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Abstract Four novel Auy, structures have been located by
means of density functional methods and their geometry and
electronic structure are discussed. Furthermore, the behavior
of less extensive basis sets in conjunction with the B3PW91
functional is compared to a highly accurate and more exten-
sive energy-consistent scalar-relativistic pseudopotential and
basis set for neutral ten-vertex gold clusters. The values
obtained for several structural parameters for known and
novel optimized Au,, systems are discussed.
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Introduction

The neutral Au;, system has been the focus of numerous
theoretical studies [1—4]. The ten-vertex neutral system is of
particular importance since the transition from two dimension-
al (2D) to three dimensional (3D) cluster geometries has been
suggested to occur at an atom number of ten for neutral gold
clusters [5]. Further evidence for a 2D—3D transition at Auy
has been provided in a recent density functional theory (DFT)
study showing a coexistence of both 2D and 3D Auy struc-
tures, while Aug and Auy; clusters have been predicted to
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prefer 2D and 3D structures, respectively [6]. It has been noted
that the exact cluster size at which the 2D—3D transition
occurs depends on the chosen theoretical method [4, 7, 8].
However, smaller gold clusters are known to favor planar
structures owing to relativistic effects [9]. Furthermore, MP2
or CCSD(T) with small basis sets can wrongly favor 3D
structures over the actual 2D minima, when compared with
DFT and experimental observations [10]. In this study, we
present novel neutral Auy structures identified with the help
of DFT methods. The geometries and electronic structures of
the novel Auy clusters are discussed. Additionally, we also
present a brief study of the basis set effects in the case of
neutral Au, clusters. The most widely used method in heavy
element calculations is the relativistic pseudopotential approx-
imation. However, the use of extensive relativistic basis sets
can be highly demanding in computer time and thus prohib-
itive for certain types of calculations. Nevertheless, qualita-
tively good results can be obtained with smaller relativistic
basis sets [1]. Thus, the structural data and electronic proper-
ties obtained using less extensive basis sets of known or novel
optimized Au,q structures are assessed against the same pa-
rameters obtained using a highly accurate and more extensive
energy-consistent scalar-relativistic pseudopotential and basis
set.

Computational details

All calculations were carried out with the Gaussian09 program
package [11] using the B3PW91 density functional [12—16]
which has been previously reported to give results in agree-
ment with more precise coupled-cluster calculations [17, 18].
An augmented triple-zeta quality basis set in combination with
a fully relativistic effective core potential (ECP) was chosen
for the reference calculations [19, 20]. This basis set and ECP
will be denoted herein as RECP. The starting geometries were
either taken from the literature (top row on Scheme 1) [1-3],
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Scheme 1 Starting Au;, geometries

or derived from ten-vertex germanium clusters of high sym-
metry (bottom row on Scheme 1) [21]. The former starting
geometries were chosen to provide well established reference
structures. The later starting geometries were chosen in order
to locate novel minima on the potential energy surface of the
neutral Au;, system.
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9 (D2a). 21.9 10 (Dag), 26.4

Fig. 1 B3PW91/RECP optimized Au;, geometries ordered according to increasing relative energy values (kcal mol ', including zero point vibrational
energies)
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In order to study the basis set effects, calculations using
smaller basis sets were carried out with the same options as for
the B3PW91/RECP level of theory. The first set of calcula-
tions used the def2-TZVPD basis set and ECP [22, 23]. The
second set of calculations were carried out with the
LANL2TZ(f) basis set and ECP [24-26]. These two basis
set and ECP combinations were obtained from the EMSL
basis set library [27, 28]. Optimizations with all three methods
were started from the same initial input geometries in the
singlet state. All of the imaginary frequencies identified with
the B3PW91/RECP method were followed until the optimi-
zations arrived at a local minimum structure. The imaginary
frequencies identified with the remaining two less extensive
basis sets were followed only until the optimizations reached
the same geometries as the B3PW91/RECP calculations.
Besides Au—Au bonding distances, Au—Au—Au angles and
HOMO-LUMO gaps, the atomic polar tensor (APT) atomic
charges and vibrational frequency shifts are also considered.

7(Cq), 19.2 8 (Coy), 19.3
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Furthermore, differences in the cohesive energy (E.o,) are
also addressed, where E ., for ten-vertex gold clusters is
defined as E ,,=[10-E(Au)—E(Au()]/10, with E(Au)
denoting the calculated total electronic energy of the gold
atom [1].

Results and discussion
Novel Auy structures

The B3PW91/RECP method predicts a planar Au;q ground
state geometry (1 on Fig. 1), followed closely by the four
geometries obtained from the literature (2, 3, 4 and 6 on
Fig. 1) [1-4]. Structure 12 has also been reported earlier [3],
but not with DFT methods. As stated above, these starting
geometries were chosen to provide well established reference
structures. Our results reproduce with excellent agreement the
predictions from previous calculations [1, 2]. The B3PWO91/
RECP method gives the same relative energy ordering for the
previously reported structures and the atomic charge distribu-
tion patterns are also in agreement with the literature data [1, 2].
The B3PW91/RECP HOMO-LUMO gaps, nearest-neighbor
distances and cohesive energies of the two lowest lying Au;q
clusters also show very tight correlation with previously calcu-
lated data [1]. The sites for electrophilic and nucleophilic attack
suggested by the shape of the frontier molecular orbitals of 1, 4
and 6 calculated at the B3PW91/RECP level are the same
as the sites reported using a different DFT method (see the
Electronic supplementary material) [2].

Two of the optimizations started from the germanium
cluster geometries converged to structures already reported
in the literature [3]. The 3D structure 9 has been identified as

LUMO

HOMO

-5.66

-5.91

7(Cv) 8 (Cav)

the ground state and the 2D structure 1 is a higher lying Au;q
isomer according to David et al. [3]. For the discussion of the
differences between the MP2 and DFT methods, see ref [4].
Structure 5 has been described by the same authors as a higher
energy 3D structure [3].

The remaining optimizations started from the germanium
cluster geometries converged to the novel neutral Au, struc-
tures 7, 8, 10 and 11 which, to our knowledge, have not been
reported in the literature so far. Structure 10 resembles the
geometry and has the same symmetry as the dicationic Au;o>"
ground state structure proposed by Chen and co-workers [29].
However, recent studies showed that the Au;o>" system has a
tetrahedral cluster as the ground state [30, 31].

All of the above presented optimized structures are minima
without any imaginary vibrational frequencies (see the
Electronic supplementary material). With the increase in rela-
tive energy, a decreasing trend in the HOMO-LUMO gap of
the Au, clusters can be observed (Fig. 3), confirming that
a large HOMO-LUMO gap is characteristic for stable
clusters [32].

The novel structure 7 can be obtained by displacing one of
the apical atoms of structure 9. In this manner, a small planar
segment formed by the Au2, Au3 and Au9 atoms is intro-
duced. The smallest and largest gold-gold distances in 7 are
2.634 A (Au3-Au9) and 2.952 A (between Au4 and Au5),
respectively. The frontier molecular orbitals of 7 are shown on
Fig. 2. The HOMO of 7 is mainly made of the s atomic orbital
on Au9 and an Aul-Au2 bonding orbital, indicating the
preferred sites for an electrophilic attack. Mainly the contri-
butions from Au3 and Au7 atomic orbitals make up the
LUMO of 7 and provide the preferred sites for a nucleophilic
attack. Structure 8 is constructed from an inner trigonal prism
symmetrically capped on two vicinal faces to form two

-5.44 -5.96

10 (Daa) 11 (Cs)

Fig. 2 Frontier molecular orbitals and corresponding orbital energies of the novel Au, structures calculated at the B3PW91/RECP level of theory

(energies in eV, isovalue = 0.02, see Fig. 1 for atom numbering)
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Fig. 3 Relative energies (top, including zero point vibrational energies,
keal mol ') and HOMO-LUMO gaps (bottom, eV) of the optimized
Auy structures
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additional rectangular pyramidal cavities and two tetrahedral
cavities (Fig. 1). The Au2—Au6 and Au3—Au8 bonding or-
bitals contribute mainly to the HOMO of 8. The LUMO of 8
is mainly distributed around the Au9 and Au7 atoms. Thus,
while electrophiles will attack 8 from the “top”, nucleophiles
will prefer an attack from the “bottom” of 8. Structure 10 is a
bicapped tetragonal antiprism with high symmetry. Accord-
ingly, the frontier orbitals of 10 are also symmetric. The
HOMO of 10 is mainly composed of the Au9 and AulO s
atomic orbitals. Thus, the capping atoms of 10 are the most
vulnerable toward an electrophilic attack. On the other hand,
the preferred sites for a nucleophilic attack are located on the
gold atoms forming the tetragonal antiprism, as indicated by
the doubly degenerate LUMO of 10. The HOMO of 11 is
mainly made of an s atomic orbital on Au2 and the main
contributions to the LUMO of 11 come from the Au8 and
Au3 atomic orbitals.

Basis set effects

The B3PW91/def2-TZVPD optimizations converged in all
cases to the same global and local geometries with the same
symmetry as the B3PW91/RECP calculations. The B3PW91/
def2-TZVPD relative energies of the optimized structures are
almost identical with the relative energies predicted at the
B3PWO1/RECP level of theory (Fig. 3). Furthermore, the
mean unsigned error (MUE) with respect to the reference
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basis set for structural and electronic properties of the
B3PWO91/def2-TZVPD level of theory are negligible
(Table 1). The B3PW91/def2-TZVPD method leads to insig-
nificant positive differences in the Au—Au distances and
Au-Au-Au angles, the former of only 0.02 A and the latter
of only 0.13°.

The HOMO-LUMO gaps are insignificantly overesti-
mated by the B3PW91/def2-TZVPD method, by only
0.01 eV. Furthermore, the frontier molecular orbitals of 1, 4
and 6 calculated at the B3PW91/def2-TZVPD level of theory
have the same shapes as the frontier molecular orbitals calculat-
ed with the reference method and the individual orbital energies
are practically the same (see the Electronic supplementary
material). The electronic structures of the remaining Auy
isomers calculated at the B3PW91/def2-TZVPD level are also
in perfect agreement with the predictions of the reference
method.

The cohesion energy E ., is underestimated by less than
2 keal mol ™! when using the def2-TZVPD basis set and ECP.
The B3PW91/def2-TZVPD APT charges, dipole moments
and the vibrational frequencies are also in excellent agreement
with the corresponding values predicted by the reference
method. Thus, the def2-TZVPD basis set and ECP gives
relative energies, geometrical parameters and electronic struc-
ture data in very good agreement with the reference basis set,
at least in combination with the B3PW91 density functional.

The B3PWO1/LANL2TZ(f) optimizations, in almost all
cases, converged to the same global and local minimum
geometries as the B3PW91/RECP calculations. The excep-
tions are the structures 6, 8 and 10. These geometries were
identified as local minima with both the reference B3PW91/
RECP calculations and the B3PW91/def2-TZVPD method.
However, the structures 6, 8 and 10 possess one or more
small imaginary vibrational frequencies at the B3PW91/
LANL2TZ(f) level of theory (see the Electronic supplementary
material). In the case of 6 and 8, these small imaginary
frequencies are removed after reoptimizing the structures with
only slight geometric distortions (RMSD of 0.12 and 0.06,
respectively) [33]. Following the largest imaginary frequency
of 10 however leads to a more distorted first order saddle point

Table 1 Mean unsigned errors (MUE) compared to the B3PW91/RECP
method

def2-TZVPD LANL2TZ(f)
Au-Au distances [A] 0.02 0.01
Au—-Au-Au angles [°] 0.13 0.20
HOMO-LUMO gap [eV] 0.01 0.02
APT atomic charges 0.01 0.01
Frequencies [em™] 1.95 1.56
E con [keal mol '] 1.54 0.36
Dipole moment 0.01 0.03
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(RMSD = 0.69, see Electronic supplementary material). Fur-
thermore, the B3PWO1/LANL2TZ(f) relative energies of the
optimized structures are significantly lower than the relative
energies predicted at the reference level of theory (Fig. 3). For
instance, the structures 2 and 3 are predicted to be isoenergetic
at the B3PWI1/LANL2TZ(f) level of theory while the same
two structures are separated in terms of relative energy by both
the RECP and the def2-TZVPD calculations. Another incon-
sistency is observed in the case of structures 5 and 6. These
two structures are predicted to lie at different relative energy
values by the B3PW91/LANL2TZ() level of theory. Howev-
er, the reference method and the B3PW91/def2-TZVPD level
of theory predict the structures 5 and 6 to be practically
isoenergetic. Furthermore, the ZPE corrected B3PW91/
LANL2TZ(¥) relative energies deviate more from the reference
results than the ZPE corrected relative energies obtained at the
B3PW91/def2-TZVPD level of theory (Fig. 3). In spite of all
these differences in relative energies between B3PW91/
LANL2TZ(f) and the other two methods, the B3PW91/
LANL2TZ(f) MUE values for structural parameters are also
negligible (Table 1). The B3PWI1/LANL2TZ(f) method leads
to practically the same values as the reference method for the
Au—Au distances and Au—Au—Au angles. The differences are
only 0.01 A for the former and 0.20° for the latter.

The HOMO-LUMO gaps are insignificantly overesti-
mated by the B3PWIO1/LANL2TZ(f) method, by only
0.01 eV. Furthermore, the frontier molecular orbitals of 1, 4
and 6 calculated at the B3PW91/LANL2TZ(f) level of theory
have the same shapes as the frontier molecular orbitals
calculated with the reference method. However, the individual
orbital energies are overestimated (see the Electronic
supplementary material). Nevertheless, the HOMO-LUMO
gaps calculated at the B3PW91/LANL2TZ(f) level are in
good agreement with the HOMO-LUMO gaps determined
at the reference level of theory.

The cohesion energy E .., is underestimated by less than
1 kcal mol ' using the LANL2TZ(f) basis set and ECP. The
B3PWOI1/LANL2TZ(f) APT charges, dipole moments and the
vibrational frequencies are also in good agreement with the
corresponding values predicted by the reference method.
Thus, the B3 PWI1/LANL2TZ(f) method gives geometrical
parameters, orbital energies, APT charge distributions and
other properties in good agreement with the reference calcu-
lations. However, using the LANL2TZ(f) basis set leads to
significantly lower relative energy values and sometimes dif-
ferent relative energy orderings of the isomers, when com-
pared to both the reference B3PW91/RECP calculations and
the B3PW91/def2-TZVPD method. Furthermore, in some
cases the B3APW91/LANL2TZ(f) optimizations did not lead
to the same minima as the optimizations carried out with the
other two methods. Thus, the use of the def2-TZVPD basis is
recommended over the LANL2TZ(f) basis set, at least in
combination with the B3PW91 density functional.

Conclusions

The structural data and electronic properties obtained using
two frequently employed less extensive basis sets for known
or novel optimized Au, structures has been assessed against
the same parameters obtained with a highly accurate and more
extensive energy-consistent scalar-relativistic pseudopotential
and basis set. The selected reference method gives results
in good agreement with previously published data. The
def2-TZVPD basis set and ECP gives relative energies, geo-
metrical parameters and electronic structure data in very good
agreement with the reference basis set in conjunction with the
same method. Even though the B3PW91/LANL2TZ(f) level
of theory gives geometrical parameters, orbital energies, APT
charge distributions and other properties in good agreement
with the reference calculations, it underestimates relative en-
ergy values. In addition different relative energy orderings of
the isomers are sometimes found compared with the reference
method. Thus, the def2-TZVPD basis set can be successfully
employed instead of relativistic pseudopotentials, which are
highly accurate but which can be very demanding in terms of
computing time and resources.
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