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We located the geometric structures of (Au20)N (N = 2–40) clusters using the basin-hopping method and
multiple-center Lennard-Jones model potential. Some magic number structures have been observed, among
which (Au20)5 is a close-shell five-membered ring, (Au20)20 is a hollow-cage, and (Au20)35 is a double-cage in
which the two cages share a five-membered ring. Moreover, the building-up principle of (Au20)N clusters is
significantly different from that of the other molecular or atomic clusters. The orientational effect on Au20–
Au20 potential is much greater compared to that on C60–C60 potential.
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1. Introduction

Recently, more and more chemists and physicists have been
paying their attention to studying gold nanoparticles and clus-
ters due to the fact that they possess interesting properties that
can be exploited for applications in catalysis [1–4] and biology
[5]. With the purpose of understanding the peculiar properties
of gold nanoparticles, a large number of research on gold
clusters [6–14] using different theoretical methods were carried
out, and a series of fascinating atomic structures have been ob-
served. Gold neutral clusters AuN display remarkable planar
structures up to N = 6–9 [14,15], flat cages at N = 10–16
[14,16], hollow cages for N = 17–18 [16], Au20: a tetrahedral pyr-
amid [8,13,17], hollow-tubular structures dominate the low-lying
population between Au21 and Au24 [18], a highly symmetric
tube-like cage for Au26 [19], and Au32 showed a 24-carat golden
fullerene [11,20]. Meanwhile, a lot of experimental techniques
have been used to provide structural information for gold clus-
ters, such as photoelectron spectroscopy [7,13,20], and infrared
vibrational spectroscopy [9,21,22].

Au20 molecule exhibits novel structure and properties. First of
all, Au20 molecule exhibits a unique tetrahedral structure with Td

symmetry, which has three different types of atoms, 4 at the
apexes, 4 at the center of the surface, and 12 along the edges (as
shown in Fig. 1). The stable anion of Au20 (Td) holds its parent
tetrahedral symmetry features a high catalytic activity [8]. Au20
012 Published by Elsevier B.V. All
has a very high surface area (all atoms are on the surface). Sec-
ondly, Au20 is a stable magic number. Photoelectron spectroscopy
[13] suggests that Au20 molecules should be highly stable despite
the fact that the crystal has not been achieved. The gap between
highest occupied molecular orbit (HOMO) and lowest unoccupied
molecular orbit (LUMO) even slightly exceeds that of the fullerene
C60 molecule [8,13], which suggests that Au20 should be chemically
very inert. Lots of attention has been focused on hollow cage gold-
en nanoparticles, because the golden fullerenes have some features
(for example, the capability of endo-bonding) of the classical
carbon fullerenes [23,24]. Both Au20 and C60 are very eye-catching
molecules. A lot of studies on C60 fullerenes focus on their
complexes and packing styles of (C60)N clusters. The unusual
short-ranged interaction determines the decahedral, tetrahedral,
and close-packed motifs of the (C60)N clusters [25–27]. However,
for Au20, little attention has been devoted to structures of (Au20)N

clusters, but to properties and compounds of Au20 molecule. How
tetrahedral Au20 molecules pile together? What the structures of
(Au20)N clusters look like? Is the packing of (Au20)N clusters similar
to (C60)N clusters?

To answer above questions, we located the global minimum
structures of (Au20)N clusters for N = 2–40 with multiple-center
Lennard-Jones (MCLJ) potential using basin-hopping [28] method.
Some magic number structures are obtained. The building-up prin-
ciple of (Au20)N clusters is significantly different from that of the
other molecular or atomic clusters. Moreover, the orientational
effect of tetrahedral Au20 molecule on Au20–Au20 potential is much
greater than that of C60 molecule on C60–C60 potential, which leads
to the structures of (Au20)N clusters very different from those of
(C60)N clusters.
rights reserved.
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Fig. 1. The structure of Au20 molecule.
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Fig. 2. The global minimum structures for (Au20)N clusters: N = 2
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2. Theory and method

2.1. Potentials

Similar to that of the studies of (C60)N molecular clusters
[25,29], the MCLJ potential is used to describe the interaction
between Au20 molecules. In such a MCLJ model, Au20 molecules
are taken as rigid bodies and only the Au–Au van der Waals
interactions between different Au20 molecules are concerned. The
Au–Au van der Waals interactions are described via an atomistic
Lennard-Jones (LJ) pair potential, in the form:

LJðrÞ ¼ 4 � eAu�Au
rAu�Au

r

� �12
� rAu�Au

r

� �6
� �

where r is the distance between two atoms, and the LJ parameters,
eAu–Au = 0.65 kJ/mol, rAu–Au = 3.2 Å, are fitted from first principle
calculations [30]. Then the energy between any two Au20 molecules
a and b is written as:

Vab ¼
X20

i¼1

X20

j¼1

LJ rab
ij

� �
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–40. Red sticks represent the nearest-neighbor interaction.



Table 1
Energies of the global minimum of (Au20)N (N = 2–40) clusters and their number of
the nearest-neighbor interaction.

N Etot
a nNN

b N Etot
a nNN

2 �25.506 1 22 �1089.241 32
3 �59.643 2 23 �1146.716 34
4 �99.165 3 24 �1198.550 35
5 �145.479 5 25 �1250.484 37
6 �187.901 6 26 �1304.964 38
7 �232.350 7 27 �1364.274 40
8 �283.427 9 28 �1419.580 41
9 �330.181 10 29 �1479.200 43

10 �382.729 12 30 �1545.728 45
11 �434.506 13 31 �1607.895 46
12 �490.644 15 32 �1670.106 47
13 �544.666 16 33 �1740.650 50
14 �604.098 18 34 �1792.400 52
15 �663.719 20 35 �1861.751 55
16 �727.787 21 36 �1917.172 56
17 �788.946 23 37 �1968.067 58
18 �860.958 24 38 �2020.144 60
19 �924.367 27 39 �2076.453 61
20 �980.883 30 40 �2130.684 63
21 �1036.019 31

a Total energy (kJ/mol).
b The number of nearest-neighbor interaction.
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Fig. 3. (a) Plots of the energies of the global minima clusters with the MCLJ potential.
E is the energy of the global minima, and Eave is a four-parameter fit of the global
minima: Eave = �35.77541 � N � 212.66072 � N2/3 + 649.69555 � N1/3 � 444.382
51. Downward peaks represent the most stable magic numbers compared to the
neighbors. And (b) the second energy differences (D2E) of the global minima energies
for the stable (Au20)N clusters from (Au20)2 to (Au20)40, D2E = 2EN � (EN+1 + EN�1).
Peaks in D2E occur for clusters which are stable compared to adjacent sizes and may
correspond to ‘‘magic numbers’’ in the size distribution of (Au20)N clusters.
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where rab
ij represents distance between atom i in molecule a and

atom j in molecule b.

2.2. Global optimization method

We performed a global-minimum search for the lowest energy
(Au20)N clusters in the size range of N = 2–40 with MCLJ potential
using the basin-hopping method. Basin-hopping or Monte-Carlo
minimization is so far the most reliable algorithm in chemical
and physics to search for the lowest-energy structure of atomic
clusters and macromolecular systems [28,31–34], which has been
previously used to search for lowest energy structures of LJ clusters
[28], protein [35] and metal clusters [16,36].

3. Results and discussion

3.1. Global minimum structures

The located lowest-energy structures of (Au20)N (N = 2–40) clus-
ters and their nearest-neighbor interaction (NN) are presented in
Fig. 2. In the global minimum structure of (Au20)2 cluster, to have
more Au–Au LJ nearest-neighbor interactions, the two tetrahedral
molecules are in face-to-face orientation (such a face-to-face inter-
action is defined as nearest-neighbor Au20–Au20 interaction). The
energy of global minimum (Au20)2 is �25.506 kJ/mol, which is
about 39 times of Au–Au LJ interaction (eAu–Au). In (Au20)3, the cen-
ter Au20 molecule is connected with the other two molecules via
face-to-face interactions (the number of NN is 2). Similarly,
(Au20)4 has three nearest-neighbor interactions. The first close-
shell structure is (Au20)5, in which the five molecules form a five-
membered ring, and the number of NN is five. Then (Au20)8 is the
next close-shell structure, in which the eight molecules form two
five-membered rings. With such a growth pattern, (Au20)15 is a lo-
tus-form structure, (Au20)20 is a hollow-cage (just like a seriously
distorted dodecahedron with 12 five-membered rings), and
(Au20)35 is a double-cage where the two balls share a five-mem-
bered ring.

The energies of the located global minimum structures and the
number of the nearest-neighbor interaction are given in Table 1. To
show the relative stability of the global minimum structures at dif-
ferent cluster size, the energies are depicted in Fig. 3 in a manner
that emphasizes particular stable minima or ‘‘magic numbers’’.
Fig. 3a plots the gap between the energy and the ‘‘average’’ energy
as a function of cluster size, where the ‘‘average’’ energy is a four-
parameter fits of the energy curve. In such a curve, downward
peaks represent that the energy is lower than the average and
the structure is the most stable magic number (N = 5, 18–20, 33,
35 as shown in the figure). Moreover, Fig. 3b plots the second finite
differences of energy D2E = 2EN � (EN+1 + EN�1), as a function of N.
In which, we can also get some magic numbers at N = 5, 8, 10,
12, 16, 18, 23, 27, 30, 33, 35. At the magic numbers, the structures
generally have a close shell of five-membered rings, and the num-
ber of NN is relatively more than that of the neighbors. But (Au20)16

is an exception, which is not close-shell in five-membered rings
but is most spherical, and so is a magic number too. Fig. 4 plots
the detailed structures of (Au20)5, (Au20)18, (Au20)20 and (Au20)35,
which display very notable packing, especially for (Au20)18, which
is a spherical hollow-cage with two sides open. There size range
is about 2.1–3.4 nm as labeled in the figure.

3.2. Build-up principle

For most of the known cluster systems, such as LJ clusters [37],
Morse clusters [38–40], modified Morse clusters [41,42], (C60)N

clusters [25,27,43,44], and metal clusters [45,46], the packing
styles are icosahedral, decahedral, and close-packed. However,
the build-up principle of (Au20)N is much unexpected. In icosahe-
dral, decahedral and close-packed structures, the maximum
number of nearest-neighbor interactions of one molecule is 12.
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Fig. 4. The structures and dimensions of (Au20)5, (Au20)18, (Au20)20 and (Au20)35 clusters. Their dimensions are labeled in the figure.

Fig. 5. Diagram of the build-up principle for (Au20)N clusters (N = 2–40). Sticks represent the nearest-neighbor interactions. Structures given in red represent the magic
numbers with close-shell of five-membered rings.
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However, the tetrahedral Au20 can only have four nearest-neighbor
interactions, so the packing style of (Au20)N is much different.

Nearest-neighbor interactions plays a very important role in
determining the packing style of the (Au20)N clusters. At the magic
numbers, the nearest-neighbor interactions are in close-shell of
five-membered rings. The diagram of nearest-neighbor interac-
tions for all global minima is given in the Fig. 5, which shows
the build-up principle of (Au20)N clusters. (Au20)N first grows into
a five-membered ring at N = 5, then gradually grows to be a spher-
ical close-shell cage at N = 20, next gradually grows to be a close-
shell double-cage at N = 35, and finally tends to be a triple-cage at
N > 35.

3.3. Discussion

At high temperature, bulk Au vaporizes into gaseous AuN clus-
ters, and Au20 is the most abundant in AuN clusters. Vibrational
spectroscopy experiments proved that the pyramidal structures
for neutral Au20 molecule are observed in gas phase [13,17]. In this
case, we can investigate the structures of (Au20)N molecular clus-
ters ahead of experiments. In this work, some stable and peculiar
structures were obtained, the build-up principle of (Au20)N clusters
is very special, which is much different from some other clusters
such as (C60)N, LJ and Morse clusters.

To explain the special nature of the structure of (Au20)N clusters
and their build-up principle, a potential analysis is carried out. The
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Fig. 6. (a) Comparison of Au20–Au20 MCLJ model potential, LJ and Morse potentials
with q = 11. The x-axis R is the center–center distance of two Au20 molecules. For
easy comparison, the distance and energy are normalized. (b) Comparison of
Girifalco spherical potential and C60–C60 MCLJ model potential. R is the center–
center distance between the of two C60 molecules. The best orientation curve
represents the lowest energies at various center–center distances (molecules are in
the best orientation), and the worst orientation curve represents the highest
energies (molecules are in the worst orientation).
comparison among Au20–Au20 MCLJ model potential, LJ and Morse
potentials are given in Fig. 6a. It can be seen that, in the best
orientation, the short-distance interaction (R < 1) of Au20–Au20

potential curve is mostly to match with the Morse potential with
q = 11. However, the long-distance interaction (R > 1) of the best
orientation is much stronger than that of Morse potential (even
stronger than that of the LJ potential), which may be the reason
why (Au20)N cluster show a prominent tendency to be spherical.
But for the worst orientation curve, the energy is very high in
short-distance interaction, and the molecular interaction in long-
distance interaction is very weak. As a comparison, the C60–C60

MCLJ model potential and the Girifalco spherical potential [47]
for C60 are given in Fig. 6b. It can be seen that the gap between
the best and worse orientations of C60 MCLJ model potential is
much smaller than that of Au20. In other words, the orientational
effect of Au20 molecule is much bigger than that of C60 molecule.
This large orientation effect may be the reason why (Au20)N clus-
ters hold the special build-up principle and their structures are
different from other clusters.

As we known, it is difficult to deal with such a complex fuller-
ene–fullerene interaction directly by the first principle calcula-
tions. Semi-empirical potential is reasonable to give a insight for
structures of large clusters (for example, MCLJ model for (C60)N

cluster [29,43]). In this study, tetrahedral Au20 is simply treated
as a MCLJ model, in which only the Au–Au LJ interactions between
different Au20 molecules are considered. In previous studies,
reasonable results have been obtained using such a MCLJ model
for C60 clusters and solid [29]. Even in such a simple MCLJ model,
global search of the potential energy surface of (Au20)N clusters is
still of great difficulty. However, to make a reference, we simply
calculated the binding energy of the Au20 dimmer (Fig. 2) using
the ab initio method (at the MP2/cep-4G level [48,49]). The binding
energy of Au20 dimmer of MP2 method (about �70 kJ/mol) is much
larger than that of MCLJ model (�25.5 kJ/mol). Reasons for the gap
of MP2 and MCLJ methods may be as follows: (1) Au–Au LJ param-
eters used in this study are fitted for surface, which may be not
very suitable for Au20 clusters; (2) coulomb interactions are not
concerned in our MCLJ model. Despite the fact that our MCLJ model
is very rough for the Au20–Au20 interaction, we believe that our
MCLJ model can give an overall insight for the structural features
of (Au20)N clusters. More accurate potential models for Au20–Au20

interactions are demanded to obtain more precise results.

4. Conclusion

In summary, with the basin-hopping method and multiple-cen-
ter Lennard-Jones potential, we obtained the global minimum
geometries of (Au20)N clusters in the size range of N = 2–40. The en-
ergy analysis suggests some most stable magic numbers at N = 5, 8,
10, 12, 16, 18, 19, 20, 23, 27, 30, 33, 35. Moreover, the building-up
principle of (Au20)N clusters is much different from other clusters.
The nearest-neighbor interactions play a significant role in packing
models of (Au20)N clusters. With the increase of cluster size N,
(Au20)N first grow into a closed-shell five-membered ring at
N = 5, a hollow-cage at N = 20, and a double-cage at N = 35. In addi-
tion, the orientation effect of Au20 molecule is much bigger than
that of other molecules, and the Au20–Au20 intermolecular poten-
tial is extremely peculiar. Finally, although our MCLJ model is very
rough for the Au20–Au20 interaction, we believe that it can give an
overall insight for the structural features of (Au20)N clusters.
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