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Abstract. The geometrical structures, relative stabilities, electronic properties and chemical hardness of
AunHg (n = 1–12) clusters are systematically investigated using the density functional theory with rel-
ativistic all-electron methods. The optimized low-lying energy geometries exhibit two-dimensional and
three-dimensional structures. Furthermore, all the lowest-energy structures of AunHg (n = 1–12) clusters
favor planar geometries with slight distortion, in which the dopant Hg atom prefers to occupy a peripheral
site with a lower coordination. The geometrical, electronic and chemical stabilities of the AunHg cluster
with even number of valence electrons are higher than those of the neighboring AunHg cluster with odd
number of valence electrons. Besides, 5d valence electrons of impurity Hg atom in the AunHg cluster hardly
join in the orbital interactions compared with 5d valence electrons of corresponding Au atom in Aun+1

cluster. Au-Hg bonds in AunHg clusters are weaker and have more obviously ionic-like characteristics than
the corresponding Au-Au bonds in Aun+1 clusters.

1 Introduction

In order to increase the number of variables for the purpose of material design and control, the doped gold clusters
composed of two or more elements have also been studied extensively in the recent years [1–10]. The properties of doped
gold clusters depend not only on the cluster size and geometry, but also on the cluster composition. Heterogeneous
clusters are expected to show an extremely rich variety of catalytic behaviors as a function of the composition and
chemical order. The exploration of the structure for these heterogeneous gold clusters may help to understand the
catalytic activity of these catalysts and the interaction of the doped metal with the metal cluster. Among all these
heterogeneous gold clusters, the transition metal atom doped gold clusters attract strong attention for their potential
application in catalysis [11–14].

Mercury is not always considered as a typical transition metal because it does not possess partly filled d or f
electron shells in the elemental or common oxidation states. Nevertheless, mercury including its congeners has a
distinctive valence electronic configuration compared with other transition metals. The presence of impurity Hg atom
or its congeners inevitably influences the stability and electronic structure of bare gold clusters. The AunHg clusters
had been investigated using the density functional theory [15], and it was found that the equilibrium geometries prefer
two-dimensional structures in the case of small cluster size. Moreover, theoretical calculations [16] also suggested that
the energetically most favorable configuration is a linear structure with the Hg atom bonded to Au2 dimer and the
Au-Hg bond length is larger than the Au-Au bond. Recently, a density functional comparison study [17] was also
presented on Au32 cluster doped with group IIB atoms, showing that the HOMO-LUMO gap of the Au32 cage doped
with Zn, Cd or Hg atom is almost the same as that of the Au32 cage with high symmetry. Moreover, the mixed cation
[HgAuHg]+ is calculated at the ab initio level [18] and an analog of the known solid-state species Hg2+

3 is predicted.
Several local minima and transition states are identified for larger AunHgm clusters and the results are similar to the
isoelectronic Aum−

n anions. However, all these previous works are restricted on some special sizes, which cannot allow
us to have an overview on the mercury-doped gold systems. Moreover, in contrast to the well-developed understanding
of gold clusters doped with transition metal atoms, relatively less information is available about the structural and
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electronic properties of mercury-doped gold clusters. Hence, it is necessary to further and systematically investigate
the structural, electronic and chemical properties of gold clusters doped with Hg. In this paper, the AunHg (n = 1–12)
clusters have been investigated for the purpose to explore i) whether the geometries of mercury-doped gold clusters
will be greatly different from pure gold clusters, ii) how the electronic and chemical properties of pure gold cluster will
be changed obviously after doping a mercury atom and iii) moreover how the outer valence electrons of Hg atom will
influence the electronic shells of gold clusters.

2 Computational methods

All geometrical optimizations of AunHg (n = 1–12) clusters are calculated using the spin-polarized density functional
theory (DFT) in the DMOL3 program package [19–21]. The generalized gradient approximation (GGA) in the Becke
exchange plus Perdew correlation (BP) [22,23] functional is chosen in the calculations. A double-numerical basis set
including d-polarization functions (DNP) are adopted for the description of the electronic wave functions. Due to the
obvious influence of scalar relativistic effect on the properties of gold clusters [24–32], the all-electron scalar relativistic
(AER) method is adopted. Meanwhile, the convergence criteria are set with 0.002Ha/Å for the forces, 0.005 Å for the
displacement, and 10−5 Ha for the energy change, respectively.

In order to get the initial structures of AunHg (n = 1–12) clusters, we first optimized the structures of pure
gold clusters considering previous works [33–36]. Then, based on these optimized equilibrium geometries of pure gold
clusters, the possible initial structures of AunHg clusters can be constructed by substituting Hg atom for one gold atom
of the Aun+1 cluster at every nonequivalent site or by adding Hg atom directly on each possible nonequivalent site of
Aun cluster. All these initial structures including one-, two-, and three-dimensional geometries are fully optimized by
relaxing the atomic positions until the force acting on each atom vanishes (typically |Fi| ≤ 0.002Ha/Å) and the total
energy achieves the minimum. During the structure relaxation, the spin multiplicity will be considered at least 2, 4
and 6 for odd-electrons AunHg clusters (n = 1, 3, 5, 7, 9 and 11) and 1, 3, 5 for even-electrons AunHg clusters (n = 2,
4, 6, 8, 10 and 12). If the total energy decreases with the increasing of spin multiplicity, the high spin state will be
considered until the energy minimum with respect to the spin multiplicity is reached. In addition, the stability of the
optimized geometry is confirmed without any imaginary frequency by computing vibrational frequencies at the same
level of theory.

To check the intrinsic reliability of the computational method, some test calculations have been performed. For
Au2 dimer, our calculated values of the bond-length, dissociation energy, vertical ionization potential and vibrational
frequency are 2.489 Å, 2.296 eV, 9.302 eV and 181.5 cm−1, respectively, which are in good agreement with the corre-
sponding experimental results [37–41] of 2.473 Å, 2.29 eV, 9.200 eV and 190.9 cm−1. Meanwhile, for AuHg dimer, the
bond-length of 2.626 Å and dissociation energy of 0.757 eV are close to previous theoretical calculation results [42]
of 2.710 Å, and 0.670 eV. Furthermore, for AuHg+ dimer, the bond-length of 2.554 Å and vibrational frequency of
155.3 cm−1 are also well consistent with previous theoretical calculation values of 2.590 Å and 147 cm−1 [43]. Thus, it
is confident that the adopted computational method is reliable and accurate enough for the study of AunHg (n = 1–12)
clusters.

3 Results and discussions

3.1 Equilibrium geometries

As is shown in fig. 1, the lowest-energy geometries and some typical low-lying geometries of Aun+1 and AunHg
(n = 1–12) clusters are plotted according to the sequence of energies from low to high. Moreover, the symmetry,
electronic state and energy difference between the lowest energy structure and its isomer are also indicated in this
figure.

– AuHg. The lowest-energy geometry of the AuHg cluster is a linear structure with C∞v symmetry, and it can be
generated by substituting Hg atom for one gold atom of the Au2 cluster.

– Au2Hg. The lowest-energy geometry of the Au2Hg cluster is also a linear structure generated by bonding Hg atom
with one gold atom of the Au2 cluster. The linear structure generated by bonding the Hg atom with two gold
atoms at two sides and the triangular structure produced by substituting the Hg atom for one gold atom of the
Au3 cluster are isomers with higher energy.

– Au3Hg. Similar to the pure Au4 cluster, the lowest-energy geometry 3a and the metastable geometry 3b for the
Au3Hg cluster are rhombus structures with C2v symmetry. These isomers are generated by substituting the Hg
atom with one gold atom of the Au4 cluster at doubly and triply coordinated sites, respectively. Other structures
(3c and 3d) generated by bonding the Hg atom directly with the Au3 cluster at the site of the same plane or above
the plane of the Au3 cluster are low-lying geometric isomers with higher energy.
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Fig. 1. Optimized geometries for AunHg (n = 1–12) clusters and the corresponding pure gold clusters. The golden and red
balls represent Au and Hg atoms, respectively.
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Fig. 2. Size dependence of the average binding energy for the lowest structures of AunHg clusters and Aun+1 clusters.

– Au4Hg. Based on the trapezoid structure of the pure Au5 cluster, the lowest-energy structure (4a) and two isomers
(4b and 4c) are obtained by substituting the Hg atom with one gold atom at the triply, doubly and quadruply
coordinated sites of the Au5 cluster, respectively. The geometry (4d) generated by bonding the Hg atom above the
plane of the Au4 cluster is the low-lying geometric isomer with higher energy of 0.513 eV.

– Au5Hg. The lowest-energy geometry of the Au5Hg cluster is the structure of 5a generated by substituting the Hg
atom with one Au atom at the doubly coordinated site of the Au6 cluster, which is a big triangle similar to the
Au6 cluster. The isomers 5b and 5d can be obtained by bonding the Hg atom with the Au5 cluster in the same
plane or above the plane as double bond and quintuple bond, respectively. Additionally, the isomer 5c is generated
by substituting the Hg atom with one Au atom at the quadruply coordinated site of the Au6 cluster.

– Au6Hg. Similar to the structure of the Au7 cluster, the lowest-energy geometry of the Au6Hg cluster (6a) is
produced by substituting the Hg atom with one Au atom at the doubly coordinated site of the Au7 cluster. The
structures 6b and 6d obtained by replacing the Au atom with the Hg atom at triply and quintuply coordinated
site in the Au7 cluster are isomers. The 3D structure (6c) generated by bonding the Hg atom with the Au atom
above the plane of the Au6 cluster is another isomer for the Au6Hg cluster.

– Au7Hg. The tera-edge-capped rhombus geometry (7a) produced by substituting the Hg atom with one Au atom
at the doubly coordinated site of the Au8 cluster is the lowest-energy structure of the Au7Hg cluster. The isomer
7c is also a tera-edge-capped rhombus generated by substituting the Hg atom for one Au atom at the quadruply
coordinated site of the Au8 cluster. Other structures (7b and 7d) generated by bonding the Hg atom directly with
the Au7 cluster at the site of the same plane or by capping the Hg atom above the plane of the Au7 cluster are
low-lying geometric isomers with higher energy. In 7d geometry, the structure is bent and up-swelled obviously
after optimization.

With regard to the AunHg (n = 8–12) clusters, some similar characteristics of geometrical structure can be observed
clearly. The lowest-energy geometries of these clusters may be generated by substituting the Hg atom with one gold
atom of the Aun+1 cluster at the triply coordinated site or by bonding Hg with the Aun cluster as two-fold bond,
the dopant Hg atom is located at the edge of planar structures. Compared with corresponding pure gold cluster,
the lowest-energy geometries of the AunHg clusters are distorted slightly and still keep the planar structures. This
situation can also be seen in previous works and is believed to be the reflection of strong scalar relativistic effects in
gold clusters [24–32]. For the 3D initial structures generated by capping one Hg atom above the plane of the Aun

cluster, the plane will be bent and up-swelled slightly after optimization, the distortion can still be observed clearly.
In particular, the lowest-energy geometries of Au2Hg and Au4Hg in our work are in good agreement with previous
studies on AunHgm clusters [15–18].

3.2 Stabilities

In order to investigate the cluster stabilities, the average binding energy and second-order difference of energy including
the zero-point-energy (ZPE) corrections estimated with the respective functional for pure Aun+1 clusters and AunHg
clusters are displayed in figs. 2 and 3, where we define:

Eb(AunHg) = [nE(Au) + E(Hg) − E(AunHg)]/(n + 1) (1)
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Fig. 3. Size dependence of the second-order difference energy for the lowest structures of AunHg clusters and Aun+1 clusters.

Eb(Aun+1) = [(n + 1)E(Au) − E(Aun+1)]/(n + 1), (2)
Δ2E(n) = E(Aun+1) + E(Aun−1) − 2E(Aun) (3)
Δ2E(n) = E(Aun+1Hg) + E(Aun−1Hg) − 2E(AunHg). (4)

From fig. 2, we can find that with increasing size of clusters, the average binding energy of the Aun+1 cluster and the
AunHg cluster increases gradually and reaches the maximum value at Au13 cluster and Au12Hg cluster respectively, the
variation tendency of the average binding energy for pure Aun+1 clusters and AunHg clusters is similar. Furthermore,
the average binding energy of AunHg cluster is obviously smaller than that of corresponding pure Aun+1 cluster, the
average binding energy difference between AunHg and corresponding Aun+1 cluster becomes small with increasing size.
It is inferred that the doped Hg atom might weaken the stability of AunHg cluster energetically. With the increasing
size of clusters, the stability of the AunHg cluster increases gradually like the increasing stability of pure gold cluster,
and the stability weakening effect of the doped Hg atom will be decreased gradually.

The second-order difference energy is a sensitive parameter to reveal the relative stability of cluster. As is shown
in fig. 3, the obvious odd-even oscillations of second-order difference energy for AunHg and Aun+1 clusters can be
observed clearly. For pure Aun+1 clusters, the second-order difference energy for odd-numbered Aun+1 cluster is larger
than that for adjacent even-numbered Aun+1 cluster, indicating that the odd-numbered Aun+1 cluster is relatively
more stable than the adjacent even numbered Aun+1 cluster. After doping the Hg atom, the second-order difference
energy for even-numbered AunHg cluster is larger than that for adjacent odd-numbered AunHg cluster, the even-
numbered AunHg cluster are relatively more stable than the adjacent odd-numbered AunHg cluster. The odd-even
alteration of relative stability for Aun+1 clusters and AunHg clusters is pronounced.

The fragmentation energies between Aun and Hg in the AunHg cluster and between Aun and corresponding Au
in the Aun+1 cluster (including ZPE corrections estimated with the respective functional) are defined as follows:

Ef (Aun+1) = [E(Aun) + E(Au) − E(Aun+1)] (5)
Ef (AunHg) = [E(Aun−1Hg) + E(Au) − E(AunHg)]. (6)

The fragmentation energy is a useful parameter which reveals the interaction between the two parts in the cluster.
From the calculation results shown in fig. 4, the odd-even oscillations of fragmentation energy for AunHg and Aun+1

clusters can be observed again. It is suggested that the Aun-Au interaction in odd-numbered Aun+1 cluster is stronger
than that in adjacent even-numbered Aun+1 cluster, and the Aun-Hg interaction in even-numbered AunHg cluster is
stronger than that in adjacent odd-numbered AunHg cluster. That is to say, after doping the Hg atom, the stronger
Aun-Au interaction in odd-numbered Aun+1 cluster becomes the weaker Aun-Hg interaction in the odd-numbered
AunHg cluster, and the weaker Aun-Au interaction in the even-numbered Aun+1 cluster becomes the stronger Aun-
Hg interaction in the even-numbered AunHg cluster. The odd-even alterations of Aun-Au interaction in Aun+1 clusters
and Aun-Hg interaction in AunHg clusters are also presented clearly.

In addition to above parameters, the chemical hardness is also regarded as a crucial parameter which estimates
the reactivity of a system. In density functional theory, the chemical hardness (η) of a system is defined as [44]

η = (V IP − V EA)/2, (7)

where V IP and V EA are vertical ionization potential and the vertical electron affinity including ZPE corrections
estimated with the respective functional, respectively.
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Fig. 4. Size dependence of fragmentation energies for the lowest structures of AunHg clusters and Aun+1 clusters.

Fig. 5. Size dependence of the chemical hardness for the lowest structures of AunHg clusters and Aun+1 clusters.

As is shown in fig. 5, the chemical hardness of the even-numbered AunHg cluster is higher than those of the neigh-
boring odd-numbered AunHg cluster and the corresponding Aun+1 cluster, and moreover, the chemical hardness of the
odd-numbered AunHg cluster is lower than that of the neighboring even-numbered AunHg cluster and corresponding
Aun+1 cluster. According to the principle of maximum hardness (PMH) [45,46], the even-numbered AunHg cluster
is more stable chemically and less reactive than the neighboring odd-numbered AunHg cluster and corresponding
Aun+1 cluster, the odd-numbered AunHg cluster is less stable chemically and more reactive than the neighboring
even-numbered AunHg cluster and corresponding Aun+1 cluster, implying that the odd-even alteration of chemical
stability pattern for host gold cluster takes place after doping Hg atom.

3.3 Electronic properties

HOMO-LUMO gap (HLG) is often used to test the electronic stability of a cluster. The larger of HLG, the higher
energy is required to excite the electrons from valence band to conduction band, corresponding to higher stability
of electronic structure. At first glance of the results displayed in fig. 6, the odd-even oscillations of HLG similar
with fragmentation energy and chemical hardness can be seen clearly, indicating that the electronic structure of odd-
numbered Aun+1 cluster is more stable than that of the adjacent even-numbered Aun+1 cluster, and the electronic
structure of even-numbered AunHg cluster is more stable than that of the adjacent odd-numbered AunHg cluster after
doping the Hg atom.

Throughout above discussions, the odd-even oscillations of second-order difference of energy, fragmentation energy,
chemical hardness and HLG for Aun+1 clusters and AunHg clusters are observed clearly. This picture also can be seen
in gold cluster [47], silver cluster [48], copper clusters [49], gold-based heterogeneous cluster [50–52] and the adsorption
behavior of gold cluster toward small molecules [53–56]. It is the reflection of spin-pairing effect well known for coinage
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Fig. 6. Size dependence of the HOMO-LUMO gap for the lowest structures of AunHg clusters and Aun+1 clusters.

Table 1. Calculated charges populations of Hg5d, 6s, 6p orbitals in AunHg clusters and corresponding Au5d, 6s, 6p orbitals in
Aun+1 clusters.

AunHg Aun+1

n 5d 6s 6p Hg 5d 6s 6p Au

1 9.967 1.680 0.216 0.137 9.870 0.863 0.069 0.198

2 9.966 1.711 0.139 0.184 9.782 0.871 0.193 0.154

3 9.954 1.596 0.322 0.128 9.760 0.802 0.337 0.101

4 9.939 1.461 0.438 0.162 9.622 0.879 0.440 0.059

5 9.946 1.632 0.303 0.119 9.664 0.889 0.408 0.039

6 9.965 1.751 0.146 0.138 9.556 0.824 0.542 0.078

7 9.946 1.588 0.302 0.164 9.620 0.914 0.451 0.015

8 9.949 1.614 0.301 0.136 9.526 0.786 0.602 0.086

9 9.934 1.477 0.438 0.151 9.516 0.775 0.613 0.096

10 9.947 1.625 0.285 0.143 9.473 0.817 0.639 0.071

11 9.932 1.477 0.439 0.152 9.471 0.827 0.642 0.060

12 9.948 1.643 0.271 0.138 9.473 0.834 0.630 0.063

metal clusters and alkali metal clusters [57,58]. As coinage metal atoms possess filled d-shells, their electronic structures
are largely determined by the half-filled bands of nearly free s electrons. Thus, it is not surprising that all coinage
metal clusters exhibit size dependence odd-even oscillations of properties that are similar to those observed in alkali
metal clusters.

To further investigate the influence of dopant Hg atom on the electronic structure of host gold clusters, a detailed
Mulliken population analysis has been performed and the results are summarized in table 1. Here, the valence electrons
configurations of free Au 5d106s1 and Hg 5d106s2 are presented for comparison. As can be seen in table 1, the Hg
atom obviously has positive charge, indicating that the charge transfers from the Hg atom to Au atoms in the AunHg
cluster, the Hg atom acts as an electronic donor, and most Au atoms act as electronic hosts. Moreover, for the impurity
Hg atom, the 5s states lose 0.320–0.539 electrons, while the 6p states receive 0.139–0.439 electrons in AunHg clusters.
Especially, the contribution of the 5d states is 0.033–0.068 electrons as nearly zero, which can be neglected. It is
suggested that there is the strong s-p hybridization in the Hg atom or between the Hg atom and Au atoms in AunHg
clusters, which differs from the spd hybridization in the corresponding Au atom of Aun+1 clusters. Besides, 9.932–9.967
electrons occupy the 5d obital of Hg atoms in AunHg clusters, signifying that the 5d obital of dopant Hg atom as well
as the 5d obital of Au atoms in Aun+1 clusters is dominant core obitals. This characteristic of electronic properties
for Hg-doped gold clusters is different from that of other transition metal doped gold clusters [1,59].

In order to understand the chemical bonding natures and the odd-even oscillation phenomena of stability of AunHg,
the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) with their energy
level for several representative AunHg clusters are plotted in fig. 7. As is shown in fig. 7, for Au10Hg cluster with even
number of valence electrons, the HOMO are a doubly degenerate state as well as LUMO. Furthermore, the energy
level of HOMO of Au10Hg cluster is obviously lower than that of HOMO of adjacent Au9Hg cluster and Au11Hg
cluster. The valence electrons with reverse spins in even-numbered AunHg cluster doubly occupy the HOMO, and
therefore the stability of even-numbered AunHg cluster is higher that of odd-numbered one. Additionally, owing to
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Fig. 7. Some representative HOMO and LUMO for the lowest-energy geometries of AunHg clusters.

Fig. 8. Comparison on deformation electron density of AunHg clusters and corresponding Aun+1 clusters for the lowest-energy
structures with surface isovalue 0.023 e/Å3 for molecular orbital plotting.

the presence of dopant Hg atom, the distribution of electron cloud of AunHg cluster is no longer symmetric, uniform
and well mixed, namely the delocalization of HOMO and LUMO is impaired markedly. Meanwhile, the overlap of
electron cloud between the frontier orbitals of Hg and Au in AunHg cluster can be observed and the pronounced s-p
hybridization is obvious just as we thought.

Next, we shall further illustrate the charge transfer between the dopant Hg and Au atoms, the electron deformation
densities of Au9,11Hg clusters and corresponding Au10,12 clusters as examples are plotted in fig. 8 and the blue area
represents electron accumulations. In fig. 7, the electron deformation density in Au9,11Hg clusters exhibits that just a
few electrons distribute around the Hg atom and in the interval of Au-Hg bonds compared with electron distributions
around adjacent Au atoms and in the interval of Au-Au bonds. The ionic-like characteristic in the Au-Hg bond is more
obvious than that in the corresponding Au-Au bond. Compared with pure gold clusters, the electron accumulation
between the Hg and Au atoms markedly decreases after the impurity Hg atom replaces an Au atom, suggesting
that the Au-Hg interaction in AunHg cluster is weaker than the corresponding Au-Au interaction in Aun+1 cluster.
Furthermore, previous work [60] indicated that dispersion interactions in small mercury clusters is significant, it is
inferred that this dispersion interactions may also exist in AunHg clusters and the mercury can be considered as a
weakly interacting adduct and not a covalently bound moiety.

4 Conclusions

In this paper, an all-electron scalar relativistic calculation on AunHg (n = 1–12) clusters has been performed using
density functional theory with the generalized gradient approximation at PW91 level. The main conclusions are
summarized as follows:

1) All the lowest-energy structures of AunHg (n = 1–12) clusters favor planar geometries with slight distortion, in
which the dopant Hg atom prefers to occupy a peripheral site with lower coordination.

2) The odd-even oscillations of fragmentation energies, second-order difference of energies, chemical hardness and
HOMO-LUMO energy gaps for AunHg clusters are displayed obviously, indicating that the even-numbered AunHg
cluster with even number of valence electrons is more stable and less reactive than the adjacent odd-numbered
AunHg cluster with odd number of valence electrons.
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3) There are strong s-p orbital interactions in the Hg atom or between the Hg atom and Au atoms in AunHg clusters,
which differs from the spd orbital interactions in the corresponding Au in Aun+1 clusters. The Au-Hg bond in the
AunHg cluster is weaker and has more obviously ionic-like characteristics than the corresponding Au-Au bond in
the Aun+1 cluster.

This work is supported by the Natural Science Foundation of Department of Education of Sichuan Province. No.14zd1116.
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