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Abstract

The generation process of a double-walled carbon nanotube (DWNT) from a
“peapod” was studied by classical molecular dynamics simulation. Starting from a
peapod structure, defined by five Cgo molecules inside a (10,10) single-walled carbon
nanotube (SWNT), polymerized fullerenes, a peanut-like structure and an almost
nanotube-like structure were obtained under suitable conditions of temperature control.
The mean distance between the two layers of the DWNT agreed with an experimental
report that it is larger than the interlayer spacing found in multi-walled carbon
nanotubes (MWNTS). In addition, the chirality dependence of the potential energy of a
DWNT on the relative chirality of its constituent tubes was examined using a 6-12
Lennard-Jones potential. It was found that the potential energy depends only on the

distance between the two layers, not on the relative chiralities.

Key words: Molecular Dynamics Method, Double-walled Carbon Nanotubes,
Peapods.

1. Introduction



The recognition of multi-walled carbon nanotubes (MWNTSs) [1] in 1991, and
single-walled carbon nanotubes (SWNTSs) [2] in 1993, opened up a new research area
for these novel carbon materials. Several remarkable mechanical and electrical
properties of SWNTSs have been revealed so far, such as a metal-semiconductor duality
determined by the chiral number (n,m) that is uniquely assigned to each chiral structure
of SWNTs [3]. At first, the synthesis of SWNTSs was carried out with a pulsed laser-oven
technique using a Ni/Co-doped graphite rod [4] or an electric arc-discharge technique
using a Ni/Y-doped graphite rod [5]. However, more recently, the catalytic chemical
vapor deposition (CCVD) technique has been extensively investigated [6] due to its
potential for more large-scale production of SWNTs. We have developed a high-purity
production technique for SWNTs using a low-temperature alcohol CCVD method
[7-11].

Smith et al. [12] discovered encapsulated Cg in SWNTs synthesized by a
laser-oven technique and named it these structures “peapods”. They ware made by a
purification process using nitric acid and subsequent annealing of SWNTSs synthesized
by the laser-oven technique. The SWNTs were damaged and made defective by the
nitric acid, and the fullerenes subsequently synthesized were encapsulated in the
annealing process. Since then, a high-purity production technique for peapods was
developed by adding sublimated fullerenes to purified SWNTs [14-16], and it enabled
the encapsulation of Cy[15,16], GA@Cs, [17] and other small fullerenes. The physical
and optical properties of peapods have been studied using electron diffraction [16,17]
and Raman spectroscopy [15,19]. In particular, it was observed that encapsulated
fullerenes coalesced and formed a double-walled carbon nanotube (DWNT) [12,18],

and that DWNTs could also be made by heat treatment of peapods about 1200 °C



[14,19]. Interestingly, transmission electron microscope images and Raman spectra
showed that the mean distance between the inner and outer tube in DWNTs was about
3.6 A; that is, about 6% wider than interlayer spacings found in MWNTS or turbostratic
graphite (both about 3.4 A) [19]. It is also interesting how the diameter and chirality of
inner tube is determined depending on that of outer tube. In addition, the
high-temperature pulsed arc discharge [20] and the CCVD method [21] enabled
selective synthesis of DWNTSs. For a better understanding of formation mechanism of
DWNTs in these processes, it is important to study relationship between the inner and
outer tube of DWNTSs.

In this paper, the van der Waals potential energy of DWNTSs of various relative
chirality pairings is examined. In addition, the formation process of a DWNT from a
peapod by heat treatment is studied by classical molecular dynamics simulation. Finally,
an explanation of wider mean distance between inner and outer tube of a DWNT than
that found in other multi-layer grapheme sheet structure is proposed base on the above

two results.

Nomenclature

£ potential parameter (related to well depth)

o potential parameter (van der Waals radius)

acc . Intermolecular distance between two carbon atoms
a1, a, - real space unit vector of the hexagonal lattice

di:  diameter of nanotube

B; : valence function

b: potential parameter



De: depth of potential

En: binding energy

f: cutoff function

R.: interatomic distance of equilibrium
rj:  distance between atoms i and j

S: potential parameter

Va: attractive force term
Vr: repulsive force term
p: potential parameter

0. potential parameter

2. Chirality dependence of potential energy of DWNTSs
Here, the dependence of the potential energy of DWNT on the chirality of the
inner and outer tube is examined. The interaction between the inner and outer tube is

expressed using a standard 6-12 Lennard-Jones potential function:
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The parameters, € = 2.5 meV and o = 3.37 A were used for describing the van der Waals
potential between graphite layers per a carbon atom [22].

Firstly, the periodic stacking effect of the layers is focused on. Whereas a DWNT
has only one interaction between the inner and outer tube (for an isolated tube), a
MWNT has other periodic interactions from opposite and removed layers. Potential
energies of 2 layer (non-periodic) and 8 layers in a periodic cell are compared using a
grapheme sheet consisting of 1344 carbon atoms, with 60 A side-length, as a layer.

Figure 1 shows the potential energies per a carbon atom at various layer distances.



[ Figure 1]

These energies were fitted by the following equation:
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Equation (2) represents the potential energy U(r) as a function of the interlayer distance
r (in one dimension) by integrating the potential energy from each carbon atom in the
grapheme sheet. To describe this, the orders of the repulsive and the attractive terms are
10 and 6, respectively. The coefficients were determined by setting the potential energy
equal to a minimum value ¢ at r = o. The parameter o in case of the 2 layers and 8
layers in a periodic cell was 3.357 A and 3.323 A, respectively. The difference is only
about 0.03 A. Moreover, the parameter ¢ (a measure of the depth of the potential well)
of the 8 periodic layers is about twice that of the 2 layers. Hence, it is difficult to explain
the wider interlayer spacing of DWNTs from just the non-periodic effect.

Secondly, the chirality dependence of potential energy of a DWNT is examined.

The structure of a SWNT is specified by the chiral index (n,m) [11].

(n,m) =na, + ma, (3)
(al’ az) = (g’g)ac-c (4)

The diameter of a SWNT d; is determined by the real space unit vector of the hexagonal

lattice (a1,a2) and chiral index (n,m).
()
SWNTs of (n,n) and (n,0) are classified as either armchair nanotubes and zigzag

nanotubes, respectively. These types have mirror symmetry. Other SWNTSs are classified

as chiral nanotubes, and have helical symmetry. The unit length of axial direction T can



be also determined by the real space unit vector of the hexagonal lattice and chiral
index.
T =|t,a, +1,3,] (6)

_2m+n __2n+m
dR 1 ’ dR

b (7)

The constant dg is the greatest common divisor of (2m+n) and (2n+m) [11]. The index
(t1,t2) of armchair and zigzag nanotubes are (1,-1) and (1,-2), respectively. In the case of
chiral nanotubes, it depends on the chiral index. For example, (t1,t;) of a (5,4) nanotube
is (13,-14), which shows that the unit length of axial direction of this chiral tube is much

longer than that of the armchair or zigzag tube.

Saito et al. [23] examined the stable structure of a DWNT for various chirality
pairs in the case where the diameter of outer tube is less than 2 nm using a unit cell of
finite length. The periodic cell condition for describing the infinite tube can be made by
using the greatest common divisor of unit length of the inner and outer tube. However,
the length of periodic unit cell is much longer in the case that both inner and outer tubes
are chiral. In this study, only armchair (10,10) tube and zigzag (18,0) tube, which have
almost same diameter (about 13.5 A), are used as the outer tube. All tubes that have
smaller diameter than the outer tube are examined as the inner tube. The potential
energy of these DWNTs is calculated using the 6-12 Lennard-Jones potential function,
Eq. (1), in a following way. The intermolecular distance between two carbon atoms ac..
is set to 1.42 A in this study. The outer tube is rotated and translated in the range of the
axial symmetry (36° for (10,10), 20° for (18,0)) and translational symmetry (2.45 A for
(10,10), 4.5 A for (18,0)), respectively. Figure 2 shows the potential energy map of the
(10,10)-(5,5) DWNT. Maxima and minima can be observed periodically in the map,

however the range between these points is only 0.015 meV. Hence the DWNT will not



stay at the minimum point, and has possibility for relative rotational motion of the tubes
at the room temperature (cf. kgT = 25.7 meV/atom at 298 K).

[ Figure 2]

Figure 3 shows the minimum point in the potential energy map of various
combinations of DWNTSs plotted as a function of the intertube distance. The most stable
intertube distance is about 3.3 A in case of both types of outer tubes (armchair and
zigzag). Moreover, there is no point that appears to be singularly stable by a special
combination of the chirality of the inner and outer tubes. These tendencies are in
accordance with the results obtained by Saito et al. [23].

[ Figure 3]

In summary, it is difficult to explain the reason for the larger mean distance
between the inner and outer tube in a DWNT from only the van der Waals force

between tubes.

3. Molecular Dynamics Simulation

Next, the generation process of a DWNT from a peapod via heat treatment is
modelled by a classical molecular dynamics method, and the reason for a larger mean
intertube distance is investigated by such a kinetic approach. Initial condition for the
peapod simulations was 5 Cgy molecules encapsulated in a (10,10) SWNT of length
68.75 A (Fig. 4).

[ Figure 4]
The SWNT has a periodic boundary condition and is fixed. The Brenner potential [24]
is used for covalent bonding for carbon atoms in Cgy molecules. In previous work, we

have confirmed that the Brenner potential expressing the covalent bonding for a



nanotube accurately by the molecular dynamics simulation of formation process of a
SWNT in a laser-oven technique [25,26].
The total potential energy of the system Ey, by a Brenner potential is expressed as

the sum of the bonding energy of each bond between carbon atom i and j:

E, = z Zb/R (rij )— Bi’jkVA (rij )J (8)

IN(E)
VR(r) and Va(r) are repulsive and attractive force terms, respectively. The Morse-type

form with a cutoff function f(r) expressed these terms:

Ve r) = 1) 25 expl- pVZS(r-R) ©

Va(r) = (1) ot expl- AV2TS(r - R) (10
1 (r <R)

£(r) = %(u cos F;__RFE ;z] (R <r <R, (12)
0 (r>R)

The effect of the bonding condition of each atom is taken into account through the Bjj”

term which is a function of angle 0;j between bond i-j and i-k:
- Bij + Bji

i > (12)
B, = (1"' Z [Gc ()i (rik)]J (13)
k(=)
C C,’
Cel0)= a{“ d,® do’ +(1+ cos&)z] (4

The following potential parameters [24] were used:
De=6.325eV, S=1.29, f=15A" R = 1.315 A, 5= 0.80469, a, = 0.011304, C; = 19,

dy=25 R =17A R =20A.



In addition, the 6-12 Lennard-Jones potential, Eq. (1), with the parameters € = 2.5
meV and o = 3.37 A was used between the carbon atoms of the SWNT and those of the
Ceo molecules. The velocity Verlet method was employed to integrate the classical
equation of motion with a time step of 0.5 fs. In order to observe the growth process of
a longer time-scale within the computational limit, the controlled temperature was much
higher than the experimental conditions [19]. This is compensated for by a very rapid
cooling technique using the Berendsen thermostat [29], with the rotational and
vibrational temperature of the system controlled independently. The actual simulation
temperature does not correspond directly with that in the experimental study, however
the relationship between these temperatures is examined in our other papers [31,32].

Figure 5 shows snapshots of the growth process of the DWNT from the peapod by
a 100 ns molecular dynamics calculation at 3000 K. The outer tube is not shown for
clarity. In the first stages, the fullerenes polymerize. After that, bond switching with a
long time scale occurs, and these fullerenes change to a peanut-like structure. Finally, a
transition to an almost nanotube-like structure is observed.

[ Figure 5]

In the same way, the DWNT growth process at various temperatures from 1500 K
to 4000 K was examined. Figure 6 shows the time series of the mean distance between
inner and outer tube at various temperatures. The mean diameter of inner tube-like
structure was determined by taking an average of positions of all carbon atoms except
those in the cap structure at the edges of the tubes.

[ Figure 6]

Though the inner fullerenes stop changing in the peanut-like structure at less than 2500
K, an ellipse structure, which is regarded as the next stage of the peanut-like structure,

was observed at 3000 K. In that structure at 3000 K, the mean distance between inner



and outer tubes is about 3.6 A, which is close to the distance observed in the
experimental results [19]. In case of simulations at 3500 K and 4000 K, the original
structure of Cg vanishes by the mechanism of frequent bond switching. It is expected
that there are some energy barriers in the formation process from a peapod to a DWNT
because the final shape depends on the temperature.

In general, the Stone-Wales (SW) transformation [20] is well known for the
bond-switching path of sp? bonds of carbon atoms in fullerenes and nanotubes, and
continuous SW transformation can lead to structural phase changes. In previous work,
the SW transformation was observed at less than 3000 K using a Brenner potential over
the time scale of a typical molecular dynamics simulation [31,32]. In this study, the
mean distance between two layers of a DWNT corresponds to the experimental result at
3000 K that was the highest temperature at which SW transformation was observed in
the simulation. In case of temperatures over 3500 K, the mean distance converges to
about 3.4 A. It is because of an abnormal path of bond switching that the original
structure of the fullerenes vanishes and carbon atoms take optimum position by van dear
Waals force that make the distance at 3.4 A. Hence, it is difficult for the mean distance
of two layers of a DWNT generated by heat treatment of a peapod to take only 3.4 A by
the SW transformation. This explains why the mean distance takes about 3.6 A in the
experimental results, where the transformation must occur by SW transformation.

Finally, the sensitivity of mean distance to the Lennard-Jones potential parameters
must be considered. In above simulation, the mean distance takes optimum of the 6-12
Lennard-Jones potential at temperatures only over 3500 K. However, the mean distance
of a DWNT generated from a peapod via continuous SW transformation is not affected

by the Lennard-Jones potential, rather it is affected by the structure of original fullerene.
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In summary, the Lennard-Jones potential parameters do not appear to be critical in this

formation process.

4. Conclusions

The generation process of a DWNT from a peapod was studied by classical
molecular dynamics simulation. A continuous structural change from fullerene to
polymerized fullerene, a peanut-like structure and almost nanotube-like structure was
observed. An energy barrier was observed when the structure changes. In addition, the
chirality dependence of the potential energy of a DWNT was examined using a 6-12
Lennard-Jones potential. The potential energy depends only on the distance between the
two layers, not on the relative chirality of the inner and outer tubes. Hence, the larger
average separation of the two tube layers in a DWNT than that witnessed in MWNTSs or

turbostratic graphite must be due to the kinetic path in formation process of DWNTs.
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Figure and Table Captions

Fig. 1. Potential energy of graphite with L-J potential.
Fig. 2. Chirality Matching of DWNT ((5,5) in (10,10))
Fig. 3. Van der Waals potential energy of DWNTSs.
(a) outer tube (10,10)
(b) outer tube (18,0)
Fig. 4. Initial conditions for peapod simulations, (Cgo)s@(10,10).
Fig. 5. Snapshots of formation process from a peapod to a DWNT

Fig. 6. Mean distance between inner and outer tube.

16



=213 ((0/%)°=2.5(a Ix)*)

2 layers
0=3.357 A
€ =39.49 eV

8 layers (periodic)

potential energy (meV/atom)
&
L

€=87.50 eV, 0=3.323 A
_108 L 1 L 1 L 1 L 1 L

5 3 3.5 4 4.5
r(A)

Fig. 1. Potential energy of graphite with L-J potential.
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Fig. 4. Initial conditions for peapod simulations, (Cg)s@(10,10).
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Fig. 5. Snapshots of formation process from a peapod to a DWNT
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