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SPECIAL TOPIC — Heat conduction and its related interdisciplinary areas
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Controlling mass transportation using intrinsic mechanisms is a challenging topic in nanotechnology. Herein, we
employ molecular dynamics simulations to investigate the mass transport inside carbon nanotubes (CNT) with temperature
gradients, specifically the effects of adding a static carbon hoop to the outside of a CNT on the transport of a nanomotor
inside the CNT. We reveal that the underlying mechanism is the uneven potential energy created by the hoops, i.e., the
hoop outside the CNT forms potential energy barriers or wells that affect mass transport inside the CNT. This fundamental
control of directional mass transportation may lead to promising routes for nanoscale actuation and energy conversion.
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1. Introduction

Controlling mass transportation enables a wide range of

[1-8

applications,!'=®! such as the design and fabrication of na-

noelectromechanical systems,*13] particle separation,!'*!3]

18,191 There are

drug delivery,!'®!”l and energy conversion.!
many ways to control mass transportation, such as the sim-
plest transmission method of gravity, the impact of chan-
nels geometric,?”) and defects*!! on water transport behav-
ior, phonon induction that causes the movement of water

(221 and external excitation that causes impact

nanodroplets
response.!??! In addition, thermophoresis is also a simple way
to induce mass transportation in small molecules and particles
by generating a force using a temperature gradient.

Low dimensional materials such as carbon nanotubes
(CNT) and graphene are widely used in nanomechanical sys-
tems due to their excellent mechanical, electrical properties
and adjustable excellent thermodynamic properties.[?4-26 Re-

s127-291 have reported that thermal gra-

cently, numerous studie
dients can drive mass transport along the tube of a CNT. Fur-
thermore, these studies have theoretically and experimentally
demonstrated mass can be transported by thermophoresis in
fluids %311 and solids.*?! The mass generally transports in the

2728331 and the driving

direction of decreasing temperature,!
force is mainly attributed to the thermally induced edge force
and the interlayer attraction force.l**3%! Moreover, molecu-
lar dynamics (MD) simulations are used to show that mass
transportation can occur in the direction of temperature gradi-
ent reduction in solid—solid interfaces.>®! However, it remains
a challenge to control mass transportation using an intrinsic

mechanism.

fCorresponding author. E-mail: zhrleo@ysu.edu.cn
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Considering the requirements of practical applications, it
is necessary to develop effective methods to manipulate mass
transportation without relying on extrinsic power sources or
complicated dynamic control systems. Herein, we use MD
simulations to reveal that their mass transportation can be con-
trolled by an interlayer potential. Specifically, in single-walled
carbon nanotubes with an axial temperature gradient, the con-
fined nanomotor will move spontaneously in the direction of
decreasing temperature, and the behavior is affected by a phys-
ical hoop that is confined outside the nanotube. Under differ-
ent conditions, the hoop generates a potential energy barrier
or a potential well, resulting in an intrinsic mechanism for ma-
nipulating nanomotor motion, which has general implications
for nanoscale actuation and energy conversion.

2. Computational methods

As illustrated in Fig. 1(a), the simulated structure con-
sists of a hoop (a short outer CNT), a CNT substrate (a long
intermediate carbon nanotube), and a nanomotor (a short inner
CNT). The hoop is placed at the center of the CNT substrate,
and the nanomotor is initially placed on the left side of the
CNT substrate. The CNT substrate has a chirality of (10, 10)
and a length of 60.4 nm for all simulations. The hoop is a
shorter CNT with a chirality of (15, 15). The length of the
hoop is /,, and the distance between the mass center of the
hoop and the left end of the CNT substrate is L. The nanomo-
tor is also a short CNT with a chirality of (6, 6) or (5, 5), with
corresponding diameters of 0.81 nm and 0.68 nm. The length
of the nanomotor is 2.46 nm, and the initial distance between
the mass center of the nanomotor and the left end of the CNT
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substrate is approximately 11.07 nm. The outermost carbon
atoms at the ends of the CNT substrate are fixed to prevent
atoms from vibrating, and the centers of mass of the hoop and
the nanomotor are constrained in the z direction.

In the presence of a temperature gradient along the
CNT substrate (high temperature on the left end and low
temperature on the right end), the nanomotor movement is
demonstrated using the MD method, performed by a large-
scale atomic/molecular massively parallel simulator.3”) The
in-plane carbon—carbon bond interactions are described by
the adaptive intermolecular reactive empirical bond order
potential®8! and the interlayer van der Waals (vdW) interac-
tions are described by a Lennard—Jones (LJ) potential (with
potential well € = 2.968 meV, an equilibrium distance coc =
3.407 A, and cutoff distance r. = 8.5 A), as described in pre-
vious studies. [+->3]

In the first step of the simulation, the whole system is
equilibrated for 100 ps at 300 K using an NVT (canonical) en-
semble to eliminate the possible bias caused by the corrugated
potential profile of the discrete atomic structures. The second
step is to impose specified temperatures on the two ends por-
tions of the substrate respectively by the Nose—Hoover ther-
mostat, and reach a steady temperature profile after 100 ps to
obtain the temperature gradient (VT') of the CNT substrate. In
the third step, an NVE ensemble is adopted, which initiates as
soon as the constraint on the nanomotor’s center of mass is re-
leased. Then, the nanomotor moves along the CNT substrate.

3. Result and discussions

Because of the thermophoretic force,?”-*! the nanomo-
tor moves from the high-temperature region to the low-
temperature region, that is, from the left side to the right side of
the CNT substrate. The total vdW force acting on the nanomo-
tor can be calculated by summing all the forces corresponding
to the LJ potential between the carbon atoms of the nanomo-
tor and the carbon atoms of the substrate and hoop. When the
nanomotor starts to move (far away from the hoop), the vdW
force acting on the nanomotor is only applied by the CNT sub-
strate, and the component of the vdW force along the direc-
tion of motion is the thermophoretic force. In contrast, when
the nanomotor moves close to the hoop, the vdW force acting
on the nanomotor is applied not only by the CNT substrate
but also by the hoop, which affects the axial movement of the
nanomotor along the CNT substrate.

To demonstrate this effect, Fig. 1(b) plots the component
of the vdW force acting on the nanomotor in the direction
of motion as a function of the distance from the nanomotor
to the hoop. Initially, the nanomotor is placed on the left
side of the hoop, approximately 4.92 nm from the center of
mass of the hoop. The displacement of the nanomotor along
the CNT substrate is accurately controlled as in Ref. [40],

with displacement steps of 0.05 nm. At each position, after
relaxation to equilibrium, we record the instantaneous tangen-
tial force acting on the nanomotor at each time step. After
50 ps statistical averaging, the component of the vdW force
acting on the nanomotor in the direction of motion can be
obtained. As shown in Fig. 1(b), when the nanomotor is far
from the hoop, the nanomotor cannot feel the force exerted
by the hoop, and the vdW force is only composed of the ther-
mophoretic force (the existence of static friction). When the
nanomotor moves toward the hoop, the hoop has a stronger
effect on the nanomotor, which varies with the diameter of
the nanomotor. For a nanomotor with a larger diameter, the
force prevents the nanomotor from moving toward the hoop,
whereas a nanomotor with a smaller diameter can move to-
ward the hoop. As the nanomotor approaches the hoop, the
vdW force on the nanometer increases, but the force becomes
zero when the nanomotor reaches the center of the hoop. Like-
wise, as the nanomotor moves just beyond the center point of
the hoop and continues to move to the right edge of the hoop,
the force on the nanomotor increases to the maximum. For
the large-diameter nanomotor, the effect of the force is to push
the nanomotor away from the hoop. For the small-diameter
nanomotor, the effect of the force is to prevent the nanomotor
from leaving the hoop. As the nanomotor continues to move
to the right, the force exerted on the nanomotor by the hoop
gradually decreases, until only the thermophoretic force is
acting on the nanomotor. In short, the hoop attracts or repels
the nanomotor depending on the diameter of the nanomo-
tor. When the diameter of the nanomotor is sufficiently large,
the system exhibits repulsion, and when the diameter of the
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Fig. 1. (a) Schematic of the simulation system. A 2.46-nm-long hoop
is positioned outside the carbon nanotube and a 2.46-nm-long nanomotor
is placed inside the carbon nanotube. (b) Net vdW force acting on the
nanotube nanomotor as a function of the distance from the nanomotor to
the hoop. Dashed lines mark the location of the edges of the hoop.
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nanomotor is sufficiently small, it exhibits attraction. The
hoop effect demonstrated in Fig. 1(b) is the physical origin
of the proposed approach, which demonstrates the controlled
movement of the nanomotor along the CNT substrate with dif-
ferent temperature gradients by placing hoops at different po-
sitions and spacings.

As an example of the hoop effect, we study the effects
of hoop position and length on the nanomotor motion. Ad-
ditionally, we study the effects of the temperature gradient
and nanomotor diameter on the nanomotor motion, particu-
larly in the presence of the hoop. We employ a model system
(like that shown in Fig. 1(a)) to simplify the system. The pa-
rameters (VT, I, L, and nanomotor diameter) for seven cases
of nanomotor movement are shown in Table 1. For different
cases, the displacement of the nanomotor’s mass center with
time is shown in Fig. 2.

Table 1. Simulation parameters for seven cases.

Case VT (K/nm) I, (nm) L (nm) Diameter (nm)
1 2.18 2.46 30.74 0.81
2 2.18 2.46 50.42 0.81
3 2.18 4.92 50.42 0.81
4 4.19 2.46 30.74 0.81
5 0.93 2.46 50.42 0.81
6 2.18 2.46 30.74 0.68
7 2.18 4.92 50.42 0.68
AV
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Fig. 2. Time evolution of the nanomotor’s center of mass position for the
seven cases.

From Fig. 2, the nanomotor is initially driven by ther-
mophoretic force and moves toward the low-temperature re-
gion, which is consistent with the previous experimental
study®”! and numerical simulation study.!*>3°! Considering
the same temperature gradient (VT = 2.18 K/nm), when the
hoop is placed in the middle (L = 30.74 nm) of the CNT sub-
strate, the hoop (I, = 2.46 nm) prevents the nanomotor from
passing through the hoop (case 1), and when the same hoop is
placed on the right side (L = 50.42 nm) of the CNT substrate,
the nanomotor can break the resistance of the hoop and pass
through (case 2). However, if the length of the hoop is doubled
(In = 4.92 nm) and the centroid is placed in the same position

on the right side (L = 50.42 nm), the nanomotor is prevented
from passing through the hoop (case 3).

In the presence of the hoop effect, changing the temper-
ature gradient can also affect the motion of the nanomotor.
When the temperature gradient increases from 2.18 K/nm to
4.19 K/nm, the nanomotor can pass through the hoop (case
4) at the middle position (L = 30.74 nm), which is not possi-
ble in case 1, when the temperature gradient is too low for this
hoop distance. When the temperature gradient is reduced from
2.18 K/nm to 0.93 K/nm, the nanomotor cannot pass through
the hoop (case 5) at the right end (L = 50.42 nm), which is
possible in case 2, when the temperature gradient and hoop
distance are sufficiently high. Moreover, the hoop effects de-
pend on the relative diameter of the nanomotor. As shown
in Fig. 2, for case 1, the nanomotor cannot pass through the
hoop, but under the same temperature gradient, with the same
hoop size and position, when the diameter of the nanomotor
is reduced to 0.68 nm, the nanomotor can pass through the
hoop (case 6) but becomes captured or held just beyond the
hoop. Similarly, but corresponding to the conditions for case
3 (VT =2.18 K/nm, [, = 4.92 nm, L = 50.42 nm), when the
diameter of the nanomotor is reduced to 0.68 nm, the nanomo-
tor can break through the hoop, and then nanomotor is pulled
back and captured by the hoop (case 7). This is because the
hoop can attract and trap the nanomotor with a smaller diame-
ter, depending on the relative thermophoretic force.

In addition to analyzing the vdW force on the nanomo-
tor, to explain the mechanism more clearly, it is helpful to
analyze the potential energy of the nanomotor versus its po-
sition in carbon nanotubes. We compute the potential energy
difference (Ed) for the seven cases, which is defined as the dif-
ference in potential energy between the nanomotors with and
without hoops, but all other parameters are constant. Figure 3
shows the Ed of the nanomotor along the length of the CNT
substrate.

1.5

1.0

0.5r

—-0.5

Energy difference (eV)

_1.0 . . .
10 20 30 40 50 60

Displacement (nm)

Fig. 3. The energy difference (E4) of the nanomotor induced by the en-
counter with the hoop.

When the nanomotor is far away from the hoop, the inter-
molecular interaction only occurs between the nanomotor and
the substrate, and £q4 = 0. When the nanomotor encounters
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the hoop, the E4 changes with the position of the nanomotor,
relative to the other case parameters. For the large-diameter
nanomotor moving toward the hoop, Ej is positive, which indi-
cates that the hoop presents a potential barrier to the nanomo-
tor and repels it outside the hoop. For the small-diameter
nanomotor moving toward the hoop, E4 is negative, which
indicates that the hoop presents a potential well and attracts
it inside the hoop. Moreover, when the mass center of the
nanomotor coincides with the mass center of the hoop, the Eq4
is the largest, and the maximum value is related to the length
of the hoop. For large-diameter nanomotors, when the hoop
length is short, the maximum Eg is 0.00242 eV, and when the
hoop length is doubled, the maximum Ey4 is 0.00374 eV. For
small-diameter nanomotors, when the hoop length is short, the
maximum Eg4 is —0.00280 eV, while when the hoop length is
long, the maximum Ej is —0.00304 eV.

In other words, when the relative diameter of the nanomo-
tor is sufficiently large, the hoop serves as an energy barrier
and applies additional force to repel the nanomotor. When the
relative diameter of the nanomotor is sufficiently small, the
hoop serves as an energy potential well and applies additional
force to attract the nanomotor. Additionally, the potential well
and barrier increase with increasing hoop length.

The simulation results show that when the nanomotor
moves in a single-walled carbon nanotube with a temperature
gradient, a hoop outside the tube can affect the motion char-
acteristics of the nanomotor, i.e., the potential energy of the
nanomotor is different near the hoop. This implies that such
a potential difference can be exploited during the nanomotor
transformation between two states. For example, a carbon nan-
otube with a hoop can be a structural element that can also be
used as a store and release of energy in a device. Furthermore,
the value of the potential well and the range of the plateau re-
gion can be tuned by varying the hoop length, which in turn
can be used to control the movement of the nanomotor. No-
tably, the ability of the hoops to capture the nanomotor (and
potentially other molecules and particles) may support appli-
cations in the fields of energy and medicine.

4. Conclusion

The presence of the hoop causes a change in the local
potential energy of the CNT, which affects the transport be-
havior of the nanomotor when it moves to this position. The
hoop effect is related to the relative diameter of the nanomo-
tor, the length of the hoop, and the temperature gradient of the
CNT substrate. According to this effect, we can control the
movement of the nanomotor by changing the position of the
hoop, number of hoops, hoop spacing, and relative size of the
nanomotor for a given temperature gradient (or the tempera-
ture gradient can be dynamic). Finally, this study provides ad-
ditional theoretical insight for mechanical design and material
transport based on CNTs in nanoengineering.
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