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Abstract The possibility of a new endohedral fullerene
with a trapped aluminum carbide cluster, Al,C @Cgo-1j,
was theoretical investigated. The geometries and electronic
properties of it were investigated using density functional
theory methods. The Al4C unit formally transfers six elec-
trons to the Cgo cage which induces stabilization of
Al,C@Cg. A favorable binding energy, relatively large
HOMO-LUMO gap, electron affinities and ionization
potentials suggested the Al;C@Csgq is rather stable. The
analysis of vertical ionization potential and vertical electron
affinity indicate Al,C@Csg is a good electron acceptor.

Keywords Aluminum carbide cluster - Density functional
theory - Endohedral fullerenes

Introduction

Endohedral fullerenes have attracted tremendous attention and
research interest from all over the world due to not only their
novel structure but unique and outstanding properties [1-10].
The endohedral metal fullerenes (EMF), carbon cages embed-
ding metal ions or clusters, are the most interesting subject.
EMFs possess not only the physical and chemical properties of
the carbon cage, but also unique properties of encapsulated
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atoms or clusters, such as magnetism, photoluminescence,
quantum character, etc. [5, 11]. Moreover, EMFs have addi-
tional properties arising from metal-cage interactions [12, 13].
This will broaden their applications in biology, medicine, elec-
tronics and photovoltaics [14]. A unique feature of EMFs is the
existence of substantial charge transfer from the encapsulated
moiety to the cage. The transferred electrons can make some
fullerenes of different sizes and symmetries that are relatively
unstable become available for investigations [15—-18]. For ex-
ample, the Cg cage consists of 12 pentagons and 30 hexagons.
There are seven isolated pentagon-rule satisfying structures
(D3, Dsa, Ca(a), C2(b), D3, D5, and 1) for the Cgo cage [19,
20]. The I;, isomer is most unstable; however, it becomes stable
upon charge transfer. Since the first discovery of trimetallic
nitride template EMF, as exemplified by ScsN@Cgo in 1999
[11], many homologous metal cluster fullerenes were reported
with different metal atoms or clusters inside the Cg cage,
including metals nitride [11, 21-29], carbide [30-32], oxides
[7, 33], hydrocarbide [34] and carbonitride [6]. We note that
these metal atoms are all transition metal atoms. The properties
of encapsulated transition metal clusters are determined by 3d
and 4f orbitals. For aluminum carbide cluster, their properties
are mainly governed by sp electrons. Hence, if AL,C@Csg is
feasible, it will possess different properties from transition
metal endofullerene. In this work, we will report a new non-
transition metals carbide can be encapsulated in Cg and form a
stable endohedral fullerene: Al,C@Cgy.

Computational methods

All the calculations are carried out within density functional
theory (DFT) framework by using the Dmol® code [35]. In
these calculations, an all electron treatment and double nu-
merical polarized (DNP) basis sets are employed. The
Perdew-Burke-Emzerhof (PBE) functional [36] based on the
generalized gradient approximation (GGA) is employed to
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describe the exchange and correlation effects of electrons. We
also compare the GGA results with those of the local density
approximation (LDA) with Perdew-Wang (PWC) functional
[37]. All structures are fully optimized with no symmetry
restriction. Spin-unrestricted self-consistent field calculations
are done with a convergence criterion of 10a.u. on the total
energy and electron density. We use convergence criteria of
0.004 Hartree/A on the force parameters, 0.005 A on the
displacement parameter, and 2 x 10™ Hartree on the total en-
ergy in the geometry optimization. To improve the conver-
gence, thermal smearing is set at 0.0544 eV. Several different
locations and orientations of the endohedral Al,C clusters
inside the fullerene cages are considered to survey the lowest
energy structure of the EMFs. Vibrational frequency analysis
are performed to check whether the structure is a true mini-
mum without imaginary frequencies. In Dmol3, frequencies
are evaluated by finite differences.

Results and discussion
Structures of seven Al4C encapsulated Cgy isomers are

shown in Fig. 1 according to their relative energy. These
species all have real frequencies and are minimum energy

C2(2) 2.96 eV

D;3.14eV Ds;3.23 eV

Fig. 1 Optimized structures of seven Al,C encapsulated Cgo isomers
according to their relative energy. The structure of the trapped Al,C
cluster is also given to the right of Cgo-/,. The symmetry group
correspond to the free state Cgo cage
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structures along the potential energy surfaces. The structure
of the trapped Al4C cluster is also given. The most stable
cage with D, symmetry is not the most stable structure after
Al4C inside it. An isomer with 7, symmetry is energetically
the most favorable and thus has the ground-state structure.
Only Cgo-I), cage, if not mentioned otherwise, will be dis-
cussed. The structures of several isomers of Al,C@Cgo-1;,
in which the Al4C cluster is placed at different locations and
with different orientations inside the Cgo-I, cage, have been
optimized. It results in multiple conformers with close rela-
tive energies. The given structure is the lowest energy con-
former with C; symmetry. In this structure, two Al atoms
face the centers of the hexagon, while the other two Al
atoms connect the midpoints of the pentagon. The structure
with only one Al atom facing the centers of the pentagon is
only 0.005 eV less stable than the lowest energy conformer.
For the most stable structure, the nearest distance between
Al atoms and the cage (R) are present in Table 1. The bond
lengths of Al-C (») within the cluster are also summarized in
this table. From these data of R, we can see that Al,C cluster
is somewhat displaced toward one side of the cage.

The free Al,C molecule is tetrahedral with an optimized
Al-C bond length of 2.02 A (ref. [38] and [39] confirmed
that the structure of this molecule is tetrahedral pattern and
given the Al-C bond length of 2.01 A at B3LYP/6-311+G"
level) and an Al-C-Al bond angle of 110° at present level of
theory. When an Al4C unit is encapsulated by Cgo cage,
there is a significant distortion in the structure of it (see
Fig. 1). The inner C atom nearly locates at the center of the
Cgo cage. As shown in Table 1, the computed AI-C bond
length (r) of trapped Al4C cluster is significantly different
from that of the free state. The mean r is found to be 2.06 A,
slightly shorter than that of free Al4C cluster. We can see
from this table that the closer the distance between Al atom
and the cage, the smaller the AI-C bond length, but values of
the latter are remarkably smaller than those of their coun-
terpart. Thus the interaction between Al atoms and the C
atom of the cluster is stronger than that between the Al
atoms and the Cg, cage.

Note that Cgy-/;, has the four-fold degenerate unfilled at
the highest occupied molecular orbital (HOMO) (see Fig. 2).

Table 1 R is the distance between Al atom and C atom of the Cg, cage
(in angstrom). One Al atom can interact with several C atoms. The R
refer to the nearest one. 7 is the bond length of Al-C within Al4C cluster
(in angstrom)

R(A) r (&)
All 2.35 2.14
Al 2.20 1.99
Al 2.16 1.98
Al4 2.28 2.13
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Fig. 2 Molecular orbital levels of Al4,C, Al,C@Cgo and Cgp. Only the
most important levels that participate in the interaction are given.
Occupied levels are solid, unoccupied levels are dot. A number 3 and
4 indicates the degeneracy type for electron levels

Two electrons occupy the four HOMOs. Hence, only one
HOMO level is filled and three of them remain empty.
When Al4C interacts with the HOMO of Cg, the orbital is
now filled with the six electrons from the HOMO of Al,C
leading to a closed shell status for the Al;C@Cg. The filled
level induced by Al4C lies at about —5.67 eV. The down-
ward shifts the level result in a sizable HOMO-LUMO gap
(1.75 eV) of AlL,C@Cgo. A large gap can imply its substan-
tial kinetic stability because it is energetically unfavorable to
add electrons to a high-lying LUMO or to extract electrons
from a low-lying HOMO. The orbital interaction diagram of
Fig. 2 clearly shows a formal transfer of six electrons from
the HOMO of Al4C cluster to the Cg, cage. So the valence
state of [Al1,C]°" @[C80]6' can be assigned to the
Al4C@Cg, as observed for other stable Cgy-I;, based endo-
hedral metal fullerenes such as [ScsN]®" @[Csgo]®. For the
absorption of light, the initial position of spectrum depend
on energy difference between HOMO and LUMO [21, 22,
40, 41]. The photovoltaic process begins with light absorp-
tion and ends with charge transport to the electrodes. It has
to be around 2 eV as this corresponds to the maximum in the
solar radiation energy spectrum [42]. For the Al,C@Csg, the
HOMO-LUMO gap is smaller than 2 eV, and therefore, it
could be useful for the construction of solar cells.

The HOMO of Al;C@Cg is predominately delocalized on
the carbon cage as seen in Fig. 3. It is analogous to those of
endohedral transition metal cluster fullerenes (i.e., ScsN@Cgq
[43]). While for the LUMO, it is mainly localized around Al
atoms. The cage contribution to the LUMO of Al,C@Cgy is
very small. The redox properties of ALLC@Cgo will be domi-
nated by these frontier orbitals. The LUMO orbitals are mainly
localized around Al atoms. As a result, the added electrons in
the reduction states [Al;C@Cgo]® (q=—1, -2) are mainly dis-
tributed on Al atoms whereas the valence state of the cage is
kept at [Cgo]®. The charge state of Al,C and the Al-C bond

HOMO

Fig. 3 The charge density of the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO) at iso-
value of 0.03 electron/A>

length will change. On the contrary, for the oxidation states of
[ALLC@Cgo]? (q=+1, +2), the lost electrons are mostly derived
from the Cg cage due to the HOMO orbital mainly located on
it. Hence, the charge state of Al4C cluster is unchanged. The
valence state of the cage will be [AL,C@Cgo] ¢

Mulliken population given in Table 2 shows that Al and C
atoms of Al,C are all involved in the charge transfer. Howev-
er, this process is predominately dominated by Al atoms, C
atom plays minor role. Furthermore, there are a large number
of populations on d orbitals of Al atoms. Populations of free
Al4C molecules show that C atom is strongly negatively
charged with —0.85e and a positive charge of 0.21e locating
on Al atoms. Isolated state Al4C has very similar values to
those of its free state. It is noted that the difference of charge
on C atom between the four states is small. Comparison with
isolated Al4C, a lowering of 0.62¢ in 35 orbitals and increas-
ing of 0.32¢ in 3d orbitals of each Al atom can be found when
the unit is encapsulated in the cage. As a result, the total
charge of each Al atom in the endohedral fullerene reaches
0.67e, but the magnitude is much smaller than that of isolated
Al4C®" (1.71e). The total charge transfer between AlL,C and
the Cgo cage is 1.75e. It implies that the charge transfer is not
so important for stabilization of the endohedral fullerene
Al,C@Cyg. The Cgq cage is negatively charged due to quite
an amount of charge transfer between the two units. The
changes in charge can be identified by visualization of the
spatially deformed charge distribution in the endohedral ful-
lerene, which is defined as the total charge density minus the
density of the isolated atoms. The electronic character of
ALC@Cgp at an iso-value of 0.20 e/A> is illustrated in
Fig. 4. The figure clearly shows that a large amount of differ-
ence charge is on the Cg cage and mainly distributed between
two C atoms. This tells us that there is covalency in C-C
interactions. The fact that a small amount of the charge dis-
tributed on the Al,C moiety is consistent with the Mulliken
populations.

The binding energy of the Al4C cluster to the Cg, cage
(Ep) is calculated according to the following expression:

— Ey = E(AL4C@Cso) — E(AL4C) — E(Cyo),
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Table 2 Mulliken population

for the Al4C cluster with differ- Al C

ent states. Isolated Al,C and

AlL,C®" have the same structure net charge 3s 3p 3d net charge 2s 2p

as that of trapped Al,C. The

structure of free Al,C molecule trapped Al,C 0.67 1.17 0.72 0.44 -0.93 1.64 3.29

is tetrahedral isolated Al,C 0.18 1.79 0.91 0.12 -0.73 1.47 3.26
isolated A14C6+ 1.71 0.89 0.29 0.11 —0.84 1.59 3.25
free Al,C 0.21 1.86 0.82 0.11 —0.85 1.47 3.38

which represents a gain in energy as Al4C is trapped in Cgy.
This is a signature quality of the stability of endohedral
fullerene. Results also imply that the encapsulation process
of Al4C into the cage is an exothermic process that yields a
binding energy of 0.30 eV at GGA level, but LDA gives the
result of 0.86 eV. This magnitude indicates the weak inter-
action between the cluster and the cage. It is widely known
that GGA usually underestimates while LDA overestimates
the binding strength [44-46]. The real binding energy may
intermediate the results of GGA and LDA.

Calculations were also carried out to compute their ver-
tical ionization potential (VIP), vertical electron affinity
(VEA) as well as adiabatic ionization potential (AIP) and
adiabatic electron affinity (AEA). The computed IP are
6.92 eV (VIP) and 6.91 eV (AIP), while values of EA are
2.55 eV (VEA) and 2.77 eV (AEA). The VIP and VEA of
Al,C@Cg are analogous to those of ScsN@Cgq [43, 47].
(Results of ref. [43] are 6.88 eV and 2.99 eV, while VEA of
ref. [47] is 2.81 eV.) It suggests that the Al,C@Cjg has good
electron accepting capacity.

Studies shown that hollow fullerene are good electron
acceptor organic materials [48]. The combination of fuller-
ene and some organometallic molecule can provide nano-
structures for opto-electronic devices of the p (an electron
acceptor)-n (an electron donor) junction type [49—51]. Stud-
ies found that some EMF have better electron accepting
power than hollow fullerene [52, 53]. The HOMO orbital
mainly locate on Cg cage, these active centers can adsorb
other organometallic molecules, and form a electron donor-
acceptor system. It is interesting to discuss the donor-

Fig. 4 Deformation electron density of Al,C@Cg, at an iso-value of
0.02 electron/A’
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acceptor properties of Al;C@Cg. A model was proposed
to evaluate donating and accepting capacity of a system [42,
54-56]. The donate and accept electron power can be de-
fined as:
_ (3VIP + VEA) dot — (VIP+ 3VEA)?
~16(VIP — VEA) Y T 16(VIP — VEA)

Chose F and Na atoms for reference as a good electron
acceptor and donor. An electron acceptance index can be
defined as R, = o' /w}.. R,>1 means Al;C@Cjs has better
accepting power than F atom. An electron donation index is
defined as R; = o~ /oy, [54, 55]. If R;>1, ALLC@Cs is a
worse electron donor than Na atom. The VIP and VEA of F
atom obtained at the same level of theory are 17.84 eV and
2.84 eV. These values of Na atoms are 5.02 eV and 1.03 eV,
respectively. It can be obtained R,=1.05 and R,=1.91.
These data show that ALL,C@Csg is a good electron acceptor
and a bad electron donor.

Conclusions

In summary, a endohedral fullerene trapping non-transition
metals carbide, namely, Al;C@Cg,, were reported by means
of DFT calculations. The Cgq fullerene with 7, symmetry is
energetically the most favorable after Al4C is inside it. In the
lowest energy structure, two Al atoms face the centers of the
hexagon, while the other two Al atoms connect the mid-
points of the pentagon. Molecular orbital analysis revealed
that formal charge transfer of 6e from Al,C unit to the Cg
cage induces stabilization for Al;C@Cgy. ALLC@Cgo holds
a large HOMO-LUMO gap of 1.75 eV and a favorable
binding energy, implying its promise for experimental real-
ization. The analysis of VIP and VEA indicate Al,C@Cg is
a good electron acceptor and a bad electron donor. It is well
known that the properties of nanoclusters are very sensitive
to their structure and composition. Studies have shown that
encapsulated atoms or clusters can remarkably affect the
properties of EMF [27, 57—60]. It is expected that the
properties of Al;C@Cgo will be significantly different from
those of endohedral fullerene trapping transition metal
atoms, and should be further investigated.
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