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Among the large Aun- clusters forn > 20, the photoelectron spectra of Au34
- exhibit the largest energy gap

(0.94 eV) with well-resolved spectral features, making it a good candidate for structural consideration in
conjunction with theoretical studies. Extensive structural searches at several levels of density functional and
ab initio theory revealed that the low-lying isomers of Au34

- can be characterized as fluxional core-shell
type structures with 4 or 3 inner atoms and 30 or 31 outer atoms, i.e., Au4@Au30

- and Au3@Au31
-, respectively.

Detailed comparisons between theoretical and photoelectron results suggest that the most probable ground
state structures of Au34

- are of the Au4@Au30
- type. The 30 outer atoms seem to be disordered or fluxional,

giving rise to a number of low-lying isomers with very close energies and simulated photoelectron spectra.
The fluxional nature of the outer layer in large gold clusters or nanoparticles may have important implications
for their remarkable catalytic activities.

Introduction

Although bulk gold is the most inert metal, gold nanoparticles
have been found to display remarkable catalytic activities,1

which has stimulated a resurgence of interest into the structures
and properties of free gold nanoclusters. A detailed understand-
ing at the atomic level of the structure-function relationship
of well-defined gold clusters may hold the key to elucidate the
catalytic mechanisms of nanogold. Anionic gold clusters are of
particular interest because the extra electron seems to play an
important role in activating molecules adsorbed on gold clusters
and surfaces.

Anionic Aun
- clusters withn up to 25 atoms have been

characterized by a number of combined experimental and
theoretical studies, showing a remarkable structural diversity.
Small Aun

- clusters have been discovered to be planar up to
12 gold atoms with the 2D to 3D transition occurring forn >
12.2-4 In mid-sized gold clusters, Au20 has been found to be a
perfect tetrahedron.5 In a recent study, the structures of Aun

-

clusters in the size range ofn ) 15-19 were elucidated,6 in
which clusters with n ) 16-18 were found to possess
unprecedented empty cage structures, which have been con-
firmed by new experimental and theoretical studies7-10 and
endohedral doping.11 In several very recent studies,7,8,12 Aun

-

clusters beyondn ) 20 have been characterized, all revealing

complex potential energy surfaces with population of many low-
lying isomers: the tetrahedral Au20-based structures are com-
petitive forn ) 21-23, whereas a hollow tubular type structure
appears for Au24

-. Au25
- possesses a core-shell type structure

with a single internal atom.12

In larger systems, although Au32 was first suggested to be a
“24-carat golden fullerene”,13,14subsequent experiment showed
that the Au32

- anion is in fact a low-symmetry compact 3D
structure,15 which can also be viewed as a core-shell-type
structure with three core atoms. There are no experimental
characterizations of the structures for larger Aun

- clusters,
despite numerous theoretical efforts using both DFT-based
methods and empirical potentials.16-25

First-principle global minimum searches for larger Aun
-

clusters are becoming a real challenge computationally. We have
noted that among the large gold clusters the photoelectron
spectra of Au34

- display a considerable energy gap with well-
resolved spectral features,26,27 thus providing a unique op-
portunity for a joint experimental and theoretical effort to
elucidate its structures. Photoelectron spectroscopy (PES) yields
direct electronic structure information for the underlying clusters.
Combined with accurate theoretical calculations, PES has
become a powerful method to yield indirect structural informa-
tion.

In this work, we report a joint PES and theoretical studies of
Au34

-. Extensive structural searches at several levels of theory
revealed that the low-lying isomers of Au34

- can be character-
ized as fluxional core-shell type structures with 4 or 3 inner
atoms and 30 or 31 outer atoms, i.e., Au4@Au30

- or Au3@Au31
-,

respectively. Detailed comparisons between the theoretical and
experimental results suggest that the most probable global
minimum structures of Au34

- are of the Au4@Au30
- type. The

30 outer atoms seem to be disordered or fluxional, giving rise
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to a number of low-lying isomers with very close energies and
simulated photoelectron spectra. The fluxional nature of the
outer layer in large gold clusters or nanoparticles may have
important implications for their remarkable catalytic activities.

Experimental Methods

The experiment was performed on a magnetic-bottle PES
apparatus equipped with a laser vaporization supersonic cluster
source.28 The Au34

- clusters were produced by laser vaporization
of a pure gold disk target. Negatively charged clusters were
extracted from the cluster beam and were analyzed using a time-
of-flight mass spectrometer.28 The Au34

- clusters were mass
selected and decelerated before being intercepted by a 193 nm
laser beam from an ArF excimer laser or 266 nm from a Nd:
YAG laser for photodetachment. Photoelectron time-of-flight
spectra were calibrated using the known spectra of Au- and
converted to the binding energy spectra by subtracting the kinetic
energy spectra from the photon energies. The resolution of the
magnetic-bottle PES spectrometer was∆E/E ∼ 2.5%, i.e., about
25 meV for 1 eV electrons.

Computational Methods

We performed extensive searches for the low-lying isomers
of Au34

- using density functional methods implemented in
VASP29 and ADF,30 and using basin-hopping methods.31 We
conducted our initial search for the possible structures of Au34

-

based on the local density approximation (LDA) using VASP,
followed by geometry optimizations using generalized gradient
approach (GGA) implemented in ADF. More than 20 structures
were considered using these methods. In the VASP calculations,
the 5d106s1 valence electrons were treated explicitly with scalar
relativistic effects included, and their interactions with the ionic
cores are described by the PAW potentials.32 The Kohn-Sham
orbitals were expanded in plane waves with an energy cutoff
of ∼230 eV. We used a simple cubic cell of edge length of 30
Å with periodic boundary conditions, and theΓ point ap-
proximation for the Brillouin zone sampling. The ADF calcula-
tions were performed using GGA of Perdew-Wang 1991
(PW91)33 and Slater basis sets with quality of triple-ú plus p-
and f-polarization functions (TZ2P) for the valence orbitals of
the Au atoms.34 The frozen core approximation was applied to
the [1s2-4f14] core, with the 5s25p65d106s1 electrons explicitly
treated variationally.35 The scalar and spin-orbit relativistic
effects were taken into account through zero-order-regular
approach (ZORA).36 Harmonic frequencies of the low-lying
isomers were calculated using the PW91 functional to ensure
the optimized structures were local minima.

We then performed a more exhaustive structural search using
the basin-hopping approach, which sampled more than 50
structures. The basin-hopping search was directly combined with
DFT calculations;6,9,37 that is, after each accepted move, a
geometry minimization was carried out using a DFT method.
In the basin-hopping method, we used the gradient-corrected
Perdew-Burke-Enzerhof (PBE) exchange-correlation func-
tional38 as implemented in the DMol3 code.39

Top low-lying isomers obtained from both basin-hopping and
VASP/ADF calculations were collected. The structures of these
low-lying isomers were reoptimized by using the PBE func-
tional38 and LANL2DZ basis set40 implemented in the Gaussian
03 package.41 Inasmuch as DFT calculations do not account
for the dispersion interactions between gold atoms, we also
performed single-point energy calculation using the ab initio
wave function approach for the nine low-lying isomers to further
determine the relative stabilities of these isomers. The calcula-

tions were performed using NWChem 4.542 at the level of the
second-order Møller-Plesset perturbation (MP2) theory with
spin-unrestricted Hartree-Forck reference (i.e., UHF-UMP2).43

The Hay-Wadt effective core potential40 and LANL2DZ basis
set were used in the MP2 calculations and the optimized
geometries from PBE/LANl2DZ calculations were employed.

Photoelectron spectra simulations were based on calculations
using the PBE functional and LANL2DZ basis set. The first
VDE was calculated from the energy difference between the
anion and neutral clusters at the optimized anion geometry.
VDEs to higher detachment channels were computed by adding
to the first VDE the occupied orbital energies relative to the
HOMO of Au34

-. The simulated photoelectron spectra were
obtained by fitting the computed VDE’s with Gaussian functions
of 0.04 eV width.

Experimental Results

Figure 1 presents the spectra of Au34
- at two photon energies.

The 266 nm spectrum exhibits an intense ground state band
(X) followed by a large energy gap and three relatively sharp
peaks (A, B, and C) at higher binding energies. The X band
yields an adiabatic detachment energy or the electron affinity
for neutral Au34 as 3.38 eV. At 193 nm, a series of well resolved
bands (D-H) were observed between 4.5 and 5.5 eV followed
by nearly continuous spectral features indicative of the onset
of the 5d band.26 The current spectrum at 193 nm is consistent
with the previous study,26 but with significantly improved
resolution. The vertical detachment energies (VDE’s) for all of
the resolved spectral features are given in Table 1. The large
X-A separation (0.94 eV) is consistent with the fact that the
Au34 neutral cluster with 34 valence electrons represents a major
spherical shell closing.26 The weak electron signals in between
the band gap in the 266 nm spectrum were most likely due to
autodetachment, which was also observed in the 266 nm
spectrum of the large band gap pyramidal Au20

- cluster.5

Theoretical Results

A number of low-symmetry structures and some high-
symmetry structures were obtained from the theoretical search
for the optimal geometry of Au34

-. The nine low-lying isomers
obtained from basin-hopping and VASP/ADF calculations and

Figure 1. Photoelectron spectra of Au34
- at (a) 266 nm (4.661 eV)

and (b) 193 nm (6.424 eV).
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geometry reoptimization with PBE/LANL2DZ are presented in
Figure 2, and their total energies, relative energies, and
calculated first VDEs are given in Table 2. The single-point
MP2 energies are also listed in Table 2 for comparison. The
simulated PES spectra from the nine low-lying isomers are
shown in Figure 3.

All of the structures shown in Figure 2 are minima on the
potential energy surface, and they can be viewed as containing
a core with 3-5 atoms with a low-symmetry shell with 31-29
atoms. The inner core atoms are in blue color in Figure 2, and
the number of core atoms is also given in Table 2 for each
structure. In the VASP and ADF calculations, both isomer 34a
and 34e are competing for the global minimum with very close
energies, but in PBE/LANL2DZ, isomer 34e is 0.152 eV higher.
Isomer 34c was the global minimum for neutral Au34 from the
Sutton-Chen potential,24 whereas isomer 34d was suggested
to be the global minimum from a recent study using the
Lennard-Jones potential followed by DFT optimization.25 In an
earlier VASP study, one of us (X.G.G.) showed that Au34

possesses a structure with an Au32 cage and two inner atoms.14

Among the structures that we searched through DFT calcula-
tions, we found stable structures with empty cages and core-
shell structures with 2-5 inner atoms. However, the most stable
structures appear to contain 4 or 3 inner atoms with the
Au4@Au30

- structures being more favored, as shown in Figure
2. The MP2 energies of the nine low-lying isomers (Table 2)
reveal that, among the two best candidate isomers for the global
minimum with 4 and 3 inner atoms, 34a (-4579.60990 a.u.) is
1.12 eV lower than that of 34e (-4579.56875 a.u.). Furthermore,
MP2 calculations indicate that all of the core-shell structures
with 3 or 5 core atoms are much higher in energy than the
isomers with 4 core atoms, whereas the structures with 4 core
atoms lie close in energy, consistent with the fluxionality
revealed from DFT calculations. These results suggest that the
Au4@Au30

- type structures are indeed favored and most likely
to be the global minimum.

Discussion

The four lowest energy isomers (34a-d), which all contain
4 inner atoms, are competing for the global minimum. At both
the PBE and MP2 levels of theory, these four isomers are nearly
degenerate (Table 2). The first VDE for 34a,b,d are also nearly
identical (∼3.4 eV) with that of 34c being slightly higher (Table
2). Given the theoretical accuracy, the VDEs of the four lowest
isomers are all in excellent agreement with the experimental
value of 3.42 eV. Interestingly, the theoretical energy gaps for
all of the four isomers are also similar and in good agreement
with the experiment (Figure 3). However, the simulated spectra
for the two higher symmetry isomers 34c (C3) and 34d (C2V)
are relatively simple with fewer spectral features in the low
binding energy range, seemingly inconsistent with the experi-
mental spectra. The simulated spectra of both isomers 34a and
34b display similarities to the experimental PES spectra both
in terms of the first calculated VDEs and the spectral patterns,
although the simulated spectrum of isomer 34a shows the best
overall agreement with the experiment. On the basis of the
energetics, calculated VDEs, and the overall simulated spectral
patterns, we conclude that isomer 34a is the most likely
candidate responsible for the observed PES spectra with possible
minor contributions from isomers 34b-d. However, all other
isomers are more than 0.15 eV higher in energy and are not
likely to make significant contributions to the experiment.

The shells of all of the low-lying core-shell isomers of Au34
-

shown in Figure 2 consist of 5- and 6-coordinated Au atoms.
The top four isomers are all of the Au4@Au30

- type (34a-d)
with relatively small structural differences: the four core atoms
form a slightly distorted tetrahedron and their main structural
differences lie at the atomic connectivity of the 30 shell atoms.
To gain further insight into the relationship between these
structures, we carried out Car-Parrinello molecular dynamics

TABLE 1: Experimental Adiabatic (ADE) and Vertical
(VDE) Detachment Energies of Au34

- in eV

observed features ADE VDE

X 3.38( 0.04a 3.42( 0.03
A 4.32( 0.04 4.36( 0.03
B 4.45( 0.03
C 4.51( 0.03
D 4.67( 0.03
E 4.83( 0.03
F 5.00( 0.03
G 5.18( 0.03
H 5.45( 0.03

a The electron affinity of Au34.

Figure 2. Optimized low-lying structures of Au34
- at the PBE/

LANL2DZ level of theory. See Table 2 for their energetic information.

TABLE 2: Optimized Low-Lying Structures for Au 34
-,

Total Energies (EPBE), Relative Energies (∆EPBE), and First
Vertical Detachment Energies (VDE) at the PBEPBE/
LANL2DZ Level of Theory a

structures Ni

VDE
(eV)

EPBE

(a.u.)
∆EPBE

(eV)
∆EMP2

(eV)

34a (C1) 4 3.398 -4607.27944 0 0.000
34b (C1) 4 3.440 -4607.27689 0.069 -0.047
34c (C3) 4 3.538 -4607.27622 0.088 0.128
34d (C2V) 4 3.414 -4607.27432 0.139 -0.100
34e (C1) 3 3.496 -4607.27385 0.152 1.120
34f (C1) 4 3.415 -4607.27372 0.156 0.213
34g (C1) 3 3.496 -4607.27124 0.223 1.624
34h (C1) 3 3.470 -4607.26765 0.321 1.586
34i (C2V) 5 3.535 -4607.25155 0.759 3.117
experiment 3.42( 0.03

a Ni represents the inner atoms in the core-shell structures.
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simulations.44 We found that the shell is quite soft: the
5-coordinate atoms can easily rebond to a neighbor Au atom to
form 6-coordinate ones, whereas some of the 6-coordinate atoms
can be easily broken to 5-coordinate sites. However, during the
simulations, the tetrahedral cores stay intact with only very slight
distortions. These results suggest that in the gas-phase the Au34

-

cluster possesses a solid core with a somewhat fluctuating
surface.

The fluctuating core-shell Au34
- is consistent with previous

studies that show that larger gold clusters tend to form
amorphous structures.16,17,18 A fluctuating surface in gold
nanoclusters may have significant implications for understanding
the catalytic mechanisms of gold nanoparticles. A fluctuating
surface would guarantee the presence of low coordination
surface sites, which are essential for chemisorption. The
structural flexibility would also mean that the chemisorption
energy of a single adsorbate may induce a structural change,
which would benefit chemisorption of a second chemical
reagent. We believe that continued and systematic understanding
of the structural evolution of larger gold clusters may indeed
provide key insight into their catalytic functions.

Note Added during Review.During the review of the present
paper, a similar study on Au34

- by Lechtken et al.45 has
appeared, which combines PES, trapped ion electron diffraction
(TIED), and a limited theoretical search. In this study, two nearly
degenerate low-lying isomers withC3 andC2V symmetries are
identified, which coincide with the current isomers 34c and 34d,
respectively. The simulated TIED of isomer 34c (C3) agrees
best with the experimental data, whereas that of 34d (C2V) is
also within the error limit and cannot be completely ruled out.
The work by Lechtken et al. further points out nicely that the
C3 Au34

- is a chiral gold cluster. The main conclusions of the
work by Lechtken et al. are then consistent with the current
work, although the lower symmetry isomers 34a and 34b are
not considered.
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