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Coating of a layer of Au on Al;3: The findings of icosahedral Al @ Alj;Au,, and Alleuga
fullerenes using ab initio pseudopotential calculations
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We report results of ab initio pseudopotential calculations on the nanocoating of gold on an icosahedral Al
cluster and the findings of icosahedrally symmetric endohedral Al@ Al,,Au;, and empty cage A1,2Au§5
compound fullerenes formed of metal atoms. Twelve Al atoms cap the pentagonal faces of a dodecahedral Au,,
cage in which each Au atom has three Al atoms and three Au atoms as nearest neighbors. Mixing of Al;3 and
Au,( magic clusters leads to a large heat of formation of 0.55 eV/atom and high stability of the Al @ Al;,Auy,
compound fullerene. The binding energies of Alj;,Au,, and Al@ Alj,Au,, are 3.017 and 3.007 eV/atom,
respectively, which are much larger than 2.457 eV/atom for Aus, fullerene, leading to the possibility of their

high abundance.
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I. INTRODUCTION

The discovery of carbon fullerenes' with cage structures
created much interest in the search of similar clusters of
other materials, and metallocarbohedrenes of the form MC,,
(M=Ti, YV, Cr, Fe, Zr, Nb, Mo, and Hf) were also reported? to
be formed. In recent years fullerene cages of Auj, (Ref. 3)
and Bg, (Ref. 4) have been obtained. Boron is adjacent to
carbon and several fullerene and nanotube structures have
been predicted,5 but the finding of a fullerene structure of
Aus, as well as cage structures for some other sizes®’ is
unusual because metal clusters often tend to be close packed
and bulk gold is not a layered material. However, neutral
gold clusters with up to 13 atoms are planar,” while Au,, has
all the atoms on the surface of a tetrahedron.® Most surpris-
ingly gold clusters exhibit good catalytic activity® although
bulk gold is the most inert metal. Therefore gold clusters in
different forms could lead to new and interesting catalytic
behavior. Here we study the nanocoating of gold on an Al3
cluster and report a 14 carat fullerene cage of Alj;Auyy.

Clusters of s-p bonded metals such as Na and K are
known'®!! to exhibit electronic shell closure for 8, 20, 40,
58,... valence electrons and such clusters have been referred
to as magic clusters. For aluminum clusters, Alj; with 40
valence electrons is particularly stable with a large highest
occupied molecular orbital-lowest unoccupied molecular or-
bital (HOMO-LUMO) gap'? and high abundance.'3 Nano-
coating of such magic clusters of cheap materials could pro-
vide a novel way to design new catalysts, reduce cost, and
find new species. Traditionally gold plating has been and is
widely used in jewelry and other forms in bulk. It is of in-
terest to explore what happens when gold is plated on nano-
particles as nanoform gold is quite different from bulk.

Earlier studies'-'* on Al;; have shown that it has an
icosahedral structure with 20 triangular faces. We coat this
cluster with 20 Au atoms, one on each triangular face. Inci-
dentally as an isolated aggregate Au, is also a magic cluster
with a tetrahedral structure and a large HOMO-LUMO gap.®
but we find that nanocoating of 20 gold atoms on Al is
highly exothermic with respect to the energies of Al;; and
Au,, clusters. There is a formation of a compound fullerene
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PACS number(s): 61.48.—c, 61.46.Bc, 71.15.N¢c, 73.22.—f

with an endohedral cage structure that has a nearly spherical
shape and an Al atom inside. Removal of this Al atom shows
the existence of a fullerene cage of Alj,Au,; and an elec-
tronically closed shell Alj,Au;, species with 58 valence
electrons leaving aside the 5d electrons of gold.

In Sec. I we present the method of calculations, while the
results are discussed in Sec. III. A summary and concluding
remarks are given in Sec. IV.

II. METHOD OF CALCULATIONS

The calculations have been performed using the ab initio
projector augmented wave (PAW) pseudopotential plane-
wave method.!> The ionic potential has been generated by
including scalar relativistic effects. The exchange-correlation
energy has been calculated within the generalized gradient
approximation.'® We consider 3 and 11 valence electrons for
Al and Au, respectively, and the cutoff energy for the plane-
wave expansion is taken to be 240.437 eV. The cluster is
placed in a large cubic unit cell of 20 A sides, and the
Brillouin-zone integrations are performed using only the I’
point. A neutralizing background has been used for the
charged clusters. Spin-polarized calculations have been per-
formed in case that there are an odd number of electrons in
the cluster. The atomic structures are optimized without any
symmetry constraints, and the absolute value of force on
each ion is brought to less than 0.01 eV/A. The energy con-
vergence is achieved within 10~ eV. Calculations on Al,,
Au,, and AlAu dimers give the binding energies (BEs), de-
fined with respect to neutral free atoms, as 0.931, 1.155, and
1.887 eV/atom and the bond lengths as 2.49, 2.52, and
2.36 A, respectively. The Al, dimer has 2u; magnetic mo-
ment, while Au, and AlAu are nonmagnetic. The AlAu and
Au, dimers have large HOMO-LUMO gaps of 2.42 and 1.98
eV, respectively. Accordingly the bond between Al and Au
atoms is very strong and it is expected that the combined
Al-Au cluster would tend to optimize the Al-Au bonds.

III. RESULTS

A. Atomic structures of Al@ Alj;Au;, and Alleuga

Figures 1(a) and 1(b) show the optimized structures of the
magic clusters, Alj; and Au,,, which have high symmetry,
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FIG. 1. (Color online) Atomic structures of (a) Alj; and (b)
Auy. () and (d) show two isomers of Al;3Auj,, (d) being lower in
energy. (e) and (f) show icosahedrally symmetric Al1@ Alj,Auy, and
Augs,, respectively. The yellow (light gray) and blue (dark gray)
balls show Au and Al atoms, respectively.

large HOMO-LUMO gaps of 1.88 and 1.78 eV, respectively,
and high stability. Also shown are two isomers of the
Alj3Auj cluster which has 58 valence electrons without the
5d electrons of gold: (i) one in which 20 gold atoms are
coated on Alj;, one each on a triangular face so that gold
atoms form a dodecahedral fullerene shell such that the Al
icosahedral cluster remains nearly intact inside the gold shell
[Fig. 1(c)], and (ii) another in which there is a compound
formation such that 10 Al atoms come out of the pentagons
of the dodecahedral fullerene gold cage [Fig. 1(d)]. The cen-
tral Al atom inside the cage is slightly displaced from the
center and interacts strongly with two Al atoms that lie
slightly inside the cage. We find that isomer (ii) lies 4.03 eV
lower in energy than isomer (i), and therefore it is energeti-
cally highly favorable. Note that in bulk also Al-Au alloys
have strong ordering tendency with negative heat of forma-
tion and a compound with composition Al,Au exists.!” Fur-
ther calculations on neutral and anion clusters of isomer (ii)
show that the neutral cluster is only slightly distorted from
perfect icosahedral symmetry with all the 12 Al atoms cap-
ping the pentagonal faces of the gold dodecahedral fullerene
in which the Au-Au bonds vary between 2.80 and 2.86 A.
The HOMO-LUMO gap obtained from spin-polarized calcu-
lations is 0.23 eV. The anion cluster Al;3Auy, is, however, an
icosahedrally symmetric endohedral fullerene Al@ Alj;Au,,
as shown in Fig. 1(e), very similar to the Aus, fullerene cage
[Fig. 1(f)], but with an Al atom at the center. In this anion
structure each Au atom is sixfold coordinated with three
nearest-neighbor Al atoms at a distance of 2.60 A and three
gold atoms at a distance of 2.80 A. Each capping Al atom
has five Au atoms in the pentagonal face as nearest neighbors
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FIG. 2. (Color online) Gaussian broadened (half-width: 0.05
eV) electronic states of AI]ZAuga. The broken line shows the
HOMO. The atomic structure of the empty center fullerene cage is
shown in the inset with yellow (light gray) and blue (dark gray)
balls representing Au and Al atoms, respectively.

at a distance of 2.60 A. The central Al atom is 4.16 A
(3.92 A) apart from the other Al (Au) atoms on the cage as
compared to the center to vertex bond length of 2.66 A in
the Al; cluster. Therefore the chemical bond between the
central Al atom and the cage is weak. We also displaced the
central Al atom from the center in order to find if this atom
would prefer to bind with the inner wall of the cage. How-
ever, after reoptimizaton, it comes back to the center.

The BE of the neutral Al @ Al;,Au, is 3.007 eV/atom as
compared to the values of 2.685, 2.337, and 2.457 eV/atom
for Alj;, Au,, and Auy,, respectively. Therefore,
Al @ Al,Au,, is highly stable and energetically very favor-
able as compared to the elemental Al and Au clusters of
similar sizes. Also all the atoms in the fullerene are highly
undercoordinated compared with atoms in bulk Al and bulk
Au which have 12 coordination in the face-centered-cubic
structure. However, the BE in the fullerene structure is al-
ready about 73% of the atomic fraction—weighted experi-
mental value of 3.7 eV/atom taking the experimental cohe-
sive energies of 3.39 and 3.9 eV/atom for bulk Al and Au,
respectively. The heat of formation, AE=E(Al@ Al;,Auy)
—E(Al;3)—E(Auy), of the compound fullerene from the con-
stituent Al 3 and Au, clusters is 0.55 eV/atom which is quite
high and suggests strong stability of this fullerene. Here E(X)
is the total energy of the species X. The electron affinity of
Al @ Al,Au, is 3.326 eV, and it is comparable to the value
of 3.777 eV for Al;5. Therefore high abundance of the anion
Al @ Al,Au,, fullerene is very likely.

As the chemical interaction between the central Al atom
and the cage is weak, we removed the central Al atom and
reoptimized the cage which is found to remain stable. The
neutral cage has 56 valence electrons excluding the 5d elec-
trons on Au atoms. We therefore charged it with two elec-
trons and found a highly symmetric icosahedral fullerene
cage of A112Au%5 (see inset of Fig. 2). The electronic spectra
of A112Au§6 and Al@ Aly,Au;, are shown in Figs. 2 and 3,
respectively, and the two are very similar. The electronic
spectrum of the empty cage is slightly shifted to lower bind-
ing energy because of the extra negative charge. In the en-
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FIG. 3. (Color online) Same as in Fig. 2 but for Al @ Alj,Auy,
together with the states of Alj; and Auy at the same positions as in
the compound fullerene.

dohedral cage there is an extra occupied level at —5.494 eV
(marked by an arrow in Fig. 3) that arises predominantly
from the 3s orbital of the central Al atom. Therefore effec-
tively the central Al atom provides an electron to the cage
(see also below). The HOMO-LUMO gaps for the empty and
the endohedral symmetric cages are 0.41 and 0.55 eV, re-
spectively. The BE of the neutral Alj,Au,, cage is 3.017
eV/atom as compared to 3.007 eV/atom for Al @ Al;,Au,.
The BEs for A112Au§6 and Al@ Alj,Au;, are 3.193 and
3.108 eV/atom, respectively. Therefore, the empty cage is
energetically slightly more favorable than the endohedral
cage.

B. Electronic structure

In order to understand the electronic structure, we calcu-
lated the electronic spectra of the Alj; and Au,, species at
the same positions of Al and Au atoms as in the compound
fullerene Al @ Al};Au;, and these are shown in Fig. 3. The
Alj; spectrum separates into two blocks that have a large
energy gap. The lower-lying states arise mainly from the 3s
orbitals of Al atoms and accommodate 26 electrons, while
the remaining 14 electrons are accommodated in the states
arising mainly from the 3p orbitals. The electronic states of
the dodecahedral Au,, have s-d hybridization at the bottom
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FIG. 4. (Color online) Isosurfaces of (a) the total electronic
charge density of Al @ Al},Au;, fullerene (0.0625¢/A3); (b) excess
charge and (c) depletion of charge (1.25X 10~%/A3) as compared
to the sum of the electronic charge densities of Alj; and Auy at the
same positions as in the compound fullerene; (d) excess charge and
(e) depletion of charge (1.25X 107%¢/A3) as compared to the sum
of the electronic charge densities of Alj,Au,, and Al atom at the
center; and (f) the total valence electronic charge density of
AljpAudg (0.0625¢/A%).

and the top of the 5d states as shown in Fig. 3, while the
states above the HOMO are predominantly s-p hybridized.
The HOMO lies in a state which is fourfold degenerate and it
is partially occupied. Therefore in these positions neither
Alj; nor Au,, has a significant HOMO-LUMO gap. In the
combined spectrum of Al @ Al;Au,, the 3s states of Al at-
oms get pulled down due to the charge transfer from Al
atoms to Au sites (see below), and these lie at the bottom of
the spectrum with some hybridization with the 5d states of
Au. The 5d states are, however, much less affected due to
interaction with Al atoms. But the part of the spectrum above
the 5d states of Au, has significant changes. In this region
states derived from 3p orbitals of Al and the s-p-d orbitals of
Au get mixed up. The charge transfer to Au leads to the
occupation of some unoccupied states of Au,, and the
HOMO-LUMO gap is much smaller than in the ground-state
structures of Alj; and Au,,. Also the gap is much smaller
than 1.57 eV for the Aus, fullerene cage. Therefore in this
fullerene structure Au atoms can be expected to be more
reactive as compared to the tetrahedral Au,, cluster or the
icosahedral Aus, fullerene.

Figure 4 shows the isosurfaces of the total electronic
charge and the difference in the electronic charge density of
Al @ Alj,Au,, and the sum of the charge densities of Au,,
and Alj;, keeping the Au and Al atoms at the same positions
as in the compound fullerene. The total valence electronic
charge-density isosurface shows a metallic nature of bond-
ing. However, as shown in Figs. 4(b) and 4(c), there is
charge transfer from Al atoms to Au atoms and this leads to
the enhanced stability of this cage. Charge from the top of
the Al atoms flows to Au atoms and it creates some covalent
character in the bonds also (see excess charge in Au-Au
bonds). We also calculated the difference in the electronic
charge densities of Al@ Alj,Au;, and the sum of the charge
densities of Alj,Au,, and the Al atom at the center, keeping
the same positions as in the compound fullerene
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Al @ Alj,Au,, in order to understand the role of the atom at
the center. The excess charge and the depletion of charge are
shown in Figs. 4(d) and 4(e), respectively. It is to be noted
that the compound fullerene has an extra charge and we can
see excess charge on all the atoms in the cage. There is
depletion of charge close to the central Al atom and some
excess charge happens in between the central Al atom and
the cage. This excess charge distribution has directional fea-
ture and it is pointed toward the 12 Al atoms on the cage as
one can notice in Fig. 4(d). The charge-density isosurface of
Al,Au; is also shown in Fig. 4(f) and it is quite similar to
the isosurface for Al@ Alj,Au;,. Although a simple jellium
picture may not be directly applicable in these compound
fullerenes due to charge transfer between atoms as well as
the participation of 5d orbitals of Au in bonding, the charge
distribution has metallic character and counting the Al 3s-3p
states as well as the Au s-p valence states, the stability of
these structures can be effectively correlated with 58 valence
electron clusters of s-p bonded metals and strong chemical
interactions between Al and Au atoms.

The Alj; cluster is electronically equivalent to the neutral
magic cluster Al;,Si and it is possible to form the symmetric
compound neutral fullerene Si @ Al;;Au,, in which the cap-
ping Al atoms become closer to Si, with Al-Si and Au-Si
bond lengths being 3.97 and 3.99 A, respectively. The
Au-Au bonds are slightly elongated to 2.85 A, while the
Al-Au bond lengths are shorter with the value of 2.56 A.
The HOMO-LUMO gap is nearly the same with the value of
0.54 eV. There could be a number of other possibilities of
forming compound fullerenes such as Cuj,Auy, and
Ag,Au, that are isoelectronic to Auj,. Both Cu-Au and
Ag-Au alloys have an ordering tendency in bulk. We find
that the HOMO-LUMO gaps of Cu-Au and Ag-Au fullerenes
are 1.12 and 1.49 eV, while the BEs are 2.406 and 2.080
eV/atom, respectively. Therefore, energetically the Alj,Auy,
fullerene is very significantly lower in energy and it is the
best among the systems we have studied. We also tried
Lij»Au,, and it has similar BE as Aus, but the HOMO-
LUMO gap is only 0.46 eV.
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IV. SUMMARY

In summary we have reported the findings of a compound
fullerene Alj,Au,, and an endohedral compound fullerene
Al @ Al,Au,, constituted from metal atoms. These are new
examples of fullerenes formed of metal atoms. These are
highly stable with large heats of formation. The HOMO-
LUMO gap in these fullerenes is smaller compared with that
in Aus,, and there are interesting possibilities as the struc-
tures of the cation and neutral Al @ Al;,Au,, fullerenes show
movement of Al atoms inside and outside the Au cage. In
chemical reactions, often a charge transfer is involved and
such clusters could be a dynamical system for catalytic reac-
tions. It is also possible that similar cage structures could
exist for other elements. Recently we have shown'® that
fullerene structures can also be formed between Al and tran-
sition metals such as Pt and Pd. In the case of Pt, small
clusters favor open structures'® similar to the case of Au and
alloying provides the possibility of forming other structures
with high dispersion to make new catalysts. We hope that our
finding would encourage experimentalists to produce these
compound fullerenes in the laboratory.

Note added in proof. The stability of the Al;,Au,, cage is
further supported from calculations on Au @ Al;,Au;, which
has a fivefold symmetric cage structure with the endohedral
Au atom drifting towards the wall of the cage below an Al
atom. This 58—valence electron species (leaving aside the 5d
electrons of Au atoms) has special stability with a large
HOMO-LUMO gap of 0.99 eV. The Al;,Au,, cage can ac-
commodate a few more atoms and these results will be pub-
lished separately.
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