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Abstract�A quantum-chemical simulation of new hybrid nanostructures consisting of regular chains of the
small fullerenes C20 and C28 encapsulated into the bulk of achiral zigzag single-walled boron�nitrogen
nanotubes [(C20,C28)@BN-NT]. The electronic properties and the nature of interatomic bonds in these nano-
structures are analyzed as a function of the fullerene and the distances between fullerenes in the chain and
between fullerenes and tube walls. The electronic characteristics of hybrid nanostructures are compared with
those of �isolated� fullerenes and nanotubes, and (C20,C28) + BN-NT structures simulating fullerene adsorp-
tion on tube surface as the initial stage of (C20,C28)@BN-NT formation.

Further prospects of application of nanotubes (NT)
are closely related to the development of approaches
to targeted modification of their properties. In this
connection hybrid nanotubular structures formed by a
combination of two (or several) nanometer-sized
objects hold great promise [1, 2].

The first representatives of such structures are the
so-called peapods consisting of fullerenes C60 inter-
calated into the bulk of single- and double-walled
[3�12] carbon nanotubes (C60@C�NT). These objects
are unique nanocomposites combining two allotropic
forms of carbon of different size (1D + 0D): quasi-
one-dimensional (1D; nanotubes) and zero-dimensi-
onal (0D; fullerenes). It was found that carbon
peapods can contain fullerenes of different size, from
C36 to C120. However, until now most emphasis has
been paid to synthesis and properties of peapods
containing the �classical� fullerenes C60 (for review,
see [1]).

Experiments performed by high-resolution trans-
mission electron microscopy [13] and first quantum-
chemical calculations of C60@(n,n)C-NT (n = 8�10)
systems [14, 15] gave evidence to show that introduc-
tion of fullerenes into the internal cavity of nanotubes
markedly affects the electronic structure of the peapod
�shell.� The resulting nanostructures acquire much
different, compared with �pure� nanotubes, energetic,
cohesion, conducting, and other physicochemical
characteristics.

This class of unusual nanostructures with diverse

functional properties can be extended both by forming
peapods on the basis of noncarbon nanotubes [2] and
by using as intercalants various fullerene cage-like
molecules.

Thus, more complex peapods containing endofulle-
renes encapsulated in carbon nanotubes were recently
synthesized : Gd@C80@NT [12], Dy@C82@NT [16],
and La2@C80@NT [17]. Stefan et al. [18] reported the
preparation of boron�nitrogen nanotubes (BN-NT)
including four-shell (like known carbon onion struc-
tures) octahedral boron�nitrogen cage-like nano-
clusters B12N12@B76N76@B208N208@B412N412.

In [19, 20] we proposed that the same approach is
feasible for preparing new nanotubular materials
involving Group III�V d-metals which possess a high
carbide-forming capacity [21] and cannot as such be
encapsulated in nanotubes. Hypothetical hybrid
nanosystems comprising regular chains of stable
metal�carbon nanoclusters, metal carbohedra M8C12
(see the review [22]), inside nanotubes were proposed
and first quantum-chemical calculations of such struc-
tures on the basis of carbon and boron�nitrogen
nanotubes were performed (M8C12@(12,0)C,BN-NT,
M = Sc, Ti, V) [2, 19, 20].

Experimentally [3�12], empirical correlations
between the diameter of carbon nanotubes and that of
intercalating fullerenes were found to reveal an
optimal diameter of carbon nanotubes for forming the
above hybride nanostructures (>1.3�1.4 nm).
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Table 1. Parameters of unit cells simulating hybrid nanostructures (C20,C28)@(n,0)BN-NT
������������������������������������������������������������������������������������

Parameter � C20@(9,0)NT � C20@(13,0)NT � C28@(10,0)NT
������������������������������������������������������������������������������������
Number of atoms in the cell � 92 � 124 � 108
Cell composition � C20B36N36 � C20B52N52 � C28B40N40
Nanotube diameter, nm � 0.709 � 0.102 � 0.787
Fullerene�nanotube wall distance, nm� 0.155 � 0.311 � 0.155
Fullerene�fullerene distance, nm � 0.454 � 0.454 � 0.206
������������������������������������������������������������������������������������

We suggest that the small fullerenes C20 [23�25]
and C28 [26�29] as potential intercalates for smaller
size nanotubes. Therewith, the electronic features of
the outer shells of these molecules, specifically the
presence of unsaturated �outer� bonds [23�29], may
cause spontaneous one-dimensional polymerization to
form inside the tube (as a kind of reactor) a variety of
new nanoforms of the basis of C20 and C28 dimers and
trimers, oblong �nanocapsules,� etc. Certain unusual
nanoforms formed by polymerization of C60 were
observed [8�12] in C60@C-NT peapods where the
process was induced by exposure to light, heating, or
high-energy electron bombardment.

In the present work we performed quantum-chem-
ical calculations of the electronic structure and chem-
ical bonding in hypothetical hybride nanosystems
comprising the small fullerenes C20 and C28 encap-
sulated into single-walled achiral zigzag (n,0) boron�
nitrogen nanotubes. The choice of BN-NT was
defined by the fact that their electronic properties (in
particular, the magnitude of the dielectric gap �Eg)
are quite stable with respect to structural parameters
of tubes (diameter and chirality [2, 30]), making BN-
NT candidates for nanoelectronic.

For simulating (C20,C28)@(n,0)BN-NT (n = 9, 10,
13) we used unit cells whose sizes and geometric
parameters are listed in Table 1. The choice of the
unit cells was defined by the following reasons. In the
majority of synthesized carbon peapods [3�12], the
distance from C60 to nanotube walls are close to the
so-called van der Waals gap (interplanar spacing in
graphite or hexagonal BN), as well as to the distance
between fullerenes in molecular crystals (fullerites)
or between neighboring coaxial cylinders in multiple-
walled nanotubes (�0.30 nm). Therefore, the first
series of objects, C20@(13,0)BN-NT, was simulated
by 124-atomic cells with fullerene�nanotube distances
close to the mentioned value (Table 1).

Other characteristic distances are covalent C�C
(B�N) bond lengths in layers of graphite-like phases,
or between neighboring atoms in fullerenes or in

nanotube walls (�0.142 nm). The C20@(9,0)BN-NT
and C28@(10,0)BN-NT peapods with the correspond-
ing fullerene�nanotube distances were described by
92- and 108-atomic cells.

Figure 1 exemplify a cell that simulates the
C20@(9,0)BN-NT peapod, as well as its possible
configurations I�IV with varied mutual fullerene�
nanotube arrangements.

The electronic structure and chemical bonding
parameters in peapods were correlated with respective
values for �isolated� fullerenes, their one-dimensional
chains, and tubes. Furthermore, [C20,C28]� + (n,0)BN-
NT systems were considered, that comprise regular
chains of fullerenes located on the outer side of
nanotubes at distances corresponding to the fullerene�
tube distances in (C20,C28)@(n,0)BN-NT (Table 1).
These systems simulate a fullerene chain adsorbed on
nanotube surface (hereinafter, ad-systems). As noted
in [6�8, 11, 12], peapods are likely to be formed by a
two-stage mechanism. First fullerenes are adsorbed
on nanotube surface and then penetrate into the intra-
tubular region (through open ends of the tube or
through defects in its walls).

In the calculations, the structures of fullerenes and
tubes were set invariant at values corresponding to
those reported in [25, 29, 30]. The calculations were
performed by the tight binding band structure method
with EHT parametrization [19, 20].

Let us consider the formation of the electronic
structure and interparticle bonds in the C20@(9,0)BN-
NT hybride nanosystem by its sequential assembling
from the starting nanostructures in the series [C20]�
chain, (9,0)BN nanotube, [C20]� + (9,0)BN-NT ad-
system, and C20@(9,0)BN-NT hybride system (Fig. 2
presents the model densities of states of these
systems).

Since the linear chain [C20]� consists of molecules
spaced at 0.454 nm which much exceeds characteristic
covalent and van der Waals distances, C20�C20 inter-
actions are lacking, and the spectrum of the system
consists of a set of discrete states corresponding to
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the energy diagram of a single neutral molecule C20
[23�25].

The electronic structure of (9,0)BN-NT contains
two bands of occupied states, N2s (band A) and
hybridized N2p�B2s,2p states (band B), separated by
a wide dielectric gap (�Eg �5.23 eV) from the con-
ductivity band (C). This result is nicely consistent
with the estimates for �Eg obtained by other band
structure calcualtions (�5.5 eV [30]).

The spectrum of the model ad-system [C20]� +
(9,0)BN-NT [C20�(9,0)BN-NT distance 0.155 nm]
differs sharply from the superposition of the model
density of states for [C20]� and (9,0)BNNT and ex-
hibits certain features derived from interactions of
outer states of fullerenes on adsorption of the latter
on tube surface. This is clearly seen from the splitting
of the C2s-like peak (A �), changes in the shape of the
density of states the lower and upper boundaries (B �,
B ��) of the hybrid N2p�B2s,2p band (B), as well as
appearance of a set of new states near the dielectric
gap of the tube (between bands B and C, Fig. 2).

The effects of tube�fullerene interactions still more
enhance in the C20@(9,0)BN-NT peapod whose
model density of electronic states is presented in
Fig. 2 (for cell configuration III which corresponds,
according to estimates for the total one-electron
energy, to the most stable state of the peapod,
Table 2). In the spectrum of C20@(9,0)BN-NT, the
fullerene states between bands A and B are additional-
ly split; new states are formed near the upper
boundary of band B and Fermi level (EF). It will be
emphasized that the most active in combining [C20]�
and BN-NT into quasi-one-dimensional hybrid struc-
tures are outer (partly occupied [23�25]) fullerene
orbitals that form near-Fermi states of the [C20]� +
(9,0)BN-NT and C20@(9,0)BN-NT systems and the
chain�nanotube bond. The type of their distribution
depends strongly on cell configuration (Fig. 1,
Table 1).

The mentioned [C20]� and BN-NT rearrangement
effects are almost lacking in the formation of the ad-
system and peapod with characteristic van der Walls
bond distances: The electronic structures of [C20]� +
(13,0)BN-NT and C20@(13,0)BN-NT are a superposi-
tion of the spectra of [C20]� and BN-NT (Fig. 3). As
seen, the upper, partly occupied band of the [C20]�
chain is localized near the dielectric gap of NT. Since
the nanotube and C20 states scarcely interact, then the
density of electron carriers is localized inside the BN-
cylinder, whereas the nanotube as such preserves
semiconducting properties.

The calculated crystal overlap orbital populations
(Table 2) show that the overlap populations of B�N

I

II

III

IV

Fig. 1. Cell used in the band calculations of the elec-
tronic structure of the C20@(9,0)BN-NT peapods and its
possible configurations I�IV.

crystal orbitals decrease (relative to an isolated
nanotube) in the series (9,0)BN-NT, [C20]� +
(9,0)BN-NT, and C20@(9,0)BN-NT and get different
in different nanotube sections. It is seen that the C20�



RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 74 No. 5 2004

716 IVANOVSKAYA et al.

(a)200

100

0
(b)200

100

0

A

B

C

(c)200

100

0

A
A�

B�

B

B��

(d)200

100

0

A

B

B�� C

C

�30 �20 �10 0 E, eV

Fig. 2. Model density of electronic states: (a) [C20]
�

chain, (b) (9,0)BN-NT , (c) [C20]
�

+ (9,0)BN-NT ad-system, and
(d) C20@(9,0)BN-NT peapod (cell type III, Fig. 1). Here and in the other figures, the vertical lines denote the Fermi level.

nanotube interactions in atomic rings in nanotube
walls, concentrically �embracing� fullerenes, make
the overlap populations of B�N crystal orbitals lower
than between neighboring molecules in nanotube
sections. Consequently, fullerene intercalation results
in formation of an anisotropic system of interatomic
bonds along the tube with the �modulation� period
determined by the chain period of fullerenes. Pre-

sumably, by varying mutual arrangement of fullerenes
in the tube (for instance, by creating conditions for
one-dimensional polymerization), one will be able to
directionally vary the configuration of the overall
�carcass� of chemical bonds in peapod shells and, as
a result, affect the electronic and elastic properties of
the whole system. Note that the �plasticization� of the
C60@(10,10)C-NT peapod relative to the isolated



RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 74 No. 5 2004

QUANTUM-CHEMICAL SIMULATION OF NEW HYBRID NANOSTRUCTURES 717

(a)

(b)

200

100

0

200

100

0
(c)200

100

0
(d)200

100

0
�30 �20 �10 0 E, eV

Fig. 3. Model density of electronic states: (a) [C20]
�

chain, (b) (13,0)BN-NT, (c) [C20]
�

+ (13,0)BN-NT ad-system, and
(d) C20@(13,0)BN-NT peapod.

nanotube has been established recently by Farajian
and Mikami [15] in calculations of elasticity modules
and Poisson coefficients.

The possibility of such polymerization follows
from the calculations for the C28@(10,0)BN-NT
peapod (Fig. 4) with C28 molecules spaced at about
0.2 nm. It was found that already in the isolated
[C20]� chain result interactions of neighboring
molecules result in that the spectrum of this system
differs from that of the free fullerene C28 [29]. Inter-
actions of C28 with each other and with nanotube
atoms enhance in the series [C28]�, [C28]� + (10,0)BN-
NT, C28@(10,0)BN-NT, giving rise to new hybrid

states in the spectra (Fig. 4, peaks B �, B ��, C �, and C ��).
These effects, in their turn, result in weakening of
bonds between fullerene atoms [from �1.03 for C28 to
�0.95 e/bond for the fullerenes in C28@(10,0)BN-NT],
implying probability of structural relaxation of �ideal�
C28 fullerenes and their coalescence in peapods.

Thus, in the present work we predicted new
flexible quasi-one-dimensional structures, so-called
peapods that consist of regular chains of the small
fullerenes C20 and C28 encapsulated in boron�nitrogen
nanotubes, and performed a quantum-chemical study
of their electronic properties. It was found that the
most active (crucial for interactions of C20 and C28
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Fig. 4. Model densities of electronic states: (a) [C28]
�

chain, (b) (10,0)BN-NT, (c) [C28]
�

+ (10,0)BN-NT, and
(d) C28@(10,0)BN-NT peapod (configuration I, Table 2).

with each other and with the nanotube) are outer
partially occupied C2p states of fullerenes. It was
shown that in peapods with fullerene�nanotube
distances longer than covalent bonds no new (hybrid)
states are formed and the spectrum of the system is a
superposition of the spectra of the �isolated� fullerene
chain and nanotubes. The density of carriers is mostly
localized on outer states of fullerenes, that form a
narrow �impurity� band in the dielectric band of
nanotubes whose semiconducting properties are pre-
served in peapods.

The spectra of peapods with fullerene�nanotube

distances characteristic of covalent bonds contain a
set of electronic states associated with formation of
new fullerene�nanotube and fullerene�fullerene bonds.
Therewith, pair bonds defining the structure of the
starting fullerenes get weaker, which suggests spon-
taneous polymerization inside nanotubes.

To conclude, an effective way of controlling the
electronic properties of the peapods in hand is to vary
the chemical composition of intercalated cage-like
molecules. In this connection interesting objects for
further research may be peapods involving endocom-
plexes of the basis of C28 fullerene, M@C28 endo-
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Table 2. Fermi energy (EF, eV), total one-electron
energies (Etot, eV) and pair bond populations for boron�
nitrogen nanotubes decorated by a chain of adsorbed
fullerenes and for C20,C28@BN-NT peapodsa

����������������������������������������

System
�

�EF

�
�Etot

� Bond populationsb

� � ��������������
� � �B�N (1)� B�N(2)

����������������������������������������
(9,0)BN�NT �12.296 � � 0.768 �
C20 + (9,0)BN�NT � � �

I � 9.031 �6534.37 � 0.760 � 0.765
II � 9.119 �6535.77 � 0.761 � 0.767
III � 9.369 �6568.83 � 0.762 � 0.768
IV � 9.347 �6567.63 � 0.765 � 0.768

C20@(9,0)BN-NT � � � �
I � 8.640 �6500.81 � 0.728 � 0.759
II � 8.002 �6509.10 � 0.719 � 0.754
III � 8.314 �6509.46 � 0.749 � 0.758
IV � 8.341 �6509.33 � 0.750 � 0.757

(10,0)BN-NT �12.292 � � 0.770 �
C28 + (10,0)BN-NT� � � �

I �10.634 �7714.41 � 0.765 � 0.770
II �10.337 �7712.87 � 0.766 � 0.770
III �10.244 �7712.50 � 0.765 � 0.770
IV �10.533 �7713.60 � 0.763 � 0.770

C28@(10,0)BN-NT� � � �
I � 8.087 �7633.46 � 0.711 � 0.760
II � 8.279 �7631.82 � 0.708 � 0.756
III � 7.551 �7626.71 � 0.714 � 0.763
IV � 7.820 �7627.41 � 0.712 � 0.764

����������������������������������������
a (I�IV) Configurations of fullerene�nanotube mutual arran-

gements (Fig. 1). b (1, 2) Bond populations in rings of B and
N atoms, surrounding the fullerene, and between neighboring
fullerenes, respectively.

fullerenes (M = Sc, Ti, Zr, Hf [29]). We suggest that
intercalation into the bulk of nanotubes of these endo-
complexes (along with the other type of metal�carbon
nanoparticles, metallocarbohedrenes, we proposed in
[19, 20]) may open the way to new unique nano-
tubular materials involving Group III�V d-metals.

Peapods formed by small fullerenes and carbon
nanotubes hold no less promise, specifically as new
superconductors.

Service [31] declared C60@C-NT as potential high-
temperature superconductors. On the other hand, it is
suggested [25, 32, 33] on the basis of calculated
vibrational characteristics of small fullerenes and elec-
tron�phonon interactions in their molecular crystals
(for instance, NaC22 [32] or A3C28 [33], where A are
alkali metals) that these molecules are more promising
for design of high-temperature superconductors than

the �classical� C60 and C70. Calculations of model
nanostructures C20,C28@(n,0)C-NT and
M@C28@(n, 0)C, BN-NT are presently in progress.
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