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We report a joint theoretical and experimental study of low-lying structures and structural transitions of gold
cluster anions Aun- in the size range ofn ) 21-25. Well-resolved photoelectron spectra are used to compare
with density functional theory calculations and to identify the low-lying structures of the gold cluster anions.
Due to the high stability of the tetrahedral Au20, the pyramid-based structures are found to be competitive for
n ) 21-23. In addition to the pyramid-based structures, global-minimum searches also reveal two other
generic structural types of low-lying clusters in the size range ofn ) 21-24, namely, the fused-planar and
the hollow-tubular structures. Atn ) 24, the pyramid-based structures are no longer competitive and the
hollow-tubular structures dominate the low-lying population. Atn ) 25, a structural transition from hollow-
tubular to core/shell compact structure is observed.

Introduction

Gold nanoclusters have attracted considerable attention due
to their wide-ranging applications in catalysis, sensors, and
bioconjugate probes.1-6 Experimental and theoretical studies
have revealed that gold clusters exhibit some unique properties
such as strong relativistic effects.5 The strong relativistic effect
leads to reduced 5d-6s energy gap and strong s-d hybridiza-
tion.7 A possible consequence of the strong relativistic effect is
that small gold cluster anions Aun

- tend to form two-
dimensional (2D) planar structures forn e 13,7,8 a surprising
finding that has been confirmed subsequently.9-19 For medium-
sized gold cluster anions, Au20

- has been found to be a perfect
tetrahedral pyramidal cluster.20 A previous joint photoelectron
spectroscopy (PES) and theoretical study showed that a struc-
tural transition from 2D to three-dimensional (3D) shell-like
structures occurs atn ) 13.10 A recent PES and theoretical
investigation found a remarkable transition to hollow-cage
structures atn ) 16, and a transition to pyramidal structure at
n ) 18-19.21 These observations have been further substantiated
by more recent theoretical calculations22 and an electron
diffraction study.23 For larger gold anion clusters such as Au55

-,
previous experimental and theoretical studies showed that they
favor low-symmetry compact structures due to the strong
relativistic effects.24,25

Increasing research efforts have been recently directed toward
the exploration of structural evolution of gold clusters in the
size range of 20< n < 55. It is worthy to note that, besides the
low-symmetry compact structures, previous theoretical studies
have also suggested the possible existence of highly symmetric
hollow-cage structures Au32, Au42, and Au50,26-31 as well as
hollow-tubular structure Au26.32 However, a recent joint ex-

perimental PES and theoretical study indicated that the anion
Au32

- is not a hollow cage, but most likely exhibits a
core/shell compact structure.33 This conclusion suggests that the
core/shell compact structures which contain interior (endohedral)
atoms are more populated in the cluster beam than the less
compact hollow-cage structures for clusters as large as Au32

-.
One major goal of the current study is to identify the size range
of clusters in which the transition from the pyramidal to
core/shell compact structure occurs.

Experimental and Theoretical Methods

Photoelectron Spectroscopy.The PES experiment was done
similarly as for the smaller-sized gold clusters.10,20,21The gold
anion clusters were produced using a laser vaporization of a
pure gold disk target and mass analyzed using time-of-flight
mass spectrometry.34 The clusters of interest in the size range
of Aun

- for n ) 21-25 were each selected and decelerated
before being detached by a laser beam. PES spectra were
obtained using a magnetic-bottle time-of-flight photoelectron
analyzer, which features a 3.5 m long electron flight tube. For
the current study, PES spectra (Figures 1-6) were measured at
two photon energies, 266 nm (4.661 eV) and 193 nm (6.424
eV), calibrated with the known spectrum of Au-. The electron
energy resolution was∆E/E ∼ 2.5%, i.e., 25 meV for 1 eV
electrons.

Theoretical Methods. The computational search for the
lowest-energy structures was performed using the basin-hopping
method35 for gold anion clusters Aun- in the size rangen )
21-25. We combined the global-minimum search method
directly with density functional theory (DFT) calculations using
effective core potentials.21,22 Both unbiased and motif-based
constrained searches36 were performed. During the search, a
geometry minimization was carried out after each accepted
Monte Carlo move. DFT calculations using the generalized-
gradient approximation (GGA) with the Perdew-Burke-
Ernzerhof (PBE) exchange-correlation functional37 and the
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double numerical polarized (DNP) basis set implemented in the
DMol3 code38 were used for the geometric optimization. Those
low-lying isomers whose PBE/DNP energy value within 0.3
eV from the lowest-lying isomer are all regarded as candidates
for the lowest-energy structure due to error bars of a few tenths
of an electronvolt for DFT total-energy calculations (see Table
1).15,16,22For the candidate low-lying isomers, their geometries
were reoptimized (Figures 2-6) using the PBE functional and
the scalar relativistic LANL2DZ basis set, implemented in
Gaussian 03 package.39 Total energies of these isomers and
relative energies with respect to the lowest-energy isomer (in
the PBE calculation using PBEPBE/LANL2DZ key words39)
are shown in Table 1 (Au21

-) and Table 2 (Au22
- to Au25

-). In
addition, we carried out single-point energy calculations for the
top-five isomers of Au21

- using the second-order Moller-Plesset
perturbation (MP2) level of theory with the LANL2DZ basis
set (Table 1).

Last, simulated anion photoelectron spectra10,20,21,33based on
the DFT calculations with the PBE/LANL2DZ functional/basis
set for a number of low-lying isomers are computed (red-colored
lines in Figures 1-5). Note that the selection of PBE GGA
functional is based on a benchmark test with six different
functionals for the pyramidal gold anion Au19

-, since this isomer
is the sole candidate for the global minimum of Au19

-.21 The
selected functionals include three GGA functionals (PBE,
BLYP, and BP86),40-42 one functional within the local-density

approximation (LDA),43 one meta-GGA functional in which the
functional depends kinetic energy density also (here we used
the TPSSLYP1W functional,39 which denotes the exchange
functional of Tao, Perdew, Staroverov, and Scuseria44 and the
correlation function of Lee, Yang, and Parr41), and one hybrid
functional (B3LYP).41,45In Figure 1, we displayed the measured
(black line) and simulated (red lines) PES spectra for Au19

-.
We found that the SWVN and BP86 functionals give inaccurate
vertical detachment energy, B3LPY predicts larger energy gap
between the first and second peaks, compared to the measured
energy gap, and BLYP does not predict a doublet feature in
the second peak. Both PBE and TPSSLYP1W functionals
provide excellent overall match to the measured PES spectra
although the PBE gives slightly better prediction for the location
of the first and second peak than the TPSSLYP1W functional.
Hence, the PBE functional was selected for calculating PES
spectra shown in Figures 2-6.

Results and Discussions

The experimental PES data with numerous well-resolved
peaks are shown in Figures 2-6 (black curves). The electron
binding energies display a clear odd-even effect with the odd-
sized cluster exhibiting higher electron binding energies than
their even-sized neighbors. This observation suggests that all
the odd-sized anions Aun

- have closed shell electron configura-

Figure 1. Comparison of the 193 nm photoelectron spectrum (black line) to the simulated PES spectra (red lines) for the lowest-energy pyramidal
isomer of Au19

-. The simulated PES spectra were calculated using six different density functionals, including three GGA functionals (PBE, BLYP,
and BP86), one metal-GGA functional (TPSSLYP1W), one hybrid functional (B3LYP), and one LDA functional (SWVN), all with the LANL2DZ
basis set. The x-axis represents binding energy (in eV).
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tions, whereas the even-sized neutral Aun are closed shell.
HOMO-LUMO gaps are clearly shown in the PES spectra of
n ) 22 and 24. In particular, Au24

- shows a relatively clean
gap between the first and second features while the spectrum
of Au22

- suggests the existence of multiple isomers.
In the unbiased searches, typically about 200 structurally

different low-energy isomers for each Aun
- (n ) 21-25) were

generated. We thus obtained quite a large population of low-
energy isomers. PES spectra of the leading candidates from both
the unbiased and motif-based (constrained) searches were
computed and compared with the experimental PES spectra to
identify the best match and to examine any new generic
structures (or motifs).

Because of the existence of multiple low-lying isomers, one
can see from Figures 2 and 3 that, unlike the Au19

- case (Figure
1), no single cluster forn ) 21-23 can give an overall good
match to the locations of the first few peaks (marked by letter
X, A-F) within the 3.5-5 eV binding-energy range of the
measured PES spectra. Depending on the degree of fit, however,

one isomer can be classified as theprimary isomer, which can
yield the best match to the location of the first few major peaks.
The experimental vertical detachment energies (VDEs), defined
by the location of the first intense peak near the threshold, are
given in Table 3, and are compared with the VDEs of the
simulated spectra of theprimary low-lying isomers. An ad-
ditional supplementaryisomer was identified respectively for
n ) 21-23 to match someweakerfeatures between the first
and second intense peaks. Most other isomers can be ruled out
due to large discrepancy in patterns of PES spectra between
the theory and experiment.

Au21
-. For Au21

-, the top-five low-lying isomers obtained
from the unbiased global-minimum search are shown in Figure
2. Among the five, Au21A

- and Au21B
- are based on the highly

stable pyramidal structure of Au20
- with one additional atom

bonded to either the corner or the edge, whereas Au21C
- can be

viewed as fusion of two planar gold structures at the edge, and
Au21D

- and Au21E
- can be viewed as hollow-tubular structures,

where the middle portion of the clusters is tube-like, consisting
of stacked five- or six-membered rings. Thus, Au21D

- and
Au21E

- can be also viewed as built upon a tube-like motif
(highlighted by green color in Figure 2). Note that in Figure 2
we also introduced notations for the hollow-tubular structures
Au21D

- and Au21E
-, namely 2+6+6+6+1 and 2+5+6+6+2,

where the number denotes the number of gold atoms in each
“layer”.

As pointed out above, when we compared the simulated PES
with the experimental PES spectra we focused mainly on the
location of the first few peaks between 3 and 5 eV, particularly
the VDE. The two pyramidal isomers Au21A

- and Au21B
- yield

similar PES spectra, each with a peak at low VDE followed by
a relatively large energy gap, reminiscent of the large HOMO-
LUMO gap of the tetrahedral Au20 parent cluster.20 The first
peak of these two isomers agrees well with a weak signal around

Figure 2. Photoelectron spectrum (black line) measured at 193 nm (6.424 eV) compared to the simulated PES spectra (red lines) of five low-lying
isomers of cluster Au21

- obtained from the unbiased global-minimum search. Thex-axis represents binding energy (in eV). The tubular motif
structures are highlighted by the green color. Notations 2+6+6+6+1 and 2+5+6+6+2 are introduced for the hollow-tubular structures, where the
number denotes the number of gold atoms in each “layer”. The two isomers whose index is highlighted by blue give the best overall fit to the
measured spectra.

TABLE 1: Electronic Energies (in a.u.) of the Five
Low-Lying Isomers of Cluster Au21

- Calculated at PBEPBE/
LANL2DZ and MP2/LANL2DZ//PBEPBE/LANL2DZ Levels
of Theory, and the Relative Energies∆E (in eV) with
Respect to the Lowest-Energy Clustera

Au21
-

PBEPBE/
LANL2DZ ∆E

MP2/LANL2DZ//
PBEPBE/LANL2DZ ∆E

A -2845.6197074 0.000 -2828.2837003 1.153
B -2845.6145172 0.141 -2828.2822739 1.192
C -2845.6078893 0.322 -2828.3260759 0.000
D -2845.6040476 0.426 -2828.3061779 0.541
E -2845.5995952 0.547 -2828.3097993 0.443

a Bold-faced values denote the primary and supplementary isomers
whose simulated PES spectra match the measured spectrum.
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3.6 eV in the experimental data (Figure 2), suggesting that the
pyramidal isomers were weakly populated in the cluster beam.
Note also that although the DFT calculation suggests that Au21A

-

and Au21B
- are the two lowest-energy isomers, the MP2

calculation indicates that these two isomers become appreciably
higher in energy among the five low-lying isomers (Table 1).
The MP2 results demonstrate again that for topologically very
different gold isomers, the energy ranking obtained from DFT
calculations is less reliable since the error bar in the relative-
energy calculation can amount to a few tenths of an electron-
volt.15,16,22

Among the remaining three isomers, the fused-planar isomer
Au21C

- which is the lowest-energy isomer at the MP2 level is
a good candidate for theprimary isomer since the first three
peaks of Au21C

- match the X, A, and B features of the measured
spectrum (Figure 2) fairly well, and, to some extent, match the
intense peaks D and F. The primary isomer Au21C

- and a
supplementary isomer Au21A

- provide reasonable fit to the first
seven features (X, A-F) of the measured spectrum. Both
isomers are likely to coexist in the cluster beam.

Recently, Xing et al.23 also reported low-lying hollow-tubular
structures of Au21

-. In particular, Xing et al. found that a
3+6+6+4+2 isomer (21IV in ref 23) gives reasonable match
to the electron diffraction spectrum. It would be interesting to
examine whether the fused-planar isomer Au21C

- could fit the
electron diffraction since MP2 calculation (Table 1) indicates
that Au21C

- is energetically much more favorable than hollow-
tubular isomers of Au21

-.

In summary, our unbiased global-minimum search suggests
that pyramidal, fused planar, and hollow tubular are three generic
structures for the low-lying isomers of Au21

-. Furthermore, MP2
calculation suggests that the lowest-energy isomer likely exhibits
fused-planar structure. We also showed that the simulated
spectra of the pyramidal isomers alone do not match the
measured PES spectra, suggesting that a major structural
transition from pyramidal to nonpyramidal form starts at Au21

-.
Au22

-. For Au22
-, the top-eight low-lying isomers obtained

from both the unbiased and motif-based constrained searches
are shown in Figure 3, together with their corresponding
simulated PES spectra. Again, three types of isomer structures
can be identified among the low-lying isomers, namely, the
pyramidal structure Au22A

-, the planar-fused structures Au22B
-,

Au22D
-, and Au22G

-, and the hollow-tubular structures Au22C
-,

Au22E
-, Au22F

-, and Au22H
- with notation 3+6+7+5+1,

3+6+6+6+1, and 2+6+6+6+2, respectively, shown in Figure
3. The leading lowest-energy isomer Au22A

- (based on the DFT
calculation) gives a very low electron-binding energy. The
simulated spectrum of Au22A

- matches the weak feature on the
low binding energy side (near 3.3 eV) and feature A of the
measured spectrum (Figure 3), suggesting that the pyramidal
isomers were weakly populated in the cluster beam. By closely
inspecting the simulated spectra of the six isomers Au22C

- to
Au22H

-, we conclude that these isomers can be ruled out as the
primary isomer since none matches the first intense peak X at
3.54 eV. Only the simulated spectrum of Au22B

- gives good
match to the observed intense peaks X, B, and C. Both

Figure 3. Photoelectron spectrum (black line) measured at 193 nm compared to the simulated PES spectra (red lines) of eight low-lying isomers
of cluster Au22

-. Thex-axis represents binding energy (in eV). The two isomers whose index is highlighted by blue give the best overall fit to the
measured spectra.
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Au22A
- and Au22B

- may contribute to the feature D. Thus, we
conclude that Au22B

- is the primary isomer for Au22
- and

Au22A
- is a supplementaryisomer.

Au23
-. For Au23

-, ten low-lying isomers obtained from the
searches are shown in Figure 4, together with their correspond-
ing simulated PES spectra. Again, the low-lying population of
Au23

- exhibit three types of representative structures, namely,
pyramidal, fused planar, and hollow tubular. The latter structure
typically contains a tube-like motif such as 6+6+6, 6+7+5,
5+6+6, or 6+7+6, as highlighted in green color in Figure 4.
The lowest-lying isomer Au23A

- (based on DFT calculation) is
a pyramidal isomer, and Au23E

- is a pyramid-based irregular
cage. Among the top 10 low-lying isomers, Au23A

- may be
considered as theprimary isomer since Au23A

- gives reasonable

match to the peak X, A, C, D, and E of the measured spectrum.
Au23E

- fits the measured spectra reasonably well, but it is about
0.18 eV higher in energy than the lowest-energy isomer Au23A

-.
The hollow-tubular isomer Au23C

- may be considered as a
supplementaryisomer since its spectrum matches the locations
of peak A, B, and C fairly well. In summary, as in the cases of
Au21

- and Au22
-, a low-lying pyramidal isomer Au23A

- alone
cannot fully match the measured spectrum. The pyramidal and
hollow-tubular isomers together can contribute multiple features
near the threshold of the measured PES spectrum.

Au24
-. For Au24

-, nine low-lying isomers obtained from un-
biased and motif-based constrained searches are shown in Figure
5, together with their corresponding simulated PES spectra. As
shown in Figure 5, the measured spectrum of Au24

- is relatively

Figure 4. Photoelectron spectrum (black line) measured at 193 nm compared to the simulated PES spectra (red lines) of ten low-lying isomers of
cluster Au23

-. The x-axis represents binding energy (in eV). The two isomers whose index is highlighted by blue give the best overall fit to the
measured spectra.
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simple with a sizable HOMO-LUMO gap followed by three
well-defined and intense peaks B, C, and D. A weak feature A
appears at∼3.85 eV binding energy in the HOMO-LUMO
gap region. The characteristically low first VDE and the sizable
HOMO-LUMO gap can be used to rule out six low-lying
isomers, i.e., Au24C to Au24G

- and Au24I
-. The VDE of Au24H

-

is in good agreement with the experiment, but its symmetry
seems to be too high, yielding rather simple PES spectra
inconsistent with the experiment. We assigned isomer Au24B

-

as theprimary isomer responsible for the experiment. Even
though the first VDE of Au24B

- is about 0.09 eV larger than
that of the experiment, the energy gap between the first and
second intense peak (reflection of relatively larger HOMO-
LUMO gap of Au24

- than other clusters in the size range ofn
) 21-25) as well as the higher binding energy features of
Au24B

- give the best match to the observed spectrum. Note that

Au24B
- is nearly isoenergetic with the lowest-energy isomer

Au24A
-. Au24A

- might be considered as asupplementaryisomer
since it contributes to weak feature A. However, the A feature
is very weak, suggesting the population of the supplementary
isomer was much less than the primary isomer. Note also that
the pyramidal structure is not among the top candidates for the
lowest-lying cluster of Au24

-. The fact that both Au24A
- and

Au24B
- exhibit hollow-tubular structures suggests that a transi-

tion from pyramid-based structures (shown in the size range of
Au18

- to Au23
-) to hollow-tubular structures is likely to occur

at Au23
- and Au24

-. A similar conclusion has also been drawn
by Xing et al.23 However, the isomer (24G in ref 23) which fits
the electron diffraction spectra the best is not among the top 10
lowest-energy isomers obtained at the PBE/DNP level of theory.
Calculations at MP2 or higher level theory are needed to
determine their relative stability.

Figure 5. Photoelectron spectrum (black line) measured at 193 nm compared to the simulated PES spectra (red lines) of nine low-lying isomers
of cluster Au24

-. Thex-axis represents binding energy (in eV).
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Au25
-. We display six low-lying isomers of Au25

- together
with their corresponding simulated PES spectra in Figure 6. It
is noteworthy that we observed a large population of both
irregular cage and core/shell isomers of Au25

- clusters from
the global-minimum search. The core/shell compact isomers
typically contain an endohedral atom (highlighted by the blue-
colored atom for Au25B- and Au25C- in Figure 6), whereas the

irregular cages (Au25D- and Au25E-) or hollow-tubular cluster
(Au25A- and Au25F-) have larger interior space than the compact
isomers.

A distinct feature of the measured spectrum is the presence
of three closely spaced peaks X, A, and B in the range of 3.8
to 4.4 eV binding range, followed by four closely spaced peaks
C, D, E, and F in the range of 4.4 to 5.0 eV binding energies.

Figure 6. Photoelectron spectrum (black line) measured at 193 nm compared to the simulated PES spectra (red lines) of six low-lying isomers of
cluster Au25

- obtained from unbiased search. Thex-axis represents binding energy (in eV). Atom in dark blue represents inner (endohedral) gold
atoms, marking the onset of the structural transition from hollow-tubular to compact structure.

Figure 7. Graphitic illustration of the structural evolution of gold anion clusters from pyramidal Au20
- to fused-planar Au21

- and Au22
- to tubular

Au23
- and Au24

- to core/shell compact Au25
-.
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Among the six isomers, it appears that the simulated spectrum
of the core/shell isomer Au25B

- is in best agreement with the
experimental data. We therefore assign Au25B

- as theprimary
isomer. The remaining five isomers all show relatively large
energy gaps between the first and second intense peaks and may
be ruled out. Note that the energy difference between Au25B

-

and Au25A
- is merely 0.031 eV at the DFT level (Table 2).

Calculations at MP2 or higher level theory are needed to

determine their relative stability. However, the good agreement
between the experimental and simulated spectra lends support
for the isomer Au25B

-, suggesting that a structural transition
from hollow-tubular structure at Au24

- to core/shell compact
structure occurs at Au25

-.

Conclusions

We have carried out a joint experimental and theoretical
investigation to elucidate low-lying structures and structural
evolution of Aun

- clusters within the size range ofn ) 21-25.
The global-minimum search revealed complexity of the gold
anion clusters in this size range, that is, full of low-lying isomers
with a variety of pyramidal, fused-planar, hollow-tubular, and
core/shell compact structures. The transition among these
structures within the narrow size range ofn ) 21-25 can be
conveniently illustrated in Figure 7. To a certain degree, the
very stable pyramidal Au20 cluster plays an important role in
the larger clustersn ) 21-23. However, dominant isomers for
Au21

- and Au22
- are already of fused-planar types (clusters can

be viewed as fusion of two planar gold clusters). Hence we
conclude that a major structural transition from the pyramidal
to nonpyramidal occurs at Au24

-. At Au24
- the low-lying

population is dominated by hollow-tubular types. At Au25
-, the

global-minimum search indicates that both core/shell and
irregular hollow-cage structures are competitive in the popula-
tion of low-lying isomers, suggesting the onset of the transition
from hollow-tubular at Au24

- to core/shell compact structures
at Au25

-. It is interesting to point out that starting from the 3D
Aun

- cluster atn ) 13, only at Au25
- does the cluster begin to

possess an innerendohedralatom in the low-lying isomer
population. It is conceivable that such a core/shell compact
structure may become the dominant structural type in larger
clusters beyondn ) 25, as corroborated by the results of the
Au32

- cluster.33

The comparison of simulated/measured PES spectra provides
additional support on the existence of rich structural types and
transitions for gold anion clusters in such a small size range.
An important question for future study is, in the size range of
n ) 26-55, will the gold anion clusters maintain a single type
of generic structure, namely the low-symmetry core/shell
compact, or will other generic structures appear? Study in this
direction is under way.
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- 3.912 3.93( 0.03

Au22B
- 3.587 3.54( 0.03

Au23A
- 3.713 3.80( 0.03

Au24B
- 3.574 3.49( 0.03

Au25B
- 3.873 4.04( 0.03

a All energies are in eV.
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