)
clusters recorded with 266 nm photons.

TABLE I. Relative energies, theoretical VDEs, and ADEs of the low-lying isomers of Au2Sin� (n = 1–7) clusters, along with the experimental VDEs and ADEs
estimated from their photoelectron spectra.

VDE (eV) ADE (eV) VDE (eV) ADE (eV)

Isomersa Sym ∆Eb (eV) Theo.c Expt.d Theo.c Expt.d Isomers Sym ∆Eb (eV) Theo.c Expt.d Theo.c Expt.d

Au2Si1� 1A C2v 0.00 1.81 1.78 1.78 1.56 Au2Si5� 5A C1 0.00 2.18 2.25 2.00 1.87
1B C∞v 0.80 2.65 2.56 5B Cs 0.30 2.87 2.41

Au2Si2� 2A D2h 0.00 2.45 2.56 1.96 2.39 5C C1 0.32 2.70 2.07
2B C2v 0.02 1.80 1.80 1.52 1.49 5D D3h 0.71 2.61 2.40
2C Cs 0.10 3.49 3.50 2.55 2.65 Au2Si6� 6A C2v 0.00 2.41 2.44 2.27 2.16
2D C1 0.26 2.13 1.47 6B Cs 0.10 3.13 2.83

Au2Si3� 3A C1 0.00 2.44 2.32 2.15 2.06 6C C2h 0.19 2.97 2.55
3B Cs 0.22 2.11 1.85 6D C1 0.21 2.85 2.26
3C Cs 0.44 1.88 1.87 Au2Si7� 7A C1 0.00 2.88 2.79 2.44 2.41
3D C2v 0.49 3.19 1.82 7B C1 0.01 2.66 2.48

Au2Si4� 4A Cs 0.00 2.87 2.92 2.61 2.66 7C C1 0.15 2.82 2.30
4B C2v 0.22 2.79 2.60 7D C1 0.32 3.14 2.53
4C C2v 1.09 2.26 2.05
4D Ci 1.23 2.47 2.33

aThe isomers labeled in bold are the most probable isomers in the experiments.
bThe ∆Es values are calculated at the CCSD(T)//aug-cc-pVQZ-PP/Au/aug-cc-pVTZ/Si level of theory.
cThe ADEs and VDEs are calculated at the B3LYP//SDD/Au/6-311+G(d, p)/Si level of theory.
dThe uncertainties of the experimental VDEs and ADEs are ±0.08 eV.

IV. THEORETICAL RESULTS

The geometric structures of the low-lying isomers of
Au2Si1–7

− obtained from the theoretical calculations are

presented in Fig. 2. The relative energies (∆E), theoretical
VDEs and ADEs of these low-lying isomers are summa-
rized in Table I, along with the experimental VDEs and
ADEs for comparison. We also performed simulations on the
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FIG. 2. Typical low-lying isomers
of anionic Au2Sin− (n = 1–7) clus-
ters. ∆E values are calculated at
the CCSD(T)//aug-cc-pVQZ-PP/Au/
aug-cc-pVTZ/Si level of theory. Yellow
and purple balls stand for the Au atoms
and Si atoms, respectively.

photoelectron spectra of the low-lying isomers of Au2Si1–7
−

based on the Generalized Koopmans’ Theorem (GKT).77,78

For convenience, the simulated photoelectron spectra are
named as density of states (DOS) spectra. The comparison
of the DOS spectra and experimental spectra of Au2Si1–7

− is
displayed in Fig. 3. More information of isomers can be found
in the supplementary material.

Au2Si1−. In the lowest-lying isomer (1A) of Au2Si1−, the
two Au atoms interact with an additional Si atom to form a C2v

symmetric V-shaped structure with an elongated nonbonding
Au–Au distance of 4.15 Å. The bond angle of Au–Si–Au in
Au2Si1− is calculated to be 121.3◦. The theoretical VDE of iso-
mer 1A (1.81 eV) is close to the experimental value (1.78 eV),
and its DOS spectrum can reproduce the peak positions and
patterns of the experimental spectrum very well. Isomer 1B is
unlikely to be detected in the experiments because it is much
higher in energy than isomer 1A by 0.80 eV. Thus, we suggest
that isomer 1A is the most probable structure observed in the
experiments.

Au2Si2−. Isomers 2A and 2B are almost degenerate in
energy. The most stable isomer (2A) of Au2Si2− is a D2h

symmetric planar rhombus structure with each Au atom inter-
acting with two Si atoms. Isomer 2B is a C2v symmetric
bibridged structure, which has been reported by Li et al.49 Iso-
mer 2C can be considered as an Au atom interacting with the
Au atom of triangular AuSi2. Isomers 2B and 2C are slightly
higher in energy than the ground state structure (2A) by 0.02
and 0.10 eV, respectively. The theoretical VDE of isomer 2A
(2.45 eV) agrees well with the experimental peak at 2.56 eV,
that of isomer 2B (1.80 eV) is in good agreement with the
experimental peak at 1.80 eV, and that of isomer 2C (3.49 eV)
is in line with the experimental peak at 3.50 eV. The DOS
spectrum of isomer 2A is in line with the experimental peaks
centered at 2.56 and 3.09 eV, while that of isomer 2B con-
tributes to the peaks at 1.80 and 2.75 eV and that of isomer
2C contributes to the peaks at 3.50 and 3.86 eV. The com-
bination of the DOS spectra of isomers 2A, 2B, and 2C is
in good agreement with the peak positions and patterns of
the experimental spectrum. The peaks at 3.09 and 3.50 eV in
the experimental spectrum of Au2Si2− were assigned to the
contaminations from AuSi9−.49 In this work, we confirmed
that the 3.09 eV peak is contributed by isomer 2A, while the

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-148-006825
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FIG. 3. Comparison between the experimental photoelectron spectra and simulated DOS spectra of the low-lying isomers of Au2Sin− (n = 1–7) clusters.
Simulated spectra were obtained by fitting the distribution of the transition lines with the unit area Gaussian functions of 0.20 eV full widths at half-maximum.

3.50 eV peak is from isomer 2C. Isomer 2D is impossible to be
detected in the experiments because it is higher in energy than
isomer 2A by 0.26 eV, and its theoretical VDE deviates from
the experimental value. Therefore, isomers 2A, 2B, and 2C are
suggested to be the most probable structures contributing to
the photoelectron spectrum of Au2Si2−.

Au2Si3−. As for Au2Si3−, the most stable isomer (3A)
can be regarded as an Au atom edge-capping a Si–Si bond
of AuSi3 rhombus. Isomer 3B has an Au atom bonding with

the Si atom having no interaction with the Au atom in AuSi3
rhombus. The theoretical VDEs of isomers 3A and 3B (2.44
and 2.11 eV) are both in reasonable agreement with the exper-
imental value (2.32 eV). The DOS spectrum of isomer 3A
agrees well with the experimental peaks centered at 2.32, 3.09,
3.30, and 3.95 eV, whereas that of isomer 3B is primarily
consistent with the experimental peak centered at 3.49 eV.
The combined DOS spectra of isomers 3A and 3B resem-
ble well with the photoelectron spectrum of Au2Si3−. Isomers
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3C and 3D are higher in energy than isomer 3A by at least
0.44 eV, unlikely to be detected in the experiments. There-
fore, isomers 3A and 3B are suggested to coexist in the cluster
beams.

Au2Si4−. The lowest-lying isomer (4A) of Au2Si4− can
be described as adding two Au atoms to edge-cap the dif-
ferent Si–Si bonds of the Si4 tetrahedral structure with the
distance of two Au atoms being 3.57 Å. The theoretical
VDE of isomer 4A (2.87 eV) is in reasonable agreement
with the experimental value (2.92 eV), and its DOS spec-
trum can roughly reproduce the peak positions and patterns
of the experimental spectrum, although the two experimen-
tal overlapping high-intensity sharp peaks at 3.64 and 3.81
eV are not well resolved in the theoretical spectrum. The
theoretical VDE of isomer 4B (2.79 eV) is in reasonable
agreement with the experimental value, and its DOS spec-
trum also resembles the experimental spectrum. Isomer 4B is
higher in energy than isomer 4A by 0.22 eV. It is unlikely
for isomers 4C and 4D to be detected in the experiments
because they are higher in energy than isomer 4A by at least
1.09 eV. Thus, isomer 4A is suggested to be the most prob-
able structure detected in the experiments, and isomer 4B
may have minor contribution to the experimental spectrum
of Au2Si4−.

Au2Si5−. As for the ground state structure of Au2Si5−,
isomer 5A can be viewed as two Au atoms face-capping
the Si5 trigonal bipyramidal structure with the two Au
atoms having a distance of 3.63 Å. The theoretical VDE
of isomer 5A (2.18 eV) agrees well with the experimen-
tal value (2.25 eV), and its DOS spectrum fits the peak
positions and patterns of the experimental spectrum well,
although the intensity of high electron binding energy (EBE)
part of the DOS spectrum is slightly higher than that of
the experimental spectrum. Isomers 5B, 5C, and 5D are
unlikely to be observed in the experiments because they
are higher in energy than isomer 5A by at least 0.30 eV.
Therefore, we suggest that isomer 5A is the most likely
structure contributing to the photoelectron spectrum of
Au2Si5−.

Au2Si6−. In the ground state structure (6A) of Au2Si6−,
two Au atoms and six Si atoms form a C2v symmetric
tetragonal prism with the two Au atoms located on the
top four-membered ring and having a distance of 3.18 Å.
The theoretical VDE of isomer 6A (2.41 eV) is close to
the experimental value (2.44 eV), and its DOS spectrum
can fit most of experimental features. Isomers 6B, 6C, and
6D are higher in energy than isomer 6A by 0.10, 0.19,
and 0.21 eV, respectively. We suggest isomer 6A to be
the most probable structure contributing to the experimen-
tal spectrum of Au2Si6−. The minor contribution from iso-
mer 6B cannot be ruled out because isomer 6B is higher
in energy than isomer 6A by only 0.10 eV, and its DOS
spectrum resembles the high EBE peaks in the experimental
spectrum.

Au2Si7−. In the lowest-lying isomer (7A) of Au2Si7−, a
distorted pentagon is composed of two Au atoms and three
Si atoms with the two Au atoms having a distance of 3.24 Å,
and then a Si4 rhombus interacts with the Au2Si3 pentagon
to form a deformable prismatic structure. The theoretical

VDE of isomer 7A (2.88 eV) is in line with the experimen-
tal value (2.79 eV), and its DOS spectrum agrees well with
the experimental peaks at 2.79 and 4.0 eV. Isomer 7B has a
similar structure with the lowest-lying isomer (7A), and its
theoretical VDE (2.66 eV) is also in good agreement with
the experimental measurement. In addition, the DOS spec-
trum of isomer 7B can well reproduce the experimental spec-
tral features. Isomer 7C is higher in energy than isomer 7A
by 0.15 eV, its theoretical VDE (2.82 eV) is close to the
experimental value, and its DOS spectrum is in good agree-
ment with the experimental peaks at 2.79, 3.9, and 4.0 eV.
The existence of isomer 7D can be excluded because it is
higher in energy than isomer 7A by 0.32 eV. Thus, isomers
7A and 7B are suggested to be the major structures con-
tributing to the experimental spectrum, and isomer 7C may
have minor contribution to the photoelectron spectrum of
Au2Si7−.

To gain the relative stability of the most stable isomers
of Au2Sin− (n = 1–7) clusters, the average binding energy
(Eb) per atom as the function of the cluster sizes was calcu-
lated as Eb(n) = [E(Au2

−) + nE(Si) − E(Au2Sin−)]/(n + 1)
at the CCSD(T) level of theory (E represents the total energy
including zero-point vibrational corrections) and was dis-
played in Table II. The results showed that Au2Si6− has
the highest average binding energy (Eb) per atom, suggest-
ing that Au2Si6− has higher chemical stability than the other
clusters.

Au2Sin (n = 1–7) neutrals. Additionally, we optimized
the geometric structures of neutral Au2Si1–7 at the B3LYP
level of theory and calculated the relative energies of low-
energy isomers at the CCSD(T) level of theory, and the results
are displayed in Fig. 4. We found that the most stable isomers
of neutral Au2Sin have similar geometric structures with their
anionic counterparts except for neutral Au2Si2. The ∠AuSiAu
bond angle in the Au2Si1 neutral (94.9◦) is much smaller
than that in Au2Si1− (121.3◦) though Au2Si1− and Au2Si1
have similar structures. The lowest-lying isomer of the Au2Si2
neutral is found to be a dibridged structure with C2v sym-
metry, similar to the second isomer of the Au2Si2− anion.
The geometric structures of the neutral Au2Si1–7 found in
this work are in good agreement with the previous theoretical
results.47

TABLE II. The average binding energy (Eb) per atom of Au2Sin� (n = 1–7)
clusters as the function of the cluster sizes was calculated as Eb(n) = [E(Au2

�)
+ nE(Si) � E(Au2Sin�)]/(n + 1) at the CCSD(T) level of theory (E represents
the total energy including zero-point vibrational corrections).

Average binding energy
Cluster sizes (Eb) per atom (kJ/mol)

1 219

2 232

3 300

4 317

5 327

6 351

7 331
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FIG. 4. Typical low-lying isomers
of the neutral Au2Sin (n = 1–7)
clusters. ∆E values are calculated
at the CCSD(T)//aug-cc-pVQZ-PP/Au/
aug-cc-pVTZ/Si level of theory. Yellow
and purple balls stand for the Au atoms
and Si atoms, respectively.

V. DISCUSSION

In this work, we found that Au2Si2− has three low-lying
isomers (2A, 2B, and 2C). The geometric structures of isomers
2B and 2C are in good agreement with the previous experi-
mental and theoretical investigations of Au2Si2−.49 The D2h

symmetric planar rhombus structure of isomer 2A has not been
reported in the previous investigations. We found that the two
Au atoms in Au2Si1–7

−/0 prefer to occupy low coordination
sites to form fewer Au–Si bonds, which is more likely due to
the bond strengths between Au–Au, Au–Si, and Si–Si bonds.
The Au–Au bond length (2.47 Å)79 is larger than the Au–
Si bond length (2.26 Å)80 and the Si–Si bond length (2.25
Å),81 whereas the Au–Au bond strength (2.35 eV)82 is much
weaker than the Au–Si bond strength (3.30 eV)83 and the Si–
Si bond strength (3.37 eV).81 These imply that the Au atoms
prefer to form fewer Au–Si bonds, while the Si atoms incline
to form more Si–Si bonds, which is also revealed in our previ-
ous studies of AuSi4–12

−/0.53 As shown in Table III, the Au–Au

distances in Au2Si1–7
−/0 are in the range of 3.18–4.15 Å, longer

than the Au–Au bond length of 2.47 Å in gold dimer (Au2)79

and the nearest neighbor distance of 2.88 Å in metallic gold,84

indicating the absence of aurophilic interaction,35 which is in
good agreement with the previous experimental and theoretical
investigations of Au2Si2−/0.49 On the other hand, the previ-
ous investigations of T2Si1–8

−/0 (T = V, Fe, Co, and Ni),30,55

V2Si20
−/0,6 and M2Sin−/0 (n = 3–12, M = Nb, Ta, Mo, and

W)27,28 found that the two TM atoms incline to form a strong
metal-metal bond, different from the weak Au–Au interactions
revealed in this work, suggesting that the bonding proper-
ties of double Au atoms doped silicon clusters are different
from those of silicon clusters doped with the other transition
metals.

To give insight into the effective atomic charge distri-
butions of Au2Si1–7

−, we carried out the natural population
analysis (NPA) on the most stable isomers and showed them
in Fig. 5. The results showed that the NPA charges on the two
Au atoms of Au2Si1–7

− are all negative values varying from
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TABLE III. The bond lengths of the most stable isomers of Au2Sin�/0

(n = 1–7) clusters.

Isomer (anions) Bond length (Å) Isomer (neutrals) Bond length (Å)

1A Au–Au = 4.15 1A′ Au–Au = 3.42
Au–Si = 2.38 Au–Si = 2.32

2A Au–Au = 3.19 2A′ Au–Au = 3.33
Au–Si = 2.41 Au–Si = 2.54
Si–Si = 3.61 Si–Si = 2.35

3A Au–Au = 4.08 3A′ Au–Au = 3.56
Au–Si = 2.45–2.68 Au–Si = 2.44–2.74
Si–Si = 2.34–2.38 Si–Si = 2.40

4A Au–Au = 3.57 4A′ Au–Au = 3.83
Au–Si = 2.45–2.46 Au–Si = 2.44–2.46
Si–Si = 2.38–2.57 Si–Si = 2.31–2.40

5A Au–Au = 3.63 5A′ Au–Au = 3.50
Au–Si = 2.44–2.48 Au–Si = 2.44–2.53
Si–Si = 2.37–2.48 Si–Si = 2.35–2.42

6A Au–Au = 3.18 6A′ Au–Au = 3.41
Au–Si = 2.54–2.55 Au–Si = 2.51–2.57
Si–Si = 2.40–2.47 Si–Si = 2.41–2.42

7A Au–Au = 3.24 7A′ Au–Au = 3.21
Au–Si = 2.47–2.51 Au–Si = 2.43–2.61
Si–Si = 2.35–2.58 Si–Si = 2.31–2.44

−0.08e to −0.31e. This is more likely due to the Pauling elec-
tronegativity (χ = 2.54) of the Au atom that is much stronger
than that (χ = 1.90) of the Si atom.85 In addition, we found
that the NPA charges on the two Au atoms gradually decrease
for the cluster sizes of n = 1–5 and increase significantly at
n = 6–7, related to the increasing number of Au–Si bonds at
n = 6–7, and as a result, more electrons of the Sin frameworks
are transferred to the two Au atoms. In Au2Si1–7

−, the two Au
atoms interact with nearly the same number of Si atoms; thus,
the NPA charges of the two Au atoms are very similar. These
results indicated that the NPA charge distributions on the two
Au atoms are not only correlated with the Pauling electroneg-
ativities of Au and Si atoms but also related with the structural
evolution of Au2Sin− clusters.

FIG. 5. The NPA charges on the Au atoms of the most stable isomers of
Au2Sin− (n = 1–7) clusters.

FIG. 6. Molecular orbitals of the lowest-lying isomer of the Au2Si6− anion
from different angles (isosurface value = 0.02).

To probe the bonding properties of Au2Si6−, we ana-
lyzed the molecular orbitals of the most stable isomer of
Au2Si6− (6A) and displayed them in Fig. 6. The singly occu-
pied molecular orbital (SOMO) is a delocalized π orbital
with antibonding characters in the top Au2Si2 and bottom
Si4 rhombus, and it is also an σ orbital with bonding char-
acters in the Au–Si and Si–Si bonds of the top Au2Si2 and
bottom Si4 rhombus, mainly composed of the 6px orbitals
of two Au atoms and the 3py orbitals of Si atoms. The
HOMO–1 is an σ orbital with bonding characters, primar-
ily constructed by the 3pz orbitals of four Si atoms. The
HOMO–2 is found to possess σ plus π bonding characters.
The 5dxy orbitals of two Au atoms and the 3px orbitals of Si
atoms are mainly involved in the HOMO–2. These molecu-
lar orbitals suggest that Au2Si6− has σ and π double bonding
characters.

The constant electronic charge densities of the most stable
isomer of Au2Si6− (6A) were also analyzed and were displayed
in Fig. 7. We can see from Fig. 7, for constant charge den-
sity surface of 0.04 a.u., the electronic charges are distributed
uniformly over the Au–Si and Si–Si bonds, whereas those at
the center of each rhombus are very low. For constant charge
density surface of 0.06 a.u., the electronic charges are mainly

FIG. 7. Constant electronic charge density surfaces of the Au2Si6− anion
from different angles. (a) Charge density equals 0.04 a.u. (b) Charge density
equals 0.06 a.u. (c) Charge density equals 0.08 a.u.
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FIG. 8. Adaptive natural density partitioning (AdNDP) bonding patterns (isosurface value = 0.02) of the most stable isomer of the Au2Si6 neutral obtained at
the B3LYP//SDD/6-311+G(d, p) level of theory (ON = electronic occupation). Yellow and purple balls stand for the Au atoms and Si atoms, respectively.

localized on the Si–Si bonds and the two Au atoms. For con-
stant charge density surface of 0.08 a.u., the electronic charges
are mainly focused on two Au atoms. These results indicate
that the interactions between the two Au atoms are weak, and
the interactions between the atoms are in the order of Si–Si
> Au–Si > Au–Au, in agreement with the calculated Wiberg
bond orders of Si–Si (0.89) > Au–Si (0.62) > Au–Au (0.10).
The weak interactions between the two Au atoms are consis-
tent with the long Au–Au distance (3.18 Å) in Au2Si6− and
the molecular orbitals of Au2Si6−.

Multiwfn program76 and Visual Molecular Dynamics
(VMD) program86 were used to analyze the bonding properties
of the Au2Si6 neutral using the Adaptive Natural Density Par-
titioning (AdNDP) method87 at the B3LYP//SDD/6-311+G(d,
p) level of theory, as displayed in Fig. 8. The Au2Si6 neutral
(6A′) has 46 valence electrons including 22 valence electrons
of the two Au atoms and 24 valence electrons of the 6 Si
atoms, which are distributed over the 23 delocalized valence
MOs. These MOs are constructed by two 1c–2e Au lone pairs
[electronic occupation (ON) = 1.99 |e|], six 2c–2e AuSi σ
bonds (ON = 1.99–2.00 |e|), two 3c–2e AuSi2 σ bonds (ON
= 1.99–2.00 |e|), two 4c–2e σ + π bonds (one Au2Si2 and
one Si4, ON = 1.99 |e|), six 5c–2e σ bonds (two Au2Si3,
two AuSi4, and two Si5, ON = 2.00 |e|), three 6c–2e σ + π
bonds (one Au2Si4 and two AuSi5, ON = 1.99 |e|), one 7c–2e
Au2Si5 σ bond (ON = 1.99 |e|), and one 8c–2e Au2Si6 σ bond
(ON = 2.00 |e|). These delocalized valence MOs suggest that
the Au2Si6 neutral has σ plus π double delocalized bonding
characters. As a result, the tetragonal prismatic structure can
be stabilized by the two Au atoms and six Si atoms in the
Au2Si6 neutral.

Aromaticity stemming from electron delocalization can
partly explain why Au2Si6−/0 are chemically stable. The
nucleus-independent chemical shift (NICS) values at the ring
centers and at points 1 Å above the ring centers,88–91 are named
as NICS(0) and NICS(1), respectively, which are usually used
to measure the degree of aromaticity for various cage struc-
tures. The more negative the NICS(0) and NICS(1) values,

the stronger the aromaticity. The NICS values of the most
stable isomers of both Au2Si6− and Au2Si6 are calculated at
the B3LYP//SDD/6-311+G(d, p) level of theory. The calcula-
tions show that the NICS(0) and NICS(1) values of Au2Si6−

are −39.2 and −44.4 ppm, respectively, and those of Au2Si6
are −81.1 and −69.8 ppm, respectively. These large negative
NICS values indicate that both Au2Si6− and Au2Si6 exhibit
significant 3D aromaticity.

VI. CONCLUSIONS

A combined size-selected photoelectron spectroscopic
and theoretical study was carried out on the silicon clusters
doped with double gold atoms, Au2Sin−/0 (n = 1–7) clus-
ters. The two Au atoms in Au2Si1–7

−/0 incline to occupy low
coordinate sites and form fewer Au–Si bonds. The aurophilic
interaction is found to be extremely weak in these clusters.
The most stable isomers of Au2Sin− anions are in spin dou-
blet states, while those of the neutral clusters are in spin
singlet states. The most stable structures of Au2Si1–7

−/0 can
be regarded as the two Au atoms interacting with the Sin
frameworks. Au2Si1−/0 adopt V-shaped structures with C2v

symmetry. The Au2Si2− anion has a D2h symmetric planar
rhombus structure, whereas the Au2Si2 neutral adopts a dib-
ridged structure with C2v symmetry. In Au2Si3−/0, the two
Au atoms independently cap the different Si–Si bonds of the
Si3 triangular structure. Au2Si4–7

−/0 are dominated by pris-
matic based geometries. It is found that Au2Si6−/0 exhibit
σ plus π double bonding characters and have significant 3D
aromaticity.

SUPPLEMENTARY MATERIAL

See supplementary material for the Cartesian coordinates
of the low-lying isomers of Au2Sin−/0 (n = 1–7) clusters, the
mass spectra at the different Au:Si mole ratios, and the rel-
ative energies of low-lying isomers calculated at the B3LYP
level.

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-148-006825
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