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Abstract The prediction of the series of complexes
[Au3Cl3M2] with M = Li, Na, K, Rb and Cs, has been
achieved at the ab initio level of theory. All geometries
were fully optimized at the MP2 level of theory; the central
Au3 cluster is capped by chlorine atoms and the alkaline
metals lie above and below the plane of the central ring;
aurophilic interactions were found on the metal cluster, and
also a strong aromatic character coming from the delocal-
ized d-electrons of the Au atoms according to nuclear
independent chemical shift calculations. On the other hand,
the chemical hardness parameter was used to test the
stability of the series of complexes, and the Fukui indexes
of electrophilic and nucleophilic attack were employed to
explore possible sites where chemical reactivity may play a
role.

Keywords Aurophilic interactions . Aromaticity .
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Introduction

The quest for transition metal monolayer sheet complexes
capped by ligands in sandwich-like structures [1] has entered a
new field in the discovery of novel species since the synthesis
of the sandwich Pd compounds [Pd3(C7H7)2Cl3] [PPh] and

[Pd5(naphthacene)2 (toluene)] [B(Arf)4]2 (4-toluene)], with B
(Arf)4 = B[3,5(CF3)2C6H3]4. Structures such as Ni3(benzene)2
have also been observed in Nin(benzene)m clusters [2]. The
importance of the study of this type of complex is their use
as building blocks in larger systems where unsaturated
hydrocarbons are adsorbed on metallic surfaces. In addition,
their potential uses in catalysis, as Pd clusters, is of great
interest due to the large range of applications [1].

Several theoretical studies on the existence and stability of
sandwich monolayer sheet compounds with transition metal
atoms have been performed at the extended Hückel level [3].
More recently, the search has been extended to the prediction
of the Au cluster [Au3Cl3Tr2]

2+, where a trigold monolayer
sheet capped by chlorines and sandwiched by two cyclo-
heptatrienyl (Tr+) ligands has been studied at the ab initio
and density functional theory (DFT) levels [4]. The bonding
of the Tr ligands to the Au cluster appears to be dominated
by an electronic back-donation interaction to the bonding
region from the trigold complex to the Tr ligands. The
bonding in the [Au3Cl3] monolayer sheet was ruled by a d–d
orbital interaction mixed with a σ-character from the Au 6s
orbitals. Furthermore, Au–Au interactions were attributed to
a strong aurophilic bonding: aurophilicity is a term first
introduced by Schmidbaur [5], referring to a contraction in
Au–Au bond distances. The bond lengths are typically in the
range 300–360 pm. Some cases where Au–Au interactions
are less than 300 pm have also been reported [6]. The energy
of the aurophilic interaction is characterized to be at the order
of magnitude of the weakest covalent bonds and the
strongest hydrogen bonds; i.e. at a widely known interaction
energy ranging from 5 to 15 kcal mol−1 [7–10]. Theoretical
studies have shown that the predominant mechanism behind
the interaction is dispersion.

It has been shown that the stability of the complex
[Au3Cl3Tr2]

2+ can be attributed to the strong aurophilic
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bonding found in the metal monolayer sheet and the
aromatic character observed in the trigold compound and
Tr ligands attached to it. Examples of the aromaticity of
coinage metal clusters have been reported recently by Tsipis
et al. [11, 12] in a theoretical study performed at the DFT
level: the series M4H4 (with M = Cu, Ag, Au) was
predicted to be stable, with D4h symmetry and a weak
aromatic character; the Cu and Ag congeners have the same
nuclear independent chemical shift (NICS) value, while in
the Au4H4 species, the aromaticity is greater. On the other
hand, compounds of the type [M4Li2], with M = Cu, Ag
and Au, were also predicted at the DFT level [13]. The
metal ring compounds have D4h symmetry and, in every
species, the Li atoms are flanked above and below the plane
of the ring; this series of complexes shows a clear aromatic
behavior that also occurs in the Ag and Cu species, and is
greater in the Au4Li2 compound. Wannere et al. [13] found,
by using NICS calculations, that these series of complexes
are the first examples where “δ-aromaticity” is present; i.e.,
an aromatic character where the delocalized d-electrons are
the main mechanism behind the observed aromaticity. It
was shown that the participation of the dz

2 and dx
2-y

2

orbitals of the metal atoms dominate the phenomenon.
Species of the form [M4Li]

− and [M4Na]
− have also been

predicted at the MP2 (second order Møller-Plesset pertur-
bation theory) and CCSD(T) (coupled cluster calculation
with single and double substitutions with noniterative triple
excitations) levels of theory [14]. The latter series of
compounds have not been shown to possess catalytic
properties. The group of Au ring complexes showing an
aromatic character is very limited, and the possible
reactivity properties of this kind of compound have not
been explored. The aim of the present work is to study the
existence and stability of novel Au ring compounds and to
determine possible reactive sites.

Computational methods

All geometry optimizations were performed with the MP2
[15] computational method, which explicitly accounts for
dispersion effects—important in the description of auro-
philic interactions. The Stuttgart small-core pseudorelativ-
istic effective core potential [16] with 19 valence electrons
was employed for gold. The effective core potential (ECP)
was used with the valence triple-ζ plus one polarization
type; i.e., the basis set TZVP, which is an optimized
contracted Gaussian basis set computed by Schäfer et al.
[17]. Two additional f-type polarization functions calculat-
ed by Pyykkö et al. [18] were augmented to the basis set
(αf=0.2, 1.19). The first function is a diffuse f orbital
necessary for the intermolecular interaction, while the
second is a polarization function important for describing

the covalent bonding involving the Au d10 shell. For the
non-Au atoms (Li, Na, K), the 6-31++G(2df, p) basis set
was used [19, 20]; while for Rb and Cs atoms, the
LANL2DZ [21] small-core pseudopotential with 19 valence
electrons was used, which also includes relativistic effects.

Electrostatic and bonding energies were evaluated using
the methodology developed by Ziegler et al. [22, 23] based
on DFT. Slater’s Xα exchange potential [24, 25] was used
(with α=0.7). The Dirac method [26] was employed to
compute the atomic core orbitals, which were maintained
unrelaxed in the series of complexes. To reduce the
computational cost, the inner core shells were fixed; the
shell [1s2–2p6] was frozen for Cl, [1s2–4d10] for Au and
[1s2], [1s2], [1s2–2p6], [1s2–3d10] and [1s2–4d10] for Li, Na,
K, Rb and Cs, respectively. The scalar relativistic zero-
order relativistic approximation (ZORA) was applied in the
DFT calculations [27–29], since the relativistic effects play
an important role in systems where aurophilic interactions
are present. DFT computations were carried out with the
high quality triple-ζ plus one polarization basis set, which
is a Slater-type basis (STO-TZP).

The aromaticity in the series of complexes was studied
by NICS methodology as given by Schleyer et al. [30]. To
test the stability of the molecules presented in this work, the
chemical potential μ [31] and chemical hardness η [32]
from DFT were used, which are defined as:

m ¼ @E

@N

� �
T ;v rð Þ

ð1Þ

and

h ¼ 1

2

@2E

@N2

� �
T ;v rð Þ

ð2Þ

where E is the total energy, N is the total number of
electrons in the system, T corresponds to temperature and
υ(r) is the external potential. We applied the well known
finite-difference approximation to evaluate μ and η,
considering that E varies quadratically with respect to the
number of electrons. Consequently, these parameters [33]
may be given in orbital grounds as:

m ¼ � IP þ AE

2

� �
ð3Þ

h ¼ IP � AE

2

� �
ð4Þ

where IP is the ionization potential and AE is the electron
affinity. These two quantities can also be defined based on
orbitals, on the basis of Koopmans’ theorem as IP = −EHOMO

and AE = −ELUMO, where EHOMO and ELUMO are the
energies of the highest occupied molecular orbital (HOMO)
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and lowest unoccupied molecular orbital (LUMO), respec-
tively (considering that this orbital approach may introduce a
small error that is not significant with respect to the overall
calculation). In addition, to test probable reactive sites in the
series of compounds, the Fukui local functions for electro-
philic and nucleophilic agents were determined in a finite-
difference basis by the gross natural charge (q) at site k,

where k represents an atom in the molecule with N−1 and
N+1 electrons. The Fukui index for electrophilic and
nucleophilic attacks are given by:

f �k ¼ qk Nð Þ � qk N � 1ð Þ ð5Þ
and

f þk ¼ qk N þ 1ð Þ � qk Nð Þ; ð6Þ
respectively [34].

The aurophilic interaction was studied as stated by the
Herschbach and Laurie relation [10]:

RAu�Au ¼ 268pmþ 29 � ln N=cm½ �=kAu�Auð Þ ð7Þ
where RAu–Au corresponds to the equilibrium Au–Au
distance (given in picometers) and kAu–Au represents the
force constant in N/cm. The calculations were performed
using the GAUSSIAN03 [35] code and the ZORA
computations were carried out with the Amsterdam Density
Functional (ADF) package [36, 37].

Results and discussion

Structural description

Full geometry optimizations were carried out at the ab initio
level for the series of complexes [Au3Cl3M2]; where M
corresponds to the alkaline metals M = Li, Na, K, Rb and
Cs. The molecular structures are shown in Fig. 1 and the
structural parameters are presented in Table 1. In the series
of complexes, the M+ lies above and below the [Au3Cl3]

2−

monolayer sheet and is bonded to the metal cluster since
the M+ cations provide a natural positive charge ranging
from +0.894 to +0.980, increasing down the alkali metal
group (see Table 2), which indicates that the [Au3Cl3]

2−

cluster attracts the M+ cations electrostatically. All struc-
tures belong to the D3h point group, except the [Au3Cl3Cs2]
species, which distorts to the C3h point group. The bond
length from the Au3Cl3 plane to the alkaline metal increases

Fig. 1 Molecular representations of the series of complexes
[Au3Cl3M2] (M = Li, Na, K, Rb, Cs) and their corresponding
chemical hardness

Table 1 Main bond lengths of the series of complexes [Au3Cl3M2]. The quantities in parenthesis correspond to the optimized parameters at the
Hartree-Fock (HF) level. MP2 Second order Møller-Plesset perturbation theory, SCF self-consistent field

Computational method

MP2 (SCF)

Bond (pm) [Au3Cl3Li2] [Au3Cl3Na2] [Au3Cl3K2] [Au3Cl3Rb2] [Au3Cl3Cs2]

Au–Au 265.0(279.1) 263.4(277.7) 262.4(276.0) 262.0(276.0) 261.7(275.8)

Au–Cl 230.4(238.7) 232.0(240.8) 233.7(243.1) 234.0(243.8) 234.5(244.7)

Au3–M 217.5(221.0) 259.4(263.4) 309.3(314.8) 325.0(339.1) 345.0(360.7)

Point groupa D3h D3h D3h D3h C3h(D3h)

a The point groups are the same at both levels, except for the [Au3Cl3Cs2] species
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down the group, while the Au–Cl length is kept in the 230–
234 pm range

The Au–Au bond length in the [Au3Cl3Li2] compound is
265 pm, which presumably corresponds to an aurophilic
interaction; this is an unusually short Au–Au distance, since
aurophilic bonding commonly ranges from 275 to 344 pm
[6]. By comparison, an Au–Au distance of 282 pm has been
previously reported [38] in the bare Au3 cluster, and a bond
length of about 270 pm and 282 pm in the gold monolayer
sheet (the species is not symmetric) reported in the
analogue [Au3Cl3Tr2]

2+ compound [4].
A rough measure of the aurophilic attraction can be

obtained by comparing the results at the SCF and MP2 levels
(see Table 1): a shortening of the Au–Au distance of about
14 pm is observed. This suggests an important Au–Au
interaction. Wiberg bond orders of about 0.3 were also
calculated. Note, however, that the dispersion interactions do
not require any orbital overlap. Eventual covalent contribu-
tions may exist independently. For the latter, see the spatial
representation (Fig. 2) of the frontier molecular orbitals: the
HOMO is composed of the Cl p orbitals and the main
contribution is located at the center of the ring formed by the
Au 6s orbitals. On the other hand, the HOMO-1 and
HOMO-2 are made of the dxy and dxz orbitals of the gold
atoms, which can clearly be seen as a d–d interaction, with a
mixture of the s orbitals. Furthermore, the HOMO-9 is a
bonding orbital with a large contribution coming from the
Au 6s orbitals (see Fig. 2), and corresponds to the HOMO of
the formal Au3

3+ moiety [4]. This is corroborated by the
gross population analysis presented in Table 3 for the Au
atoms of each species of the series, where a large s
population is observed, consistent with the s orbital
contribution on the HOMO. The total d orbital population,
which is smaller than 10e, reveals the breaking of the 5d10

electronic structure that leads to the formation of the d–d
bonding with a participation of the s–s interaction. The latter
is also consistent with the electronic configuration of the
gold atoms through the series [Au3Cl3M2] as shown in
Table 4. Briefly, this is a further example of the facile 5d–6s
hybridization of gold. The LUMO in the series of complexes
is a combination of the outer s and p orbitals of Au and
alkaline atoms, with slight 3pz orbital contributions coming
from the chlorine atoms (see Fig. 2).

A vibrational analysis was performed in the series of
complexes, and no imaginary frequencies were found. The
force constants from these calculations are typical of the

aurophilic range, when compared with the empirical
relation of Herschbach and Laurie [10], where the Au–Au
bond distance (in pm) and the force constants (in N/cm) are
both involved; this relationship (see Eq. 7) is valid in the
range 247–355 pm. The Au–Au vibrational modes (νAu–Au)
and the Au–Au bond lengths calculated from Eq. 7 are
reported in Table 5; the computed Au–Au modes appear to
be stronger than those found in other systems with
aurophilic interactions [39]. These results are in reasonable
agreement with the values obtained on the ground state
geometry of the series of compounds, indicating that an
aurophilic bonding is formed.

Stability of the series of compounds

According to the DFT, and also from empirical observation,
the most stable species in a group of similar systems is the
one with the greatest chemical hardness—this is called “the
principle of chemical hardness” [40–44]. The hardness is

[Au3Cl3Li2] [Au3Cl3Na2] [Au3Cl3K2] [Au3Cl3Rb2] [Au3Cl3Cs2]

Au 0.01 0.01 0.02 0.02 0.03

Cl −0.60 −0.63 −0.67 −0.67 −0.68
M 0.89 0.93 0.97 0.97 0.98

Table 2 Natural charges in the
series of complexes [Au3Cl3M2]

Fig. 2 a [Au3Cl3Li2] Hartree-Fock (HF) frontier molecular orbitals
(MOs). Note that the whole series present the same spatial
representations. b [Au3Cl3Rb2] lower energy MOs
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obtained from DFT parameters (see Eq. 4); nevertheless,
the ionization energy and electron affinity computed at the
ab initio level are better than those at the DFT level, since it
is known that, in calculations performed with DFT, the
electronic density decays faster than at the ab initio level,
producing a gradient with higher density. Taking the latter
into account, the ab initio MP2 level was used to calculate
the chemical hardness of the species under study. The
hardness was computed from Eq. 4, along with the
ionization potentials and electron affinities calculated from
Koopmans’ theorem.

It was found that the [Au3Cl3Li2] species presents the
greatest hardness of the group (see Table 6 and Fig. 1), and
it can thus be stated that this system is the most stable of the
series. The [Au3Cl3Na2] and [Au3Cl3K2] analogues have
lower hardness. Finally, the [Au3Cl3Rb2] and [Au3Cl3Cs2]
species present the lowest chemical hardness. All chemical
hardness were comparable, indicating a comparable chem-
ical stability for these species.

Reactivity

The reactivity of molecules has been studied widely using
Fukui functions [33]. In this work, we calculated the Fukui
indices of electrophilicity (f−) and nucleophilicity (f +) as
given by the finite difference approximation (Eqs. 5 and 6,
respectively). These indices represent local parameters that
provide an insight into the possible sites in a molecule
where reactivity may be present, playing a role as an

electrophilic attack (given by f−) or as nucleophilic attack
(as stated by f+). The calculations of the Fukui indices were
performed in accordance with the NBO scheme [45], the
results are presented in Table 7. The electrophilic index in
the gold atoms in each of the species of the series reaches a
maximum at [Au3Cl3Cs2], while the values for [Au3Cl3K2]
and [Au3Cl3Rb2] are comparable. For comparison, the
values of the electrophilic indices of reactivity were
computed for the gold atoms in the naked Au3 molecule
as 0.17 and 0.33, for the neutral (at the MP2/LANL2DZ
level) and cationic (at the MP2/TZVP level) systems,
respectively. The naked Au3 compound has been shown
to play a role in absorption mechanisms [46, 47] and,
according to the latter results, the [Au3Cl3M2] series of
complexes may present analogous properties. This indicates
that an acid-catalyzed reaction may take place via electro-
philic attack at the gold atoms of the series. This may be
achieved, for instance, by carbon or nitrogen atoms
belonging to carbon monoxide or nitrogen monoxide
molecules, respectively. Both are examples of environmen-
tal contaminant agents [39]. The latter is feasible since the
natural charges (at the MP2 level) on carbon and nitrogen
atoms in CO and NO molecules are +0.616 and +0.318,
respectively. Taking into account the chemical hardness
analysis reported previously on the stability of the species
and the Fukui indices reported in Table 6, the best
candidates for absorbing CO or NO molecules may be
compounds [Au3Cl3Na2], [Au3Cl3Rb2] or [Au3Cl3K2],
since these species are the most stable of the series and

Table 3 Natural bond orbital (NBO) population analysis for the series of complexes [Au3Cl3M2]

NBO population analysis

Charge population
of [Au3Cl3Li2]

Charge population
of [Au3Cl3Na2]

Charge population
of [Au3Cl3K2]

Charge population
of [Au3Cl3Rb2]

Charge population
of [Au3Cl3Cs2]

Au1 Au2 Au3 Au1 Au2 Au3 Au1 Au2 Au3 3.101 3.101 3.101 Au1 Au2 Au3

S 3.119 3.116 3.117 3.105 3.105 3.105 3.105 3.105 3.105 2.016 2.016 2.030 3.099 3.099 3.099

px 2.020 2.019 2.037 2.018 2.018 2.038 2.017 2.017 2.032 2.016 2.016 2.016 2.016 2.016 2.030

py 2.020 2.020 2.020 2.022 2.021 2.022 2.018 2.018 2.018 2.025 2.025 2.011 2.015 2.015 2.015

pz 2.032 2.031 2.014 2.031 2.031 2.012 2.027 2.027 2.011 1.998 1.998 1.994 2.025 2.025 2.011

dxy 1.995 1.995 1.984 1.996 1.996 1.988 1.998 1.998 1.993 1.923 1.923 1.962 1.998 1.998 1.995

dxz 1.926 1.925 1.958 1.925 1.925 1.961 1.923 1.923 1.962 1.995 1.995 1.999 1.923 1.923 1.962

dyz 1.988 1.988 1.998 1.991 1.991 1.999 1.995 1.995 1.999 1.977 1.977 1.881 1.996 1.996 1.999

dx
2
-y
2 1.972 1.972 1.873 1.975 1.975 1.878 1.977 1.977 1.879 1.920 1.920 1.978 1.978 1.978 1.881

dz
2 1.915 1.915 1.981 1.918 1.919 1.980 1.919 1.919 1.979 3.101 3.101 3.101 1.920 1.920 1.978

[Au3Cl3Li2] [Au3Cl3Na2] [Au3Cl3K2] [Au3Cl3Rb2] [Au3Cl3Cs2]

Au electronic 5d9.796s1.12 5d9.806s1.10 5d9.816s1.10 5d9.816s1.10 5d9.626s1.09

Configuration 6p0.075f0.01 6p0.075f0.01 6p0.06 6p0.06 6p0.105f0.10

Table 4 Electronic configura-
tion of Au atoms for the series
of [Au3Cl3M2 ] species
according to the NBO method
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possess the largest f− indexes. Although CO and NO
adsorption on Au clusters has been explored widely on
theoretical grounds [48], and the synthesis of Au clusters of
less than six atoms has not been achieved [49], the series of
complexes reported in this work might represent a new
route to reach this goal.

The electrophilic indices with negative signs obtained for
the Cl atoms are artifacts of the methodology and do not
have a physical significance. On the other hand, the
nucleophilic indices on the series of complexes are greatest
on the M+ cations (M = Li, Na, K, Rb, Cs), which suggests
that a reaction on those sites might take place by protonation.
According to the results for f+ indexes on the Au and Cl
atoms, nucleophilic attack on these sites is less probable.

Donation and back-donation interactions

A charge decomposition analysis (CDA) was performed
[50] on the ground state geometries; this study depicts the
donor–acceptor interactions, partitioning the molecule to be
studied into two fragments. The methodology consists of
building the wave functions of the compounds; the linear
combination of the donor and acceptor fragment orbitals
(LCFO) is then taken into account. The CDA study gives
the charge donation from the occupied orbitals of the
donors to the unoccupied orbitals of the acceptor; a back-
donation from the occupied orbitals of the acceptor to the
virtual orbitals of the donor is also returned and, finally, the
repulsive polarization contribution quantifies the charge
removed from the overlapping area of the occupied orbitals
of the donor and acceptor fragments. According to the CDA

study, the donation interaction is virtually negligible, since
−11.5, −5.7, −14.5, −7.7 and −12.6e is returned, for species
1–5, respectively; this means that no electronic charge is
donated to the bonding region. Nevertheless, a slight back-
donation interaction is observed from the [Au3Cl3]

2- cluster
to the 2M+ cations: +0.60, +0.16, +0.06, +0.30 and +0.34e
are back-donated on compounds 1–5, respectively, from the
trigold complex to the bonding region. The molecular
orbitals mainly involved in the back-donating character are
HOMO-12, HOMO-16, HOMO, HOMO-20 and HOMO-
23 for compounds 1–5, respectively. The contour plots for
these MOs, which lie in the perpendicular direction to the
plane of the trigold complex, are depicted in Fig. 3. The
orbital character in the bonding between the [Au3Cl3]

2−

monolayer sheet and the 2M+ (M = Li, Na, K, Rb, Cs)
cations is small as observed from the CDA study since, as
stated, this interaction is governed mainly by the electro-
static attraction among the M+ cations and the gold cluster.

Bonding energies

The total bonding energy of the series of compounds was
studied using the methodology of Ziegler et al. [22, 23] at
the DFT/X Alpha//MP2 level of theory. In this method, the
total interaction energy is split into three contributions,
namely, the Pauli repulsion energy, the electrostatic
attraction and the orbital relaxation. The first contribution
(EPauli) is the increase in kinetic energy, as given by the
Pauli principle. The second term is the attractive electro-

Table 5 Au–Au stretching frequencies (νAu-Au), force constants (kAu-Au) and estimated Au–Au bond lengths

Au–Au stretching (cm−1) frequency (νAu-Au) kAu–Au(N/cm) RAu–Au(pm) Calculated MP2 Au–Au bond length (pm)

[Au3Cl3Li2] 166.6(A′) 1.42 258.0 265.0

[Au3Cl3Na2] 163.0(A1) 0.73 277.2 263.4

[Au3Cl3K2] 174.8( A′) 1.67 253.2 262.4

[Au3Cl3Rb2] 174.3( A′) 1.70 252.6 262.0

[Au3Cl3Cs2] 175.0( A′) 1.70 252.7 261.7

Table 6 Ionization potential (IP), electron affinity (EA) and chemical
hardness (η)

[Au3Cl3M2] IP (eV) EA (eV) η (eV)

Li 10.20 1.29 4.45

Na 9.50 1.21 4.14

K 8.74 0.63 4.06

Rb 8.48 0.53 3.98

Cs 8.23 0.38 3.92

Table 7 Fukui indices of electrophilic (f−) and nucleophilic attack (f+)

[Au3Cl3M2] (f
−)

Atom Li Na K Rb Cs

Au 0.17 0.19 0.33 0.34 0.34

Cl 0.16 0.12 −0.01 −0.01 −0.01
M 0.05 0.03 0.02 0.01 0.01

[Au3Cl3M2] (f
+)

Au −0.06 −0.05 −0.04 −0.03 −0.02
Cl 0.06 0.05 0.04 0.02 0.01

M 0.51 0.51 0.50 0.51 0.51

1170 J Mol Model (2009) 15:1165–1173



static overlap interaction (Eelec); summing over EPauli and
Eelec result in the steric energy contribution.

The [Au3Cl3]
−2 cluster and the M+ cations are consid-

ered as individual fragments to calculate the first two
contributions in the total bonding energy and, at this step,
their corresponding MOs are kept with no change. The third
contribution, the orbital relaxation energy, is obtained by
mixing the occupied and virtual MOs of the [Au3Cl3]

−2 and
2M+ fragments. In this term, the charge transfer and
polarization contribution are important, since the charge
transfer is the electronic population given from the
occupied orbitals of one fragment to the unoccupied
orbitals of the other fragment. On the other hand, in the
polarization contribution, the transfer takes place from the
occupied orbitals of the fragment to its own unoccupied
orbitals. The partitioning of the bonding energy in the series
of compounds is shown in Table 8. The electrostatic

attraction energy is the main contribution to the total
bonding energy in each of the species of the series, as
stated above; while the orbital energy contributes only a
small amount, which is consistent with the CDA results.
Moreover, the electrostatic energies in the series represent,
on average, 90% of the total bonding energies, which can
be attributed to an ionic interaction between the [Au3Cl3]

−2

fragment and the M+ alkaline cations. The large total
bonding energies (ranging from −13 to −17 eV) computed
from this methodology, suggest the considerable stability of
the proposed complexes.

Aromaticity

Like in the analogous [Au3Cl3Tr2]
2+ compound [4], ring

gold clusters have been shown to possess a strong aromatic
character [13]. Magnetic shielding calculations using the

Fig. 3 Contour plots of the main MOs involved in the back-donation interactions (the slices are in the plane perpendicular to the Au ring), a
[Au3Cl3Li2] HOMO-12, b [Au3Cl3Na2] HOMO-16, c [Au3Cl3K2] HOMO, d [Au3Cl3Rb2] HOMO-20, e [Au3Cl3Cs2] HOMO-23

Energy decomposition ZORA

Energy contribution eV

[Au3Cl3Li2] [Au3Cl3Na2] [Au3Cl3K2] [Au3Cl3Rb2] [Au3Cl3Cs2]

Pauli repulsion energy (1) +1.13 +0.85 +0.67 +0.69 +0.69

Electrostatic attraction −15.14 −14.33 −13.12 −12.82 −12.43
Steric energy −14.01 −13.48 −12.45 −12.13 −11.74
Orbital relaxation (2) −3.12 −1.83 −1.29 −1.18 −1.17
Total bonding energy −17.13 −15.31 −13.74 −13.31 −12.91

Table 8 Bond energy partition-
ing for the series of complexes
with zero-order relativistic
approximation (ZORA)
methodology at the Xα level
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NICS approach developed by Schleyer et al. [30] were
carried out on the series; the results are shown in Table 9. A
ghost atom was located at the geometrical center of the ring
to determine the aromatic character in the metal monolayer
sheet. A negative value of NICS is considered aromatic; a
positive value antiaromatic; and a value close to zero, non-
aromatic. As seen from Table 9, all molecules have a strong
aromatic character, with a maximum at [Au3Cl3Rb2]. These
NICS values are comparable to those found in the
[Au3Cl3Tr2]

2+ compound [4].
The strong aromatic behavior observed on the [Au3Cl3Rb2]

cluster reported by the higher NICS value may be due to the
large d orbital population present on the plane of the ring and
allocated on the lower energy orbitals (this population is
significantly smaller in the rest of the species in the series)
such as HOMO-4 through HOMO-6; these MOs are depicted
in Fig. 2b. Therefore, the excess of d-electrons on the Au3
ring would participate in the anomalous strengthening of the
diatropic current addressed to the Au3Cl3Rb2 cluster. The
enhanced d orbital population present in this species may be
due to Au–Au bonding on the ring, which is one of the
shortest in the series. This special geometry gives rise to a
stronger overlapping among d orbitals of gold on the plane of
the [Au3Cl3]

−2 complex, triggering a larger density of
electrons to the center of the ring.

The results for the rest of the species range from −26.58
to −23.76 ppm; such values are even higher than the NICS
found for systems containing coinage metals. For instance,
a value of −18.65 ppm has been reported for the [Au4Li2]
system, while a value of −26.58 ppm was found for
[Au3Cl3Li2] in this work. Due to the large d-orbital
character coming from lower molecular orbitals such as
HOMO-1 through HOMO-3 (see Fig. 2a), a considerable d-
electron delocalization is present and a δ-aromaticity would
be expected. Consequently, the series of complexes
[Au3Cl3M2] would be part of a limited group of species
where delocalized d-electrons are mainly responsible for
the occurrence of a new strong aromaticity. The aromatic
character calculated by the NICS methodology is another
indicator of the chemical stability in the series.

Conclusions

The bonding trends along the series [Au3Cl3M2] (M = Li,
Na, K, Rb, Cs) were studied by ab initio methods. A strong
intermetallic interaction is evident in the central Au3 ring.
Evidence for both dispersion effects and covalent contribu-
tions is presented. According to the chemical hardness
results, the stability in the series increases as the alkali
metal becomes lighter, reaching its greatest value on the
[Au3Cl3Li2] compound. The Au–Au bond lengths show a
minimum at the most electropositive counterion, Cs. From
the Fukui index criterion, it was shown that the Au atoms
are the most probable sites in the molecules of the series
where reactive activity may play a role. All the compounds
of the series show an unusually strong aromatic character,
as revealed by the NICS method. The delocalized d-
electrons in the Au3 ring are mainly responsible for the
aromaticity observed in the series of complexes. A possible
generalization of the present structures is an infinite, one
dimensional chain ...–M–A–M–A–... where A is the present
[Au3Cl3] group and M, a divalent metal atom such as an
alkaline earth.
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