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The lowest-energy structure of the gold cluster
Au10: planar vs. nonplanar?†

Pham Vu Nhat, *a Nguyen Thanh Si, a Nguyen Thi Nhat Hang b and
Minh Tho Nguyen *c

The onset of the transition from 2D to 3D structures in pure gold

clusters remains a matter of continuing debate. In this theoretical

study we revisit several planar and non-planar structural motifs of

the size Au10 with the aim to clarify this issue. Computations using a

long-range corrected exchange–correlation functional LC-BLYP,

coupled-cluster theories CCSD(T) and PNO-LCCSD(T)-F12 reveal

that, at variance with previous reports on the preference of a planar

elongated hexagon, both planar and nonplanar isomers of the

neutral Au10 are energetically degenerated up to 300 K. Its 3D

equilibrium geometry is a core–shell structure which can be built

up from a trigonal prism by capping four extra Au atoms outside. A

comparison to the available experimental vibrational spectra allows

us to argue that both lowest-lying 2D and 3D isomers of Au10 likely

coexist in the molecular beam during measurement of its FIR

spectra. This result also suggests that the 2D–3D transition of

neutral gold clusters occurs at the size Au10.

Gold and gold-based clusters continue to receive special atten-
tion from many researchers in the fields of chemistry, physics
and nanomaterials, in part due to their interesting intrinsic
properties and technological uses in a variety of applications
including, among others, chemical/biological sensors,1 biome-
dical sciences,2 catalysis for chemical reactions,3–5 etc. As a
fundamental step to clarify their molecular properties and the
interplay of the latter with feasible applications, it is critical to
determine their ground state structures with the possible
lowest-lying isomeric forms. It can be argued that the pure
gold clusters are amongst the most characterized atomic aggre-
gates to date by both experimental techniques6–10 and quantum
mechanical calculations.11–16 These earlier studies

demonstrated that a gold cluster, at each small size, tends to
possess several quasi-degenerate isomers in such a way that
many isomers could simultaneously be present when they are
experimentally produced.6

Previous studies revealed that not only structural features
and chemical bonding, but also characteristic properties of
gold clusters are dominated by strong relativistic effects.17–19 As
a result, they exhibit many unexpected physiognomies. In fact,
while small pure Aun clusters inherently prefer a planar shape,
a structural transition from 2D to 3D shape could take place at
a relatively large size, namely from n = 8 to 13 depending on
their charge state.20–22 For the neutral series, a consensus has
emerged that such a conversion is likely to start at the size Au11

where both 2D and 3D conformations were frequently predicted
to be energetically quasi-degenerate.19,20 This implies that the
smaller size Au10 still has a planar or quasi-planar form.

As a matter of fact, most previous studies reported that the
lowest-energy structure of Au10 is a planar elongated hexagon
with a D2h symmetry.23–25 Such a form was consistently deter-
mined as the most preferred shape in several theoretical
studies19,24,26 using either density functional theory (DFT) or
wave function methods. This isomer was again proposed to be
the global energy minimum by recent DFT and perturbatively
corrected tight-binding methods.27–29 The energetic preference
of the planar Au10 structure was further reinforced by extensive
calculations using not only a variety of density functionals but
also wave function-based methods including the high accuracy
coupled-cluster theory.30 A recent analysis of the experimental
far IR spectrum of Au10 on the basis of DFT simulated vibra-
tional spectra provided strong support for a planar ground
state.24 Nevertheless, this favorable planarity for Au10 turns out
to be dubious as some other investigations proposed different
3D motifs as its lowest-energy isomer.31–34 Scheme 1 displays
some structural motifs formerly assigned as the most stable
form of Au10, which appears to be method-dependent, and the
onset of the planar-globular–transition in the pure gold clusters
still has not been convincingly elucidated yet, and both issues
remain open for debate.
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In view of such an inconsistency and the special position of Au10

within the 2D–3D transition and growth pattern of gold clusters, we
set out to revisit the relative energies of some of its lower-lying
isomers with the aim to clarify these points. We present here our
computed results using different density functionals including the
PBE,35 TPSS36 and LC-BLYP37 in conjunction with the cc-pVTZ-PP
basis set,38 in which PP stands for effective potentials for core
electrons including relativistic corrections. For a further calibration,
the coupled-cluster theory CCSD(T)39,40 and explicitly correlated
local coupled cluster PNO-LCCSD(T)-F1241,42 approaches are also
performed for lower-lying isomers using their PBE/cc-pVTZ-PP
optimized geometries. The one-electron basis sets employed for
these single point calculations are the cc-pVDZ-PP, cc-pVTZ-PP and
aug-cc-pVTZ-PP that are hereafter denoted as VDZ-PP, VTZ-PP and
aVTZ-PP, respectively. Let us note that the PNO-LCCSD(T)-F1241,42 is
a recent approximation to the conventional CCSD(T) theory con-
structed including two components. The first component is the use
local pair and domain approximations exploiting the short-range
nature of dynamical correlation. Such a local correlation is based on
pair natural orbitals, and then combined with the explicit correla-
tion F12 technique whose terms are also correct for part of the
domain errors. The performance of this method was well
benchmaked.41,42 The PNO-LCCSD(T)-F12 method will be denoted
hereafter as LCCSD(T). All electronic structure calculations in this
study are carried out using the Gaussian 1643 and Molpro 202044

packages. The most remarkable result is that we find a non-planar
3D structure which was previously identified as a high energy
isomer,24 but now emerges as the lowest-lying isomer of Au10.

Optimized geometries along with their symmetry point
groups and relative energies (kcal mol�1) of six lower-lying
Au10 isomers are presented in Fig. 1. The latter includes two
planar Iso_2 and Iso_4, the 3D Iso_1 which was previously

considered in ref. 24, and two 3D Iso_5 and Iso_6 isomers that
were assigned as the global energy minimum in ref. 31 and 32,
respectively. Geometrical shapes along with optimized Carte-
sian coordinates for these lower-lying isomers are given in
Table S1 of the ESI.†

In previous studies using various DFT functionals and
coupled-cluster theory CCSD(T),23,30 the D2h elongated hexagon
Iso_2 (Fig. 1) was reported as the global energy minimum of
Au10. More recent calculations using the PBE and HSE06
functionals also confirmed the energetic preference of this
planar form.24 However, such assignment is not consistent
with single reference second-order perturbation theory (MP2)
results obtained by David and co-workers.32 Accordingly, the
MP2 lowest-energy structure of Au10 has a 3D D2d conforma-
tion, i.e. Iso_6 in Fig. 1. This 3D structure, on the other hand,
differs much from the D2d joint-flat Iso_5 suggested earlier by
Wells et al.31 using the B3LYP functional. It can be argued that
the MP2 results are less reliable than those derived from the
high accuracy CCSD(T) counterparts, and perhaps the popular
hybrid B3LYP functional is not quite reliable for gold clusters.
Until now, the most convincing analysis was reported by Gold-
smith et al.24 in which the computed vibrational spectra of
three planar isomers and one 3D isomer of Au10 were carefully
compared to the experimental spectrum recorded from the far-
IR multiple photodissociation (FIR-MPD) spectrometric experi-
ment. As stated above, these authors concluded that the planar

Scheme 1 Some structural motifs previously assigned as the most stable
form of Au10.

Fig. 1 Optimized geometries and symmetry point groups of the lower-
lying Au10 isomers. Values given in parentheses are relative energies
(kcal mol�1) obtained from PNO-LCCSD(T)-F12/aug-cc-pVTZ-PP+ZPE
based on PBE/cc-pVTZ-PP optimized geometries.
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hexagonal ribbon Iso_2 represents the isomer having a vibra-
tional spectrum closest to experiments.24

Previous theoretical studies30,45,46 pointed out that energetic
parameters of small gold clusters are strongly method-
dependent. Relative energies of Au10 isomers obtained with
different methods summarized in Table 1 clearly lend further
support for this judgment. The CCSD(T) results are indeed
dependent on the basis sets employed (Table 1). With a double-
zeta basis set, Iso_1 is B2.8 kcal mol�1 lower in energy than
Iso_2, whereas a triple-zeta basis set predicts a reversed order-
ing, with Iso_1 lying 2.0 kcal mol�1 above. For its part, the
LCCSD(T) more consistently predicts that the 3D Iso_1 is
marginally more favored over the 2D Iso_2 counterpart. Results
obtained from the three functionals also fluctuate; the long-
range corrected functional LC-BLYP reproduces an energy
ordering similar to that by LCCSD(T) but the LC-BLYP energy
gap turns out to be larger, being increased to B4 kcal mol�1 in
favor of Iso_1. In particular, the isomer Iso_6 becomes much
less stable with a relative energy of 22 kcal mol�1 above. The
remaining structures including two nonplanar Iso_3 and Iso_5
and the planar Iso_4 conformations are now 3–4 kcal mol�1

higher in energy. As reported in previous papers, calculations
using the PBE and TPSS functionals yield a much different
energy landscape in which Iso_2 has the lowest energy whereas
Iso_1 is B6 kcal mol�1 above (Table 1). Thus, the LC-BLYP
results in which the dispersion component is taken into
account, appear to be more consistent with the LCCSD(T) in
prediction for the most stable equilibrium geometry of Au10. In
contrast, the PBE and TPSS functionals tend to favor the
thermodynamic stability of planar structures at the expense
of their 3D counterparts.

At variance with most of the previous reports using either
DFT or wave function-based methods, our LCCSD(T) calcula-
tions using both VTZ-PP and aVTZ-PP basis sets (Table 1) show
that the 3D Iso_1, which can be built up from a trigonal prism
by capping four extra Au atoms outside, strongly competes with
the planar Iso_2 that was previously assigned as the global
minimum, to be the lowest-energy isomer. At the LCCSD(T)
level with either a VTZ-PP or an aVTZ-PP basis set, Iso_1 is
computed to be meaninglessly lower in energy than Iso_2,
being from 0.1 to 0.6 kcal mol�1 (Table 1). It can be argued
that both isomers are best considered as energetically quasi-
degenerate. For their parts, the 3D Iso_3 and 2D Iso_4 con-
formations are found at 2–4 kcal mol�1 less stable than Iso_1.

Both 3D isomers Iso_5 and Iso_6 that were formerly reported as
global minima in ref. 31 and 32, respectively, are now located at
6 to 7 kcal mol�1 higher in energy. Calculated Gibbs energies
confirm the nearly degenerate stability of both isomers Iso_1
and Iso_2 at temperatures T = 100, 200 and 300 K (cf. free
energy DG values in Table S2 of the ESI†).

We now examine the vibrational signatures of the two
lowest-lying Au10 isomers in comparison to the available experi-
mental results recently reported by Goldsmith and co-
workers.24 First of all, in order to calibrate the performance
of computational methods on reproduction of vibrational fre-
quencies, we carry out some benchmark calculations for some
small Aun clusters (n = 2, 7, 19, 20) using several functionals,
namely the PW91,47 PBE,35 B3LYP,48 TPSS,36 and LC-BLYP,37 in
conjunction with the effective core potential (ECP) cc-pVTZ-
PP49 basis set. The IR spectra are generated at their
corresponding optimized equilibrium structures that have
unambiguously been assigned as regular and truncated pyra-
mids for Au20 and Au19, respectively, and a planar shape with a
Cs symmetry for Au7 (Fig. S1 of the ESI†).46 The simulated
spectra are then compared and assigned with respect to the
measured data reported in ref. 50 and 51.

In the experimental FIR spectra recorded with the presence
of Kr messenger atoms, the Au20 system is characterized by a
dominant band at 148 cm�1, corresponding to a triply degen-
erate T2 mode.51 This degenerate resonance is observed to split
into two intense peaks at 149 and 166 cm�1 for the radical Au19

due to a symmetry reduction from a regular tetrahedron (Td) to
the truncated pyramid (C3v). The observed IR signatures of the
radical Au7 turn out to be more complicated with three dis-
tinctive signals centered at 165, 186 and 201 cm�1. As presented
in Table 2, the B3LYP, PW91, TPSS and PBE functionals
generally do not reproduce well the experimental absorption
positions for these clusters and greatly underestimate the
observed frequencies with an RMSD value in the range of
7 cm�1 (TPSS) to 24 cm�1 (B3LYP). The LC-BLYP appears to
be more reliable in predicting vibrational signatures as it gets
the smallest deviations with respect to the experiment with an
RMSD value of 3.5 cm�1. In principle, the normal modes of
vibration are determined by the force constants between the
atoms and thereby strongly depend on internal positions
within a chemical system. Both TPSS and PBE functionals

Table 1 Relative energies (kcal mol�1) of six lower-lying structures of Au10

computed at different levels

Isomer

LC-BLYP PBE TPSS CCSD(T) PNO-LCCSD(T)-F12

VTZ-PP VDZ-PP VTZ-PP VTZ-PP aVTZ-PP

Iso_1 0.0 5.6 5.8 0.0 2.0 0.0 0.0
Iso_2 4.2 0.0 0.0 2.8 0.0 0.6 0.1
Iso_3 4.5 7.4 6.7 0.4 3.8 1.6 1.8
Iso_4 3.7 2.7 3.4 3.2 3.2 4.3 3.3
Iso_5 3.4 8.7 9.4 6.7 6.7 6.3 5.9
Iso_6 22 19 12 1.5 10.0 7.0 6.7

Table 2 Vibrational frequencies (cm�1) of the most intense peaks in some
small Aun clusters at their equilibrium structures, computed with different
functionals in conjunction with the cc-pVTZ-PP basis set along with
experimental data

Method Au2 Au7 Au19 Au20 RMSDb

PW91 173 155 175 188 135 152 137 13.2
PBE 172 154 174 186 135 153 136 13.9
B3LYP 166 145 163 177 122 144 125 23.5
TPSS 178 159 180 193 144 160 144 7.4
LC-BLYP 190 162 183 198 143 164 144 3.5
Experimenta 191 165 186 201 149 166 148 —

a Taken from ref. 51. Values for Au2 are taken from ref. 50. b Root-
mean-square deviations from experimental values.

PCCP Communication



This journal is © the Owner Societies 2022 Phys. Chem. Chem. Phys., 2022, 24, 42–47 |  45

overestimate the Au–Au bond length with deviations from
experiments varying from 0.05 to 0.06 Å for Au2, respectively.
Therefore, these approaches inherently underestimate the
vibrational energies of gold clusters. In contrast, the LC-BLYP
value of 2.50 Å for Au–Au bond length in the dimer is compar-
able to the experimental value of 2.47 Å.41 The LC-BLYP exhibits
the smallest deviations from experimental bond lengths with
an error margin of�0.03 Å. As a result, this functional turns out
to be more reliable in prediction of vibrational frequencies, and
can be used without any scaling as the most appropriate choice
for generation of vibrational spectra of small gold clusters.

In order to examine the effect of Kr on the energetic order
and spectra of Au10 isomers, we further carried out some
investigations on the IR spectra of Iso_1�Kr and Iso_2�Kr
complexes, and the results are listed in Fig. S1 of the ESI.†
The LC-BLYP results show that the Kr complex of Iso_1 remains
more stable than that of Iso_2, being B6 kcal mol�1 below.
Moreover, the introduction of a Kr atom is found to cause
minor changes in the intensities in the low-energy region,
whereas the peak positions remain almost unchanged (Fig. S2
of the ESI†).

A comparison of the FIR-MPD spectra and the theoretically
simulated counterparts of Au10 (Fig. 2) clearly indicates that
either the 3D Iso_1 or the 2D Iso_2 can in part be assigned as
the carrier of the experimental peaks, and they are thus likely
present in the experimental beam. Accordingly, the intense
peak found experimentally at B180 cm�1 can be assigned to
the highest signal at 178 cm�1 in the predicted spectrum of
Iso_1. However, the experimental peaks at 90 and 160 cm�1 are
missing in that of Iso_1, but they can be assigned to the strong
signals centered at 91 and 160 cm�1 in the theoretical spectrum
of Iso_2. The 3D Iso_3 also contains a broad band near
180 cm�1 and some lower ones in the higher-energy region. In view
of the energetic near-degeneracy of these isomers, it can be deduced
that the observed spectrum likely arises from a superposition of
absorption of several isomers, rather than from a sole carrier. In
contrast, the simulated IR spectra of Iso_4, Iso_5 and Iso_6 do not
match the experiment well (Fig. 2).

In summary, we performed a thorough investigation on the
energetically quasi-degenerate structures of the gold cluster
Au10 by using DFT, CCSD(T) and PNO-LCCSD(T)-F12 methods.
Of the three density functionals considered, LC-BLYP emerges
to reach closer to the PNO-LCCSD(T)-F12 results for relative
energies than both TPSS and PBE. In particular, the 3D form
emerges as energetically degenerate with respect to the planar
hexagon counterpart, and both 2D and 3D isomers are likely to
contribute to the population of Au10 at low temperatures from
100 to 300 K, rather than the sole elongated hexagonal 2D
isomer as reported in most previous studies.

Relative energies between the lower-lying isomers of atomic
clusters are extremely method-dependent and we cannot unam-
biguously assign the global minimum by relying merely on
computed energetic results. Experimental information, such as
infrared spectra, appears crucial for providing us with more
convincing evidence on the identity of an equilibrium struc-
ture. However, a comparison of theoretical spectra with the

experimental FIR-MPD spectrum of Au10 also does not clearly
support a preference of one isomer over another. It appears that
they likely co-exist in the molecular beam with different popu-
lations depending on experimental conditions, foremost the
temperature. We would also suggest that the 2D–3D structural
transition of pure neutral gold clusters begins to occur at the
size Au10, and such a transition is likely to continue in a few
following sizes.
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Fig. 2 Experimental and theoretical IR spectra of Au10 isomers. The
experimental FIR spectra are taken from ref. 24. Simulations are made
using harmonic vibrational frequencies (without scaling) and intensities
obtained by LC-BLYP/cc-pVTZ-PP computations.
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