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Confinement can induce unusual behaviors of water. Inspired by the fabrication of carbon nanotubes
with noncircular cross sections, we performed molecular dynamics simulations to investigate the mo-
bilities of water confined in carbon nanochannels with circular, square, and equilateral triangular cross
sections over a variety of dimensions. We find that water exhibits disparate mobilities across different
types of channels below 0.796 nm?. Notably, compared with the other two channels, water in equi-
lateral triangular channels displays the greatest mobilities. Moreover, at 0.425 nm?, different ordered
structures are found in the three channels, and water inside the square channel exhibits an extremely
low mobility. It is also found that above 0.796 nm?, the mobilities along the tube axis of water con-
verge to that of the bulk. These phenomena are understood by analyzing the structure, dynamics,
and hydrogen bonding of water. Our work explores the mobilities of water across noncircular carbon
nanochannels, which may expand the prospect of noncircular nanochannels in scientific studies and

practical applications, such as desalination and drug delivery.
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1 Introduction

The study on water mobility across nanochannels has
a fundamental meaning in biological activities [1-4] and
industrial applications [5-7]. Nanotubular materials have
unique water transport properties that have the poten-
tial to advance desalination [8-10], ion sieving [11, 12]
and drug delivery [13, 14]. Moreover, the behaviors of
water inside a carbon nanotube are similar to those in
biological water channels [15-21]. Because of this novel
similarity, carbon nanotubes have usually acted as model
systems to explore behaviors of biological water channels
[7, 19-25].

It has been widely believed that external conditions
and dimensions of nanochannels can greatly affect wa-
ter mobilities. Many external conditions (e.g., adding
mechanic forces or electric fields [16, 20-22, 26-29])
have received much attention for studying water mobility
through nanochannels. Wang et al. [16] found that the
linearly gradient electric field can pump water molecules
passing through a single-walled carbon nanotube fast
and unidirectionally. Li et al. [21] achieved electro-gating

to adjust water transport using a single external charge.
Meanwhile, confined water often displays anomalous be-
haviors compared to the bulk. Based on molecular dy-
namics simulations of water in carbon nanotubes at high
pressures, Koga et al. [30] predicted new ice phases,
which are not seen in bulk ice, and implied the immo-
bility of water inside nanochannels. These predicted ice
structures of water were then observed. Pentagonal to
octagonal ring formations of water below 190 K were ob-
served using X-ray diffraction [31]. Mashl et al. [32] even
found a six-chain ice-like ordered phase of water with a
low mobility at room temperature. These studies are all
based on carbon nanotubes with circular cross sections.

In practice, nanochannels with noncircular cross sec-
tions are indispensable as well [33-36]. For example, the
metal-organic materials with square pores were widely
used in gas separation [33, 34, 36] and zeolite was applied
for dehydration of natural gas [35]. Importantly, the
cross sections of biological water nanochannels are gener-
ally noncircular as a result of natural selection [37]. Zhu
et al. studied water transport across two-dimensional
nanopores under external pressure and found the transi-
tion of water transport from continuum pattern to dis-
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crete pattern with pore size decreasing [38]. Also, they
utilized a vy-graphyne-4 membrane with triangular pores
to achieve 100% salt rejection and a much higher water
permeability than that of prevailing commercial mem-
branes and the state-of-the-art nanoporous graphene
[39]. Owing to the development of fabrication technolo-
gies, carbon nanotubes with noncircular cross sections
have been synthesized in recent years. Yanagishita et al.
[40] described the chemical vapor deposition synthesis of
carbon nanotubes with triangular cross sections, which
were fabricated using anodic porous alumina with tri-
angular openings as the template. The carbon nanotube
with a diamond-shaped cross section was also synthe-
sized in the pores of mica membranes by Xu et al. [41]
utilizing the chemical vapor deposition method. In addi-
tion, other techniques for shaping cross sections of car-
bon nanotubes have been developed (e.g., with pressure
[42, 43], using an electron beam [44], or via selective hy-
drogenation [45]). Compared to nanotubes with circular
cross sections, the noncircular nanochannels are expected
to alter the electronic properties of carbon nanotubes
[40-42]. However, how cross-sectional shapes affect wa-
ter mobilities has rarely been investigated. The fabrica-
tion of noncircular cross-sectional carbon nanotubes in-
spired us to investigate the effect of cross-sectional shape
on water mobilities across nanochannels based on car-
bon nanotubes. In this work, we chose noncircular car-
bon nanochannels with square and equilateral triangular
cross sections, and we compared their water mobilities to
that of the single-walled carbon nanotubes with circular
cross sections, over a variety of dimensions.

2 Method

Our work is based on molecular dynamics simulations,
which have been widely used for studying water dynam-
ics in single-walled carbon nanotubes [16] and proteins
[2]. The simulation frameworks are shown in Fig. 1(a).
Uncapped carbon nanochannels with circular, square,
and equilateral triangular cross sections are fixed be-
tween two graphene sheets with a separation width of
2.442 nm. The two ends of the nanochannel are lo-
cated at the same positions along the Z axis as the two
graphene sheets [46]. Some carbon atoms are removed
from the graphene sheet to form a hole, where the dis-
tances between the edge of the hole and the wall of the
nanochannel are kept at ~0.3 nm, thus enabling the
graphene sheets to prevent water from appearing outside
the nanochannel between the two sheets. Without an ex-
ternal pressure difference, water molecules enter or exit
the nanochannel through either of its openings under the
effect of thermal fluctuation [46]. For circular nanochan-
nels, armchair single-walled carbon nanotubes [8, 9, 47]

of (6,6),(7,7),...,(12,12) are utilized; these range from
0.172 to 1.279 nm? in cross-sectional area as measured
with the inner van der Waals surfaces. The square and
equilateral triangular nanochannels are constructed of
graphite sheets [see Fig. 1(b)]. Their cross-sectional ar-
eas are set in the same way and their dimensions are
equal to those of the circular nanochannels. The corre-
sponding values are listed in Table 1. For each system,
the density of water is kept at 1 g/cm3.

To perform our simulations, we chose a canonical en-
semble at room temperature (300 K) and used the molec-
ular dynamics package Gromacs 4.0.7 [48]. Here, the ex-
tended simple point charge (SPC/E) water model [49]
was chosen to describe water molecules, and water-wall
interactions are treated by using the Lennard—Jones (LJ)
potential, V,; = 4e[(2£)'? — (2)%], where the values of
e and o come from Ref. [19]. The cutoff distance for
LJ interactions is 1.4 nm. Electrostatic interactions are
computed by using the particle-mesh Ewald method [50]
(with a real-space cutoff of 0.9 nm and reciprocal space

Fig. 1 (a) Perspective view of the simulation system with
circular, square, and equilateral triangular carbon channels
embedded between two parallel graphite sheets. The three
different atoms, H (hydrogen), O (oxygen), and C (carbon),
are indicated. More details can be found in the main text. (b)
Cross sections of circular, square, and equilateral triangular
channels corresponding to (a); the square and equilateral tri-
angular channels are constructed with four and three graphite
sheets, respectively.

Table 1 Channel geometries.

Circular channel van der Waals

geometry cross-sectional area (nm?)
(6,6) 0.172
(7,7) 0.285
(8,8) 0.425
(9,9) 0.597
(10,10) 0.796
(11,11) 1.022
(12,12) 1.279
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gridding of 0.12 nm and fourth-order interpolation). We
also adopted the thermostat of Nosé and Hoover [51, 52]
with a time constant of 0.5 ps. Periodic boundaries were
set in a simulation box with dimensions Lx, Ly, and Lz,
where Lx = 4.762 nm, Ly = 5.006 nm, and Lz = 6.442
nm. In our simulations, a time step of 2 fs was used. The
simulation of each system runs for 80 ns, and the last 70
ns of data are collected for analysis.

3 Results and discussion

We graph the diffusion coefficients of water along the
tube axis (Dz) with respect to cross-sectional areas (5)
to measure water mobilities inside the three kinds of
nanochannels, respectively, as shown in Fig. 2. When
S < 0.796 nm?, Dy values deviate significantly from
the value of bulk water and are disparate among differ-
ent types of nanochannels. Generally, water inside the
triangular channel has the highest mobility. In partic-
ular, there are sharp reductions of water mobilities for
all channels at 0.425 nm?, while the square channel has
a much lower mobility than the other two. However, at
0.597 nm?, the circular channel exhibits the lowest mo-
bility. As S > 0.796 nm?, the values of Dz converge to
that of the bulk, which indicates that water inside the
nanochannels starts to behave like bulk water.

To get an overview of what occurs, the cross-sectional
snapshots of water inhabiting the nanochannels are dis-
played in Fig. 3. Here, those cases whose cross sections
are larger than 0.796 nm? are not shown, since their be-
haviors are similar to those of 0.796 nm?. In circular
channels, water displays the same structures as found in

10"
— . Bulk
> .
é : —0— Circular
e o . —o— Square
Q  10%4 . —&— Triangular
0172 ©0.425:0.597 10.796
0.0 0.3 0.6 0.9 1.2 1.5

S (nm?)

Fig. 2 Profile of the diffusion coefficient of water molecules
along the Z axis (channel axis), Dz, for the circular, square,
and triangular channels over a variety of dimensions. The
dashed line presents the diffusion coefficient along the Z axis
of bulk water; the specific dimensions, 0.172, 0.425, 0.597,
and 0.796, are also indicated.

0.172 nm? 0.285 nm? 0.425nm?> 0.597 nm®>  0.796 nm?

Circular

Square

Triangular

Fig. 3 Cross-sectional snapshots of water structures in the
circular, square, and triangular channels with S = 0.172 to
0.796 nm?.

previous works (e.g., the single-chain structure in (6,6)
carbon nanotubes [16] (at 0.172 nm?), the four-chain or
square ice-like structure in (8,8) carbon nanotubes [53]
(at 0.425 nm?), and the six-chain structure or hexago-
nal ice-like structure [32] in (9,9) carbon nanotubes (at
0.597 nm?)). The ice-like structures are believed to have
lower mobilities [32, 53]. Interestingly, in our work, a
four-chain structure is also found in the square channel
at 0.425 nm?, and a three-chain structure forms inside
the triangular channel. However, at 0.597 nm?, no such
ordered structures are found in noncircular channels.
Above 0.796 nm?, water in all cases behaves like the bulk.
At 0.172 nm?, in contrast from the stable single-chain
structure in circular and square channels, which sug-
gests continuous transport of water, water molecules dis-
continuously appear inside the triangular channel. Fig-
ure 4(a) presents the number of water molecules, N (),
inside the nanochannels when S = 0.172 nm? as a func-
tion of time. Compared to the filled states in circular and
square channels, water in a triangular channel exhibits
filled and empty states; this is similar to the phenomenon
observed in Ref. [19] when the attraction between car-
bon and water molecules is reduced. That is, under the
strong confinement of a triangular channel, water chains
are unstable and easily break, making it easy to empty
the channel.

Figure 4(b) shows a plot of the probability distribu-
tion of the number of water molecules (N) inside the
channels over a variety of dimensions. In general, within
the same dimension, there is little difference of N among
the three kinds of channels, but the circular one still ac-
commodates the most water molecules, and the triangu-
lar channels contain the least, which is attributed to the
strong confinement induced by corners in the noncircular
channels. Note that, at 0.425 nm?, N in the square chan-
nel exhibits a more concentrated distribution, suggesting
a more stable water structure.

A better understanding of the differences in water mo-
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Fig. 4 (a) Number of water molecules, N(t), inside the
circular, square, and triangular nanochannels of 0.172 nm?
as a function of time. (b) Probability distribution of wa-
ter molecules in the circular, square, and triangular channels
with S = 0.172 to 0.796 nm”.

bilities among the three kinds of channels requires insight
into water structures. To quantify how water molecules
arrange, we contrast the pair correlation functions of wa-
ter inside the three channels (see Fig. 5). Below 0.597
nm?, water structures exhibit solid-like characteristics,
owing to the wave-like distribution. At 0.172 nm?, the
less ordered structure of water inside the triangular chan-
nel corresponds to its higher mobility. At 0.285 nm?,
water structures in the three channels are similar to
each other and the mobilities are close to each other. As
S = 0.425 nm?, water displays stronger solid-like charac-
teristics, with the structure in the square channel being
most solid-like, thus water in it diffuses least. However,
when S = 0.597 nm?, only the water in the circular chan-
nel remains solid-like and retains a low mobility. As the
dimension increases futher, all water structures exhibit
liquid characteristics. Such results correspond well with
the phenomena from Figs. 2 and 3.

We also average the number densities of oxygen and
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0.0
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Fig. 5 Profile of the pair correlation functions of water
molecules in the circular, square, and triangular channels
with S = 0.172 to 0.796 nm”.

hydrogen atoms across the cross sections over 70 ns, re-
spectively, and the two-dimensional density maps are
graphed in Fig. 6. Obviously, the cross-sectional shapes
have substantial effects on the water structures. Ow-
ing to the confinement of the noncircular walls, water
molecules exhibit an anisotropic distribution, and they
tend to concentrate at the corners. In contrast, wa-
ter is distributed uniformly along the walls of circular
channels. As dimensions become larger, water structures
come close to that of the bulk. It should be noted that,
although water chains (see Fig. 3) form in the circular
(at 0.425 and 0.597 nm?), square (at 0.425 nm?), and tri-
angular (at 0.425 nm?) channels, they behave differently.
We find that the ordered structure in circular channels
can rotate along the walls, which is evidenced by wa-
ter’s uniform distribution along the walls. However, ow-
ing to the strong confinement from corners, such an or-
dered structure cannot rotate along the walls of square
or triangular channels. Water molecules are restrained by
the confinement and quiver at the corners of noncircu-
lar channels. In the triangular channel, water molecules
oscillate in a larger area compared to that in the square
one. The stability of the water structure in the square
channel indicates the prominent solid-like feature, while
the rotation in the circular channel and stronger oscilla-
tion in the triangular channel are manifestations of the
less solid-like characteristics of water structures.

To study the hydrogen bonding capability of water
inhabiting the nanochannels, we calculated the average
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Fig. 6 Cross-sectional two-dimensional density maps of oxygen and hydrogen atoms in the circular, square, and triangular

channels with S = 0.172 to 0.796 nm?.

number of hydrogen bonds (H bonds) around each water
molecule. An H bond exists if the donor—acceptor dis-
tance is within 0.35 nm, which is the first minimum of
the radial distribution function for the oxygen atoms in
bulk water, and the orientation of the O—H donor bond is
within 30° of the acceptor oxygen. The results are shown
in Fig. 7(a). Generally, for all three types of channels, as
the dimensions increase, there are more H bonds around
a water molecule, and the numbers get close to that of
the bulk. At 0.425 nm?, there are remarkably more H
bonds around each water molecule in the square channel
than in the other two channels, which corresponds to its
most pronounced solid-like structure, and fewer H bonds
than in the circular channel at 0.597 nm? with the solid-
like structure disappearing. Within the same dimension
as S < 0.597 nm?, there are obviously fewer H bonds for
each water molecule in the triangular channels, leading
to the weakest restriction between water molecules. It

should be noticed that the number of water molecules
in the first hydration shell, which is within 0.35 nm to a
candidate molecule, is the least in the triangular channel
(see Fig. 5). Fewer water molecules around a candidate
molecule within 0.35 nm lead to weaker hydrogen bond-
ing.

For clarifying the relationship between water mobil-
ity and the H bond networks, we studied the orien-
tation of H bonds inside the nanochannels. We define
P(0) as the probability function for the angle between
an H bond and the channel axis, which is denoted by
0 (0° < 6 < 90°). Another quantity, Nyp(6), is de-
fined as Nyp(0) = P(0)x (average number of H bonds
per water molecule). Thus, Ngpg(6) shows the average
number of H bonds per water molecule along different
directions. Figure 7(b) displays Ny g(0) as a function of
0 for the nanochannels over a variety of cross-sectional
areas. When S = 0.172 nm?, water inside the circu-
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Fig. 7 (a) Profile of the number of H bonds per water
molecule for the circular, square, and triangular channels over
a variety of dimensions. The dashed line presents the value
of bulk water; specific dimensions, 0.172, 0.425, 0.597, and
0.796, are indicated. (b) Number distribution of H bonds per
water molecule inside nanochannels with respect to the angle
between an H bond and the channel axis, 6, where S = 0.172—
0.796 nm?.
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Fig. 8 Water dipole autocorrelation function (ACF) in the
circular, square, and triangular channels with a variety of
dimensions.

lar nanochannel performs single-file diffusion, and the H
bonds align nearly along the channel axis, which can de-
velop the mobility of water [19]. 6 values in circular and
square channels lie between 0° and 47°. However, owing

to a stronger confinement, the H bonds in the triangu-
lar channel are more parallel with the channel axis, with
0 ranging from 0° to 39°. The larger amount and wider
orientation range of H bonds in circular and square chan-
nels strengthen the restriction between water molecules
and make water more solid-like, reducing water mobil-
ity. In contrast, the more parallel tendency of H bonds
along the channel axis and the weaker restriction be-
tween water molecules in the triangular channel develop
water mobility. When the pore size increases, H bonds
perpendicular to the channel axis form. At 0.285 nm?2,
the similar distributions of H bonds correspond to their
close structure and mobilities. When S = 0.425 nm?,
there are two peaks for the three channels, respectively,
which indicates the ordered structures of water. For the
square channel, two peaks are located at 11° and 87°,
and these are higher than those in the other two chan-
nels. Moreover, between 35° and 57°, there are almost
no H bonds. These features manifest the most promi-
nent solid-like characteristic. The water structure is very
stable, suggesting the lowest mobility. For the circular
channel, two peaks are located at 13° and 87°, and these
are lower than the peaks in the square channel. For the
triangular channel, the peaks are much flatter, being lo-
cated at 19° and 87°. Water is the least solid-like, and
the restriction between water molecules is much weaker,
suggesting a higher mobility. When S = 0.597 nm?, only
the circular channel displays an ordered H bond network,
which corresponds to a lower water mobility. As the pore
size increases more, there are no obvious preferences of
H bond orientations, and water displays a liquid-like fea-
ture. In general, the prominent preference of H bond ori-
entation orders the water structure, and a larger number
of highly ordered H bonds enhances the restriction be-
tween water molecules, which reduces water mobilities.

The reorientability of water inside the channels was
then examined, using an autocorrelation function (ACF)
for water dipoles. The ACF is given by C(t) = (p;(0) -
pi(t))/(p?) [32], where p is the water dipole moment,
and the angle brackets denote averages over time ¢ and
molecules. The result is graphed in Fig. 8, which provides
us with the following qualitative understanding. As di-
mension increases, the ACFs gradually get close to that
of the bulk. For the circular (at 0.425 and 0.597 nm?)
and square (at 0.425 nm?) channels, the appearance of
plateaus implies a fast formation of H bonds, and these H
bonds can be maintained for a much longer time. Com-
pared with those of the triangular channel, they show a
remarkably higher degree of water molecules’ rotational
immobilization, suggesting a much longer relaxation time
scale. Moreover, for the square channel at 0.425 nm?, H
bonds form the fastest, and the rotational motions of wa-
ter molecules occur within the narrowest range of angles,
indicating its more stable structure.
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4 Conclusion

We conclude that the structures, dynamics, and hy-
drogen bonding of water are differentiated at small di-
mensions by the isotropic and anisotropic confinement
of nanochannels owing to the different cross-sectional
shapes. Water exhibits disparate mobilities across the
three kinds of channels when cross sections are below
0.796 nm?, especially at 0.425 and 0.597 nm?. Differ-
ent ordered structures form in the circular (at 0.425 and
0.597 nm?), square (0.425 nm?), and triangular (0.425
nm?) channels. Because of the weaker restriction be-
tween water molecules, water in the triangular channel
maintains a higher mobility than in the other two types
of channel. In addition, as S > 0.796 nm?, water in all
channels starts to behave like the bulk.

The present study may provide enlightenment into
nano-mechanical engineering with noncircular nanochan-
nels. Moreover, this work can inspire new research on
water movement across nanochannels in biological mem-
branes; such nanochannels often have noncircular cross
sections because they are constructed of soft matter such
as proteins.
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