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Size-selected, ligand-free gold clusters with diameters less
than 2 nm can be routinely generated in the gas phase. The
pronounced size dependence of their physical and chemical
properties is one of their most important features. Surface-
deposited gold clusters are particularly interesting for appli-
cations in nanotechnology and heterogeneous catalysis.[1–7]

One prerequisite for such applications is a detailed knowl-
edge of the cluster structures.

The extensive literature on theoretical studies of gold
clusters has been surveyed in recent reviews.[8,9] In principle,
quantum-chemical methods allow many properties of small
gold clusters to be predicted with high accuracy. However, for
larger clusters, the large number of possible isomers impedes
the search for a global energy minimum. Often, only a small
set of the possible structures can be considered, without any
guarantee that the global minimum is included in the set.
Consequently, progress in the intermediate size regime can
only be made through the joint use of experiment and theory.

In this fashion, the structures of small gold cluster anions
and cations with up to 13 atoms have been inferred through a
comparison of theoretical and experimental collision cross
sections from ion-mobility measurements.[10,11] A remarkable
finding in this study was that the 2D!3D structural transition
for Aun

� occurs at the surprisingly large cluster sizes of n= 11
and 12. This result was later confirmed through a comparison
of photoelectron spectroscopy (PES) data with calculated
density of states (DOS) curves.[12] For Aun

� with n= 16–18
and 21–24, experimental and theoretical evidence for hollow

cage-like structures has been reported.[13–15] Au20
� possesses a

tetrahedral structure,[16] which corresponds to a fragment of
the face-centered cubic (fcc) structure of bulk gold; the
cluster consists only of surface atoms and does not contain
any inner atoms.

It has been suggested, on the basis of quantum-chemical
calculations, that medium-sized gold clusters, such as Aun with
n= 32–35,[17,18] 42,[19] , and 50,[20] also have cage-like structures.
In contrast, in a recent study, Au32

� was assigned an
amorphous, but dense, structure on the basis of a comparison
of data from PES and the calculated DOS.[21] Low-symmetry
“disordered” structures have also been proposed by Garz=n
et al. for Au28 and Au55.

[22] These results were supported by a
combined PES and theoretical study by H>kkinen et al.,
which excluded high-symmetry structures for Au55

� (whereas
Ag55

� and Cu55
� have icosahedral structures).[23]

The PE spectra of several Aun
� clusters, notably for n=

14, 20, 34, and 58, show prominent band gaps,[24] reflecting the
large gaps between the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital
(LUMO) in the corresponding neutral clusters. The associ-
ated valence-electron counts correlate with the sequence of
jellium-shell closings obtained from a simple free-electron
model invoking (volume-filling) spherical symmetry. How-
ever, beyond the tetrahedral Au20

� cluster, it is unclear to
what extent larger clusters adopt high-symmetry structures.
Determining the structures of these larger clusters is of
particular importance for understanding trends in the chem-
ical bonding and growth dynamics of Aun

� . Herein, we apply
two complementary experimental methods in combination
with quantum-chemical calculations to obtain structural
information for the previously uncharacterized large-band-
gap cluster Au34

� .
We use a combination of the recently developed trapped-

ion electron diffraction (TIED) method,[25–27] PES, and (time-
dependent (TD)) density functional theory (DFT). The TIED
technique allows the geometrical structures of cluster ions to
be determined. Its potential was recently illustrated by the
structure assignments of silver clusters with a wide range of
sizes.[27–29] PES, on the other hand, probes the electronic
structure (that is, the DOS), which is strongly influenced by
the geometric structure. We compare the experimental DOS
to the simulated DOS from TDDFT calculations; such
calculations have been successfully applied to the analysis
of PE spectra of fullerene dianions.[30,31] In contrast to PES
simulations employing the DOS of the non-interacting Kohn–
Sham system, the TDDFT calculations used herein approx-
imate the physical DOS and can properly account for
collective effects, such as plasmon excitations. The suitability
of TDDFT for the calculation of the excitation energies of
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gold clusters has been established for smaller gold cluster
cations[32] and anions.[33] The results of our investigations
suggest that the Au34

� cluster adopts a chiral structure with
C3 point symmetry. Details of the experimental and TDDFT
methods are given in the Supporting Information.

In total, 13 model structures, including different possible
structural motifs (for example, icosahedral or close-packed)
and morphologies (for example, cage-like or space-filling),
were optimized in our DFT calculations. Seven of these model
structures are shown in Figure 1. It is apparent that the
isomers with the lowest energies, 1–4, cannot easily be
described by the classical structural motifs of icosahedral,
decahedral, or close-packed.[27] However, one common fea-
ture of these structures is a four-atom internal tetrahedron
that is distorted to varying degrees.

The lowest-energy structure found for Au34
� is chiral with

C3 point symmetry (Table 1). This structure was suggested
before by Wales and co-workers[34,35] as a global minimum for
Au34, on the basis of calculations using an empirical Sutton–
Chen potential.[34] It comprises an internal trigonal pyramid
(or slightly distorted tetrahedron), of which three faces are
covered by a hexagonal arrangement of seven atoms that
corresponds to a fragment of a slightly bent Au(111) surface.
The base of the internal pyramid is covered by a nearly planar
arrangement of six atoms, and the apex is covered by a
triangle of three additional atoms that is parallel to the
pyramid base. The chirality of the structure is apparent in the
helical arrangement of the edge atoms, as shown in the top
view of one enantiomer of 1 (Figure 1, right).

Isomer 2, which has C2v symmetry, is nearly isoenergetic
(+ 0.05 eV) to isomer 1. This structure was proposed as the
ground state of neutral Au34.

[36] It is compact and oblate in
shape. Isomers 3 and 4 are 0.17 and 0.42 eV higher in energy,
respectively, than the proposed ground state 1. Isomer 5,
which has D3h symmetry, lies 0.88 eV above the ground state.
Unlike isomers 1–4, it comprises an internal five-atom
trigonal bipyramid. The six trigonal faces are each covered
by hexagonal arrangements of seven atoms; the capping of
each of the two axial atoms of the trigonal bipyramid by four-
atom trigonal pyramids leads to a prolate shape. A very
similar structure was found as the ground state for Au34 in
calculations using a Murrell–Mottram potential.[37] The cage-
like isomer 6, which lies 1.32 eV above the proposed ground
state, contains only two internal atoms. The cluster is derived
from the hollow icosahedral Au32 cluster[17] by adding two
atoms to the central axis of the cage.[18] As a result of this
insertion, the 32-atom icosahedral cage of Au34

� is signifi-
cantly distorted (symmetry reduction to C2h). Finally, the
truncated-tetrahedral isomer 7 was also identified. This
cluster is constructed by removing one apex atom from a
35-atom tetrahedron and lies 1.7 eV above the tentative
ground state.

Figure 2 shows the experimental reduced molecular
scattering functions for the Au34

� cluster and the simulated
functions for isomers 1–4 and 6. A quantitative measure of the
agreement between the experimental and theoretical scatter-
ing functions is provided by the weighted profile factor Rw
(see the Supporting Information).[27] Of the model structures
investigated, the best agreement between the experimental

and theoretical scattering curves is found for the C3 isomer 1
(Rw= 3.2%; Table 1). Other isomers have significantly higher
Rw values, in particular, isomers 4 (Rw= 9.1%) and 5 (Rw=
19%), the cage-like isomer 6 (Rw= 25%), and the truncated-
tetrahedral isomer 7 (Rw= 11%). These isomers can in all
likelihood be excluded. Although contributions from iso-
mers 2 (Rw= 5.8%) and 3 (Rw= 6.3%) to an isomer mixture
cannot be ruled out, the TIED data suggests a dominant
contribution from the C3 isomer 1. The minor differences
between the experimental scattering curve and the curve

Figure 1. Selected energy-minimum structures found for the Au34
�

cluster using DFT calculations. The optimized structures are shown
from the side (left) and from the top (right), and their relative
stabilities are indicated. The internal atoms are orange.
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simulated for isomer 1 are probably caused by the absence of
additional vibrational corrections in the present model.

The well-resolved PE spectrum of Au34
� shown in

Figure 3, which was recorded at a photon energy of 6.42 eV,
is in good agreement with the data reported by Taylor et al.[24]

The spectrum reveals a first peak at 3.4 eV, which corresponds
to the vertical detachment energy (VDE), followed by a large
energy gap and a series of distinct peaks at higher energies.
The gap of 0.96 eV between the first and second excitations

can, to a first approximation, be interpreted as the energy
difference between the LUMO and the HOMO of the
corresponding neutral cluster (at the same geometry as the
anion), consistent with an electronic shell closing at 34 s elec-
trons with a 1S21P61D102S21F14 angular-momentum configu-
ration.[38]

To test the model structures further, we compared the
DOS simulated for isomers 1–4 using TDDFT calculations to
the experimental PE spectrum (Table 2, Figure 3). The
isomers excluded by the TIED experiment were not consid-
ered. Note that only the experimental electron binding
energies and the calculated excitation energies can be
compared, because the relative intensities depend on factors
not considered in our calculations.

For the C3 isomer 1, the VDE is slightly higher
(+ 0.16 eV) than the experimental value, but is still within
the range of expected error (� 0.2 eV) of the TDDFT

Table 1: Properties and Rw values of selected energy-minimum struc-
tures for the Au34

� cluster.

Isomer G[a] SOMO[b] DE[c] [eV] Rw
[d] [%]

1 C3 a1 0.00 3.2
2 C2v b2

1 0.05 5.8
3 Cs a1 0.17 6.3
4 C2v a1

1 0.42 9.1
5 D3h a2’’

1 0.88 19
6 C2h ag

1 1.32 25
7 Cs a’1 1.70 11

[a] The point group symmetry. [b] The highest singly occupied molecular
orbital. [c] The relative stability with respect to the most stable isomer 1.
[d] The weighted profile factor of the theoretical sM function for the
isomer with respect to the experimental TIED sM function for the Au34

�

cluster.

Figure 2. Reduced molecular scattering intensities sM for the Au34
�

cluster. The upper traces (left axes) show the experimental TIED sM
function (*) compared to the theoretical sM functions for isomers 1–4
and 6 (c). The lower traces (right axes) show the difference D(sM)
functions; note the different scale for isomer 6.

Figure 3. Experimental PES intensity for the Au34
� cluster (top) and

calculated TDDFT DOS for isomers 1–4 as a function of the electron
binding energy Eb.

Table 2: Calculated VDE and band-gap energies (DEgap) for isomers 1–4
in comparison to the experimental PES values for the Au34

� cluster.

Isomer VDE [eV] DEgap [eV]

1 3.56 0.87
2 3.43 1.05
3 3.76 0.50
4 3.67 0.66
PES 3.40 0.96
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calculation. Moreover, the band-gap energy and, more
importantly, the overall profile of the experimental spectrum
agree with the calculated DOS of isomer 1 most closely: it is
the only candidate structure that yields a highly modulated
DOS curve with a series of nearly equally spaced peaks, as
observed in the experimental spectrum. For isomer 2, the
VDE matches the experimental value slightly more closely,
but the calculated DOS is only weakly structured. For
isomers 3 and 4, the VDE and the band-gap energy also
deviate from the experimental values.

In relating the two types of experimental results, we
assume that the cluster ensembles investigated in both
experiments were very similar in composition, as they were
generated from identical cluster sources under comparable
conditions (see the Supporting Information).

The energetic order of the 13 trial structures determined
from the DFT calculations, the spectra predicted from the
calculations, as well as the comparison of these spectra with
the TIED and PES data, suggest that the C3 isomer 1 is the
major contributor to cluster ensemble investigated. An
intuitive way to rationalize this structure is to start with a
38-atom truncated octahedron, remove one seven-atom
hexagonal plane from the bottom of the truncated octahe-
dron, and then add a triangle on the top, such that an ABAC
stacking results. This construction leads to the C3v structure
shown in Figure 4, top. The C3v structure is then transformed

into the C3 structure (Figure 4, bottom) by twisting the planes
with respect to each other and by repositioning the surface
atoms perpendicular to the planes (both steps maintain the C3

symmetry). This transformation removes the (100) facets of
the truncated octahedron and leads to an increased surface
density with a higher coordination number.

The optimization of the modified truncated octahedron in
C3v symmetry gave an energy of + 0.96 eV with respect to that
of the C3 isomer 1. Since the relative positions of the four
internal atoms remain nearly unchanged, this substantial

energy difference is a good approximation to the energy gain
upon “reconstruction” of the surface.

Interestingly, a similar structural motif is found in
suspended helical multishell gold nanowires:[39] the planes of
nearly hexagonal arrangements of surface atoms are tilted
with respect to one another, such that helical strands of
surface atoms are formed; this arrangement of surface atoms
is similar to that found in isomer 1 of Au34

� .
Furthermore, it is appealing to compare the structure of

isomer 1 to the structures of silver clusters, which tend to be
icosahedral in this size range.[28,29] To form a space-filling
structure, the interatomic distances in the (111) faces of the
icosahedral arrangement must be stretched. But for gold
clusters, deviation from the optimal Au�Au bond length
involves a large energy penalty, owing to the relativistic
contraction of the 6s orbital.[40,41] Therefore, gold clusters
prefer amorphous[21,22] or cage-like[16] structures.

Our results reveal another strategy for minimizing the
surface energy of a gold cluster, while retaining dense packing
and an optimal bond length: surface reconstruction. The
investigation of the relevance of this strategy for clusters with
other sizes is in progress. Supported gold clusters have
recently been shown to be selective oxidation catalysts.[5,6]

On the basis of the chiral cluster proposed herein, enantio-
selective reactions or asymmetric catalysis should also be
considered.
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