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Spontaneous directional motion of water
molecules in single-walled carbon nanotubes with
a stiffness gradienty

Shuai Chen, (2 Yuan Cheng, 2 Gang Zhang®* and Yong-Wei Zhang

Controlling water molecular motion at the nanoscale is critical for many important applications, such as
water splitting to produce hydrogen and oxygen, biological and chemical cell reactions, nanofluidics,
drug delivery, water treatment, etc. In this paper, we propose a new nanoscale device based on carbon
nanotubes (CNTs) with a stiffness gradient to create a spontaneous directional motion of water
molecules, and perform molecular dynamics simulations to analyze its transport characteristics. We find
that the (6, 6) CNT possesses an optimal water transport rate. In the thinner CNTs, the water molecules
are strongly confined by the CNT wall, resulting in a higher friction force; while in the thicker CNTs, the
driving force is lower, and the water molecules tend to form ring-like configurations, resulting in
a slower motion. For the (6, 6) CNT, water molecules tend to favor a chain-like configuration, through
which the molecules are able to move synergistically along the stiffness gradient, and the transportation
efficiency increases with the stiffness gradient but decreases with temperature. Both energetic and
kinetic analyses are performed to elucidate this fascinating directional motion. Our work demonstrates
a new strategy for controlling water molecular motion at the nanoscale without resorting to any active

rsc.li/nanoscale-advances

Introduction

Investigation on the transportation of water molecules at the
nanoscale has attracted much research interest''* due to their
importance to biological activities,' nanofluidic devices,** water
purification,* drug delivery,” seawater desalination,® nano-
filtration,”® etc. In these applications, water molecules are often
in a confined environment. As a result, the transport behaviors
can be drastically different from their bulk counterpart. Hence,
how to control the transport behavior of water molecules at the
nanoscale is central to these applications.

Since the demonstration of the excellent behavior of carbon
nanotubes (CNTs) as a water transportation channel by
Hummer et al.” in 2001, many nanoscale water channels based
on CNTs have been reported, and important progress has been
made in understanding their transport behaviors."** For
example, for nanoscale channels based on CNTs, the structure
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T Electronic supplementary information (ESI) available: Computational details
and analyses. Videos of water transportation in the (6, 6) CNT with a stiffness
gradient of 1 nN nm~? (S1-Gradient1), 0.7 nN nm™?> (S2-Gradient2), and 0 nN
nm~? (S3-Gradient3). Videos of water transportation in the (6, 6) CNT with
a stiffness gradient of 1 nN nm ™~ at a temperature of 340 K (S4-340 K) and 360
K (S5-360 K). Videos of water transportation in the (5, 5) CNT (S6-(5, 5)CNT), (7,
7) CNT (S7-(7, 7) CNT) and (10,10) CNT (S8-(10,10) CNT) with a stiffness
gradient of 1 nN nm ™. See DOI: 10.1039/c8na00322]
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driving source, such as electric field, temperature or pressure difference.

of nanotubes'® and dopant atoms'” may greatly affect the water
permeation rate. In multi-walled carbon nanotubes (MWCNTS),
the nanotube type and layer number may also exert strong
influence on the water transport behaviors.'®" These studies on
water molecules inside CNTs have not only unveiled new
physics for confined water molecules, but also encouraged
researchers to explore novel strategies to control the transport
behaviors of water molecules at the nanoscale. Furthermore,
the recent advances in precise and controllable fabrication of
CNTs?®* also pave the way towards efficient water transport at
the nanoscale.

The directional motion of water molecules in CNTs has been
typically realized by active means, including applications of
pressure,'®* electrical currents®® (or charge'>*'), selective heat-
ing™** or complicated chemical reactions.** For instance, Ma
et al.*® found that the water flow velocity increases linearly with
pressure between the two ends of a CNT. Zuo et al.** introduced
different types of external point charges outside a CNT, and
realized directional motion of water molecules through the CNT
channel under the influence of both thermal fluctuation and
charge affinity. The directional migration of water molecules in
CNTs can also be realized by using an electrical current.*® Very
recently, Oyarzua et al.™® proposed a water pump based on CNTs
with an imposed constant thermal gradient. The underlying
mechanism for the fluid flow is the thermally induced asym-
metric oscillations along the CNT, which propel the water in
a constant, whip-like motion.
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It is noted that all these aforementioned methods require
active external means to drive water molecules.*® Then an
interesting question is: is it possible to create a spontaneous
directional motion of water molecules in CNTs without resort-
ing to any external driving means? For this purpose, we propose
a new device based on CNTs with a stiffness gradient to realize
the spontaneous directional motion of water molecules. Our
molecular dynamics simulations clearly show the spontaneous
water motion through CNTs, without resorting to any active
driving force, such as electric field, pressure or temperature
difference. We further analyze the mechanism that underlies
the spontaneous directional motion and factors that influence
the transport rate.

Simulation method

The large-scale atomic/molecular massively parallel simulator
(LAMMPS) package** was used to carry out the simulations. The
simulated system is shown in Fig. 1a. In the system, water
molecules were placed at the center of an uncapped (6, 6)
nanotube (101.84 A long and 8.02 A in diameter). The adaptive
intermolecular reactive empirical bond order (AIREBO) poten-
tial*® was used to describe the carbon-carbon interactions
within the nanotube. The water model in this study is a trans-
ferable intermolecular potential with 3-points (TIP/3P),** which
has been widely used to simulate water in molecule dynamics
simulations. This potential consists of a Coulomb interaction
between partial point charges on the oxygen (—0.830¢) and
hydrogen (+0.415e) atoms and a Lennard-Jones interaction®’
with 000 = 3.188 A, and eoo = 0.102 kcal mol . The particle-
particle particle-mesh (PPPM) method was applied to compute
the long-range Coulomb interaction. An oxygen-hydrogen bond
length of 0.9572 A and a bond angle of 104.52° are maintained
by harmonic potentials with spring constants of 450 kcal (mol
A%)! and 55 keal (mol ! rad®)~'. The Lennard-Jones potential
was also used to simulate the interaction between the nanotube
and water with o¢o = 3.298 A, and eco = 0.0828 keal mol 1.
Previous studies have shown that deposition of atoms or
molecules on the external surface of a CNT, either physically or
chemically, may change the local potential field of carbon
atoms in the CNT, causing a modulation in both the structure
and physical properties of the CNT.***° For example, asym-
metric axial thermal conductance was observed in a CNT with
inhomogeneously deposited mass, as a direct demonstration of

b Stiffness
E——

— |
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Fig. 1 (a) Initial structure of the ensemble with five water molecules in
an uncapped nanotube. The colors represent the stiffness of springs
linked with carbon atoms. (b) The color scale of the spring stiffness
from the soft region to the hard region. Carbon atoms are linked to an
underlying (c) soft or (d) hard spring.
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a solid-state thermal rectifier.®® Similarly, by depositing atoms
or molecules along the external surface of a CNT following
certain distribution, a desired stiffness gradient can be created
along the CNT. In our work, to introduce a stiffness gradient,
each carbon atom was linked with an underlying spring point-
ing to the carbon ring center such that the nanotube is con-
nected to a series of springs with linearly graded stiffness &
along the nanotube axis direction (x direction) of the nanotube
(¢f Fig. 1b-d). The range of spring stiffness (1 to 11 nN nm ™)
and stiffness gradient (0 to 1 nN nm™?) considered in our
simulations are comparable with those in previous experi-
ments* and simulations.?**°

In the present simulations, five water molecules in a chain
configuration were initially placed in the CNT. All simulations
were conducted under non-periodic boundary conditions for 50
ps. The system was relaxed for 10 ps at 300 K with a canonical
(NVT) ensemble initially. During the relaxation, the center of
mass of the nanotube was kept fixed in all directions, and the
center of mass of the water chain was kept fixed along the
nanotube axis direction. After that, a microcanonical (NVE)
ensemble was adopted for another 40 ps and the confinement
on the water chain was released. The integration time step is 1
fs, and the samples of the trajectories were stored every 1 ps.

Results and discussion
Directional motion of the water chain in the carbon nanotube

Fig. 2a shows a series of snapshots of the water chain positions
at different simulation times, and Video S1 in the ESI{ shows
the water molecular motion and nanotube fluctuations. In this
simulation, the midpoint stiffness k,, is 6 nN nm™", and the
stiffness gradient is 1 nN nm™~>. Note that only the right half of
the nanotube was plotted and for clarity, the fluctuations of
carbon atoms are not shown in Fig. 2a. Our simulation clearly
shows that a directional transportation of water molecules can
be achieved by the stiffness gradient, and the water molecules
move synergistically in a water-chain configuration from the
soft region to the stiff region. In the “water-chain”, a water
molecule is constantly interacting with its adjacent water
molecules, in addition to the nanotube wall. To further show
that the driving force of the spontaneous directional water
transportation was the CNT stiffness gradient, three additional
simulations with the same midpoint stiffness (k, = 6 nN nm ™)
but smaller gradients (9k/dx = 0, 0.4, 0.7 nN nm ) were further
carried out (Videos S2 and S3 in the ESIf show the water
transportation processes when the stiffness gradient is 0.7 nN
nm > and 0, respectively).

Fig. 2b depicts the displacements of the water-molecule
chain at different CNT stiffness gradients at every picosecond
(details for calculating the displacements are given in the ESI{).
It is found that the directional water transportation decreased
with decreasing the stiffness gradient, and disappeared when
there was no stiffness gradient. The motion of water molecules
is not only influenced by the stiffness gradient, but also affected
by the absolute value of stiffness of the initial location. We
construct a model with water molecules initially located near
the beginning of the soft region where the stiffness is 3 nN

This journal is © The Royal Society of Chemistry 2019
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(a) Snapshots of the positions of a water-molecule chainin a SWCNT at different times. The colors of carbon atoms represent the stiffness

of springs that link with the carbon atoms. (b) Displacements of the water-molecule chain as a function of time with different stiffness gradients.

nm™". The simulation results show that water molecules exhibit
a slightly faster movement initially (¢f Fig. S17), but the spon-
taneous directional transportation of water molecules and the
subsequent speed are independent of the initial location.

Mechanism of directional water transportation induced by the
stiffness gradient

In a mass-loaded CNT, each carbon atom is connected with its
three nearest neighbor carbon atoms by covalent bonds, and
also to a deposited atom or molecule by a bond (taken as
a spring) as shown in Fig. 1. Within the first order approxima-
tion, the atomic vibration can be treated as a harmonic one with
an effective spring constant. For the out-of-plane mode in the
thermal vibration, each carbon atom moves perpendicular to
the CNT surface influenced by its three nearest neighbors, and
the vibrational amplitude AR is (AR*) =~ 2kgT/K., where kg is the
Boltzmann constant, T the temperature and K. is the effective
spring constant for the carbon atom including the contribution
from the C-C covalent bonds and the interaction with the
deposited mass. Therefore, the amplitude of thermal expansion
at a “soft” section is much larger than that at a “stiff” section
along the CNT. As a consequence, at the same temperature, with
increasing the CNT stiffness, the average distance between the
water-chain and CNT wall decreases, leading to a decrease in
the potential energy. Therefore, the reduction in potential
energy is the underlying physical origin for the directional
motion of the water-chain from the “soft” section to the “stiff”
section. In our simulations, the system was relaxed with a NVT
ensemble initially. After that, a microcanonical NVE ensemble
was adopted. In the NVE ensemble, no external thermostat was
applied. Therefore, our directional motion is spontaneously
achieved by the stiffness gradient without applying external
driving forces, which is different from the motion realized by an
external thermal gradient*" and stiffness gradient induced by
a thermal gradient.** It is worth noting that although the
motion of water molecules inside the CNT is a spontaneous
process without resorting to any active driving source, a certain
amount of energy is still required to push water molecules
entering the CNT, which is the general behaviour for any type of
water channel.

This journal is © The Royal Society of Chemistry 2019

To gain further insight into the mechanism, we have calcu-
lated the variation of total potential energy for the water-chain
and CNT wall as a function of stiffness. Fig. 3a indicates that
the total potential energy for the water-chain and CNT wall
decreases with increasing the stiffness. Evidently, there is
a linear relationship between these quantities. From this linear
relationship, we are able to calculate the driving force induced
by potential energy reduction:
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Fig. 3 (a) Variation of potential energy with the nanotube stiffness. (b)
Friction force of water molecules moving along the nanotube axis
direction.
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Based on this linear relationship, the average value for the
driving force Fy(x) is ~6.6 pN.

During the directional motion of the water-chain within the
CNT, in addition to the driving force induced by the stiffness
gradient, the water-chain also experiences a friction force.** The
friction force is shown in Fig. 3b. It is seen that the values of the
friction force are in the range from —15 to 5 pN. Compared with
the aforementioned driving force (6.6 pN) contributed by the
stiffness gradient, it is obvious that the driving force is not
always larger than friction force during the motion process. The
motion of water is similar to the energetically activated stick-
and-slip motion, which, upon time averaged, resembles
a steady-state motion. This phenomenon has also been observed
on the motions of large nanoflakes (5 x 5 nm?) on a substrate,*
essentially resembling a particle moving in a periodic potential.

Temperature dependent directional water transportation in
carbon nanotubes

The directional motion of nanoflakes on a substrate with
a stiffness gradient has been reported before.** Although the
spontaneous motion of water molecules observed in our work is
also driven by the reduction in potential energy, there is
a fundamental difference in the underlying mechanism. For
a graphene nanoflake, there are strong covalent bonds between
atoms. Therefore, the nanoflake moves as a whole. In the water
chain, however, water molecules are linked by weak hydrogen
bonds. Due to thermal vibrations, these hydrogen bonds may
break and reform. It is expected that the temperature will have
a significant effect on the directional motion of the water-chain.

In the following, we would like to examine the effect of
temperature on the directional transportation of water mole-
cules. Fig. 4 shows the positions of water molecules after 50 ps
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simulation (¢f. Fig. 4a), the driving force (¢f. Fig. 4b), and the
variation of the hydrogen bond* number with time (cf. Fig. 4c)
at different temperatures. It is interesting to see that although
the water molecules also move in a water-chain manner at 320 K
and 340 K, similar to the case at 300 K (1.0 A ps™?), the average
velocity is much slower (0.5 A ps™ and 0.2 A ps~!). The
underlying mechanism is the suppressed driving force at higher
temperature (cf Fig. 4b). When the temperature increases from
300 K to 340 K, the driving force decreases from 6.6 pN to 4.0
pN. Moreover, from Fig. 4c, it is clear that at 320 K, the number
of hydrogen bonds is predominantly 2-3, much lower than that
at 300 K, signifying the formation of the water-chain only
occasionally. With increasing the temperature, the water chain
configuration is no longer present in the CNT. For example, the
number of hydrogen bonds is only in the range of 1-3 at 340 K,
signifying the formation of fragmented smaller chains, but the
absence of a complete water chain during the simulation time
(¢f video S4t).

When temperature further increases to 360 K (cf Video S57)
and 373 K, the driving force is continuously reduced (2.8 pN and
1.8 pN in Fig. 4b). Correspondingly, Fig. 4a indicates that the
directional water transportation is suppressed at 360 K and 373
K. Fig. 4c indicates that the number of hydrogen bonds is in the
range of 0-2 at 360 K and 373 K, signifying further fragmenta-
tion of water chains and the absence of any complete water
chain. The fragmentation of water chains, which is caused by
the promoted thermal fluctuations, is also visible in Fig. 4a. A
direct consequence of chain fragmentation is the reduction in
the motion velocity of the water molecules, as shown in Video S4
(340 K) and S5 (360 K) in the ESL{ Our results clearly suggest
that for a single water molecule, its “effective” length along the
potential gradient field is limited, and thus the “effective”
driving force is small. On the other hand, by forming the water-
chain configuration, the <“effective” length is remarkably
increased, and therefore the water molecules can move spon-
taneously and collectively.
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Fig. 4
the number of hydrogen bonds with time at different temperatures.
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(a) Snapshots of the positions of water molecules after 50 ps simulation, (b) driving force to transport water molecules, and (c) variation of
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Fig. 5 (a) Snapshots of the positions of water molecules after 50 ps simulation in (5, 5), (6, 6), (7, 7), (8, 8) and (10, 10) CNTs. (b) Friction force of

water molecules moving along the nanotube axis direction in (5, 5) and (6, 6) CNTs. (c) Driving force to transport water molecules in (5, 5), (6, 6),

(7.7), (8, 8) and (10, 10) CNTs.

Diameter dependent directional water transportation in
carbon nanotubes

Nowadays, the chirality and diameter of single-walled carbon
nanotubes can be controlled accurately during growth.*®** This
enables one to study water transportation in different sized
CNTs. Here, we examine the effect of CNT diameter on the water
transport behavior using MD simulations. Fig. 5a shows the
positions of water molecules in (5, 5), (6, 6), (7, 7), (8 8) and (10,
10) CNTs (thelr correspondlng diameters are 6.68 A, 8.02 A, 9.36
A, 10.70 A and 13.37 A, respectively) after 50 ps simulation. For
the (5, 5) and (6, 6) CNTs, it is found that the water molecules
are still able to keep the chain configuration. The motion of
water molecules in the (5, 5) CNT (¢f: Video S6 in the ESIt) is
obviously slower than that in the (6, 6) CNT even if the driving
force increases slightly from 6.6 pN for the (6, 6) CNT to 6.8 pN
for the (5, 5) CNT (cf: Fig. 5¢). When a water molecule moves
within a CNT, it essentially resembles a particle moving in
a periodic potential field, and the repeating energy barrier is the
origin of the friction force. The radius of the (5, 5) CNT is about
3.34 A, which is comparable to the equilibrium distance (3.2 A)
between the water molecule and graphene sheet governed by
van der Waals interaction.*® Therefore, there is a strong
confinement of the (5, 5) CNT on the water molecules. As
a result, the potential energy field of the CNT wall can strongly
distort the water-molecule chain, giving rise to a slower motion
velocity. This is consistent with the larger friction force in the (5,
5) CNT (c¢f. Fig. 5b).

On the other hand, the water transportation is also sup-
pressed in larger carbon nanotubes even if the friction force is
lower than that in the (6, 6) nanotube (¢f. Fig. S2, Video S7 and
S8 in the ESIt). The reason is that the driving force resulted
from the gradient of potential energy decreases remarkably in

This journal is © The Royal Society of Chemistry 2019

larger nanotubes (¢f Fig. 5¢). Moreover, when the diameter of
the nanotube increases, the confinement of the CNT on water
molecules becomes weaker, leading to increased movement
space and flexibility for water molecules. In that case, water
molecules are able to form a ring structure instead of a chain
configuration. Moreover, the weak confinement permits more
degrees of freedom, including the rotation degree of freedom
and lateral space degree of water molecules to explore. The
enhanced transversal and rotational degrees of freedom
significantly reduce the motion of water
molecules.

spontaneous

Conclusions

In summary, the transport behavior of water molecules in
a single-walled carbon nanotube with a stiffness gradient was
studied by molecular dynamics simulations. A spontaneous
directional transportation of water molecules from a “soft”
region to a “stiff” region is achieved. The water transport rate is
optimal in the (6, 6) CNT. The directional transportation
decreased with decreasing the stiffness gradient, and dis-
appeared when there was no stiffness gradient. The underlying
mechanism was attributed to the total potential energy differ-
ence induced by the stiffness gradient. Furthermore, a theoret-
ical calculation including the forces that water molecules
experienced was carried out. Related analyses on driving force
and friction force were made. Other factors such as temperature
and diameter were also investigated. Our study has clearly
shown that a CNT with a stiffness gradient is able to realize the
spontaneous directional motion of water molecules, without
resorting to any active driving force, such as electric field,
pressure or temperature difference. This new way of controlling

Nanoscale Adv., 2019, 1, 1175-1180 | 1179
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water molecules at the nanoscale may have potential applica-
tions in biology, nanofluidic devices, water purification, drug
delivery, seawater desalination, nanofiltration, etc.
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