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Recent theoretical prediction and experimental confirmation of cage configurations for Au clusters have
stimulated considerable interest in finding novel gold clusters exhibiting high stability. We use a dual
relationship between gold antifullerene cages with all triangular faces and carbon fullerenes with all degree
3 vertices to construct a large number of Au50 antifullerene cages by omnicapping and dualization procedures.
Among these cages we find a newD6d cage as the lowest-energy configuration of Au50. The unusual stability
of this new Au50 cage is associated with spherical aromaticity and sp-d hybridization.

Low-dimensional gold nanostructures have been the focus
of intensive studies owing to their importance in catalysis and
nanoelectronics.1-6 In addition, the relativistic effect of inter-
atomic Au-Au bonding leads to unusual atomic structures.4

Thus, neutral and charged Aun clusters are generally believed
to be planar,7-10 which is supported by experimental photo-
electron spectra,11-13 although there have been some contro-
versies about the critical size for the planar-to-nonplanar
transition. Furthermore, an unexpected macrotetrahedral con-
figuration of Au20 with Td symmetry, which is indeed a piece
of bulk face-centered cubic (fcc) lattice with four (111) faces,
is indicated by photoelectron spectroscopy combined with first-
principles density functional theory (DFT) calculations.14 For
still larger Aun clusters withn > 20, hollow cage configurations
are predicted to prevail over conventional compact structures15-17

at Au32
18,19as well as Au50

20 from DFT calculations. The unusual
stability of these all-metal hollow cages has been attributed to
spherical aromaticity and relativistic effects.18-20 An icosahedral
cage (so-called “golden fullerene” but really an “antifullerene”)
has also been proposed as a local minimum for Au42,21 which
is competitive energetically with the compact configurations.
However, unlike the Au32 and Au50 cages, Au42 does not satisfy
the 2(k + 1)2 rule of spherical aromaticity.22 Other than
fullerene-cased cages, a highly symmetric tube-like cage was
predicted to be a possible ground-state structure for Au26.23 Very
recently, free-standing hollow cages were identified for anionic
Au16

-, Au17
-, and Au18

- clusters by a combined photoelectron

spectroscopy/DFT study.24 In the case of one-dimensional
nanostructures, ultrathin gold nanotubes have been synthesized
and observed by transmission electron microscope.25

Since the discovery of carbon fullerenes with free-standing
hollow cages,26 increasing interest has arisen in finding novel
clusters or molecules of other elements exhibiting similar cage
configurations.27-30 Such efforts have been stimulated by the
discovery of planar, cage, and tubular structures in aggregates
of gold atoms. However, the chemical bonding is very different
in carbon and gold structures. In a carbon structure, including
the fullerenes as well as planar graphite, an sp2 carbon atom
forms three bonds with other atoms on the planar graphene sheet
or curved fullerene surface. However, in planar gold clusters
or nanotubes, the gold atoms typically form five or six Au-Au
bonds with other gold atoms in networks typically constructed
by fusing Au3 triangles. This leads to a dual relationship between
the graphene sheet surface and a single-layer slab of Au (111)
surface where the centers of the hexagons in the graphene sheet
correspond to gold atom vertices in the Au(111) surface.
Furthermore, the centers of the Au3 triangles in the Au(111)
surface correspond to carbon atom vertices in the graphene sheet.
Because of this dual relationship between the carbon fullerenes
with all degree 3 carbon vertices and the gold clusters with all
triangular faces, the gold clusters are conveniently called
antifullerenes.

This dual relationship leads to two procedures for constructing
gold cluster structures from graphene sheets or fullerene
polyhedra. Thus, adding one atom in the center of each hexagon
ring in the graphene sheet followed by rescaling by a factor of
2.031, relating to the bond distance ratior(Au-Au)/r(C-C),
leads to a single-layered Au (111) slab. This procedure is called
omnicapping. Alternatively, if the addition of an atom in the
center of each hexagon ring in the graphene sheet is followed
by removal of all of the vertex atoms in the original hexagon
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rings, the same Au (111) slab is obtained after a simple rescaling
by a factor of 1.172. This latter procedure is calleddualization
and leads to familiar pairs of dual polyhedra. Thus, a given
polyhedronP can be converted into its dualP* by locating
the centers of the faces ofP* at the vertices ofP and the
vertices ofP* above the centers of the faces ofP. Two vertices
in the dualP* are connected by an edge when the corresponding
faces inP share an edge. For example dualization of a cube
leads to an octahedron.

The capping and dualization procedures establish connections
between carbon fullerenes and gold antifullerenes. For instance,
the Au32 cage withIh symmetry18,19 can be obtained either by
omnicapping a C20 fullerene or by dualization of a C60 fullerene.
Similarly the Au42 cage22 can be obtained by dualization of the
C80 fullerene isomer withIh symmetry. Furthermore, the Au50

cage reported in ref 20 arises from omnicapping a C32 fullerene.
We have now studied gold antifullerenes with 50 Au atoms
constructed by dualization of fullerene C96 isomers. This C96

fullerene dualization process has led to a number of Au50

antifullerene cages having lower total energies than the previ-
ously reported Au50 cage20 obtained by omnicapping a C32

fullerene. Moreover, the lowest-energy Au50 antifullerenes found
in this work can be viewed as embryos of a single-walled gold
nanotube.

The initial structures of the fullerene cages were taken from
the fullerene structure library.31 Fullerene cages with 96 carbon
atoms are required to generate Au50 antifullerene cages by
dualization. There are 187 isomers of C96 provided in the
fullerene structure library. All of these isomers were transformed
into Au50 antifullerene cages by dualization. We therefore
designate the isomers of Au50 antifullerene cages by the same
number indices as their duals in the fullerene structure library.31

DFT calculations were then performed to optimize the structural
isomers of the Au50 cages. Similar to ref 20, we employed a
DMol package32 and adopted the generalized gradient ap-
proximation (GGA) with Perdew-Burke-Ernzerholf (PBE)
functional33 for exchange-correlation interaction. A DFT-based
relativistic semi-core pseudopotential (DSPP) fitted to all-
electron relativistic results,34 and a double numerical basis set
including d-polarization functions (DND) was used in the DFT
calculations. The reliability of this PBE/DSPP/DND combina-
tion was validated in ref 20 by computations on small Aun

clusters (n ) 1-14 and 20). Self-consistent field (SCF)
calculations were carried out with a convergence criterion of
10-6 a.u. on the total energy and the electron density. Geometry
optimizations with symmetry constraints were performed using
a convergence criterion of 2× 10-3 a.u. on maximum energy
gradient and 2× 10-3 Å on maximum displacement for each
atom. To ensure high quality results, the real-space global orbital
cutoff radius was chosen to be as high as 5.5 Å in the
computations. Normal-mode analyses have been performed on

the top 15 lowest-energy configurations to confirm that they
are all true minima on the potential energy surface. For
comparison, the lowest-energy cage and space-filling configura-
tions for Au50 reported in ref 20 were also included in our
calculations.

Among all of the Au50 antifullerene cages generated by
dualization of C96 fullerenes, we find the No.185 cage withD6d

symmetry to have the lowest energy. Thus, the present lowest-
energyD6d cage is more favorable energetically by 0.255 and
0.411 eV than theC2 cage and compact isomers, respectively,
reported in ref 20. All three of these structures are depicted in
Figure 1. In addition to the No.185 isomer withD6d symmetry,
several additional isomers were found having lower energies
than the previously reportedC2 cage.20 From lower to higher
energy, these isomers are No. 180 (Cs), No. 115 (C2), No. 182
(C2), No. 178 (Cs), No. 118 (C2), No. 146 (Cs), No. 114 (C1),
No. 155 (C1), No. 130 (C1), No. 175 (C1), No. 144 (C1), No.
164 (C1), and No. 179 (C2), respectively. Thus, there are at least
14 cage isomers having energies within∼0.25 eV that are more
stable than the C2 cage Au50 isomer from previous calculations.20

Figure 2 shows details of the structure of the new low energy
D6d isomer of Au50 with the different types of vertices color
coded. Thus, consider the uniqueC6 axis of this newD6d Au50

antifullerene cage to be a polar axis with the north pole at one
end and the south pole at the other end. The 50 gold atoms are
then distributed as follows using geographical terminology:

We now discuss the electronic properties of the lowest-energy
Au50 antifullerene cage withD6d symmetry. The HOMO-
LUMO gap for theC2 Au50 cage in ref 20 is 0.831 eV from
both previous and current calculations, while the gap increases
to 1.072 eV for the lowest-energyD6d cage found in this work.
Among all of the Au50 antifullerene cages studied (generated
either by omnicapping or dualization of fullerene structures),
the most stableD6d cage has the largest HOMO-LUMO gap,
in agreement with the previous observation in ref 20 that the
HOMO-LUMO gap of the most stable Au50 isomer is the
largest. Since the DFT-GGA calculations usually underestimate
the electronic gap of molecules, the true gap of thisD6d cage is
probably even larger. It is quite unusual to observe such large
gap in a free-standing all-metal cluster with up to 50 atoms.
On the contrary, the HOMO-LUMO gap for the compact

Figure 1. Lowest-energy cage and compact configurations of Au50 antifullerene from present DFT calculations and previous work.20 The energy
difference between C2 and C1 isomers is 0.156 eV, comparable to previous result of 0.178 eV.

polar degree 6 gold atoms (green): 2× 1 ) 2 atoms
circumpolar hexagons of degree

6 gold atoms (red): 2× 6 ) 12 atoms
temperate hexagons of degree

5 gold atoms (yellow): 2× 6 ) 12 atoms
tropical hexagons of degree 6 gold atoms (blue): 2× 6 ) 12 atoms
equatorial skew dodecagon of degree

6 gold atoms (orange): 1× 12 ) 12 atoms
Total number of gold atoms: 50 atoms

412 J. Phys. Chem. A, Vol. 111, No. 3, 2007 Letters



structure shown in Figure 1 is only 0.23 eV.20 It is noteworthy
that the computed HOMO-LUMO gap for the Au32 cage (Ih)
is 1.527 eV from the same PBE/DSPP/DND procedure.20

In Figure 3, we plot the isosurface for the electron wave-
function of the HOMO and LUMO of theD6d cage of Au50.
First of all, both the HOMO and the LUMO are rather
delocalized and distributed in the entire space of the cluster.
However, careful examination shows that greater HOMO and
LUMO electron densities are distributed on the two poles with
less electron density in the equatorial region. The delocalized
nature of electron density relates to the aromaticity of the cluster.
It is interesting to ask why Au50 is so unique that a number of

cage isomers have energies lower than or at least comparable
to the space-filling structures. The unusual stability of Au32 and
Au50 cages in previous work19,20 were attributed to the effect
of spherical aromaticity, and these two sizes fall into the 2(k +
1)2 skeletal electron counting rule22 for k ) 3 and 4, respectively,
by taking into account only the s valence electrons of Au. We
have not computed the NICS value of the lowest energyD6d

cage of Au50 in this work. However, previous calculations in
ref 20 suggest that the NICS values of the Au50 cages are not
sensitive to the configuration and are around-80 ppm.

We have also examined the degeneracies of HOMO and
LUMO for D6d and C2 cages presented in Figure 1. For the
lowest-energyD6d cage, both HOMO and LUMO are double
degenerate, and there is another double degenerate molecular
orbital lying only 0.013 eV lower than the HOMO. For theC2

cage, there is no degeneracy for either HOMO or LUMO.
According to group theory, theD6d point group with a C6 axis
has doubly degenerate irreducible representations, whereas the
C2 point group has only nondegenerate irreducible representa-
tion.

Population analysis of the lowest-energy Au50 cage (No. 185,
D6d) yields the average numbers of s, p, and d electrons as 1.06,
0.21, and 9.73, respectively. This indicates some electron
transfer from the d orbitals to the s and p orbitals, particularly
the p orbitals, relative to the original s1p0d10 electronic config-
uration of an isolated Au atom. In previous work,19 Gong and
co-workers argued that relativistic effects result in strong s-d
hybridization, which seems to account for the stability of the
cage structures of Au clusters. In Figure 4, we plot the partial
density of states of the Au50 cage. It is clear that there is
simultaneous s, p, and d components for the electronic density
of state at the Fermi level, similar to previous DFT calculations
for the Au32 (Ih) cage.19 It is noteworthy that the computed
electron density of state should be basically independent of the
choice of basis set. Indeed, we used plane-wave code (CASTEP)
and observed a similar feature of the density of states.

TheD6d Au50 cage shown in Figure 1 can also be viewed as
an embryo of a single-walled gold nanotube. Thus, if the north
and south poles of the cage are removed, and the remaining
section is used as a repeating unit cell to build a nanotube, a
single-walled gold nanotube of 0.96 nm in diameter can be
obtained. This gold nanotube can also be constructed from a
(6,6) armchair carbon nanotube by dualization. In recent work,
a hollow tube-like structure of aD6d cage was proposed as the
lowest-energy structure for Au26, which can be also constructed

Figure 2. Details of the structure of the new low energyD6d isomer
of Au50 with the different types of vertices color coded.

Figure 3. Isosurfaces for the electron wavefunction of the HOMO
and LUMO of the No.185 antifullerene cage of Au50 with D6d symmetry.
Blue and gold colors denote different signs of the electron wavefunction.

Figure 4. Partial density of states for s, p, and d components of the lowest-energy Au50 cage (D6d). The position of the Fermi level indicated by
the dashed line.
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from a (6,0) zigzag single-walled carbon nanotube. The
discovery of these embryonic tube-like structures in medium-
sized gold clusters might be associated with the experimental
observation of single-walled gold nanotubes.25

In summary, we have proposed two methods to construct gold
antifullerene cages from carbon fullerene cages, namely omni-
capping and dualization. In this connection, we have used
dualization to generate 187 isomers of antifullerene cages of
Au50. Among these Au50 isomers, the lowest energy isomer is
a D6d cage, which is more stable than the previously proposed
C2 cage Au50 isomer by 0.255 eV. The unusual stability of these
Au50 cages appears to arise from their spherical aromaticity and
sp-d hybridization.

The discovery of highly stable gold antifullerene cages might
lead to some potential applications. For example, they might
be used to encapsulate guest atoms or molecules36 or they could
be incorporated inside the internal space of carbon nanotubes.37

Either approach can provide opportunities for the electronic
tuning of such hybrid structures.
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