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ABSTRACT: Understanding the flow of liquids and partic-
ularly water in nanochannels is important for scientific and
technological applications, such as for filtration and drug
delivery. Here we perform molecular dynamics simulations to
investigate the transfer of single-file water molecules across
straight or nonstraight single-walled carbon nanotubes
(SWCNTs). In contrast with the macroscopic scenario, the
nonstraight nanostructure can increase the water permeation.
Remarkably, compared with the straight SWCNT, the
nonstraight SWCNT with the minimal bending angle of 35°
in the simulations can enhance the water transport up to 3.5 times. This enhancement mainly originates from the Lennard-Jones
interaction between water molecules and nonstraight nanostructures. Our work offers an additional freedom to design high-flux
nanochannels by choosing nonstraight nanostructures and provides an insight into water flow across biological water
nanochannels, which are often nonstraight since they are composed of integral membrane proteins.

1. INTRODUCTION

Water molecules transporting across cell membranes play a
strictly utilitarian role in biological activities,1−9 and the
understanding of this process involves some physical properties,
for example, the protein−water coupling, temperature, and
osmotic pressure.3,9 Inspired by this extraordinary biological
process, a lot of nanomachines and nanodevices have been
invented, such as nanofiltration10 and drug delivery.11 Similar
synthetic nanotubes have extended to applications of seawater
desalination12,13 and water purification.14,15 Amazingly, the
transport of water across nanochannels was found to be faster
than the result of the “no-slip” hydrodynamic flow predicted
from the Hagen−Poiseuille equation.16,17 Moreover, water in
carbon nanotubes is often compared with that inside biological
nanochannels, the phenomenon of which is similar.18−24 Such
carbon nanotubes usually serve as a model system to mimic the
function of biological structures and explore some basic
behaviors of biological water nanochannels.22−26

It was also found that the capability of water permeation
profoundly depends on the external conditions of the
nanochannel systems. Accordingly, many external conditions
(for example, mechanical forces, pressure gradient, or electric
fields/charges) have been examined and investigated in
researches of the transportation of water molecules through
nanochannels which were often straight.27−37

In practice, nonstraight nanochannels are indispensable as
well.38 For example, Murata et al. reported that biological water
nanochannels are generally nonstraight as a result of natural
selection.39 Falvo et al. showed that carbon nanotubes could be
bent repeatedly up to large angles by using the tip of an atomic
force microscope.40 Iijima et al. found that at a critical bending

angle a single V-shaped kink initiated when the carbon
nanotube is subjected to compression.41 Wang et al.42

experimentally realized carbon nanorings from carbon nano-
tubes by using a Pickering emulsion-based process.43 By arc
discharge,44 laser ablations,45 and electric field methods,46 the
formations of L-junction, Y-junction, T-junction, and zigzag
morphology carbon nanotubes were also reported.46,47

Compared with nanotubes of perfectly straight geometry,
such nonstraight nanochannels have been found that they can
significantly alter electronic and thermal properties of carbon
nanotubes.48−51 However, how the nonstraight nanochannels
affect water permeation has rarely been discussed. This might
be due to the macroscopic scenario: when a nonstraight
channel and a straight one are identical in the amount of inner
surface area and volume, the numbers of average flow inside
these two channels are equal under the same circumstances. A
few researches involving nonstraight nanochannels38,42,48−55

inspire us to investigate the effect of nonstraight carbon
nanotubes on the transportation of single-file water molecules.
In this work, we will show that this macroscopic scenario breaks
down at the nanoscale of our interest.

2. METHODS

We followed Han et al.’s experimental observation (Figure 1a of
ref 38) and designed a nonstraight single-walled carbon
nanotube (SWCNT) for the simulations (see Figure 1a). In
Figure 1a, an uncapped (10,0) nonstraight SWCNT with
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diameter 0.777 nm is embedded between two parallel graphite
sheets. There are reservoirs outside the two graphite sheets
with no water existing between them except the space inside
the nanotubes. The SWCNT has a bending angle of φ in its
center portion. We have prepared 13 systems with bending
angles φ = 35°, 40°, 45°, 52.5°, 60°, 75°, 90°, 105°, 120°, 135°,
150°, 165°, and 180° (which represents the case of a straight
SWCNT). All the SWCNTs with different φ are set to possess
the same central path, λ = 3.8 nm. The construction of a
nonstraight nanotube is shown in Figure 1c−e. To construct
these nonstraight SWCNTs, we connected two straight
SWCNTs together with some topological defects such as
carbon rings in the shape of irregular triangle, quadrilateral,
pentagon, hexagon, heptagon, or even octagon.38,53 For
instance, Figure 1b shows the construction of a model
SWCNT with φ = 60°: two straight (10,0) SWCNTs are
connected by appropriately adding extra carbon rings shaped
with triangle, quadrilateral, and pentagon in the position of the
junction. Meanwhile, the total number of water molecules was
set to be 1824 for each system whose water number density
(namely, the number of water molecules per volume) was fixed
in our simulations.
Our simulations were performed by using the GROMACS

package,56 a molecular dynamics package based on the
Newtonian equations, and the TIP3P water model and
Berendsen thermostat.57,58 The carbon atoms here identified
as uncharged particles were frozen, since the real motion of
carbon atoms does not influence the qualitative results we have
obtained. All atoms engaged in this research obey the Lennard-

Jones (LJ) interaction, VLJ = 4ε[(σ/r)12 − (σ/r)6], where ε is
the depth of potential well and σ is the cross section of
particles. These parameters adopted in our simulations come
from ref 22. The periodic boundaries were set in the simulation
boxes with dimensions (LX, LY, LZ), where LX = 4.69 nm, LY =
4.69 nm, and LZ = 4.56−6.90 nm. While setting the cutoff to be
1 nm, we performed the simulations in the canonical (NVT)
ensemble at 300 K with time step 2 fs. Each system was carried
out for 85 ns: the first 10 ns was seen as time for balance; the
last 75 ns was used for statistical analysis. Without any external
pressure difference, the water flow passed from either mouth of
a nanotube because the Brownian motion, the effect of thermal
fluctuation, was pushing it.

3. RESULTS AND DISCUSSION

Figure 2 shows the rate of transfer of water molecules across
the SWCNTs with different bending angles, φ. The smaller the
φ is, the more heavily a nanotube is deformed. φ of a straight
nanotube is 180°. The rate of transfer here is defined as the
sum of the numbers of water molecules, which had passed
through the whole SWCNT from one mouth to another, per
nanosecond. Obviously with the decay of φ, the rate of transfer
increases. For the nanotube with φ = 35°, the maximum
bending angle in this work, the result of rate of transform is 9.1
ns−1, whereas the result of the straight nanotube with φ = 180°
is 2.6 ns−1. So the enhancement ratio between the two tubes is
3.5. As φ decreases from 60° to 35°, the number of the rate of
transfer raises remarkably. However, when φ varies from 180°
to 60°, the rate of transfer does not change significantly but

Figure 1. (a) A perspective view of the simulation system with a nonstraight SWCNT embedded between two parallel graphite sheets. The bent
corner in the SWCNT is denoted by an angle of φ. We show the inner part of the SWCNT by removing some carbon atoms; the orange dashed line
indicates the central path across the SWCNT, whose length is λ. More details can be found in the main text. (b) An orthographic projection of the
model SWCNT with φ = 60°. (c)−(e) show the construction of a nonstraight carbon nanotube: (c) cut a (10,0) carbon nanotube in its top and
bottom along the purple dashed lines, (d) join two cut nanotubes together, and (e) then get a bending nanotube with the bending angle φ.
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only slightly increases according to the overall trend. These
results indicate that water molecules inside a slightly distorted
SWCNTs (i.e., φ > 60°) behave as they do in a straight
nanotube whose φ = 180°. On the other hand, we have got a
similar result from the simulation of a series of systems whose
SWCNTs were bent in the same way but had the mouth
opening area equal to the straight one. In these simulations, the
enhance ratio between the 35° nanotube and the straight one is
3.01.
To get a full appreciation of what happened in nonstraight

nanotubes, especially in the heavily bending ones (φ < 60°), we
turn first to the calculation of free energy of occupancy
fluctuations22 for four typical nanotubes with φ = 35°, 60°,
120°, and 180° in Figure 3. We got this result by F(N) =
−ln[P(N)]/β, where P(N) is the probability of finding N water
molecules inside the SWCNT, β = (kBT)

−1, kB is the Boltzmann
constant, and T is the temperature. The water occupancy
profile of the straight SWCNT (φ = 180°) shows an
approximate Gaussian distribution, which coincides with the
previous studies.22,59 N = 14 is the minimum of the straight
case. For the nanotube with φ = 120°, the profile resembles the
result of the straight one in shape and minimum position. In
both cases, a single file of water was observed inside the
nanotube. For the nanotubes with φ = 35° and 60°, however,
the free energy profiles drastically deviate from the Gaussian
distribution, and the minimum positions are N = 13 and 12,
respectively. Apparently, water molecules in the φ = 35°
naontube own more occupancy states than those in the other
nanotubes in our simulations. The fluctuation of water number
inside the nanotube multiplies considerably with the existence
of the bent structure.
We have also plotted the Lennard-Jones potential of average

interaction between one water molecule and a variety of
nanotubes with φ = 35°, 60°, 90°, 120°, 150°, and 180°. The
average LJ potential, shown in Figure 4a, is sensitive to bending
angle φ. When a water molecule stays inside a nanotube with a
larger φ, it is affected more by the carbons of the nanotube and
the average LJ potential is lower. Although water molecules are

more likely to enter a nanotube with lower LJ potential due to
the stability from the lower energy state, the corresponding
stronger water−nanotube restriction keeps these water
molecules from escaping the tube, so that the water
transportation is limited. Figure 4b shows the LJ potentials
along the central path of the SWCNT between one water
molecule and the SWCNT with φ = 35°, 60°, 120°, and 180°.
Like the average value, the minimum values of LJ potential for
the nonstraight nanotubes also larger than that of the straight
tube. Compared with the profile of the straight nanotube, the
LJ potential profile of the massively distorted nanotube (e.g.,
the nanotubes with φ = 35° or 60°) undulates greatly. In the
vicinity of the center of the nanotubes with φ = 35°, in
particular, the effect on a water molecule imposed by the
carbon atoms rises up or falls down sharply when the molecule
is going through the nanotube. Additionally, we calculated the
LJ potential without giving consideration to the role played by
the details of the defects in the nonstraight SWCNT at its
middle point, where the two straight SWCNTs meet. The
potential difference caused by the number of carbon atoms near
the middle point varies negligibly according to different
possible defects which could construct different details in the
curvature of the nanotube.
Furthermore, the structure of bending nanotubes has

significantly affected the water motion states especially in the
center part of the tubes. Figure 5 illustrates two different
situations when the water is inside two types of nanotubes: the
space in the (10,0) nanotube allows only a single file of water
molecules (Figure 5a), while there is enough space to
accommodate a small rolling water cluster in the center part
of a heavily bending nanotube (Figure 5b). To some extent, the
bending structure warps the space where water molecules
transit. The function of the nonstraight tube seems not to
simply fold the motion paths of water but to make some part of
water’s paths overlapped and to locally create a bulklike
circumstance. Enhanced water translocation involving water
cluster inside the SWCNT was also observed in the work of
Meng et al.60 To quantify how water molecules arrange in the
nanotubes, we have contrasted the pair correlation function for

Figure 2. Rate of transfer of water molecules through SWCNTs with
different φ = 35°, 40°, 45°, 52.5°, 60°, 75°, 90°, 105°, 120°, 135°,
150°, 165°, and 180°. Here φ = 180° denotes the straight SWCNT.
The line is a guide for the eye; each symbol is accompanied by an error
bar. Here we have divided the data of each system from 15 to 85 ns by
seven intervals and calculated the means of the rate of transfer for the
seven groups of data to get the error bars. Parameter: λ = 3.8 nm.

Figure 3. Free energy of occupancy fluctuations, F(N) = −ln[P(N)]/
β, for the four typical SWCNTs with φ = 35°, 60°, 120°, and 180°.
Here P(N) is the probability of finding N water molecules inside the
SWCNT, and β = (kBT)

−1, where kB is the Boltzmann constant and T
is the temperature. The lines are a guide for the eye. Parameter: λ = 3.8
nm.
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the water inside nanotube with angle φ = 35° and 180° in
Figure 5c. The pair correlation function was calculated by the
method from Mukherjee et al.,61 (1/N)∑i=1

N ∑j=1,j≠1
N ⟨δ(r ⃗ − ri⃗j)⟩

is taken as pair correlation function here, where N is the
number of water molecules inside a nanotube and ri⃗j is the
vector between the coordinates of two oxygen atoms in water.
A similar pair correlation function profile, which reveals
“solidlike” ordering of water, has been obtained in Mukherjee’s
work61 when the bending angle is 180° (the straight nanotube).
The distinct peaks in profiles of straight and nonstraight tubes

appear in the same position, for the potential parameters
among water molecules are identical in our simulations. Despite
the same positions of peaks of the two profiles, the peaks of the
nonstraight nanotube with the bending angle φ = 35° relax
more slowly than those in the straight CNT, coinciding with
the fact that water molecules tend to concentrate together more
densely near the center of the nanotube. It is apparent that the
large deformation makes the water arrangement in the
nanotube close to bulk water in contrast with a single chain
in the straight nanotube. Additionally, because the flow

Figure 4. (a) Profile of average Lennard-Jones potentials between one water molecule and the SWCNT with φ = 35°, 60°, 90°, 120°, 150°, and
180°. (b) Profile of Lennard-Jones potentials along the central path of the SWCNT between one water molecule and the SWCNT with φ = 35°, 60°,
120°, and 180°. Parameter: λ = 3.8 nm.

Figure 5. (a) Water molecules in the straight nanotube where the angle φ = 180°, namely the straight nanotube. (b) Water molecules in the
nonstraight nanotube with the bending angle φ = 35°. (c) Pair correlation function (1/N)∑i=1

N ∑j=1,j≠1
N ⟨δ(r ⃗ − ri⃗j)⟩ for the water molecules inside the

nanotubes with nanotubes bending angle φ = 35° and 180°, where N is the number of water molecules inside a nanotube and ri⃗j is the vector
between the coordinates of two oxygen atoms in water.
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enhancement results from the more free motion of water
molecules near the center of the nonstraight nanotubes, the
large enhancement of water flow will be unaffected in the
presence of a pressure difference across the system.
In Figure 6, we present the profiles of the potential of mean

force along the Z-axis by using −kBT ln[P(N)], where P is the

average probability of water molecules along the Z-axis, kBT is
the Boltzmann constant, and T is the thermodynamic
temperature. Two sides of each profile come from bulk region
of the reservoirs, and central region is the higher energy barrier
due to the impediment of the carbon nanotube. In the case of
straight nanotube with φ = 180° and slightly bending nanotube
with φ = 120°, the free energy barriers are higher and almost
flat. The potential energy surface of the straight case is in good
accordance with the profile by Beu.62 For the heavily bending
nanotubes with φ = 35° and 60°, there exits appreciable
shaking in the center of part free energy barrier which are still
lower than that of the straight case and slightly bending tube.
Water molecules have to surmount the potential barriers, which
are lower in smaller bending angle nanotubes, to go through
the nanotube from one mouth to another. Since the bending
structure provides more space for water to break the single file
in the center part of the tube (e.g., nanotube with φ = 35°
(Figure 5b)), water molecules congregate together there and
work themselves into reducing free energy barriers. In this way,
the lower free energy barrier from the stronger interaction
among water improves the transfer rate when water molecules
go through the heavily bending carbon nanotubes with small φ.

4. CONCLUSION
In summary, we have shown that the macroscopic scenario
mentioned at the beginning of this work fails at the nanoscale:
significantly nonstraight nanochannels produce less friction to
transfer single-file water molecules than the straight nano-
channel. In particular, the nonstraight nanostructure can raise
the rate of transfer of water molecules across the SWCNT
maximally by 3.5 times in our simulations. This increment
results from the fact that nonstraight nanostructure holds the

water cluster which causes the higher fluctuation and lower free
energy barrier. In practice, a carbon nanotube can be either a
metal or a semiconductor,63,64 but this does not affect the
current impact of the nonstraight structure. Similarly, our
results will not change if someone replaces the SWCNT with a
multiwalled carbon nanotube. This is because the spatial
structure of the water molecules located in a multiwalled carbon
nanotube would keep unchanged, and the calculation of the LJ
potentials holds as well. On the same footing, if one considers a
nanochannel, which is beyond carbon nanotubes, our results
should be valid as well. Yet the enhancement effect will become
ignorable if the diameter of the nanotube increases because the
effect of breaking the single-chain water diminishes in the
nonstraight tubes with large diameter. The extreme example is a
macrosize nonstraight tube, in which the water flow rate is
equal to that of the straight tube if the two tubes have the same
values of the diameter and inner volume. The present study
might enlighten the nanomechanical engineering for high-
efficiency water flow. On the other hand, this work could
inspire the research about water movement across nano-
channels in biological membranes; such nanochannels are often
nonstraight because they are constructed by soft matter like
proteins.
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