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Abstract

Geometry and electronic structures of C,, and N@Cq, are studied using density functional theory within the general gradient
approximation (GGA). The calculated bond lengths of C4, are in good agreement with experiment. The results indicate that the
endohedral nitrogen-buckminsterfullerene interaction is repulsive and the Nitrogen charge is shown to be contracted. The
encapsulated N atom is not covalently bound to the Cg, cage. From the Mulliken population analysis, it is found that Nitrogen
nearly keeps its atomic electronic configuration. The calculated density of states further confirms the inertness of Nitrogen and

both C,, and N@C,, are semiconductors at molecular level.

INTRODUCTION

Prior to 1985 there were two well characterized allotropes of
carbon, graphite and diamond. In 1985, fullerenes were
discovered and they are new forms of carbon and include a
large number of clusters of pure carbon., The most studied
molecule among the fullerene is Buckminsterfullerene (Cy).
It is a soccer-ball shaped molecule formed by 12 pentagons
and 20 hexagons with icosahedral symmetry. Encapsulation
of atoms inside hollow fullerenes has long attracted great
interest since it could lead to new spherical molecules with
novel properties unexpected for empty fullerenes. Recently,
nitrogen atom has been successfully implanted into Cy,., The
electron spin resonance spectra of solid N@C,, showed that
nitrogen is in its atomic ground state and not covalently
bound to the carbon atoms of the fullerene cage.,,

Figure 1
Figure 1: Structures for (a) C and (b) N@C

To investigate the nature of endohedrally encapsulated

nitrogen (N@C,,), density functional theory (DFT)
calculations were performed using two different DFT codes
Amsterdam Density Functional, (ADF) and Spanish
Initiative for Simulations with Thousands of Atoms
s(SIESTA).

COMPUTATIONAL DETAILS

The calculations are based on first-principles density
functional theory. The ADF and SIESTA codes were used.
In the ADF calculations, a triple-zeta basis set with
polarization functions was used. For the exchange and
correlation term, the generalised gradient approximation
(GGA) was used as proposed by Perdew-Becke., The 1s
orbital was considered frozen for both C and N.

In the SIESTA calculations, GGA was used for the
exchange-correlation term parameterized by Pedrew-Becke-
Ernzerhof., Core electrons are replaced by non-local,
standard norm conserving Troullier-Martins
pseudopotentials,,,, for C and N. The reference electronic
configuration, cut-off radius and partial core cut-off radius
for all pseudopotentials employed here are tabulated (Table
1). For N, a partial core correction is necessary to account
for nonlinearity of the exchange and correlation potential
between core and valence charge densities.
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Figure 2

Table 1: Reference configuration and cut-off radii (a.u.) of
the pseudopotentials used in this study.

Figure 3

Table 2: Bond lengths(C-C) calculated for the C and N@C
by both ADF and SIESTA methods

Atom C N
Reference 2522p23dP4f0 | 2522p33dP4/°
Core radius 1.25 1.25
1.25 1.25
1.25 1.25
1.25 1.25
Core cutoff 0.00 1.37

The quality of the pseudopotential was tested comparing the
eigenvalues and excitation energies of all-electron
calculations on the same series of atomic configurations. The
cross-excitation energies for C and N pseudopotentials were
not more than 0.04 eV respectively indicating the excellent
transferability of these pseudopotentials.

The one-electron Kohn-Sham eigenstates were expanded in
a basis of strictly localized NAOs.,, For C and N, a double [
basis set for 2s and 2p valence states and a single [ basis set
for 3d were used.

Structure optimizations were performed using a conjugate
gradient algorithm and the forces on the atoms were
obtained from the Hellmann-Feynman theorem including
Pulay corrections. In all optimised structures forces on the
atoms were smaller than 0.04 eV/A and the stress tensor was
less than 0.02 GPa. To represent the charge density a cut-off
of 250 Ry for the real space grid integration was used in all
calculations. A single k-point (J) point was used for all
calculations to represent the Brillouin zone due to the large
super cell. Cubic super cells with 15 A were used for all
calculations to make sure that the two adjacent structures do
not interact with each other.

RESULTS AND DISCUSSION

The experimental and calculated bond lengths are listed in
Table 2 and 3.

Compound Method Tvpe Distance
N@C60 ADF C-C 3.553 A
N@cC60 SIESTA C-N 3.538 A

The two bond lengths for Cy, are: D = 1.398 A and Dec=
1.453 A in ADF method. In SIESTA method these values
are 1.394 A and 1.447 A. These values are in good
agreement with the experiment.,, Upon introduction of

Nitrogen atom to form N@Cy, these bond lengths become
D= 1.398 A and D = 1.456 A in ADF method and these
values are 1.393 A and 1.447 A in SIESTA method
revealing a slight strain for both bonds.

The closest C-N distances were measured in the optimised

structures to understand the nature of bonding. The

measured distances are tabulated in Table 3.

Figure 4
Table 3: Closest C-N distances in the optimised composites
Method Bond Ca (A) N@Ceo (A)
ADF (6.6) 1.398 1.398
ADF %.5) 1.453 1.4%6
SIESTA (6.6) 1.394 1.393
SIESTA (6.5) 1.447 1.447
Experiment’- (6.6) 1.401 | e
Experiment!- (6,5) 1.458 —emmeen

In both methods, C-N distances are quite long indicating

there are no chemical bonds.

The C,, molecule forms a closed -shell system and the

atomic ground state of nitrogen is, a spin quartet. Table 4

summarises the valence charges.
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Figure 5

Table 4: Spin density values on N@C
Compou | Meth | Spin Spin Net
N@Cso | ADF | 3.9600 1.0310 2.8290
N@Ceso | SIES | 3.9773 1.0291 2.9471

In SIESTA calculations, the Mulliken population for spin up
and spin down on N atom are 3.960 and 1.031 respectively
and the net spin polarization (defined by the difference
between the number of spin up and spin down electrons) is
2.829. There is a very small increase (0.001-0.002¢) in
electronic population on each carbon atom of C, cage,
clearly showing only a very small charge transfer from the N
to the C,, cage.

In ADF calculation spin up and spin down values on N are
3.9773 and 1.0291 respectively and the net spin polarization
is 2.9471. A small increase (0.0009¢) in electron population
on each carbon atom of C, cage is observed.

The highest occupied molecular orbital (HOMO) of the
N@C, is given in Figure 2.

Figure 6
Figure 2. HOMO of N@C

In the HOMO of N@C, significant contribution from 7t
orbitals of Nitrogen and Carbons in Cg, is observed. This

further supports the conclusion that charge on N is
contracted and charge transfer is from N to C,, cage.

The calculated density of states for both C,, and N@Cy, is
shown in Figure 3. It is found that there is not much
alteration near the Fermi level indicating negligible charge
transfer between Nitrogen atom and C,
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Figure 7
Figure 3: Density of states plots for C and N@C.
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CONCLUSIONS

In conclusion, the density functional calculations have been
performed on Cg, and endohedral N@Cg, Interaction
between the nitrogen atom and the C, cage is weak to form
covalent bonds and alter the atomic electronic configurations
of the N atom, as in good agreement with the experiments.
Minimal charge transfer is observed between N and the Cq,
cage. Density of states for both plots further confirms this
and shows a band gap of 0.6 eV indicating both the C,, and
N@C, are semiconductors at molecular level
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