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Predictions from Molecular Dynamics Simulations
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The effect of filling nanotubes with C60 , CH4, or Ne on the mechanical properties of the nanotubes is
examined. The approach is classical molecular dynamics using the reactive empirical bond order (REBO)
and the adaptive intermolecular REBO potentials. The simulations predict that the buckling force of filled
nanotubes can be larger than that of empty nanotubes, and the magnitude of the increase depends on
the density of the filling material. In addition, these simulations demonstrate that the buckling force of
empty nanotubes depends on temperature. Filling the nanotube disrupts this temperature effect so that it
is no longer present in some cases.
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In the past few years there has been considerable inter-
est in filling carbon nanotubes (CNTs) with various mate-
rials, such as noble gases [1–4], organic molecular gases
such as CH4 [5–8], and hydrogen [9–11]. In these studies,
the ends of the CNTs are opened via chemical processes
to facilitate filling [12]. Luzzi and co-workers have found
that opening CNTs with acid creates defects (holes) in the
CNT walls that allow C60 molecules to enter their interior
[13–15]. When the CNTs are annealed, the ends are closed,
the defects are removed, and the resulting “nanopeapods”
are found to contain strings of C60 molecules [15].

In this paper, the effects of temperature and of filling
single-walled CNTs with C60, CH4, or Ne on the compres-
sibility of the CNTs are examined using classical molecu-
lar dynamics simulations. Previous computational papers
have studied the compression and deformation of empty
CNTs in free space [16–22] and pressed against surfaces
[23–25]. At room temperature single-walled CNTs buckle
to relieve the applied stress via a finning mechanism and
have large Young’s moduli along the CNT axis. These
properties have sparked interest in using CNTs as fibers in
CNT-polymer matrix composites [26,27].

For the Ne-filled tubes, the forces in these simulations
are calculated using Brenner’s reactive empirical bond-
order (REBO) potential [28] for the short-range (covalent)
interactions within the CNT walls and Lennard-Jones (LJ)
potentials [29] for the Ne-carbon and the Ne-Ne inter-
actions. The REBO potential realistically describes the
properties of molecular and solid-state carbon materials,
including bond energies, bond lengths, and lattice con-
stants [28]. However, because the atoms are treated as
hard spheres, forces from electronic effects, such as orbital
resonance and symmetry, are neglected. The adaptive in-
termolecular REBO (AIREBO) potential, developed by
Harrison and co-workers [20], is used for the CH4-filled
and the C60-filled tubes. The AIREBO potential builds
in accurate, long-range intermolecular interactions using
LJ potentials to the REBO potential while maintaining its
ability to model chemical reactions [28]. The AIREBO
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LJ parameters have been shown to be able to reproduce
condensed-phase properties, such as density, in a wide
range of hydrocarbon liquids. These potentials have been
used in related studies of the mechanical properties of
[16–18,22,23,25], chemical functionalization of [31], and
the diffusion of gases through [8,32] CNTs. Time steps
in the range of 0.2–0.3 fs are used, depending on the
system.

The CNTs considered are (10,10) single-walled tubes
that are either 100 or 200 Å long and capped (with a C5y

hemispherical cap [23]) at both ends. Every CNT is parti-
tioned into three regions: the outer 92 atoms on each end
are held rigid; moving toward the center of the CNT, the
next 182 atoms (next to the rigid atoms) have independent
Langevin heat baths [33] applied to them to maintain the
temperature of the system; the remaining atoms are free
to evolve in time with no additional constraints. Compres-
sion of the CNT is simulated by moving the rigid atoms
at one end toward the other end with a constant velocity
of 41 m�s. The instantaneous forces on the moving rigid-
cap atoms are monitored. The compression rate is chosen
so that there is sufficient time to dissipate excess energy to
maintain a constant temperature, and fast enough to make
the simulations computationally feasible. Temperatures
between 140 and 1500 K are considered. In each case, five
simulation trajectories are run and the resulting forces on
the ends of the CNT due to the compression are smoothed,
averaged, and plotted as a function of strain.

In the case of C60, densities of 0.752 g�cm3 [8 (16) C60
in the 100 Å (200 Å) CNTs], referred to as low density,
0.790 g�cm3 (18 C60 in the 200 Å CNTs), or medium
density, and 0.940 g�cm3 (10 C60 in the 100 Å CNTs), or
high density, are examined. In the case of Ne, densities of
0.431 g�cm3 [330 (660) atoms in the 100 Å (200 Å)
CNTs], referred to as low density, and 0.862 g�cm3

[660 (1320) atoms in the 100 Å (200 Å) CNTs], or high
density, are considered. In the case of CH4, one density of
0.292 g�cm3 [140 (280) molecules in the 100 Å (200 Å)
CNTs] is used.
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FIG. 1. (a) Force versus strain for the compression of empty
and filled 100 Å CNTs at 300 K. (b) Percentage of C-H non-
bonded interactions with a given interatomic separation calcu-
lated near the buckling point of the 100 Å CNT. From left to
right in the figure the lines represent simulations with 140 (solid
line), 120 (dashed line), 100 (dotted line), 80 (dash-dotted line),
and 60 (which is indistinguishable from the 80 molecule line)
CH4 molecules. The AIREBO, C-H LJ function is included for
comparison.

The force-strain curves from the compression of 100 Å
CNTs that are empty and filled with C60, CH4, or Ne at
various densities at 300 K are shown in Fig. 1a. In each
case, the force increases as the CNT is compressed until it
buckles. Further compression results in additional buckles
that correspond to the smaller oscillations in the force-
strain data at large values of strain. Because the forces
from independent simulations are averaged at each value
of strain, the standard deviation of the force at each point
is also calculated. Regardless of the filling material, filled
CNTs have significantly higher buckling forces compared
to empty CNTs. With the exception of Ne, examination of
the standard deviation of the forces at each strain demon-
strates that there are no statistically significant differences
between filling types at low densities. Filling with CH4
or C60 at low density increases the buckling force of the
CNT approximately 3% to 13% (using the minimum and
maximum standard deviations of the force). Filling with
Ne at low density increases the buckling force of the CNT
approximately 19% to 24%. An even larger increase in the
buckling force (approximately 44% to 47%) is achieved by
increasing the density of Ne to the high density.

These data suggest that it may also be possible to affect
statistically significant changes in the buckling force by in-
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creasing the number of C60 molecules from 8 (low density)
to 10 (high density). The average buckling force for the
CNTs filled with C60 at high density is larger than it is at
low density. However, the variation in the forces among
independent runs is large in the C60 system at low density
because the CNT buckles in different locations during in-
dependent simulations. Thus, it is not clear whether the
difference observed in the average force for the two C60
systems is statistically significant.

In an effort to elucidate the effect of filling density on
the buckling force, multiple simulations of the CH4-filled,
100 Å CNT were run. The number of molecules in each
simulation ranges from 2 to 140 molecules. The C-H and
H-H nonbonded distances are analyzed in the buckling
region for each density examined. These simulations
show that the buckling force of the filled CNTs is approxi-
mately constant until a critical filling density is reached.
When the CNT is filled with approximately 100 mole-
cules, the buckling force begins to increase with increas-
ing density. The origin of this behavior is apparent from
an examination of Fig. 1b, where the percentage of the to-
tal C-H LJ interactions in the CH4-filled CNTs is plotted
versus intermolecular separation. The AIREBO, LJ po-
tential for C-H is also shown for comparison. It is clear
that increasing the molecular density increases the number
of molecules undergoing extremely repulsive interactions
(the average C-H distance decreases). This increase is
responsible for the increase in the buckling force once the
critical density has been reached. Similarly, the fraction
of LJ interactions along the repulsive wall of the H-H
LJ potential increases as the density of CH4 molecules
increases.

The Young’s modulus of the CNTs can be determined
by dividing the values of the slopes of the force-strain
curves shown in Fig. 1a by the cross-sectional area of the
CNTs [16,17,34–37]. Several approaches for calculating
the cross-sectional area of a CNT have been proposed in
the literature [16,17,34–37], with the calculated value of
Young’s modulus depending strongly on the method cho-
sen. Without calculating a modulus value, it is clear from
examination of the curves in Fig. 1a that the slopes of
the curves prior to buckling are approximately equal. (As
it is clear from Fig. 1a that the Young’s modulus is unaf-
fected by filling we do not calculate the Young’s modulus
here.) Therefore, filling a CNT does not alter its Young’s
modulus but will affect quantities such as its flexural
modulus [38].

The deformation behavior during compression when the
100 Å CNTs are filled with Ne, CH4, or C60 at low den-
sities is very similar to the deformation of an empty CNT
[17]. Because of the flexibility of the CNT along its axis,
one or more buckles develop in the tube when the buck-
ling force is reached. At low densities, the gas atoms or
molecules are able to easily rearrange themselves to avoid
being forced into close proximity with each other or the
CNT walls. The analysis of the effect of CH4-filling den-
sity discussed above demonstrates that the magnitude of
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the buckling force is governed by the repulsive interac-
tions among the molecules and between the molecules and
the CNT.

Comparison of the buckling force of the high-density
Ne-filled CNT with the high-density C60-filled CNT re-
veals that these forces are quite different for the two spe-
cies. The Ne atoms are small and can pack inside the CNTs
in three dimensions. As a result, the average LJ distance
between the atoms is small, with average intermolecular
separations of 2.52–2.62 Å at low density and 2.33–
2.38 Å at high density. Thus, a larger fraction of the
Ne-Ne LJ interactions are farther up the repulsive wall
of the potential at higher density, and the buckling force
is larger at higher density. The motion of the C60 inside
the tubes is essentially restricted to one dimension. While
changing the number of molecules in the 100 Å CNT
from 8 to 10 forces the buckyballs into closer proximity,
it does not change the average LJ separation significantly.
As a result, the majority of the LJ interactions occur at
distances that are not as far up the repulsive wall as they
are in the Ne-filled tube. Therefore, the buckling force
changes only slightly for the two C60 densities examined
here, and the overall buckling force is smaller for the
C60-filled tubes than for the Ne-filled tubes.

These data clearly show that the position and slope of
the repulsive region of the intermolecular potential func-
tions used dictate the magnitude of the buckling force ob-
served in a given simulation. Because the magnitude of
the buckling force depends on the choice of intermolecu-
lar potential, the results reported here are qualitative in na-
ture. The repulsive wall of the Ne-Ne LJ potential used
compares favorably to an exp-6 potential [39,40] that has
been shown to correctly reproduce the experimental equa-
tion of state for high-pressure Ne [40] up to an interatomic
separation of 2.47 Å. At distances smaller than 2.47 Å,
the Ne-Ne LJ potential becomes slightly more repulsive
than the exp-6 potential. With this in mind, if an exp-6
potential [39,40] were used to study the compression of
Ne-filled CNTs instead of the LJ potential used here, the
buckling force of the high-density Ne-filled CNT would
differ from the number reported here. However, the same
trends of buckling force with density would be observed.

In the case of the CH4-filled and C60-filled CNTs, a
number of parameter sets for C-H, C-C, and H-H have
been published in the literature for exp-6 and 9-6 poten-
tial energy functions [41]. Comparison of the AIREBO,
LJ C-C, C-H, and H-H potentials to the exp-6 and 9-6 po-
tentials of [42] reveals that the position of the repulsive
wall in these potentials can be very close, as they are in
the case of H-H, or differences can be somewhat larger,
as they are in the case of C-H. In the case of the C-H
potential, the repulsive wall of the LJ used here begins at
larger internuclear separations than it does with the exp-6
potential. From this, one can conclude that simulations for
CH4-filled CNTs conducted with exp-6 potentials would
show the same qualitative trends in buckling force. How-
ever, the increase in buckling force would be manifest at a
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different (presumably larger) critical density. Conversely,
if the position of the repulsive wall is at larger internu-
clear separations than the potentials used here, as it is for
the C-C exp-6 and 9-6 potentials, the critical density for
C60-filled tubes is likely to shift to lower values.

More recently, the mechanics of C60 in CNTs has been
investigated [43]. In that paper, the LJ potential for C60-
C60 interactions was compared to a Morse-type potential
derived from density functional theory, local density ap-
proximation (DFT-LDA) calculations. The LJ potentials
were found to be too hard in the repulsive region of the
potential. That is, the slope of the repulsive region of
the DFT-LDA potential was less than the LJ potentials.
Because the repulsive wall region was still present in the
DFT-LDA potential, it is clear that the phenomenon re-
ported here would still occur.

To assess how temperature affects the buckling force
of the filled CNTs, the simulations discussed above are
repeated over a range of temperatures between 100 and
1500 K. The buckling force of the empty tube decreases
as the temperature increases (see Fig. 2a). The change in
the buckling force becomes more dramatic with increasing

FIG. 2. Force versus strain curves at the indicated temperatures
for the compression of (a) empty 100 Å CNTs and (b) 100 Å
CNTs filled with C60 at low density. The error bars represent
one standard deviation.
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temperature. Because the CNTs collapse by developing
buckles in the tube walls, it appears that the increased
thermal motion of the tube walls as the temperature is
increased aids the buckling.

Filling the CNTs appears to disrupt the temperature ef-
fect. For the CH4-filled CNTs, there are no statistically
significant differences in buckling forces at 140, 300, 550,
and 1500 K and in the case of the Ne-filled CNTs there are
no differences in buckling forces at 140, 300, and 550 K.
However, there are small, but significant, differences in the
buckling force in the case of the CNTs filled with C60 at
low density, as shown in Fig. 2b. If the increased thermal
motion of the CNT wall at higher temperatures aids the
buckling process (Fig. 2a), filling the tube with many light
atoms or molecules (Ne or CH4) that undergo multiple col-
lisions with the CNT walls appears to disrupt the concerted
motion needed to initiate buckling. Alternatively, it may
also be the filling material and its intermolecular interac-
tions that govern the buckling behavior, rather than the
properties of the CNT alone. In contrast, fullerenes are
more massive and there are fewer fullerene molecules, and
fewer repulsive interactions, inside the CNTs. Thus, they
undergo fewer collisions with the CNT walls and so do
not disrupt the concerted buckling process as much as the
other filling materials.

For reasons similar to those discussed above, filling the
longer CNTs increases the amount of compression neces-
sary to reach the buckling force for all filling species and
filling does not affect the value of Young’s modulus. The
mechanisms that lead to the higher buckling force for the
filled 200 Å CNTs are similar to the mechanisms in the
filled 100 Å CNTs. The 200 Å CNTs considered bend
rather than buckle [17]. However, at low densities the fill-
ing atoms (molecules) are still able to rearrange themselves
to avoid the bending region. This gives confidence that the
findings presented above are generally applicable to filled
CNTs of even longer lengths than those considered in the
simulations.
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