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For carbon nanotubes of sufficiently large diameter at sufficiently low temperature, due to the action of the van der Waals forces,
the ground state is a bilayer graphene with closed edges, the so-called collapsed configuration. Molecular dynamics simulation
of collapsed carbon nanotubes is performed. The effect of length, diameter, and chirality of the nanotubes on their properties
is investigated. It is shown that collapsed nanotubes after relaxation have rippled structure which is strongly dependent on the
nanotube chirality. The structural properties are studied by calculating the radial distribution function and energy distribution
along various regions in the collapsed carbon nanotubes.

1. Introduction

Due to their extraordinary properties arising from the unique
one-dimensional structure, carbon nanotubes (CNTs) have
been the subject of intense theoretical and experimental
studies since their discovery [1]. There have been numerous
works on the mechanics of nanotubes and their properties in
recent years because of their great potential for composites,
sensors, electronic devices, and many other applications [2–
6]. Calculation of the elastic properties of nanotubes confirms
that they are extremely rigid in the axial direction and are
most likely to distort perpendicular to the axis [7, 8].

Experimental investigations, as well as theoretical works
ranging from full atomistic simulations to continuum mod-
eling, have been used to study the existence of CNTs whose
overall geometry differs radically from that of an ideal
cylinder. Recent studies [9–17] have shown that a single-
walled CNT with an appropriate diameter has two stable
states, circular and collapsed, with different potential energy.

Such an energy difference is interesting because CNTs can be
used as an energy source during the transformation between
the two states.The nanotubes, which are collapsed along their
length, energetically are more favorable than the form with
a circular cross-section [11]. Nanotube collapse was called
“domino process” andmodeled bymolecular dynamics (MD)
both at zero and finite temperatures [9, 10]. It was also shown
that collapse can significantly affect the electrical properties
of CNTs [18–20].

The collapse of single-walled CNT studied via classical
MD and molecular mechanics suggested that CNTs with
a radius larger than 3 nm will collapse, since the energy
of the collapsed state is lower than that of the circular,
uncollapsed state. The energetics of the collapse of single-
and multiwalled CNTs via MD was also studied in [21].
The formation of fully collapsed single-walled CNT with
the atomic scale finite-element method was investigated in
[22]. Interestingly, collapsed multiwalled CNTs may exist in
different forms [23]. The elastic model shows that there exist
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collapsed configurations of different orders, each involving a
different number of collapsed layers [24].

In particular, the production of super-strong nanotube
bundles and other three-dimensional carbon structures
remains a challenge to the current materials science. Since
then, many researches have been carried out to understand
the behavior of bundles of carbon nanotubes under high
pressures [25–32].

In this paper, the MD simulation aimed at the inves-
tigation of energy and structure of collapsed single-walled
CNTs is presented. Phenomena of structural transformation
are shown by the radial distribution functions. Various types
of rippled collapsed structures are studied.

2. Simulation Details

The topography of CNT is denoted by a pair of integer
numbers (𝑛,𝑚). In this study, initial atomic configurations
were obtained by creating a CNT with specified parameters.
Four CNTs of various chirality are considered: zigzag (96,0),
armchair (55,55), and two chiral CNTs (50,60) and (40,70).
The chirality indices are chosen to maintain the number of
atoms in the CNTs to be almost the same at the same length
and nearly the same diameter. The number of carbon atoms
in the largest CNTs is about 18500. Single-walled CNTs of
various lengths from 𝐿 = 20 to 200 nm are simulated to
check the effect of length on its properties. It was shown
that the length has no significant effect on some properties
of collapsed structures, while it can slightly affect the other
properties. The length 𝐿 = 100 nm, as the average between
considered values, is chosen as the example for further
descriptions.

The simulations are carried out using the large-scale
atomic/molecular massively parallel simulator (LAMMPS)
package [33] with the adaptive intermolecular reactive empir-
ical bond order (AIREBO) potential [34], which has been
widely used to describe the short range bonding energies
among carbon atoms in many studies on the behavior
and properties of graphitic polymorphs [31, 32, 35–38].
Additionally, the van der Waals forces between two carbon
atoms are modeled by the Lennard-Jones potential with the
equilibriumdistance of 3.4 Å and the bond energy of 0.024 eV.
Relaxational dynamics is carried out to find the equilibrium
configurations of the collapsed CNTs.

Stability of the collapsed configuration was shown in the
previous studies [9, 10]. The main goal of this work was
the investigation of the collapsed state and the properties of
collapsed nanotubes; that is why the initial open state of the
CNT is not presented here. Collapsed nanotubes were created
by application of the lateral forces applied to the atoms. After
the collapsed nanotube is created, the action of the external
forces is removed and the self-folded structure is relaxed to
a minimum potential energy state, as shown in Figure 1(a).
The relaxation of the CNT strongly depends on the chirality,
which will be discussed in the sequel.

Figure 1(b) shows the schematic of a collapsed CNT. To
study the energy distribution, the atoms of the self-folded
CNT with its total width 𝐻 were divided into two groups:
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Figure 1: (a) Initial structure of collapsed CNT(50,60). (b) Schematic
of folded CNT. Bilayer graphene of width ℎ is the region I and the
two round edges constitute the region II.

the atoms in the central flat region where one has bilayer
graphene of width ℎ (region I) and the atoms in the two round
edges (region II). Let 𝑁1 denote the number of atoms in the
bilayer graphene area (ℎ × 𝐿) and 𝑁 the total number of
atoms. Then the region II has 𝑁2 = 𝑁 − 𝑁1 atoms. For the
collapsed structure, the opposite walls in region I are within
the van der Waals distance.

The studied energies are the energy per atom of bilayer
graphene, 𝐸1 (region I), and the energy per atom for round
edges, 𝐸2 (region II). The energy in region I is

𝐸1 =
𝑒

𝑁1
, (1)

where 𝑒 is the potential energy of the area ℎ×𝐿, and the energy
in region II is

𝐸2 =
(𝐸 − 𝑒)

𝑁2
, (2)

where 𝐸 is the total potential energy of the area𝐻 × 𝐿.

3. Results and Discussion

The effect of CNT diameter 𝐷 on the potential energy is
studied for the collapsed armchair CNTs with 𝐿 = 100 Å.
The nanotube chirality slightly affects the energies 𝐸1 and 𝐸2
but has no qualitative effect; that is why the results only for
the armchair CNTs are presented as the example. In Figure 2,
the potential energy as the function of CNT diameter is
shown for 𝐸1 (solid line) and 𝐸2 (dashed line). It can be
seen that for the small diameter the energy of collapsed edges
of the nanotubes, 𝐸2, is higher and it rises nonlinearly with
decrease in 𝐷, which is in consistence with the previous
works [9, 10]. The competition of the van der Waals energy,
providing attractive force to collapse the tube, and the elastic
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Figure 2: The potential energy per atom as the function of CNT
diameter 𝐷 for region I (𝐸1, solid line) and region II (𝐸2, dashed
line).

energy, which always tends to keep the tube circular, leads
to the mechanically bistable configuration of a single-walled
CNT with the two competitive energies. For tubes of smaller
diameter, the elastic energy is dominant (thus the circular
structure of the tube is stable), while for tubes with larger
diameter the van der Waals energy is dominant, meaning
that the collapsed structure of the tube is stable whereas
the circular structure is metastable [7]. In the following, the
properties of collapsed nanotubes are reported for the CNT
diameter of𝐷 ∼ 7.5 nm.

The effect of the CNT length on the potential energy of
the CNT in the relaxed state is investigated. The behavior
of chiral CNTs is quite different from that of armchair and
zigzag CNTs. For the whole range of lengths, 𝐸1 stays almost
constant for all CNTs, while the energy of round edges, 𝐸2,
slowly decreases with the length increase for the armchair
CNT and remains constant for other types of CNTs. The
energy of chiral CNTs is found to be lower than that of the
armchair and zigzag CNTs. No distinct effect of CNT length
on the collapse and formation of final relaxed structures
is observed since the considered CNTs have a relatively
large length. The detailed analysis of the distribution of the
potential energy showed that the highest energy concentrates
on the ridges of the collapsed edges, while bilayer graphene
(region I) has the lowest potential energy.

The relaxed states of four collapsed CNTs are shown
in Figure 3 for (a) CNT(40,70), (b) CNT(50,60), (c) CNT(55,55),
and (d) CNT(96,0). It can be seen that CNTs after relaxation
become rippled, which is in consistence with graphene
[39, 40]. In reality, the bilayer graphene region will not
remain ideally flat and its shape will depend on the spatially
distributed cohesive forces due to van derWaals interactions.
As it can be seen from Figure 3, a set of ripples appear in the
collapsed CNTs reflecting the (in)commensurate structures
in the mutual arrangements of atoms in the two graphene
sheets in contact. The ripples contribute to the total potential
energy of the collapsedCNTs. According to the earlier studies
[15, 21], the most energetically favorable mutual position
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Figure 3: Relaxed structures of collapsed CNTs: (a) CNT(40,70), (b)
CNT(50,60), (c) CNT(55,55), and (d) CNT(96,0).

of the two graphene sheets is when the C atoms of one
sheet are above the centers of the 6-atom rings of another
sheet. The ripples in bilayer graphene appear to minimize
the contribution from the van der Waals bonds to the total
potential energy of CNT. Only in the case of zigzag and
armchair orientations the minimal energy position can be
achieved by the mutual translation of the two sheets in
contact. In other cases the mutual rotation of the sheets is
required. In the case of collapsed CNT the mutual rotation
is restricted by the closed ends of the graphene sheets. Only
local atomic shifts and rotations can be realized resulting in
the appearance of ripples. Not only rippling of the bilayer
graphene region but also the shape of the edges is strongly
dependent on the chirality of CNT. Physically, stretching of
the C–C bonds is difficult because they are stiff and strong.
Therefore, during collapse, the cross-section configuration of
CNT will be such that the stretching of the C–C bonds is
minimal. On the other hand, the bending rigidity of graphene
sheet is known to be rather small. In some cases, the elastic
energy of bending can be concentrated to create a sharp
ridge. This happens, for example, for CNT(55,55), as can be
seen in Figure 3(c). For CNTs with other chiralities the sharp
ridges are not observed.

To further analyze the collapsed structures of CNTs,
radial distribution functions (RDF), 𝑔(𝑟), are presented in
Figure 4 for CNT(96,0) (thin solid line), CNT(55,55) (thick solid
line), and CNT(50,60) and CNT(40,70) (dashed line). Note that
the coordination shells for single-layer flat graphene have
radii 𝜌,√3𝜌, 2𝜌,√7𝜌 . . ., where 𝜌 is the C–C bond length. For
𝜌 = 1.42 Å the main peaks of RDF are expected at 1.42, 2.46,
2.84, 3.75. . . Å, which is in good agreement with the results
shown in Figure 4. The small and relatively broad peak near
3.4 Å, also shown in the inset of Figure 4, can be attributed to
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Figure 4: Radial distribution functions for CNT(96,0) (thin solid
line), CNT(55,55) (thick solid line), and CNT(50,60) and CNT(40,70)
(dashed line).

the van der Waals bonds between layers in bilayer graphene.
It can be seen that for the zigzag and chiral CNTs this peak
is broader than for the armchair nanotube, meaning that
the coherency of layers in region I for the nanotubes of
different chirality is different. For the nanotubes CNT(50,60)
and CNT(40,70), RDF is almost the same, as shown by the
dashed line in Figure 4.

4. Conclusions

The energy distribution and structure of collapsed carbon
nanotubes of different diameter, length, and chirality have
been investigated using molecular dynamics simulations.
The obtained results revealed that the relaxed shape of the
collapsed CNTs strongly depends on the chirality and other
geometry parameters. For CNTs with different chiralities, we
have observed different ripple configurations of the bilayer
graphene region as well as different structures of the edges
(see Figure 3). This is important because the ripples and
cross-sectional profile can considerably change the mechani-
cal and physical properties of CNTs.

The highest potential energy density in collapsed CNTs
is observed along the ridges, which appear on the collapsed
circled edges, while bilayer graphene has the lowest energy
density. Taking into account the ability of collapsed CNT to
return to the tubular metastable state through a reversible
thermodynamic process explained in [10], it is possible to
develop novel structures with anomalous thermal expansion
and other anomalous properties in the temperature range
where such transformation takes place. The results are there-
fore expected to provide new insights that will enhance the
design of collapsed CNT-based devices and materials. The
process of collapse and its effect on the properties as well
as interplay between curvature energy and van der Waals
energy may also be relevant to the collapse of larger graphitic
structures such as carbon whiskers and are relevant to the
description of the structure and properties of crumpled
graphene [41, 42].
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