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Abstract. The formation mechanism, geometric structures, and electronic properties of a metal-substituted
fullerene CssFez have been studied using frontier orbital theory (FOT) and density functional theory
(DFT). FOT predicts that two Fe atoms prefer to substitute the two carbons of a [6,6] double bond
of Cgo yielding a structure denoted as CsgFes-3, which is different from the two equivalent substitution
sites, i.e., the sites on the opposite of Cgo cage or in the nearest neighboring sites of a pentagonal ring
for CssX2 (X = N and B), and also different from the cross sites of a hexagonal ring for CssSiz. Five
possible structures of CsgFes are optimized using DFT to see whether FOT works. The DFT calculations
support the prediction of FOT. The Mulliken charge of Fe atom in CsgFes-3 shows that the two Fe atoms
of CsgFez-3 lose 0.70 electron to the carbons of the cage, and the net spin populations of Fe atom indicate
that each Fe atom has 1.11 g magnetic moments, while each of the four nearest neighboring carbons has
—0.064 up magnetic moments. Thus, the two Fe atoms have ferromagnetic interaction with each other,
and have weak antiferromagnetic interaction with their four nearest neighboring carbons, leaving 2.0 up
magnetic moments for the molecule.

PACS. 78.40.Ri Fullerenes and related materials — 73.22.-f Electronic structure of nanoscale materials:
clusters, nanoparticles, nanotubes, and nanocrystals — 71.15.Mb Density functional theory, local density

approximation, gradient and other corrections

1 Introduction

The doped fullerenes recently attracted special attention
due to their intriguing properties and reactivity [1,2]. For
example, it was found that Cgy becomes a superconduc-
tor by doping alkali metals in the interstitial vacant sites
for fcc Cgp crystal [1] and the doped Crg exhibits the
third-order optical nonlinearities [2]. Fullerenes are unique
because they can be doped in several different ways, in-
cluding: (1) trapped inside the hollow fullerene cage (en-
dohedral), (2) located outside the cage (exohedral), and
(3) incorporated hetero atoms into the fullerene network
by replacement of carbon atoms (substitutional) [3]. Of
particular interest is to study the possibility of control-
ling the electronic properties of fullerenes by incorporat-
ing appropriate impurity atoms into Cgy network. Exper-
imentally, Guo et al. [4] demonstrated that boron could
be substitutionally doped into the fullerene cage to form
Ce0—2Bsz (x = 1 to 6). Yu et al. [5] reported the syn-
thesis of nitrogen-substituted fullerenes such as C59N and
CssNa. Kimura et al. [6] and Fye et al. [7] produced silicon-
substituted carbon fullerenes. Recently, Billas et al. [8]
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reported the substitutionally doped fullerenes Cs9M and
CeoM (M = Fe, Ni, Rh, and Ir). The peak corresponding
to CssMa (M = Fe, Rh and Ir) has been observed in the
photoionization mass spectrum of Cgg_,M,. Obviously,
the assignment of the C5sMy (M = Fe, Rh and Ir) to sub-
stitutionally doped heterofullerenes would be tempting.
According to the view of Schmalz et al. [9] that a cage ap-
pears to be the best candidate for the stable structures of
a cluster with more than 30 carbon atoms. In addition, the
cage structures of heterofullerenes such as CzgXo (X = Si,
N, and B) [10-13] have been observed and isolated. The-
oretically, Chen et al. [10] investigated the properties of
CssB2 and CggNy. Kurita et al. [11] found that the closed-
cage structures of CssXo (X = N, B) were stable when the
two X atoms were on the opposite sides of the cage or in
the nearest neighboring sites of a pentagonal ring. On the
other hand, Billas et al. [12,13] pointed out that the two
Si atoms would be on the cross sites of a hexagonal ring
for a stable closed-cage CsgSiz. Therefore, it is possible
that the CsgFeq has a stable cage structure.

However, a theoretical study on the substitutionally
doped CsgFey cage, to the best of our knowledge, has not
yet been carried out so far. Thus we studied the substitu-
tion sites of two Fe atoms so as to explore the formation
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mechanism, geometric structures and electronic properties
of CsgFey in this paper. We describe our computational
details in Section 2 and present our results and discussion
in Section 3. Finally the conclusion is given in Section 4.

2 Computational details

All calculations are performed using generalized gradi-
ent approximation (GGA) [14] based on DFT [15]. The
Becke-Lee-Yang-Parr (BLYP) correlation exchange func-
tion and DNP basis set are adopted for both Fe and car-
bon. BLYP function is the combination of the exchange
function exploited by Becke [16] and the correlation func-
tion exploited by Lee, Yang and Parr [17]. The DNP basis
set, comparable to Gaussian 6-31G** set, is the double nu-
merical atomic orbitals augmented by polarization func-
tions, i.e., functions with angular momentum one higher
than that of the highest occupied orbital in the free atom.
So the 1s-2p, 3d wave functions for C, and 1s-4p wave func-
tions for Fe are explicitly used. Electronic structure is ob-
tained by solving the Kohn-Sham (KS) equations [18] self-
consistently using the spin unrestricted scheme. Mulliken
population analysis is used to obtain both the charge
and net spin populations on each atom. Self-consistent
field procedures are carried out with a convergence crite-
rion of 1076 a.u. on the energy and electron density. Ge-
ometry optimizations are performed using the Broyden-
Fletcher-Goldfarb-Shanno (BFGS) algorithm [19] with a
convergence criterion of 1072 a.u. on the displacement and
1075 a.u. on the energy.

3 Results and discussion
3.1 The formation mechanism of CggFe;

Before calculation, we first explore the formation mech-
anism of CsgFey via the FOT [20]. We believe that the
chemisorption of a molecule on the fullerene can be re-
garded as a process of chemical reaction between them to
form another doped fullerene, namely:

CsoM +M,, — C59Mn+1. (1)

According to the FOT, when two reactant molecules
approach, the interacting between the highest occupied
molecular orbital (HOMO) of one molecule and the low-
est unoccupied molecular orbital (LUMO) of the other
should have close energies. When Branz et al. [21] reported
that the condition for the substitution is that at least two
metal atoms reside on the cage, and the initial fragmen-
tation channel of the doped fullerenes is the loss of an
MC molecule. So we assume that an iron dimer react with
Csg9Fe. While one Fe atom bonds to a carbon atom and
leaves the cage in the form of a FeC molecule, the other
Fe will fill the hole left by the missing carbon atom as a
result of the chemical process.

Figure 1 schematically shows the frontier orbitals of
Cs9Fe and Fes. One can easily see from the figure that
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Fig. 1. The HOMO and LUMO of Fez and CsgFe.

Fig. 2. The wave functions of the LUMO for CsgFe.

the energy span E; between the LUMO of CsgFe and the
HOMO of Fey is much less than the energy span Fs be-
tween the HOMO of CsgFe and the LUMO of Fes, so the
action will occur mainly between the LUMO of CsgFe and
the HOMO of Fe;. On the other hand, we note from the
FOT that the atom which has the most contribution to
the LUMO of CsgFe will have the most possibility to in-
teract with Fe atom. Figure 2 shows the wave function
of the LUMO of CsgFe, where the dark and light grays
represent the negative and positive wave functions. It is
obvious from the figure that the contribution from C(24)
to the LUMO is the most, so we infer that the C(24) atom
will interact and then form an externally doped fullerene.
The Fe and C(24) in Figure 2 are the two atoms of a [6,6]
double bond, the fusing bond of two hexagons. Therefore,
the places of a [6,6] double bond of Cgy are the favor-
able substituted sites for two Fe atoms to form CsgFes
molecule.

The transformation process from an externally doped
cage to a substitutionally doped cage, which is the second
step in forming CsgFes, can be suggested to occur along
the following channel

CsgFes — CggFes + FeC. (2)
Combining equations (1) and (2), we obtain:

CsgFe 4+ Feg — CsgFey + FeC. (3)

3.2 The stability of CsgFe;

As shown above, the most possibly substituted site of Fe
in CsgFe has been predicted by FOT, however, does FOT
work? In order to check the reliability of FOT, we next



C. Tang et al.: Frontier orbitals analysis and density-functional energetics for metal-substituted fullerene CsgFes

Table 1. The HOMO, LUMO, E, and BE of Cegg, CsgFe, and
five isomers of CsgFes with unit in eV.

Isomer HOMO LUMO E, BE

Ceo -5.99 -4.33 1.66 423.20
CsoFe -5.45 -4.51 0.94 417.84
CsgFez-1  —5.20 —4.77 0.43 412.43
CsgFex-2  —4.67 —4.65 0.02 412.49
CsgFe2-3  —5.09 -4.37 0.72  412.98
CsgFezx-4  —5.16 —4.32 0.84 412.76
CsgFep-5  -5.17 —4.35 0.82 412.43

propose five possible structures with the different substi-
tuted sites for the other Fe atom in the CsgFe cage. They
are: (1) on the Fe cross site of the hexagonal ring (CsgFeg-
1), (2) the site nearest to Fe in a pentagonal ring (CssFes-
2), (3) the site contributing the most to the LUMO of
CsoFe (CsgFes-3), (4) the site contributing the most to
the HOMO of CsgFe (CsgFeg-4), and (5) on the Fe oppo-
site side of the cage (CssFes-5).

Table 1 gives HOMO, LUMO, the energy gap between
HOMO and LUMO (E,), and binding energy (BE) of
above five isomers, and Cgy and CsgFe for comparison.
Commonly, the thermodynamic stability of a fullerene is
determined by BE [22], which is defined as the absolute
value of the difference between the total energy of the
molecule and the energy sum of all free atoms constituting
the molecule. It is obvious from the table that CsgFes-3 is
the most thermodynamically stable. Therefore, the DFT
calculations confirm the prediction of FOT. On the other
hand, the calculated BE of CxgFe is 5.36 €V smaller than
that of Cgp, while CsgFes-3 is 4.86 €V smaller than that
of CsgFe, indicating that the energy required for replac-
ing the second carbon is less than that for replacing the
first carbon in the Cgp network. Thus, we believe that the
second carbon can be substituted by the other Fe atom in
CsgoFe to form a cage CsgFes.

We next give the analysis of bond lengths for Cs9Fe
and CsgFes-3. Our calculations show that all C-C bond
lengths for CsgFe are in the range from 1.40 to 1.48 A
while Fe-C bond lengths are 1.81 A, and 1.88 A, which are
29.3% and 28.8% longer than the original double bonds
1.40 A and single bonds 1.46 A of Cg respectively. For
CssFes-3, four Fe-C bond lengths are equal 1.89 A, which
are shorter than the sum of the radius of Fe and that of
C 2.01 A. The Fe=Fe bond of CssFes-3 upheaves with an
elongated bond length 2.12 A, which is about 51% longer
than its parent’s C=C bond. However, it is 1.70 A smaller
than the distance between the two Fe atoms in the free
Fes cluster calculated by us, implying that the shortened
distance between two Fe atoms in CsgFes-3 may cause spin
quenching of Fe atom to some extent. On the other hand,
all C-C bond lengths change very little, indicating that the
deformation of the cage resulted from the replacement of
two Fe atoms is confined in the local environment of the
Fe=Fe bond.
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Fig. 3. The energy levels of Cgo, Cs9Fe, and CsgFes-3.

3.3 The electronic properties of CsgFe-3

Figure 3 shows the energy levels of CsgFes-3 and CsgFe
together with that of Cgy for comparison. The molecu-
lar orbitals whose energies agree with each other within
a difference of 0.05 eV are regarded as degenerate. The
length of the horizontal bar shows the orbital degeneracy.
The broken line stands for unoccupied orbital, while the
solid line stands for occupied orbital. The contributions
from Fe atom states to HOMO and LUMO are marked
in terms of percentage of population next to the levels
for CsgFes-3. We define the Fermi level as the half be-
tween HOMO and LUMO. It can be seen from the fig-
ure that the HOMO and LUMO of CsgFes-3 contain 38%
and 88% Fe character respectively, thus the electron at-
tachment and detachment should occur at the doped Fe
sites and the carbon sites of the cage respectively. Further-
more, we compare the E, of all the considered structures,
because they are often correlated with the kinetic stabil-
ities [23,24]. The E, of CsgFes-3 is only 0.22 eV smaller
than that of CsgFe, but is 0.095 eV larger than that of
CssSiy [25], and 0.15 eV larger than that of CsgNy and
Cs8Ba2 [26]. Tt is also 0.21 eV, 0.57 eV, 0.54 eV, and 0.48 eV
larger than that of Cs9Co [27], C59Ni [27], Cs9Rh [27], and
Cs9Sm [28] respectively. Therefore, we think that the ki-
netic stability of CsgFes-3 can be comparable to many
isolated substituted fullerenes.

In order to explore the electronic structure in a wider
range, the total density of states (TDOS) for CsgFes-3 and
Ceo, and the partial densities of states (PDOS) for Fey in
CssFes-3 are plotted in Figure 4. The DOS is obtained by
a Lorentzian extension of the discrete energy levels with
weights being the orbital populations in the levels, and a
summation over them. The broadening width parameter is
chosen to be 0.15 eV and the Fermi level (Ey) is taken as
zero. For the PDOS of Fes, many sharp peaks are observed
in the energy range from —10 to 0 eV, revealing the strong
hybridization between the atomic orbitals of Fe atom and
those of the carbons of the cage, which lead to the spin
quenching of Fe atom in CsgFes-3.

The Mulliken charge of Fe atom in CsgFes-3 shows
that the two Fe atoms of CggFes-3 lose 0.70 electron to
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the carbons of the cage. The net spin population anal-
ysis indicates that each Fe atom has 1.11 up magnetic
moments, while each of the four nearest neighboring car-
bons has —0.064 pp magnetic moments, and each of the
other carbons has less than 0.01 pp magnetic moments.
Thus, the two Fe atoms have ferromagnetic interaction
with each other, and have weak antiferromagnetic inter-
action with their four nearest neighboring carbons, leaving
2.0 pp magnetic moments for the molecule.

4 Conclusion

The formation mechanism, geometric structures, and elec-
tronic properties of metal-substituted fullerene CsgFes
have been studied using FOT and DFT. FOT predicts
that two Fe atoms prefer to substitute the carbons of a
[6,6] double bond of Cgo, which is different from the op-
posite substitution sites of the cage or in the nearest neigh-
boring sites of a pentagonal ring for CssXs (X = N and
B), and also different from the cross sites of a hexago-
nal ring for CsgSis. Among the five different isomers of
CsgFes, the most stable structure is in a good agreement
with the prediction of FOT. The DOS analysis shows that
there is a strong hybridization between the atomic orbitals
of Fe atom and those of the carbons, leading to the spin
quenching of Fe atom in CgsgFes-3. The Mulliken charge
of Fe atom in CsgFes-3 shows that the two Fe atoms of
CsgFes-3 lose 0.70 electron to carbons of the cage. The
net spin population analysis indicates that each Fe atom
has 1.11 pup magnetic moments, while each of the four
nearest neighboring carbons has —0.064 g magnetic mo-
ments, and each of the other carbons has less than 0.01 up
magnetic moments. Thus, the two Fe atoms have ferro-
magnetic interaction with each other, and have weak an-
tiferromagnetic interaction with their four nearest neigh-
boring carbons, leaving 2.0 up magnetic moments for the
molecule.
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