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ABSTRACT

We report the full molecular dynamics simulations for fusing the encapsulated fullerene linear chain into a single-walled carbon nanotube
when the boron nitride nanopeapods undergo thermal annealing at high temperature. Such supramolecular coalescence inside a one-dimensional
confining environment, involving fullerene polymerization and surface reconstruction, is driven by surface and strain energy minimization.
The evolution of vacancies and isomerization of carbon rings play the dominant role in the structural transformation. The internal pressure
and temperature are crucial for the merging of fullerene molecules and the formation of corrugated carbon nanotube cores. Within the ab
initio framework, we investigate the electronic, transport, and magnetic properties of heterostructures after phase transformation. The results
indicate that the new phase is metallic due to a core of corrugated carbon nanotube, which provides an electron transport channel. Further
analyses of energy bands and spin densities reveal the possibility of flat-band ferromagnetism in the heterostructures.

Physical mergence of fullerenes and carbon nanotubes
(CNTs) has triggered a boom of both theoretical and
experimental researches. Various novel hybrid carbon struc-
tures, such as nanopeapods and nanonuds, have been
synthesized in different physicochemical methods.1-4 In
contrast to single-walled carbon nanotubes (SWCNTs) or
fullerene alone, these hybrid structures possess advantageous
electronic and transport properties.4-7 Especially, nanopea-
pods are regarded as promising candidates for nanometer-
sized containers,3 quantum storage,8-10 and possibly high-
temperature superconductors.7 The microscopic formation
mechanism11 of nanopeapods is investigated via molecular
dynamics (MD) simulations. For nanopeapods with the
lanthanide metallofullerene, the defect-mediated atomic
migration12 is demonstrated by the in situ transmission
electron microscopy observations. Under electron irradiation
or thermal annealing,3-5,13 a chain of fullerene molecules
inside SWCNTs coalesce into a small-diameter CNT. On
the basis of theoretical calculations, such structural trans-
formation strongly affects the electron conductance of
nanopeapods.14 Recently, the boron nitride nanotube peapods
(BNNTPs) packed with C60 molecules were reported.15 The

temperature-induced fusing of C60 molecules occurs under
concentrated electron beam irradiation, resulting in a CNT
core sheathed by an insulating boron nitride nanotube
(BNNT).15 Meanwhile, it was predicted this coaxial nano-
structure might lead to unusual conductivity.16 In this letter,
we perform MD simulations for coalescence of fullerene
molecules inside double-walled BNNTs annealed at high
temperature. Driven by surface and strain energy minimiza-
tion, the merging process is a manifestation of fullerene
polymerization and surface reconstruction that involves both
breakage and formation of covalent bonds. Using the
quantum mechanics calculations, we report the band struc-
tures andI-V characteristics of BNNTPs before and after
structural transformation. The results indicate a structural
transformation from a modest gap semiconductor into a
metallic conductor. On the basis of the analyses of spin
densities, we show that the heterostructured nanotubes
possibly possess the flat-band ferromagnetism.

To obtain the ordered phases of fullerene encapsulated in
double-walled nanotubes, we carried out atomistic simula-
tions proposed by Troche et al.17 For C60 molecules inside
(10,10) at (15,15) and (17,0) at (25,0) BNNTs, the mean
center-to-center intermolecular distances are 0.89( 0.02 and
0.88( 0.02 nm, respectively, which are in good agreement
with the experimental observation.16 Table 1 presents data
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for fullerene arrangements in different double-walled nano-
tubes. On the basis of the linear fullerene chain with a
constant spacing in Table 1, we construct the equilibrium
configuration consisting of double-walled nanotubes and 20
complete fullerenes. MD simulations are carried out for all
nanopeapod configurations by using empirical potentials.
During MD simulations, the bonding interactions of boron-
nitride and silicon-carbon are modeled with many-body
Tersoff-like potentials,18,19 and carbon-carbon bonding
interaction is characterized by reactive empirical bond order
potential, which allows for covalent bond forming and
breaking, with associated changes in atomic hybridization.20

The van der Waals (vdWs) force is described by using
Lennard-Jones (LJ) 6-12 potential with a cutoff distance
of 1.5 nm. The corresponding parameters21,22for LJ potential
are listed in Table 2. To improve the computational ef-
ficiency, a multiple time step algorithm23,24 with the shorter
and longer time steps of 0.5 and 1.5 fs, respectively, is used.
The periodic boundary conditions are imposed in the axial
direction of double-walled nanotubes. Before MD simula-
tions, we perform geometrical optimizations to obtain the
energy minimization of initial configurations via conjugate
gradient method. Throughout MD simulations, a Nose-
Hoover thermostat24-26 is adopted to control and adjust the
temperature of the simulated system. To mimic a Gatan
heating at high temperature under electron irradiation,27 the
temperature is gradually increased from 300 K by a time
step of 0.0085 K. After 100 ps, the temperature of the system
reaches 2000 K and then keeps constant for 200 ps. During
the last 100 ps, the temperature is slowly cooled from 2000
to 300 K through the annealing relaxation technology.27 The
above thermodynamics procedure not only actualizes the
high-temperature circumstance similar to experimental situ-

ations under electron beam irradiation, but also accelerates
the structural changes and the switching of covalent bonds.
The latter would further promote both the coalescence and
the formation of interconnections between neighboring
fullerene molecules.

The electronic properties of the structures before and after
transformation have been calculated in ab initio density
functional theory (DFT), as implemented in the CPMD
package.28 The exchange-correlation energy is evaluated
using the local density approximation. The interaction
between the valence electrons and ionic cores is described
through fully nonlocal norm-conserving Troullier-Martins
pseudopotentials29 in the Kleinman-Bylander30 separable
form. The wave-functions are expanded by the plane-wave
basis set with a kinetic energy cutoff of 70 Ry. The supercell
model is used to perform the structural relaxations. In the
present scheme, we impose a commensurability condition
between the one-dimensional periodicity of atomic arrange-
ments in the nanotube and that of the C60 chain. Conse-
quently, the lattice parameter of the unit cell becomes 1.046
nm along the nanotube direction, and other sizes of the unit
cell are chosen to be sufficiently large to avoid any spurious
image effects on the calculated total energy. To study the
magnetism in the heterostructures, we have performed the
electronic structure calculations based on the local spin
density approximate (LSDA) with the Ceperley-Adler
exchange-correlation functional formalism.31,32

Figure 1 shows a sequence of snapshots during MD
simulations. Initially, the adjacent fullerenes are connected
by single bonds with the hybridization from sp2 to sp3.33

Further dimerization of fullerenes leads to producing dimers
and then trimers via the cycloaddition reaction,33 which
strengthens the interfullerene binding and partly relieves
structural strain. As the temperature is increased, the
fullerenes are gradually polymerized by the formation of
bonding bridges and four-membered rings. Subsequently, the
fullerenes tend to coalesce in a more compact configuration,
forming a pearl necklacelike structure with the local negative
curvature.14 Sustained under a constant temperature, the
surface reconstruction occurs by switching of covalent bonds,
such as bond breakage and bond formation. Through the
thermal annealing, the encapsulated structure evolves toward
a small-diameter corrugated nanotube for the sake of
reduction in surface energy. Such reconstruction process

Table 1. Mean Intermolecular Distances for Different Fullerene Molecules Encapsulated Inside Double-Walled Nanotubes

fullerene
(symmetry) external nanotubes

inner radius of
nanotubes (nm)

intermolecular
spacing (nm)

C60 (Ih) (10,10) at (15,15) BNNTs 0.692 0.89 ( 0.02
C60 (Ih) (17,0) at (25,0) BNNTs 0.680 0.88 ( 0.02
C60 (Ih) (10,10) at (15,15) CNTs 0.678 0.98 ( 0.02
C60 (Ih) (10,10) at (15,15) SiCNTs 0.711 0.95 ( 0.03
C70 (D5h) (11,11) at (16,16) BNNTs 0.761 1.04 ( 0.04
C72 (D6d) (11,11) at (16,16) BNNTs 0.761 1.05 ( 0.04
C74 (D3h) (11,11) at (16,16) BNNTs 0.761 1.05 ( 0.04
C76 (D2) (11,11) at (16,16) BNNTs 0.761 1.07 ( 0.04
C78 (C2v) (11,11) at (16,16) BNNTs 0.761 1.06 ( 0.02
C80 (Ih) (11,11) at (16,16) BNNTs 0.761 1.08 ( 0.02

Table 2. Parameters of Lennard-Jones Potential for Different
Interatomic Interaction21,22

atom type distance (nm) energy (× 10-3eV)

C-C 0.340 3.732
B-B 0.364 7.811
N-N 0.326 2.994
Si-Si 0.383 17.444
C-B 0.352 5.399
C-N 0.333 3.343
C-Si 0.361 8.068
B-N 0.345 4.836

3710 Nano Lett., Vol. 7, No. 12, 2007



involves defect generation and presence of reactive surface
sites, such as vacancies, interstitials, dangling bonds, and
Stone-Wales defects. The nucleation and the movement of
defects dictate the optimization of the atomic structure.
Reisomerization of the 5/7 ring to two hexagons is commonly
observed at temperatures below 2000 K, indicating the
reduction in the local structural strain energy. Interestingly,
some octagonal or larger carbon rings form due to the lack
of π-conjunctional stabilization.34 Several cyclic structures
vanish and change into the 5/7 ring combinations under the
thermal fluctuation. Eventually, the resulting nanotube
consists of pentagons, hexagons, heptagons, and octagons.
The local region of the nanotube core exhibits the feature of
Haeckelite structure,35,36which is a metastable sp2-like carbon
network. Table 3 summarizes the numbers of several carbon
rings in the nanotube cores confined within different external
nanotubes. The cores in the armchair and zigzag BNNTs
have a higher ratio of hexagons to nonhexagons, relative to
those in C- and SiC-NTs. This implies that the fullerene
coalescence is favorable in the BNNTs. The armchair BNNTs
would induce slightly more defects on the core than those
in the zigzag tubes. However, there are less pentagon-
heptagon pairs on the cores in armchair BNNTs than those
in zigzag ones. This might be associated with the chirality
of external nanotubes, as well as the commensurance between
the outer sheath and inner core.

To further investigate the factors affecting fullerene
coalescence, we carry out MD simulations for all of
nanopeapod cases listed in Table 1. For chains of C60

molecules encapsulated inside double-walled C-, SiC-, and
BN-nanotubes, Figure 2 depicts their final configurations
obtained from MD simulations. The atoms are painted in
term of their potential energies in Figure 2a with the color
bar set in Figure 1, while atoms are identified by their initial
positions on the C60 molecules in Figure 2b. The nanotube
core confined in double-walled BNNTs has better tubular
structure than those in C- and SiC-nanotubes. Obviously,
the nanotube core in CNTs has several distinct defects
featured with few carbon rings connecting the overall
structure, while the core inside SiCNTs is reminiscent of a
pearl necklacelike structure with local negative curvature.
During the polymerization and reconstruction of fullerene
molecules, atomic migration is occurred inside nanotube
peapod, as illustrated in Figure 2b. In particular, the
displacements of some atoms exceed the diameter of a single
C60 molecule. Such atomic transfer is mediated by propaga-
tion of defects, which demonstrates the solid-state diffusion
of individual atoms. By tracking the dynamic behavior of
certain atoms, we observe that the motion of vacancies and

isomerization of carbon rings promote the atomic migration
through the bonding hybridization.

The above differences of evolution inside three nanopea-
pods are closely associated with the pressure provided by
external nanotubes. The pressure that the polymerized
fullerenes are subjected to is originated from vdWs interac-
tion between the external nanotubes and the fullerene
molecules. Because the fullerenes confined within hetero-
geneous nanotubes bear different internal pressure, the C60-
C60 intermolecular distances for three nanopeapods exhibit
slight differences in Table 1. During MD simulations, we
estimate the average values of internal pressure inside three
nanopeapods by calculating the radial forces on the fullerene
chain. The zigzag and armchair BNNTPs are found to
process the higher internal pressure of 37.8 and 32.9 GPa,
while the pressures inside C- and SiC-nanopeapods are 16.6
and 22.8 GPa, respectively. It is evident that the high-pressure
inside the nanopeapods is energetically favorable for the
polymerization of fullerenes. Apart from the internal pressure,
the temperature is crucial for the fullerene coalescence. The
thermal process ensures a high mobility of atoms and hence
rapid healing of defects. Under the high-temperature condi-
tions, the nanotube core forming within the one-dimensional
confinement would shrink by mending the surface defects
through atomic rearrangements, leading to surface recon-
struction and topological changes.

For the structural transformation from chainlike to tubular
configurations, we analyze the possibility and the stability
of fullerene coalescence. Figure 3 displays the relations
between the energy variation and the intermolecular distance
for different fullerene chains in double-walled BNNTs. From
the energy viewpoint, the conversion from fullerene chain
to tubule is available when the fullerenes overcome the
energy barrier of supramolecular merging under the thermal
fluctuation. Because of the closed bonding structure with a
certain extreme curvature, fullerenes have a higher cohesive
energy relative to the graphitic nanotubes. Therefore, the
minimization of strain energy provides a strong driving force
for the structural transformation of the fullerene chain.
Combined with the existence of thermodynamic driving
force, the coalescence of fullerene molecules and the
formation of nanotube core are kinetically favored. As shown
in Figure 3, the energy variations of structural transformation
decrease with an increase of the intermolecular spacing. This
is attributed to the opposite trends between the increase of
distributing distance of fullerenes and the occurrence of
polymerization. Actually, the equilibrium distance of two
adjacent fullerenes distributed in double-walled nanotubes
is related to the structural geometries of the fullerene, such

Table 3. Distributions of Carbon Rings on the Cores Encapsulated in Different External Nanotubes

numbers of carbon rings

external nanotubes pentagon hexagon heptagon octagon
ratio of hexagons
to nonhexagons

(10,10) at (15,15) BNNTs 39 367 60 19 3.11
(17,0) at (25,0) BNNTs 43 346 56 13 3.08
(10,10) at (15,15) CNTs 34 284 49 36 2.39
(10,10) at (15,15) SiCNTs 60 321 50 23 2.41
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as number, symmetry, and arrangement of pentagonal and
hexagonal rings.17,37 The absolute value of energy variation
in the zigzag BNNTs is larger than that in the armchair ones,
implying an argument that the fullerene merging is prefer-
ential for BNNTs with the zigzag chirality.

Inspired by the prediction about unusual conductivity of
BNNTPs,15 we explore the electronic properties of phases
before and after the structural transformation. Figure 4a-c
shows the periodic structures of (10,10) BNNT, perfect
nanopeapod, and new phase after temperature-induced
transformation, respectively. The configurations shown in
Figure 4b,c are chosen from the results of classical MD
simulation and then are obtained through the structural
relaxation and wave function optimization in the CPMD
package.28 The band structures and the density of states for
three structures are shown in Figure 4d. The Fermi level is
identified by a dotted line and is taken as the energy of
reference. One band crosses the Fermi level in structure after
transformation, implicating that the transformed phase has

metallic electronic structure different from the perfect
nanopeapod before transformation and the single-walled
BNNT. The present calculations indicate that accommodating
C60 molecule into a broad-gap semiconducting BNNT has
the effect of narrowing the band gap at the Fermi level. It is
noteworthy that the fullerenes coalescence leads to lower
dispersion of bands in the structure after transformation
relative to a perfect nanopeapod. This behavior is attributed
to the loss of symmetry due to the structural transition.

To confirm the electronic and transport properties of
BNNTPs, we calculate the quantum conductances of struc-
tures before and after transformation using a combined non-
equilibrium Green’s function and DFT-based formalism.38-40

Two representative electrodes are employed: one is (10,10)
CNT with a length of 0.879 nm, and another is (100)-oriented
Ag slab with a dimension of 0.614× 1.432× 1.432 nm3.
The equilibrium binding distance between the electrodes and
the examined samples is obtained by the full ab initio
optimization for side-contact geometry,41 which assures a
reasonably strongly coupled contact. The distance between
CNT and samples is about 0.145 nm, while the distance
between solid Ag and samples is 0.218 nm. Figure 5 depicts
the current versus voltage (I-V) characteristics of structures
before and after transformation for CNT and solid Ag
electrodes. TheI-V characteristics of devices with CNT
electrodes remain consistent, and the slight differences arise
from the rather weak interactions between outer sheath and
inner core. However, the devices with solid Ag electrodes
display the distinct differences in theI-V characteristics.
This observation indicates that the inner core forming through
structural transformation provides an electron transport
channel, while the outer sheath acts as a broad band gap
semiconductor. Therefore, the structural transformation
involving fullerene coalescence is electronically a semicon-
ductor-metal transition.

Recently, the ferromagnetisms in the all-carbon system
with polymerized C60,42 BN/C heterostructured nanosheets43,44

and nanotubes45 were discovered via experimental and

Figure 1. Sequential images showing the coalescence of fullerene
molecules inside double-walled BNNTs: (a) 16, (b) 56, (c) 200,
and (d) 360 ps.

Figure 2. Final configurations of inner CNT core within double-
walled BN-, SiC-, and C-nanotubes: (a) identification by potential
energy of atoms (see color bar in Figure 1), (b) identification by
initial position of atoms.

Figure 3. Relations between energy variation and intermolecular
distance for different fullerene chains encapsulated in double-walled
BNNTs. Here the label A represents armchair, and Z means zigzag.
Atoms are colored according to potential energy (see color bar in
Figure 1).
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theoretical studies. To predict the probability of ferromag-
netism in the heterostructure consisting of BNNT shells and
corrugated CNT core, we perform the total-energy electronic-
structure calculations based on LSDA. Figure 6 shows the
calculated band structure of new phase for the majority and
minority spins. One important feature is the occurrence of
flat bands in the vicinity of Fermi level, whose dispersions

are very small, only a few tenths of eV. These flat-band states
are introduced by the structural transformation and are
associated with the core configuration from polymerization
of C60 molecules. Such flat-band states for majority and
minority spins are analogous to those found in the ferro-

Figure 4. Band structures and electronic density of states for three periodic structures. Black, red, and green lines correspond to the results
of (a) single (10,10) BNNT, (b) perfect BNNTP, and (c) new phase after structural transformation, respectively.

Figure 5. I-V characteristics of structures before and after
transformation for CNT and solid Ag electrodes.

Figure 6. Energy bands of heterostructure after transformation for
majority (left) and minority (right) spins with the Fermi level set
to be 0 eV.
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magnetic BN/C nanosheets.44 The contour distributions of
the spin densitynv(r) - nV(r) on the different cross sections,
where the up spin is the majority, are depicted in the Figure
7. On some cross sections, it is reflected that the magnetic
ordering occurred in the nanotube core. Such magnetic
ordering corresponds to the flat-band states from polymerized
C60. If one examines effects of carrier doping on the magnetic
ordering in the heterostructure, it is possible that the
ferromagnetic state is observed in the doped system.

In summary, we show a fascinating structural transforma-
tion, fullerene coalescence, inside double-walled BNNTs
under thermal annealing via classical MD simulations. This
transformation is driven by surface and strain energy
minimization. The transformation involves fullerene polym-
erization and surface reconstruction, while the latter contains
evolution of vacancies and isomerization of carbon rings. It
is demonstrated that the internal pressure and surrounding
temperature are two significant factors affecting fullerene
coalescence. Using the quantum mechanics calculations, we
predict that the heterostructure after transformation displays
a metallic behavior because a CNT core encased within a
semiconducting BNNT provides a channel for electron
transport. By analyzing the spin densities of the heterostruc-
ture, we find that this heterostructure is a possible example
of the flat-band ferromagnetism originated from polymerized
C60. Further exploitation for the local metallic transitions and
special magnetic properties may have potential applications
in nanoscale devices. It is envisioned that nanotubes with
different chiralities can be welded by fusing fullerenes like

soldering tins, thus indicating a blueprint to synthesis of
nanoelectronic devices, such as nanotube heterojunctions46

and quantum dots.47
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