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ABSTRACT: The strong relativistic effects result in many
interesting chemical and physical properties for gold and gold
compounds. One of the most surprising findings has been that
small gold clusters prefer planar structures. Dopants can be used to
tune the electronic and structural properties of gold nanoclusters.
Here we report an experimental and theoretical investigation of a
Zn-doped gold cluster, Au9Zn

−. Photoelectron spectroscopy
reveals that Au9Zn

− is a highly stable electronic system with an
electron binding energy of 4.27 eV. Quantum chemical studies
show that the global minimum of Au9Zn

− has a D3h structure with
a closed-shell electron configuration (1A1’), which can be viewed as
replacing the central Au atom by Zn in the open-shell parent Au10

−

cluster. The high electronic stability of Au9Zn
− is corroborated by its extremely large HOMO−LUMO gap of 3.3 eV. Chemical

bonding analyses revealed that the D3h Au9Zn
− are bonded by two sets of delocalized σ bonds, giving rise to double σ aromaticity

and its remarkable stability. Two planar low-lying isomers are also observed, corresponding to a similar triangular structure with the
Zn atom on the edge and another one with one of the corner Au atoms moved to the edge of the triangle.

1. INTRODUCTION

Since it was first proposed to rationalize the apparent stability
of cyclopropane,1 the concept of σ-aromaticity has been used
to explain the bonding in a wide variety of chemical
systems.2−28 It has been particularly valuable to understand
the bonding and stability of the all-metal aromatic and
antiaromatic systems29−44 and boron clusters.45−60 Gold
clusters have received tremendous attention over the past 2
decades,61−65 because of the discovery of catalytic effects by
gold nanoparticles.66,67 One of the most surprising findings is
that negatively charged gold clusters (Aun

−) can be planar up
to Au12

−.68−70 The planarity has been generally understood to
be due to the strong relativistic effects that can induce 6s−5d
hybridization.71−75 The Au6

− cluster was in fact first proposed
to be a D6h ring based on the observation of a single vibrational
progression in photodetachment spectroscopy.76 A subsequent
theoretical calculation found that the global minimum of Au6

−

was a triangle with D3h symmetry,77 which was confirmed by
joint experimental and theoretical investigations.68,78 Photo-
electron spectroscopy of Au6

− revealed that the neutral Au6
cluster is an exceptionally stable electronic system with a large
HOMO−LUMO gap.76,79 The high stability of the Au6 cluster
with six valence electrons was confirmed by the isoelectronic
Au5Zn

+ cluster, which was found to exhibit σ-aromaticity.80 σ-
aromaticity was also found in the planar Au6Y

− cluster with 10
valence electrons.81 However, chemical bonding in the larger
planar gold clusters has not been examined. An interesting

question is the following: Is σ-aromaticity a general bonding
feature for all the planar gold clusters?
The Au10

− cluster is interesting and its global minimum also
has a D3h triangular structure.

68,78 Photoelectron spectroscopy
(PES) of Au10

− showed the presence of minor isomers with
lower electron binding energies and the main isomer with a
very high electron binding energy.78 Theoretical calculations
confirmed that the global minimum of Au10

− is the D3h
structure with a high electron binding energy, while two
other lowing-lying planar isomers with lower symmetries (D2h
and C2h) have lower electron binding energies in agreement
with the experimental observation. It was subsequently shown
that the global minimum D3h Au10

− was inert toward O2, but
the lower symmetry D2h and C2h isomers were reactive with O2
and could be titrated out of the cluster beam.82 The high
binding energy of the D3h global minimum was due to the fact
that neutral Au10 is open shell with two unpaired electrons
occupying a doubly degenerate HOMO, similar to that of the
Au16 cage cluster.83 Thus, both Au10

− and Au16
− are doublets

with one unpaired electron and unusually high electron
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binding energies, which explained their inertness toward O2
whereas all other even sized Aun

− clusters between n = 2−20
are highly reactive with O2.

84 The open shell nature of the
Au16

− cluster was confirmed by doping a monovalent atom
inside the Au16 cage, M@Au16

−.85

For Au10
− on the other hand, substitution of an Au atom by

a divalent atom, such as Zn, should create a closed shell
Au9Zn

− with similar bonding properties as the parent if the D3h
symmetry can be maintained. Small Zn-doped clusters, AunZn

−

(n < 7), have been studied experimentally and the Zn atom
was shown not to change the planarity of the parent Aun+1

−

clusters in this size regime.80,86−88 Cu and Ag atoms have been
shown to simply substitute an Au atom of the Au10

− parent in
the Au9Cu

− and Au9Ag
− doped clusters,89 whereas Y-doping

has been shown to result in a 3D structure for Au9Y.
90 A

previous computational study showed that Au9Zn
− maintained

the triangular structure of Au10
− with a closed-shell

configuration and a lower Cs symmetry (1A′).91 The objective
of the current work is to investigate the geometrical and
electronic structure of Au9Zn

− and assess if σ-aromaticity plays
a role in its chemical bonding using a joint PES and relativistic
quantum chemical study.
Well-resolved photoelectron spectra are obtained for

Au9Zn
− at two photon energies and are used to verify the

obtained structures from the theoretical calculations. The
electron affinity (EA) of Au9Zn is measured to be extremely
high (4.27 eV). In addition, minor isomers with lower electron
binding energies are also observed. Global minimum structural
searches reveal that the triangular closed-shell D3h cluster with
a central Zn atom is the most stable structure with two lower
symmetry low-lying planar isomers. The calculated high
binding energy and the simulated photoelectron spectrum of
the closed-shell D3h global minimum are in good agreement
with the experimental data. The D3h Au9Zn

− is found to be an
extremely stable electronic system with a large HOMO−
LUMO gap. Chemical bonding analyses show that the D3h
Au9Zn

− consists of two delocalized σ systems: three seven-
center−two-electron (7c−2e) bonds describing the bonding
between the Zn atom and its six nearest Au atoms; and three
3c−2e bonds at the three corners of the D3h structure. Thus,
the Au9Zn

− cluster can be viewed to be doubly σ-aromatic.

2. METHODS
2.1. Photoelectron Spectroscopy. The experiment was

conducted using a magnetic-bottle PES apparatus equipped
with a laser-vaporization supersonic cluster source, details of
which have been published elsewhere.54,92 The Au9Zn

−

clusters were produced by laser vaporization of a disk target
prepared by mixing powders of Au and Zn (Au/Zn molar
ratio: 6/1). The laser-induced plasma was cooled by a high
pressure He carrier gas seeded with 5% Ar, initiating nucleation
and cluster formation. The nascent clusters were then
entrained by the carrier gas and underwent a supersonic
expansion to produce a cold cluster beam. After passing a
skimmer, negatively charged clusters were extracted perpendic-
ularly from the collimated cluster beam and analyzed using
time-of-flight mass spectrometry. The Au9Zn

− clusters of
interest were mass-selected and decelerated before photo-
detachment. Two photon energies were used in the current
experiment: 266 nm (4.661 eV) from a Nd:YAG laser and 193
nm (6.424 eV) from an ArF excimer laser. Photoelectrons were
collected at nearly 100% efficiency by the magnetic bottle and
analyzed in a 3.5 m long electron flight tube. The

photoelectron kinetic energy (Ek) was calibrated using the
known spectrum of Bi−. The resolution of the magnetic-bottle
photoelectron analyzer was ΔEk/Ek ≈ 2.5%, that is, around 25
meV for electrons with 1 eV kinetic energy.

2.2. Computational Details. The theoretical studies were
carried out using both density functional theory (DFT) and
wave function theory (WFT) methods. Global minimum
searches were performed using the AFFCK code,93 and
geometry optimizations were done at the PBE0/LANL2DZ
level of theory94 as implemented in Gaussian-16.95 The
AFFCK code is an efficient global optimization method
through the introduction of an intermediate step where
structures are optimized using a classical force field generated
on the fly within the algorithm.93 About 7000 initial structures
were generated and optimized at the PBE0 level of theory.
Both singlet and triplet spin states were tested for each
generated structure. Then, the lowest energy isomers were
reoptimized at higher levels of DFT and WFT, i.e., PBE0/def2-
TZVP, PBE0/aug-cc-pVTZ, and CCSD(T)/def2-TZVP//
PBE0/def2-TZVP. Additionally, the relative order of isomers
was tested using scalar relativistic corrections at the PBE0/
ZORA-def2-TZVP level as implemented in the ORCA
package.96 Corrections for the relativistic effects did not
change the relative order of the isomers. Only structures with
the singlet spin state were present in low-lying isomers. The
closed-shell singlet character of the global minimum was
supported by the wave function stability test (stable = opt) and
the determinant coefficients in CASSCF(8,8)/def2-TZVP
calculations. We also conducted global minimum searches
using the TGMin code97 and obtained similar low-lying
isomers as the AFFCK searches. The TGMin code is based on
a constrained basin-hopping algorithm and the generation of
structures is based on point group symmetries and random
perturbations. Both planar and three-dimensional (3D)
isomers were considered via a comprehensive study of
structures with various point group symmetries.
Electronic structure, Kohn−Sham molecular orbital (MO)

energy-level correlation diagram, the vertical detachment
energies (VDE) and spectral simulations were performed
using the DFT method as implemented in ADF 2016.106.98,99

The generalized gradient approximation (GGA) with the
hybrid PBE0 exchange-correlation functional were used,
together with the TZ2P Slater basis sets. Frozen core
approximations were applied to the inner shells [1s2 2p6] for
the Zn atom and [1s2 4d10] for the Au atoms. The scalar
relativistic (SR) and spin−orbit (SO) coupling effects were
taken into account using the zero-order-regular approximation
(ZORA).100 The first vertical detachment energy (VDE1) was
calculated as the energy difference between the neutral and
anionic ground state at the optimized anion geometry. Higher
binding energy detachment channels and the spectral
simulations were calculated by considering the SO effects via
the generalized Koopmans theorem (GKT), which could
qualitatively account for the trend and ordering of VDEs as
reported previously.101−104 Chemical bonding was analyzed
using the adaptive natural density partitioning (AdNDP)
approach developed by Zubarev and Boldyrev,105−107 at the
PBE0/LANL2DZ level of theory as implemented in Gaussian-
16.

3. RESULTS
3.1. Experimental Results. The photoelectron spectra of

Au9Zn
− at 266 and 193 nm are shown in Figure 1. The 266 nm
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spectrum (Figure 1a) displays two well-resolved PES bands X
and A with VDEs at 4.36 and 4.53 eV, respectively. The
adiabatic detachment energy (ADE) of band X is estimated
from its onset to be 4.27 eV, which represents the EA of the
corresponding neutral Au9Zn. Eight more well-resolved PES
bands are observed in the 193 nm spectrum (Figure 1b),
labeled from B to I. The VDEs of all the observed PES bands
are given in Table S1, where they are compared with the
theoretical results to be discussed below. Two weak bands X′
and X″ are also observed on the lower binding energy side at
3.17 and 3.90 eV, respectively. The relative intensities of these
features are reduced in the 193 nm spectrum, suggesting that
they are likely due to contributions from low-lying isomers of
Au9Zn

−.
3.2. Theoretical Results. The structures found within 20

kcal/mol of the global minimum are shown in Figure S1. The
first three low-lying isomers are all closed-shell planar
structures, as displayed in Figure 2. The lowest energy
structure of Au9Zn

− was found to be planar with D3h symmetry
at different levels of theory. It is a triangular structure with the
Zn atom at the center; its detailed bond lengths are depicted in
Figure S2. The second low-lying isomer (Iso1) is similar to the
global minimum with the Zn atom on the edge of the triangle;
it is 10.7 kcal/mol higher in energy than the D3h structure at
the CCSD(T) level. The third isomer (Iso2) can be described
as moving one of the apex Au atoms of the D3h structure to the
opposite edge. Iso1 and Iso2 are basically positional isomers of
the D3h global minimum with the displacement of one atom.
Because of the stability of the planar structures, there are

large energy barriers between the different isomers despite the
apparent similarity of these structures. We searched for the
transformation between Iso2 and the global minimum, as
shown in Figure S3, where a barrier of 20.1 kcal/mol was

found from Iso2 to the D3h structure. As will be shown below,
the large energy barriers are important to understand the
observation of Iso1 and Iso2 in our experiment despite their
relatively high energies above the global minimum.

4. DISCUSSION
4.1. Confirmation of the Global Minimum of Au9Zn

−.
To confirm the global minimum of Au9Zn

−, we have calculated
the first VDE (VDE1) for the top three lowest energy isomers,
as compared with the experimental data in Table 1. The VDE1
computed for the D3h global minimum, 4.42 eV at the PBE0
level or 4.28 eV at the CCSD(T) level, is in excellent
agreement with the VDE of the X band at 4.36 eV. The
theoretical values for the VDE1 of Iso1 and Iso2 are in good
agreement with those measured for the weak peaks X′ and X″,
respectively.
We also computed the higher VDEs of the D3h structure

using the GKT approach, as compared with the experimental
data in Table S1. The higher VDEs were computed by adding
the first VDE from the CCSD(T)/def2-TZVP calculations to
the excitation energies computed for the neutral Au9Zn. A
simulated spectrum was obtained by fitting the VDEs with unit
area Gaussian functions of 0.02 eV width,42 as compared with
the 193 nm spectrum in Figure 3. The simulated spectrum
almost perfectly reproduces the experimental spectral features.
The first PES band X represents the transition from the

ground state of the D3h Au9Zn
− to that of the corresponding

neutral compound, due to electron detachment from the
HOMO (34e′, Figures 4 and 5). Because of the strong spin−
orbit coupling, removal of an electron from the doubly
degenerate 34e′ orbitals results in two detachment channels
corresponding to peaks X and A, as shown in Table S1. The
calculated VDEs of 4.28 and 4.41 eV are in good agreement
with the experimental VDEs for peaks X (4.36 eV) and A (4.53
eV), respectively. The next detachment channel is from the
20a1′ orbital with a calculated VDE of 4.67 eV, in excellent
agreement with the VDE of peak B (4.67 eV). The 34e′ and
20a1′ orbitals are mainly composed of the Au 6s atomic orbitals
(AOs), as shown in the energy-level correlation diagram
(Figure 4) and the MOs in Figure 5. Following an energy gap,
higher detachment channels are mainly derived from the Au
5d-dominated orbitals or 6s−5d hybrid orbitals (Figure 4 and
Figure S4). All the calculated VDEs are in good agreement
with the observed features (Table S1). The overall excellent
agreement between the simulated and the observed spectrum,
as shown in Figure 3, provides unequivocal evidence for the
D3h structure as the global minimum of Au9Zn

−.

Figure 1. Photoelectron spectroscopy of Au9Zn
− at (a) 266 nm

(4.661 eV) and (b) 193 nm (6.424 eV).

Figure 2. Global minimum (GM) and low-lying isomers of Au9Zn
−

and their relative energies. All energies are in kcal/mol at the
CCSD(T)/def2-TZVP//PBE0/def2-TZVP, PBE0/def2-TZVP (in
parentheses), and PBE0/TZ2P (in brackets) levels.
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The good agreement between the computed VDE1 of the
higher energy isomers, Iso1 and Iso2, and the weak peaks X′
and X″ (Table 1) suggests that they were present
experimentally. However, Iso1 and Iso2 are 10.7 and 13.3
kcal/mol higher in energy than the global minimum,
respectively, at the CCSD(T)/def2-TZVP level (Figure 1).
These isomers were likely kinetically trapped once they were
formed during the cluster growth because the large energy
barriers separating them from the global minimum (Figure
S3).
4.2. Chemical Bonding in the D3h Au9Zn

−. The global
minimum D3h Au9Zn

− consists of a central Zn atom, three apex
or corner Au atoms (Aua) and six Au atoms at the edge sites
(Aue). The large electron binding energy of Au9Zn

− (ADE,
4.27 eV; VDE, 4.36 eV) indicates that it is an extremely stable
electronic system. The high electronic stability of D3h Au9Zn

−

is borne out from the MO analysis shown in Figure 4, which
indicates a large HOMO−LUMO energy gap of 3.3 eV at the
PBE/def2-TZVP level. The D3h structure of Au9Zn

− is
essentially the same as the parent D3h Au10

−, which is an
open-shell system with an unpaired electron.82 Substitution of
the central Au atom by Zn in the D3h Au10

− cluster resulted in

the stable closed-shell D3h Au9Zn
− with 12 valence electrons, a

magic number in the 2D jellium model.87

As can be seen from Figure 5, the pattern of the 34e′ and
20a1′ orbitals are reminiscent of a typical σ-aromatic system
with 4n + 2 (n = 1) electrons, as discussed for the triangular
Au6 cluster108 and several isoelectronic doped Au6 clus-
ters.80,81,87 As indicated in Figure 4, significant 6s−5d
hybridization occurs, primarily involving the 28e′ and 17a1′
orbitals on the Au9

3− framework. To understand the structure
and chemical bonding of Au9Zn

− in more detail, we performed
AdNDP analyses. Because of the d10-configuration of Zn and
Au, we have 100 out of 112 valence electrons localized as lone
pairs with occupation numbers (ONs) of 1.99 |e|. Out of the
remaining 12 electrons, the AdNDP results revealed three 3c−

Table 1. Comparison of the Experimental and Calculated VDE1 for the Global Minimum D3h Structure and the Two Low-
Lying Isomers, Iso1 and Iso2, of Au9Zn

− at Two Levels of Theory

VDE1(theor)

isomer electron configuration VDE1(exp) PBE0/def2-TZVP CCSD(T)/def2-TZVP

D3h ...(a1′)2(e′)3(e′)0 4.36 4.42 4.28
Iso1, Cs ...(a′)2(a′)1(a′)0 3.90 3.77 3.83
Iso2, C2v ...(a)2(a)1(a)0 3.17 3.38 3.37

Figure 3. Comparison of the simulated spectrum for the global
minimum of D3h Au9Zn

− with the experimental spectrum at 193 nm.
The simulated spectrum is obtained via the GKT approach at the
PBE0/TZ2P SO-ZORA level.

Figure 4. Kohn−Sham MO correlation diagram between Zn2+ and
Au9

3− for D3h Au9Zn
− at the PBE0/TZ2P SR-ZORA level via the

ADF program. The energy levels in magenta, blue, red, and green
denotes to the MOs derived from 4s(Zn), 3d(Zn), 6s(Au), and
5d(Au) AOs, respectively. Electrons on the occupied MOs are
represented by dots.

Figure 5. Contour plots of the 6s-based HOMO (34e′) and
HOMO−1 (20a1′) of the D3h Au9Zn

− at the PBE0/TZ2P SR-
ZORA level via the ADF program.
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2e σ bonds formed at the apex sites by one Aua atoms and two
adjacent Aue atoms, as shown in Figure 6. The other three 7c−

2e σ bonds describe the bonding of Zn with the six Au atoms
in its first coordination shell. In fact, these three delocalized σ
bonds are reminiscent of those in Au6.

108

Inasmuch as the localization of canonical MOs are not
unique, we found that the three 7c−2e bonds can also be
further represented by three 3c−2e bonds, as shown in Figure
S5. However, the ONs of the three 3c−2e bonds are much
lower (1.75 |e|), which suggests that the 7c−2e representation
better describes the bonding situation in Au9Zn

−. The three
7c−2e bonds also display more vividly the σ aromaticity. Thus,
the D3h Au9Zn

− cluster can be viewed to possess two σ
aromatic systems, one describing the bonding between Zn and
the its six nearest neighbors and a second σ system describing
the bonding of the three corner Au atoms with the central
Zn@Au6 unit. The double σ aromaticity underlies the
extremely high stability of the D3h Au9Zn

− cluster. The parent
D3h Au10 cluster with two unpaired electrons82 should be
considered a doubly σ Baird aromatic system for triplet
staes.44,109 The deviation of the ONs from 2 is an indication of
the s−d hybridization. The larger ONs of the three 3c−2e
bonds suggests they are primarily from the three 6s-based MOs
shown in Figure 5. The larger deviation of the 7c−2e bonds
from 2 indicates they are from MOs of significant s−d
hybridization. The strong s−d hybridization, due to the
relativistic effects of gold, is a major reason for the planarity of
small gold clusters.71−75

5. CONCLUSIONS
We report a photoelectron spectroscopy and theoretical study
of the Au9Zn

− cluster. The photoelectron spectra revealed
well-resolved spectral features, as well as evidence of two low-
lying isomers. The global minimum of Au9Zn

− was found to
have a planar D3h structure with a central Zn atom. Two planar
low-lying isomers were found due to the displacements of one
atom from the D3h global minimum. The electron affinity of
the D3h Au9Zn cluster was measured to be 4.27 eV, which is
extremely high and indicates Au9Zn

− is a very stable electronic
system. The high electronic stability of the D3h Au9Zn

− is

consistent with its large HOMO−LUMO gap of 3.3 eV
computed at the PBE0 level. Chemical bonding analyses
showed that the D3h Au9Zn

− cluster possesses two delocalized
σ systems, one consisting of three 3c−2e bonds at the three
corners and another consisting of Zn and its first coordination
shell. The double σ-aromaticity further underlies the high
stability of the D3h Au9Zn

−.
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