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Abstract A mathematical model of the new nanodevice
based on the K+@C60@tubeC740 hybrid carbon compound
and named as the nanoautoclave is presented. The operation
of the nanoautoclave is demonstrated by the example of
modeling the synthesis process of stable dimers of the C20

and C28 fullerenes. Energetic characteristics of the
C20ð Þ2 2þ 2½ � dimer correspond to those calculated before.
Parameters of the C28ð Þ2 1þ 1½ � dimer have been calculated
for the first time. The dimerization process is simulated by
the method of molecular dynamics with the tight-binding
description of interatomic interactions.
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Introduction

The discovery of carbon nanotubes in 1991 has stimulated
very broad and intensive research into the analyses of their
applications [1]. For example, carbon nanotube is applied
as nanoreactors. Cobalt ferrite nanowires with an average
diameter of 50 nm and lengths up to several micrometers
are synthesized inside carbon nanotube [2]. Carbon nano-
tube may also serve as nanoreactor for a simple thermal
reaction process resulting in the fabrication of high-quality,
large-yield, single-crystalline Mg3N2 nanowires [3].

In this paper, the mathematical model of a new nano-
device—a nanoautoclave, based on a carbon nanotube is
presented and validated. The mathematical model of the

nanoautoclave is described and implemented using molec-
ular dynamics (MD) with tight-binding (TB) method to
calculate the total system energy. Nanoautoclave work is
demonstrated on the example of dimerization reaction of
the C20 and C28 fullerenes inside a nanotube under axial
compression. Atomic structure and stability of (C20)2 dimer
were studied using TB [4] and density functional theory
(DFT) [5]. Geometrical parameters, heat of formation,
density of one-electron states for C28 hyperdiamond were
determined by using of semi-empirical quantum chemistry
PM3-method [6]. However, the process of a dimerization
reaction of those fullerenes and its conditions were not
researched. As known from [7], in nanotubes such as
(10,10), (11,11), and (12,12), C20 and C28 fullerenes form
new 1D-, 2D-, and 3D(spiral)- complexes to each other
without sealing to the nanotube walls.

Nanoautoclave model

In our nanoautoclave model a closed single-wall carbon
nanotube (10,10) C740 is represented as a capsule that is
closed from both ends with C240 fullerene caps. The
pressure is controlled by a shuttle-molecule encapsulated
into a nanotube that may move inside the tube. In the
present case a shuttle-molecule is the C60 fullerene. The
shuttle must have some electric charge for its movement to
be controlled by an external electric field. The positively
charged endohedral complex K+@C60 (the ion of potassium
inside the fullerene C60) is a shuttle-molecule in the present
model of the nanoautoclave. So, the hybrid compound
K+@C60@tubeC740 is a nanoautoclave model. The
K+@C60@tubeC740 nanoparticle is located between two
electrodes connected with a power source (see Fig. 1).
Changing the potentials at the electrodes, we control the
movement of the K+@C60 fullerene.
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Computational method

In this work, the MD and TB were applied to calculate the
location of the shuttle-molecule in the nanotube and its
movement. To calculate the interaction energy between
bonded atoms of the nanotubes and the fullerene the TB
method is used. The TB method was earlier presented in [8]
and to study a stability of carbon nanoclusters was
successfully implemented. The total energy of a system of
ion cores and valence electrons is written as

Etot ¼ Ebond þ Erep þ EvdW : ð1Þ
Here the term Ebond is the bond structure energy that is

calculated as the sum of energies of the single-particle
occupied states. Those single-particle energies are known
by solving the Schrödinger equation

Ĥ y
n

�
�
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where H is the one-electron Hamiltonian, εn is the of the
nth single-particle state. The wave functions ynj i can be
approximated by linear combination
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X
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is an orthogonal basis set, l is the quantum
number index and α labels the ions. The matrix elements in
Eq. 2 are calculated after fitting a suitable database obtained
from the experiments and were presented in [8].

Term Erep in Eq. 1 is the phenomenon energy that is a
repulsive potential. It can be expressed as a sum of two-
body potentials as

Erep ¼
X

a;bia
Vrep rab
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; ð4Þ

where Vrep is pair potential between atoms at α and β. This
two-body potential describes an interaction between bonded
and nonbonded atoms and is presented in [8]

Vrep ¼ V 0
ijg
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where i and j are orbital moments of wave function, g
presents the bond type (σ or π). The values of the

parameters V 0
ijg are: V 0

sss ¼ �4:344, V 0
sps ¼ 3:969, V 0

pps ¼
5:457, V 0

ppp ¼ �1:938 eV [8].
To describe the intermolecular interaction the van der

Waals potential was added in to the system energy (1). The
van der Waals potential is given as the Lennard-Jones
potential [9]:
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where σ=1.42 is a length of the C–C bond, y0=2.7 and
A ¼ 24:3 � 10�79 J � m6 are empirically chosen parameters
[9]. However, the Lennard-Jones potential is incorporated
only if the phenomenon intermolecular energy becomes
zero (at distance about 0.25 nm for the carbon-carbon
interaction).

The motions of the atoms are determined by the classical
MD method where Newton’s equations of motion are
integrated with a third-order Nordsieck predictor corrector
[10]. Time steps of 0.15–0.25 fs were used in the
simulations. The forces on the atoms were calculated using
TB method.

To research the dimerization process in a nanoautoclave
our own program was used.

Results and discussion

Using TB the enthalpy of the C60 þ tubeC740 ! C60@C740

reaction was calculated. It is exothermal and the enthalpy is
equal −50.22 kcal mol−1. At the ground state of the
C60@C740 hybrid compound the C60 fullerene is located
at one of the nanotube ends, and the C20 or C28 fullerenes
are located at the opposite end (see Fig. 2a). The shuttle-
molecule C60 has a distance of about 3.4Å from the tube
walls therefore it may move freely along the nanotube axis
under an external electric field. Its atoms are in sp2.28

hybridization that makes the fullerene chemically inactive

Fig. 1 The nanoautoclave model based on the K+@C60@tubeC740

hybrid carbon compound

Fig. 2 Stages of dimerization process of the C20 and C28 fullerenes in
the nanoautoclave model: a ground state of K+@C60@tubeC740

nanoparticle with the encapsulated fullerenes; b C20ð Þ2 2þ 2½ � stable
dimers and C28ð Þ2 1þ 1½ � dimers
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in comparison with the C20 and C28 fullerenes, which have
some atoms in sp3 hybridization and will freely polymerize
at shot distance. The distance between the miniature
fullerene and the tube wall is 3.49Å.

At the start moment, the mutual positions of all nano-
autoclave components correspond to the ground state (see
Fig. 2a). Creating a certain potential difference at the
electrodes, we can stimulate the C60 fullerene movement to
the opposite end of the nanotube. The source material for
the dimerization (the Cn fullerenes) suffers greater pressure
from the shuttle-molecule and the fullerene orientations are
changed. They are shifted closer to the fullerene cap of the
tube, slightly moving off from the tube axis, and turning by
the sides to each other. When the pressure created in the
tube provides both the overlap of π-electrons of the Cn

fullerenes (that corresponds to the interatomic distance of
about 1.9Å) and the covalent bonds formation, the
intermediate phase of the (Cn)2 dimer is synthesized:
C20ð Þ2 5þ 5½ � (at n=20) or C28ð Þ2 6þ 6½ � (at n=28). Here
and further, a number of fullerene atoms participating in the
intermolecular bonds formation is shown in square brack-
ets. Figure 2b shows a stable dimer of the C20 (C28)
fullerene and the C60 molecule that suffered a certain
deformation.

Table 1 gives the dynamics of some geometrical and
energetic characteristics of the Cn fullerenes during the
dimer formation process. The following denotations are
used: d is the intermolecular distance, R is the fullerene
radius, Ea is the energy per atom of the fullerene, Einter is
the energy of intermolecular interactions (this energy is the
sum of the Lennard-Jones potential and the phenomenon
energy), Erep is the phenomenon energy of the fullerenes
interaction, P is the pressure (the latest three characteristics
will be described below). After returning the C60 molecule

to the start state (in the result of changing the direction of
external electrical field strength), the (Cn)2 dimer is
isomerized with the re-orientation in the tube field. So,
(Cn)2 transfers to the stable phase [2+2] n=20 and [1+1]
(n=28) (see Fig. 2b).

The characteristics of stable dimers (minimum and
maximum lengths of the fullerenes bonds rmin/rmax, an
intermolecular bond length D, a binding energy Eb, an
enthalpy ΔH of the isomerization reaction, a band gap Eg

and a HOMO ( highest occupied molecular orbital) are
given in Table 2. A band gap Eg is a HOMO/LUMO gap,
where LUMO is the lowest unoccupied molecular orbital.

The structure of stable dimers with the horizontal
symmetry plane, symmetry axes, and the plot of electron
states density are shown in Fig. 3. The calculated binding
energy, band gap of the (C20)2 dimer well correspond to the
data presented in [4], where they are calculated by Hartree-
Fock method. The (C28)2 dimer is studied for the first time.

Modeling the fullerenes dimerization in the nanoauto-
clave is performed by MD with TB description of the
interatomic interaction. Pressure is calculated as a cubic
density of the interaction energy between the Cn fullerene
and environmental objects: the adjacent Cn fullerene, the
walls of the tube-capsule and the shuttle-molecule. The
fullerene volume is referred to as a radius R sphere volume
holding the fullerene. The overlap moment of electron
clouds of the Cn fullerenes is fixed according to the rising
value of the intermolecular phenomenon energy Erep of
electron orbitals (4).

At the moment of the covalent bonds formation, the
pressure is calculated according to the energy Einter ¼
EvdW þ Erep. The potential difference at the electrodes Δφ
that provides the pressure necessary for the dimerization is
calculated according to the relationship ΔEinter ¼ e �Δf,

Table 1 Characteristics of the interaction between the C60 fullerene and the Cn fullerenes (n=20, 28)

n d1, Å C2
n � C60 d2, Å C2

n � C1
n R, Å C2

n Ea, eV/atom C2
n Einter, eV C2

n Erep, eV C2
n � C1

n Erep, eV C2
n � C60 P, GPa C2

n

20 2.65 2.46 2.02 −42.302 1.350 0.00 0.00 6.27

2.6 2.38 2.01 −42.241 2.557 0.00 0.00 12.42

2.4 1.95 1.99 −41.916 9.056 0.31 0.15 43.20

28 2.66 2.50 2.78 −42.34 7.20 0.00 0.00 12.8

2.34 2.33 2.77 −42.05 14.73 0.07 0.06 26.47

2.33 2.0 2.63 −41.95 16.77 0.20 0.18 35.21

Table 2 Characteristics of stable fullerenes dimers

Dimer Symmetry group
of the dimer

rmin/rmax, Å D, Å Eb, eV ΔH, kcal
mol�atom Eg, eV HOMO, eV

C20ð Þ2 2þ 2½ � D2h 1.43/1.62 1.65 6.44 −5.01 0.66 7.00

C28ð Þ2 1þ 1½ � C2h 1.41/1.56 1.56 6.57 −2.07 0.14 7.16
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where ΔEinter is a potential barrier overcome by the C60

fullerene when it goes from the well (the area of the tube
end) to the position providing the dimer formation. The
strength is calculated as Δφ/L, where a distance L is taken
to be equal to the capsule length added to value of 3.4Å
(closing the capsule to electrodes by a less distance may
cause sticking due to van der Waals interaction). The C740

capsule length is equal to 44.56Å. In spite of the significant
value, the strength is not critical for the nanotube and is
quite achievable. It is known that the electron autoemission
is observed at F ¼ 109 � 1010V=m. Table 3 presents the
potential barrier ΔEinter for the C60 fullerene, the C60

fullerene energy Einter (1) in the potential well, the potential

difference Δφ, and the external field strength F necessary
for dimer formation.

In conclusion, the dimer synthesis in nanoautoclave is
real (the energetic parameters of the C20 fullerene dimer
correspond to those calculated before), the C28ð Þ2 1þ 1½ �
dimer is stable and may be synthesized in the field of the
nanotube holding potential. Finally, the compound
K+@C60@tubeC740 can be a nanoautoclave.
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