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ABSTRACT
The structural stabilities, geometry and electronic properties of C,4 and some its heterofulierene
derivatives are compared at the BILYP/6-31 1++G**//B3LYP/6-31+G* level of theory. Vibrational
frequency calculations show that all the systems are true minima. The calculated binding energies of
heterofullerenes show C,, as the most stable fullerenes by 9.03eV/atom. While decreasing binding
energy in C;;BgNg, BgN¢C;, and By;N;; through increasing their HOMO-LUMO gap, the
conductivity of them is increasing. High point charges are predicted to establish an overall charge
transfer on the surface of heterofullerene. “C NMR of Cy, fullerene consists of two lines. Doped
models show several lines at different positions relative to lines for C,, fullerene. Boron, nitrogen,
and carbon adopt different roles around carbon sites. The Nucleus-independent chemical shifi
(NICS) calculations show more negative NICS values in BN-substituted heterofullerenes than those

of C24.
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INTRODUCTION

Fullerenes are accepted as the fourth form
of solid carbon after amorphous, graphite
and diamond forms. Indeed, fullerene
materials  provide  different  doping
possibilities, including substitutional doping,
endohedral doping, and exohedral doping
[1]. The discovery of Cy [2,3] has attracted
increasing attention toward similar types of
cage structured compounds resulted from
different doping strategies.

Larger fullerenes C, (n = 20, 24, 28, 32,
36, and 40) with mono-BN-replacement are
theoretically investigated [4]. For even
larger clusters, Chen et al. studied the BN-
substituted fullerenes Cgo{BN), and Cy;.

2(BN), (x= 1-3) [5.6].
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We focus our calculations on C,4 and some
of its derivatives which are the isoelectronic
analogues to carbon fullerenes. We compare
and contrast these fullerenes both from the
stability and application viewpoints. We are
pleased to report that most of our devised
heterofullerenes may serve as hydrogen
carriers because of their high point charges.
So, this has motivated the synthesis of alloys
composed of these materials. Furthermore It
is interesting to note that the simple cubic
fullerite Ca4 {or B]lez) has a two
dimensional lattice of cylindrical nanopores
with a diameter of 0.4]1 nm, and, hence, may
find its application as molecular sieves [7].
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COMPUTATIONAL METHOD

Full  geometry  optimizations  are
accomplished by means of hybrid functional
B3LYP [8-10] and the 6-31+G* basis set, as
implemented in Gaussian 98 [11]. The
applied basis set is comprised of Pople’s
well known 6-31G* basis set [12,13] and an
extra plus due to the importance of diffuse
functions [14,15]. Vibrational frequency
computations confirm that the fully
optimized structures are indeed minima
(NIMAG = 0). As a stability criterion of
different configurations, binding energies
are calculated according to the following
expression:

E, =pEc+qEg +tEn—E (D

Where E is the total energy of the
fullerene, p, q and r are the number of
carbon, boron and nitrogen respectively.
Systems with larger binding energies are
more stable. Magnetic shielding and nuclear
independent chemical shifts (NICSs) were
also evaluated using the gauge-independent
atomic orbital (GIAO) method with the 6-
31+G* basis set. The CS tensors at the sites
of BC nuclei are calculated [16]. The
calculated CS tensors in principal axes
system (PAS) (033 > 622> o11) are converted
to measurable NMR parameters, chemical
shielding isotropic (o) using (1) [17],
respectively.

Oiso (PPM)=1/3(611+0622+033) " (2)

The chemical shielding tensor, o, describes
the electronic effect on the Zeeman energy
levels of magnetic nuclei, due to the
response of the electrons to a static extemal
magnetic field, B, [18].

Natural bonding orbital (NBO) analysis
[19] were performed on wave functions
calculated at the B3LYP/6-31G* level of
theory, as a standard program option in
Gaussian 98.

RESULTS AND DISCUSSION

The optimized structures of parent cages
(carbon C;4 and boron nitride BiaNiz
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fullerene) are shown in Fig. 1. Also the
substitution of six CC units in Cy4 carbon
fullerene which result to C;2B¢Ng, and the
substitution of six BN units in BpNp
nanocage which result to BgN¢C)2 are shown
in Fig.1.

Geometry optimizations and resuited
binding energies

The optimized geometries of the stable Cyq
and some of its analogs (Fig. 1)in the gas
phase are listed in Table 1.

The C-C bond lengths of Ca4 are 1.423 A,
which is pretty close to the sum of covalent
radii of two C atoms (C: 0.76 A). Similarly,
the C-B and C-N bond lengths of C;2B¢Ns
and BgNgCi2 systems are quite close to the
sum of covalent radii of C and B or N atoms.
The covalent radii of atoms are about 0.84
and 0.71A for B and N respectively.

The Cp4 (Ds) structure is the most stable
one [20]. This fullerenic structure can be
regarded as a 12 trannulene [21] capped with
two benzene rings at both sides. The
pentagonal faces share edges with one
another but are held together by two
hexagons. The stability of this shell should
be higher than the stability of fullerene Cap
(binding energy=6.06 ev/atom), in which all
12 pentagons are in contact with each other.

Its optimized structure is indeed affirmative
of such a consideration with the uniform C-C
bond length (1.423 A) of the benzene-like
rings, the localized C=C bond lengths of
1.365 A and C-C bond lengths of 1.462 A in
the central 12 trannulenic ring, and the much
longer C-C bond lengths of 1.531 A between
the six- membered rings and the central 12
trannulenic ring. These values are in an
excellent agreement with [22].

C12BgNg consists of 12 pentagons and two
hexagons (Fig. 1). The shell lacks the center
of symmetry; therefore, the symmetry is
reduced to C;. The pentagonal faces share
edges with one another but are held together
by two hexagons.

BsNgCy3 is formed from eight 6-membered
rings and six 4-membered rings with C;
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symmetry.B;2Nj; is formed from eight 6-
membered rings and six 4-membered rings
with 7, symmetry so that the calculated
electric dipole moment is zero. There are
two distinct B-N bonds in the optimized
structures of B;2N;; .One is shared by two 6-
membered rings and another by 4- and 6-
membered rings where length of this later
(1486 A)is greater than that the
former(1.439 A). In these three later
structures, all B-N bonds are shorter than the
single bond in H2B-NH2 (1.674 A) but

longer than the double bond in HB=NH
(1391 A).

Binding energy per atom, a criterion of
stability, is calculated to be 9.03¢V/atom for
Cy at  B3LYP/6-31+G* (Table 2).
Substituting C atoms with B and N reduces
this value which is the result of the weakness
of X—C bond vs. C—C bond .The calculated
bmdmg energy for C]zBﬁNe, B(,N@C]z and
Bi2N); are 8.69 to 8.63 eV/atom as you see in
table 3 less than that of Cys with equivalent
C-C bonds. It is approximately in accord

Table 1. Point groups (PG), total energies (E, in a.u.), ranges of carbon-carbon, N-C, B-C and B-N bond
lengths (A) at the B3LYP/6-31+G* level

Species PG Eix CC C=C C-B C-N B-N
Cyu Dg  -913.86582 1.423-1462  1.365 - - -
C1:BsN; C;  -934.89035 1.480 1.375  1.543-1.611 1.418-1.463 1.473-1483
BgNgCi2 C;  -934.89665 1.463-1.488 1.366 1.552 1.376-1.471 1.431-1.498
BNy, Th  -956.16544 - - - - 1.439 -1.486

¢ ByzNj;

d BNCy2

Fig. 1. Optimized heterofullerenes at BILYP/6-31+G.
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Table 2. Binding energies (B.E.) at B3LYP/6-31+G* and, the number of imaginary frequency and NICS values

. Binding NICS

Species Energy (eV/atom) NIMAG {cage)

Cy 9.03 0 36.51

C1:BeNg 8.69 0 -10.93
- BeNsCia 8.69 0 -0.67 !
! ByNj2 8.63 0 -1.51 '

Table 3. Ranges of NBO atomic charges of carbon (C) and heteroatom for heterofullerenes at

; B3LYP/6-31+G*.

Species C B N
Ca (-0.015) - (+0.015) - -
. Ci2BgNg (-0.344) - (+0.201)  (+0.952)— (+1.242) (0.679) - (-1.206)
Be¢N¢Cia (-0.454) - (+0.375) (+1.066) - (+1.170) (-0.942) - (-1.161)
BN - +1.157 -1.157

with the bond length of C-B (1.587 A) and C-
N (1.451 A).

Hydrogen storage in C; and its derivatives
through NBO atomic charges

It based on Froudakis’s findings on hydrogen
absorption in nanotubes, point charges upon
the material’s surface can improve the storage
capacity because they increase the binding
energy of hydrogen [23]. It was shown that
silicon nanotubes with alternative Si and C
atoms were full of point charges [24, 25] and
hence they would serve as good candidates
for hiydrogen storage [26].

The same phenomenon is expected for our
heterofullerenes. According to calculated
NBO atomic charges, the positive charges
on B atoms of C;B¢N¢ ranges from +0.952
to +1.242 while the negative charges on N
atoms range from -0.679 to -1.206 and the
positive charges on B atoms of BgNeC;; are
+1.066 to +0.170 while the negative charges
on N atoms are -0.942 to -1.161. The
positive charges on B atoms of B;2Nj, are
+1.157 while the negative charges on N
atoms are -1.157(Compare with the range of
-0.015 to +0.015 for Cy) (Table 3).These
high’point charges are predicted to establish
an overall charge transfer on the surface of

heterofullerene. It seems our stable Cj2aBgNe
fOllOWiﬂg by BGNGC | 3and B |3N 12
heterofullerene deserves more consideration
in the field of hydrogen storage.

B3¢ NMR characterization

The results of our calculations, as shown in
Fig .2, predict that °C NMR of Ca4 fullerene
consists of two lines with chemical shielding
of about 11ppm (related to belt atoms) and
65 ppm (associated with hexagon -atoms).
Doped models show several lines at different
positions relative to lines for Cy4 fullerene.
In NMR spectroscopy, a standard system is
chosen as a reference, thus the chemical shift
diso 18 taken as the shielding difference
between the atom of interest and the
corresponding atom in the reference system.
In this respect, the chemical shifts are
calculated simply as the difference between
the shielding of the carbon atom in the
Ci2BsNg and the shielding of the

~ corresponding carbon atom in Cs4 fullerene.

Boron, nitrogen, and carbon adopt different
roles around carbon sites. The computed
nuclear magnetic resonance spectrum of the
BN consists of two single peaks,
confirming its 7 symmetry.
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Fig. 2. C NMR patterns.

NICS Characterization

Endohedral *He NMR chemical shifts have
proven to be a useful tool for characterizing
fullerenes and their derivatives [27]. The
Nucleus-independent chemical shift (NICS)
values, as a magnetic index of aromaticity, is
proposed i 1996 by Schleyer and co-
workers [28], at the cage center serve as
gredictions for the corresponding endohedral
He NMR chemical shifts.

Ca4 fullerene has considerably large
positive value (+37) and the substitution of
six CC units by BN ones results in negative
NICS values at the cage center of the
considered C;;B¢Ng nanocages (Table2).
Despite the fact that electrons in the BN unit
are mainly localized on nitrogen and
expected to trigger nonaromaticity in these
structures, all BN heterofullerenes are more
aromatic than the reference molecule,Cyy
cage. As known, Cy4 contains 2 diatropic
hexagons and 12 paratropic pentagons,
hence corresponding ring currents combine
to produce a positively large NICS (+37) at
the cage center. Indeed, substitution of six
CC units by BN diminishes anti-aromaticity
and aromaticity in pentagonal rings and in
hexagonal rings, respectively, versus Cyq.
Thus, compensation between diatropic and
paratropic ring currents lead to more
negative NICS values in BN-substituted
heterofullerenes than those of C4.

HOMO-LUMO gaps of heterofullerenes

The electrons donated by a molecule in a
reaction should be from its HOMO, while
the electrons captured by the molecule
should locate on its LUMO. Furthermore,

~the atom on which the HOMO mainly

distributes should have the ability for
detaching electrons, whereas the atom with
the occupation of the LUMO should gain
electrons [29]. On this basis, the HOMO—
LUMO gap is traditionally associated with
chemical  stability against electronic

excitation, with larger gap corresponding to
greater stability. On the other hand, the
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conductivity of molecules is related to the
HOMO-LUMO energy gaps, with smaller
gap accords to more conductive species. The
HOMO - LUMO gap of heterofullerene is
varied depending on the type and number of
doped atoms. The gap of semiconductor Cy4
is calculated to be 1.80 eV (Tab. 4).

Table 4, HOMO and LUMO energies, and HOMO-
LUMO energy gaps (Gap) at B3LYP/6-31+G*

Species HOMO LUMO Gap

" (a.u.) (a.u.) {eV)
Cau -0.22364  -0.15802 1.78
C12BeNs -0.22948  -0.11183 320
BeNgCy3 -0.22794  -0.11450 3.09
By;N;z -0.29222  -0.04558 6.71

B and N doping increase the gap leading
to the enhanced stability against electronic
excitations.  Specifically, BN, show
significant stabilities with HOMO-LUMO
gaps of 6.71 eV. It suggests that the B;pN,
is insulator material but the others are
semiconductors.

CONCLUSION
A DFT theorctical description has been
performed to understand the effects of
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