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Abstract

High-resolution electron microscopy observation and energetic analysis have been performed on ropes formed from single-walled
carbon nanotubes. When individual nanotubes are twisted, the nanotube ropes become energetically stable—a configuration that
also offers better structural stability. Electron microscopic image simulations of an energetically-stable rope composed of seven sin-
gle-walled carbon nanotubes have been carried out as well to elaborate the salient features that were observed experimentally.
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1. Introduction

Carbon nanotubes are present mainly in three config-
urations: single-walled carbon nanotubes [1,2], multi-
walled carbon nanotubes [3], and carbon nanotube
bundles [4,5]. Engineering and controlling the configura-
tions of carbon nanotubes in the synthesis processes are
a crucial step in bringing carbon nanotubes into the
envisaged applications [6]. For example, isolated
straight single-walled carbon nanotubes are preferred
in building molecular electronic circuits [7,8], while car-
bon nanotube bundles may be favored for pursuing
mechanical applications [9]. It has been established
and measured that carbon nanotubes have the highest
Young’s modulus of about 1-2 T Pa [10-13], which
offers a great potential for producing high strength com-
ponents for nanostructured fiber-reinforced composite
materials.
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Single-walled carbon nanotubes, produced by the
popular techniques such as electric arc-discharge [14],
laser evaporation [4,5], and chemical vapor deposition
[15,16], usually entangle together to form bundles, which
can extend up to a total length of millimeters [17]. Raft-
like bundles, in which carbon nanotubes are arranged in
parallel, are the configuration encountered most often in
experiment. Individual carbon nanotubes in the bundles
interact with each other through the weak van der Waals
forces [18]. However, due to the very fact that the van
der Waals forces which hold nanotubes together are
weak in the raft-like structure, it is foreseeable that such
bundles would not be the ideal configuration of carbon
nanotubes for mechanical applications because of the
structural weakness. On the other hand, as often
encountered in wire ropes, a rope formed from twisted
individual strands would not only offer higher load
transfer, but also make the configuration structurally
much more stable than untwisted raft-like bundles
[19,20].

Here we report a study on the structure and energet-
ics of carbon nanotube ropes made from twisted carbon
nanotubes by using high-resolution transmission elec-
tron microscopy (HRTEM) and numerical simulations.
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Important electron microscopic image features of car-
bon nanotube ropes were illustrated in a double-strand
nanotube rope, a triple-strand nanotube rope and a lar-
ger rope, respectively. The energetic stability and forma-
tion of these carbon nanotube ropes were analyzed
through molecular mechanics calculations. HRTEM
image simulations of a septuple-strand carbon nanotube
rope were also performed in order to compare with the
experimental results.

2. Results and discussion
2.1. Observations of carbon nanotube ropes

The pristine carbon nanotube material produced by
electric-arc technique was first dispersed in methanol
and agitated in an ultrasonic bath. A small drop of the
suspension was then put onto a holey carbon grid and
allowed to dry in air. HRTEM imaging of the as-pre-
pared sample was performed in the transmission elec-
tron microscope (JEM-2010F equipped with field
emission gun) operated at 200 kV and the images were
collected on a Gatan (2k x 2k pixels) CCD camera.

Fig. 1(a) shows an HRTEM image of a double-strand
carbon nanotube rope. The two carbon nanotubes of the
rope twist with respect to each other along the roping
axis by 90° in an axial length of ~18 nm between the left
arrow (two dark fringes) and the middle arrow (four
dark fringes). The two nanotubes continue to twist
about each other by another 90° in the axial length of
~18 nm between the middle arrow and the right arrow.
In this configuration the two carbon nanotubes twist
about each other along the roping axis at a rate of 5°/
nm. The characteristic features in the electron micro-

(b)

Fig. 1. (a) Transmission electron microscopy image of a double-tubule
carbon nanorope. The two tubules twist around their roping axis
by about 180° indicated by the three arrows shown in the figure.
(b) Transmission electron microscopy image of a triple-tubule carbon
nanorope. The areas indicated by the three arrows from left to right
show the different projections of the three twisted tubules in the
imaging plane.

scope image of the two twisting nanotubes in the rope
are indicated by the variation of the dark fringes be-
tween the arrows. Fig. 1(b) shows a triple-strand carbon
nanotube rope. The three nanotubes in projection on the
imaging plane can be clearly observed from the area
indicated by the right arrow in Fig. 1(b). By measuring
the axial length and the twisting angles, we obtained that
the twisting rate for the triple-strand nanotube rope is
about 3°/nm, which is smaller than the twisting rate
for the plied double-strand nanotube rope shown in
Fig. 1(a).

Twisting of individual nanotubes to form a thicker
rope was also observed, although the twisting features
are much more complicated than the small nanotube
ropes discussed above. Fig. 2(a) shows an HRTEM
image of a larger carbon nanotube rope composed of
more than 40 individual carbon nanotubes. Letters A,
B, and C indicate the areas in which the bundles are im-
aged along a close-packed row of carbon nanotubes.
The images reveal clearly the numbers of nanotube rows
seen in projection in the direction of the incident elec-
tron beam. The measured distance between A and B is
about 67 nm, after which a twist of 60° has been com-
pleted, while the distance between B and C is about
42 nm following another twist of 60°. It can be seen that
the rate of twisting (~0.9°/nm) between A and B is lower
than that (~1.4°/nm) between B and C. However, the
image contrast fringes indicated by the white arrows D
and E between A and B are very similar to those oc-
curred between B and C, which serve as a fingerprint
of plied carbon nanoropes [21]. The magnified areas
marked with letters A, B and C showing the number
of nanotube rows 7, 6, and 6, are shown in Fig. 1(b)-
(d), respectively. In addition, this carbon nanorope is
also bent to form an arc with a curvature ~0.02 nm~!
with a bending angle about 100°, measured from the
angle between the axial directions of the nanotube rope
at A and that at C as indicated by the dark arrows.

2.2. Energetic analysis

The structural stability of carbon nanotube ropes was
analyzed by carrying out molecular mechanics simula-
tions, which can handle a much larger system of atoms
than the ab initio simulations. Bending and twisting of
individual carbon nanotubes have already been exam-
ined in experiment and simulated by molecular dynam-
ics methods [22-24].

In order to understand the formation and stability of
nanoropes observed experimentally, we have investi-
gated the energetics of only straight carbon nanotube
ropes with respect to such parameters as the twisting an-
gle and helicity of individual nanotubes. A classical
force field method was used to account for the inter-
actions between carbon atoms in the carbon nano-
tube ropes. To cope with the large model structures
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Fig. 2. (a) A twisted carbon nanorope composed of more than 40 individual single-walled carbon nanotubes. The letters A, B, and C indicate the
locations where the images reveal the numbers of the nanotube rows in the electron beam direction. The white arrows D and E highlight the salient
features of plied carbon nanoropes, whereas the three hollow arrows indicate the roping axis at locations indicated by letters A, B, and C,
respectively. Magnified areas indicated by letters A, B, and C are shown in (b), (c) and (d), respectively.

for carbon nanotube ropes that are composed of thou-
sands of atoms, we have only included the diagonal, har-
monic terms in the force field [25,26]. The functional
forms of the force field can be expressed as follows:
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where b — by stands for the bond stretching, 0 — 0,
stands for the angle bending, the torsion angle ¢ is ex-
pressed in the three-term Fourier cosine expansions,
K>, H,, and V; are coefficients in the corresponding
energy-functional terms, the van der Waals interac-
tions are described by the Lennrad-Jones potential (the
final summation terms in Eq. (1)), and no electrostatic
interactions were considered in the simulations. The
parameters for the Lennard-Jones type interaction
potential and all the elastic constants have been derived
from the compressibility and the phonon frequencies of
graphite [27].

In the implementation of energy minimization for the
constructed structure, we used the conjugate gradient
method with a convergence of about 4 x 107> meV in

the overall energy. The energy calculations in the force
field applied here are comparable to those calculated
by more accurate methods. For instance, twisting an
individual nanotube (10,10) about the tubule axis by
10° in the axial distance of 8.8 nm, the twisting energy
increases by ~3 meV/atom, which is in agreement with
the results reported by Kwon and Tomanek [28]. In
addition, this force field has been also used to study
the elastic properties of carbon nanotube bundles [9].
To simplify our simulations but without loss of gen-
erality, we first considered a carbon nanotube rope con-
sisting of two strands. The results can be extended to
thicker carbon nanotube ropes qualitatively. Fig. 3(a)
shows the schematic illustration of a pair of twisting sin-
gle-walled carbon nanotubes of the same atomic struc-
ture (10,10) (the indices define the perimeter vector on
graphene [4]) to form a double-strand rope. Each sin-
gle-walled carbon nanotube was twisted about its axis
by an angle o and then the twisted nanotubes twine
around each other to form a nanotube rope of roping
angle . The torsion energy increases harmonically with
the distorsion initially and then increases faster as the
nanotube is further twisted [28]. From the energetic con-
siderations, due to the increase of strain energy, the dis-
torted structure will not be stable without constraints.
However, if the two twisted carbon nanotubes join to-
gether, due to the tendency of energy minimization,
the structure can be stable energetically while enhancing
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Fig. 3. (a) Schematic of twisting a pair of single-walled carbon nanotubes (10, 10) with a length of 8.8 nm to form a carbon nanorope. The two
individual tubules are twisted by o and a,, respectively, and then a plied carbon nanorope is formed with a roping angle 5. (b) Relationship between
the twisting energy and the roping angle # under the condition of o; = a,. o; and «, were set at the same values of 0, 4°, 8° and 10°, respectively. (c)
Relationship between the twisting energy and the roping angle f under the condition of a; # o,. oy =0 and o, was set at 5°, 10°, 15°, and 20°,

respectively.

structural stability. Fig. 3(b) shows the total formation
energy as a function of the twist angle f§ of the nanotube
rope formed by two identical (10, 10) nanotubes, each of
which is twisted about its own tubule axis by an angle
o =a; =, and then the two twisted nanotubes twine
around each other by a roping angle . From the ener-
getics data shown in Fig. 3(b), we found that, under
the condition f§ = «; = oy, the total strain energy of the
twisted nanotube rope has a minimum. Although the
total strain energy in the twisting case (x; = op # 0) is
still slightly higher than that in the raft-like bundle case
(o = ap = 0), the carbon nanotube rope is still meta-
stable, because it would cost energy to get across the
energy barrier to recover the parallel configuration.
When the twisting angles of the two individual nano-
tubes are different, i.e., «; # oo, there exists an optimum
roping angle f3, falling between «; and o,. By assuming
that there were no twisting for the first nanotube, i.e.,
o =0, the optimum roping angle S, almost increases
linearly with respect to o,. Fig. 3(c) shows calculated re-
sults for the case «; =0 and o, = 5°, 10°, 15°, and 20°,
respectively. As in the first case, the plied carbon nano-
rope is a meta-stable structure when the roping angle f,
assumes an appropriate value.

On the other hand, since the structure of carbon
nanotubes is often helical like the DNA molecule, we

have also examined the role of helicity in the forma-
tion of a plied carbon nanorope. Fig. 4 shows the rela-
tionship between total strain energy and the roping
angle of a double-strand carbon nanotube rope in the
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Fig. 4. Twisting energy varies with roping angle for combinations of
carbon nanotubes of different helicity—(10, 10) and (14, 5), (10,10) and
(10,10), (11,9) and (12,8) and (10,10) and (13,7). The length of all
individual carbon nanotubes is about 8.8 nm.
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following combinations: (a) (10,10) and (13,7)
(A =9.8°); (b) (10,10) and (14,5) (Ax=15.3°); (c)
(11,9) and (12,8) (Ax= 3.3°); and (d) (10,10) and
(10,10) (Ao = 0), where Aa stands for the helicity differ-
ence between the two nanotubes. It can be seen from
Fig. 3 that the twisting energy has no direct relation with
the helicities of the two individual nanotubes as we
vary the roping angle of the carbon nanotube rope. This
demonstrates that the helicity plays an insignificant role
in the formation of a rope-like bundle of carbon
nanotubes.

2.3. HRTEM image simulations

In order to understand the contrast of the experimen-
tal HRTEM images, imaging contrast simulations were
also performed using a model structure. Seven nano-
tubes of the same structure (10,10) were used to form

(b)

Fig. 5. (a) Cross-sectional view of a model of a rope-like bundle of
seven carbon nanotubes with diameter of 11 nm. Six carbon nanotubes
twist around the central tubule by approximately 10°, which is
comparable to the experimental roping angle of 60° in 70 nm length.
(b) Simulated HRTEM image with electron beam incident in the B
direction indicated in (a). White arrows D and E highlight the
characteristic image features of plied carbon nanoropes.

a septuple-strand carbon nanotube rope, which is shown
schematically in Fig. 5(a). The total axial length of the
model nanotube rope is 11 nm and it has a twisting rate
of 0.9°/nm. Molecular mechanics simulations of the sep-
tuple-strand carbon nanotube rope show that the energy
variation relative to the roping angle is the same as that
for the double-strand nanotube rope. In the HRTEM
image simulations, the microscope parameters were cho-
sen in accordance with those for JEM-2010F transmis-
sion electron microscope: accelerating voltage
E=200kV, the coefficient of spherical aberration
Cs = 1.0 mm, diameter of objective aperture 10 nm~
and the Scherrzer defocus Af' = —50 nm. Fig. 5(b) shows
a simulated HRTEM image along the B direction. The
upper white arrow (E) points to the occurrence of finer
fringes, which reflect the twisting feature of carbon
nanotube ropes as observed experimentally in contrast
with the untwisted feature indicated by D.

3. Conclusions

We have observed self-assembled single-walled car-
bon nanotubes in the form of ropes. A double-strand
carbon nanotube rope, a triple-strand carbon nanotube
rope and a larger nanorope have been investigated using
high-resolution electron microscopy. Molecular mecha-
nics simulations show that, by twisting a single model
(10, 10) nanotube about its tubule axis, the strain energy
increases non-linearly with the twist angle. When two
twisted carbon nanotubes join together to form a rope,
the nanotube rope is a metastable structure energeti-
cally. It has also been demonstrated that the helicity of
nanotubes plays an insignificant role in the forma-
tion of carbon nanotube ropes. The twisting features
observed experimentally in electron micrographs were
also explained and simulated using constructed model
structures.
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