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Water confined within nanoscale geometries under external field has many interesting properties which is
very important for its application in biological processes and engineering. Using molecular dynamics
simulations, we investigate the effect of external fields on polarization and structure as well as phase
transformations of water confined within carbon nanotubes. We find that dipoles of water molecules tend to
align along external field in nanoscale cylindrical confinement. Such alignment directly leads to the
longitudinal electrostriction and cross-sectional dilation of water in nanotube. It also influences the stability
of ice structures. As the electrostatic field strengthens, the confined water undergoes phase transitions from
a prism structure to a helical one to a single chain as the electrostatic field strengthens. These results imply a
rich phase diagram of the confined water due to the presence of external electriostatic field, which can be of
importance for the industrial applications in nanopores.

W
ater exists in nanopores of cylindrical geometry such as the ion channels1,2, porous silicas3,4, and
carbon nanotubes5–9. Such nanoconfined water is important not only for biological processes but also
for industrial applications including filtration and sorption, petrochemical refining, nuclear waste

disposal, and heterogeneous catalysis10,11. For example, water in carbon nanotubes has high flow rate, high proton
conductivity, and highly selective transport of solutes and water7–9, and these properties may be utilized for
designing nanofluidic and molecular separation devices or fuel cells12. The presence of such properties is mainly
due to the remarkable ability of water to form a variety of hydrogen-bonded arrangements in cylindrically
confined geometry5,6. However, the structural arrangement of hydrogen bonds in confined water can be quite
sensitive to nonthermal variables, e.g., size of nanopores, chemical and physical properties of pore surfaces, and
electrostatic fields due to the presence of ions in membranes and ion channels.

The effects of electrostatic fields on water have been extensively studied13–19. Computer simulation studies of
water in nanotubes have shown that electrostatic field of magnitude ,1 V/nm is enough to alter the wetting
property of carbon nanotubes16 and leads to electrostriction as well as structure transitions, e.g., a transition from
polygonal prism ice to helical structure20. These results demonstrate that the electrostatic field can dramatically
change the properties of water by disrupting or altering the arrangements of water molecules. However, how these
changes are related to the polarization of water is not well understood. Additionally, due to the difficulty in either
experimentally controlling of the electrostatic field or measuring the nanoscale structures, the experimental
studies on nanoconfined water under strong electrostatic fields (.0.1 V/nm)21–25 are lacking. Hence, the com-
puter simulation of such systems serves as a valuable tool for understanding the behaviors of water under the
electrostatic field.

In this work, using molecular dynamics simulations, we systematically study the effect of external fields on the
properties of water confined in carbon nanotubes. We investigate external field effect on the polarization of water
and structure transformation. The manuscript is arranged as follows. The simulation details are described in the
Methods section, the effect of the uniaxial field on water confined in nanotubes is presented in Results section, and
Discussions as well as a biref summary are given in the end.

Results
Effect of external electric field on polarization. Various properties of a liquid of polar molecules change as the
uniaxial electrostatic field is applied. Those changes are mainly due to the change in orientation polarization, cos h,
where h is the angle between the dipole of water molecule and the uniaxial external field, Ez, applied along the z–
axis of the nanotube with radius R. Figure 1 shows the average polarization, ,cosh., as a function of Ez for water
confined in the nanotube with R 5 5.55Å at T 5 320 K. The polarization increases as Ez increases, and becomes
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more or less saturated to a value ,0.615 at Ez 5 1 V/nm. This
corresponds to a gradually lineup of dipoles along the nanotube,
from h , 70u for Ez 5 0.1 V/nm to h , 52u (corresponding to
half of the HOH angle of water molecule, 104u, i.e. one of the
hydrogen bonds of the water molecule is parallel to the z-
direction) for Ez . 1 V/nm. This indicates that the system
becomes more ordered with increasing Ez, e.g., one of the
hydrogen bonds of the water molecule becomes almost parallel to
the z-direction, as shown in the inset of Figure 1.

Compared to that of bulk water, the polarization of water confined
in the SWCNT is larger (see Table I). In addition, the distributions of
polarization of water molecules are different [Figure 2]. For instance,
at Ez 5 0.1 V/nm, the distribution of the polarization of bulk water
shows a linear behavior over the range 0.1 , cosh , 0.6, while it
follows an exponential behavior over the same range for water con-
fined in the SWCNT.

Electrostriction. The presence of electrostatic field may change the
properties of water. For instance, applying electrostatic field or
adding ions to water confined in ion channels and carbon
nanotubes leads to the increase of water density, also called
‘‘electrostriction’’14,16,26–28. Such phenomenon is generally found
when field exposed water is held in equilibrium with a non-
perturbed reservoir15,27,29. In bulk and two dimensional confined
case, maintaining pressure inside the field-exposed water
unchanged may require expansion15,30,31. Interestingly, in the
present system, as Ez increases, the linear density of water along
the axis of the nanotube increases, while the average distance of
water molecules (the oxygen atoms) to the tube axis increases
[Figure 3], which is different from previous results mentioned
above. In addition, the structure of the confined liquid, determined
by the number of hydrogen bonds per molecule shown in Table II,
becomes more ordered as Ez increases.

Stability of ordered States. In the case of zero-field (Ez 5 0), Koga
et al.5,6 studied the phase diagram of water confined in nanotube with
R 5 5.55 Å. They found that the ordered structures, such as square,
pentagonal, and hexagonal prisms, are stable at room temperature,
which was also verified by experiment32–34. If the ice structures are
further characterized by the O–H bond direction (from oxygen atom
to hydrogen atom) along each chain of water molecules parallel to the
tube axis, one ordered ice structure may contain several different
substructures, e.g., there exist four types of square prism structures
(see Figure 4).

The square prism structure has four chains of water molecules as
shown in Figure 4 (a–d). The coupling among these chains is anti-
ferroelectric, so the Hamiltonian of the system can be written as

H~{J1 p1p2zp2p3zp3p4zp4p1ð Þ{J2 p1p3zp2p4ð Þ

{Ez p1zp2zp3zp4ð Þ,
ð1Þ

where pi 5 61, with 11 parallel to Ez and 21 antiparallel to Ez, and Ji

is the coupling between two water chains with J1 the neighboring
coupling constant and J2 the diagonal coupling constant, J1 , J2 , 0.
According to Eq. 1, the energies of the four structures shown in
Figure 4 are: 4J1 2 2J2 for structure A, 2J2 for structure B, 0 for
structure C, and 24J1 2 2J2 for structure D, respectively.
Therefore, structure A has the lowest energy at Ez 5 0. In the pres-

Figure 1 | The average polarization, ,cosh., of water molecules in the
SWCN with radius R 5 5.55Å as a function of uniaxial electric field, Ez,
for T 5 320 K and Pz 5 1 atm. As Ez increases, ,cosh. increases before it

saturates to ,0.615. The system also becomes more structured as Ez

increases, e.g., at Ez 5 1 V/nm, cos h 5 0.615, one of the hydrogen bonds of

each water molecule is nearly parallel to the z-direction.

Table I | Average polarization ,cosh. in confined and bulk
water at T 5 320 K

E (V/nm) ,cosh. (bulk) ,cosh. (confined)

0.1 0.111 0.363
0.2 0.191 0.507
0.3 0.245 0.538
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Figure 2 | Distribution of polarizations for water molecules at
T 5 320 K and Ez 5 0.1 V/nm. Compared to that for bulk water, the

distribution for water confined within R 5 5.55 Å is truncated at cosh 5 0

and cosh < 0.75. The inset shows that the polarization follows Boltzmann

distribution for 0 , Ez , 5.5 V/nm, indicated by a linear relation of

log P with cosh.
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Figure 3 | Effect of the uniaxia electric field on the structure of the
confined water. The linear density and the average distance of water

molecule to the SWCNT axis increases with the external field.
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ence of external field Ez, the relative stability of different structures
may change. In this case, the energy of structure D, H 5 24J1 2 2J2

2 4Ez, is now the lowest. When the electrostatic field decreases from
Ez 5 0.2 V/nm, we find that the structure D still exists at Ez 5 0,
indicating the existence of hysteresis in structure D.

Structure transformations. When all O–H bonds on the edge of ice
prism align parallel to Ez, further increase in Ez leads to phase
transformations among various ordered structures. Such structure
transformations of confined water in the presence of Ez can be
determined by the changes in average polarization, ,cosh.. As
can be seen from Figure 5, at T 5 250 K, water in nanotube with
R 5 6.24 Å is stable in hexagonal prism structure, denoted by (6,0),
for 0 , Ez , 0.9 V/nm, in helix structure denoted by (6,1) for 0.9 V/
nm , Ez , 1.12 V/nm, and in a single chain inside structure denoted
6-shell-chain (6 1 1) for 1.12 V/nm , Ez , 2 V/nm. We note that
the first index ‘‘6’’ represents the number of water chains in the ice
structure, and the second index, ‘‘0’’ or ‘‘1’’, represents the degree of
helical structure (For more details, see Ref. [6]).

For different size of carbon nanotubes, the transformations among
the ordered structures are also different. For instance, for R 5 5.55 Å
and at T 5 260 K, five types of ordered structure, square prism,
pentagonal prism, (5,1) structure, (5,2) structure and a combination
of (5,2) shell and a single chain inside denoted by 5-shell-chain
structure (5 1 1), are observed in the range of 0 , Ez , 8 V/nm
at T 5 260 K [Fig. 6]. The stability of different structures changes as
Ez varies. The system is stable in square prism structure for 0 , Ez ,

0.5 V/nm, in pentagonal prism structure denoted by (5,0) for 0.5 V/
nm , Ez , 1.6 V/nm, in helix structure 1 denoted by (5,1) for 1.6 V/
nm , Ez , 2.8 V/nm, in helix structure 2 denoted by (5,2) for 2.8 V/
nm , Ez , 6.2 V/nm, and a single chain inside denoted by 5-shell-
chain structure (5 1 1) as shown in Figure 6.

The transformation in the nanotubes for different R shares one
common feature, that is, as Ez increases, the structure of the ice tube
becomes helical and then a single chain along the axis inside. This is
because compared to prism structure, the dipoles of water molecules
in helix structure are more parallel to Ez. Thus, when Ez is large
enough, the free energy of the helix structure is lower than that of
the prism structure. In addition, the dilating effect of water confined
in nanotube mentioned above, in the direction perpendicular to the
external field, makes it possible for a single chain along the axis to
adapt inside. In nanotubes with R 5 5.55 Å, increasing Ez induces ice
tube to transform from square prism to pentagonal prism, which can
also be explained by the dilating effect of external field. The radius

Table II | Average number of hydrogen bonds per water molecule
in nanotube at T 5 320 K

Ez Hydrogen bonds

0.1 2.506
0.5 2.625
0.8 2.916
1.0 2.960

Figure 4 | The skematics of the cross section structures of square prism
structures. There are four types of square ice tube. According to Eq. 1, in

the absence of external field, the energies of these structures follows that EA

, EB , EC , ED, while in the presence of large enough external electric

field, the energy of the structure D has the lowest energy.

Figure 5 | Polarization as function of Ez for R 5 6.24Å in the presence of
the external electric field. The structural changes can be clearly seen from

the sharp changes in polarization as Ez increases. For instance, the system is

hexagonal structure (6,0) for 0 , Ez , 0.9 V/nm, helical structure (6,1) for

0.9 V/nm , Ez , 1.12 V/nm, and 6-shell-chain structure (6 1 1) for

Ez . 1.12 V/nm.

Figure 6 | The phase diagram of water confined within the SWCN for
R 5 5.55Å at atmospheric pressure. Filled squares denote different ice-ice

phase boundaries. The shaded regions are the coexistence two ice phases.

The dot line shows the estimated melting line between ice and liquid-like

phase with continuous transition. The solid line is the estimated melting

line between ice and liquid-like (discontinuous phase transition).

We also present snapshots of structure of ices formed in the SWCN at

T 5 260 K in the inset (note that only oxygen atoms are shown here).
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R 5 5.55 Å is somehow suitable for both square and pentagonal
prism structures, and transformation between these two structures
can also be induced by changing pressure5.

Discussion
According to the single-particle approximation theory35, if a dipole is
considered as a particle immersed in an effective uniform electric
field Ez, the distribution of polarization, P(cos h), follows the expo-
nential form,

P cos hð Þ* exp
Ezp cos h

kBT

� �
, ð2Þ

where p is the dipole moment, h is the angle between the dipole and
the uniaxial field Ez, and kB is the Boltzmann constant. This approxi-
mation is suitable for most polar liquids, but fails to reproduce the
macroscopic permittivity of hydrogen-bonding systems such as bulk
water36,37. It is believed that because the energy of hydrogen bond,
,20 kJ/mol, is larger than the thermal energy and potential energy
in external field, the coupling among the nearest molecules leads to
its deviation from Eq. (2). Surprisingly, for confined water, the dis-
tribution follows the single-particle approximation to some extent
[Figure 2]. This is possibly due to the fact that the restriction of
hydrogen bonds on dipole rotation in confined water is weaker than
that in bulk water.

For water in the SWCNT, the longitudinal electrostriction and
cross-sectional dilation, can be explained by considering the inter-
action energy between dipoles. In a spherical coordinate system, a
dipole,~P, can be described by (p, h, w), where p is the dipole moment,
h and w are the polar angle and azimuthal angle38. The interaction
energy between two dipoles, ~P1 p1,h1,w1ð Þ, ~P2 p2,h2,w2ð Þ (the dir-
ection connecting two dipoles, ~r, is the polar axis in our study),
can be calculated as

U r,h1,h2,w1,w2ð Þ~{p1p2 2 cos h1 cos h2{ sin h1 sin h2 cos w1{w2ð Þð Þ
4p r3

ð3Þ

Thus, the interaction force between two dipoles due to the pres-

ence of Ez is {
LU r,h1,h2,w1,w2ð Þ

Lr
. According to Eq. 3, the inter-

action force between two dipoles along Ez is attractive and
strongest when the vector (~r) of two neighboring dipoles is parallel
to z–axis in the case of h1 5 h2 5 0 [Figure 7(a)]. On the other hand,
the interaction force between two dipoles along Ez is repulsive and
reaches a maximum when the vector (~r) of two neighboring dipoles is
perpendicular to the z–axis in the case of h1 5 h2 5 90u [Figure 7(b)].
The presence of the uniaxial external field, dipoles tend to be parallel

to the axis. This leads to water shrinking along z–direction and
expanding across the nanotube.

Previous study by Koga et al.5 shows that water confined in the
nanotube with R 5 5.55Å exhibits a continuous phase transforma-
tion, from solid-like state to liquid-like state. In the presence of the
uniaxial electrostatic field, we find that such transformation is a first-
order phase transition in the range of 0.6 V/nm , Ez , 1.1 V/nm,
while it is a continuous transition for weaker field and stronger field.
When the ordered ice is heated, the melting behavior is different. At
Ez , 0.6 V/nm, the stable square prism at temperature T , 285 K
gradually dilates and becomes a disordered square liquid (4 water
molecules per layer on average) as temperature increases. This trans-
ition is continuous because the density fluctuation, ,Dr2. (5,r2.

2 ,r.2), is continuous upon melting. However, at 0.6 V/nm , Ez

, 1.1 V/nm, upon heating, the system undergoes a discontinuous
phase transition, from pentagonal prism structure at T , 300 K to
square liquid at T . 300 K. The discontinuous feature can be seen
from the discontinuous change in the linear density as shown in
Figure 8 for Ez 5 1.1 V/nm. At larger external field, 1.1 V/nm ,

Ez , 2.6 V/nm, upon heating, the melting of the stable (5,1) helix ice
becomes continuous again shown in Figure 8 at Ez 5 1.2 V/nm. The
system firstly transforms to a liquid-like (5,1) helix structure before it
finally melts to the square liquid. We note that both the orientation of
dipoles and linear density undergo continuous change as the tem-
perature increases. As external field further increases, the linear den-
sity continues to increase. The melting process of (5,2) structure is
similar to that of (5,1) structure. Structure rearrangement does not
occur for 5-shell-chain structure upon heating even in liquid state.
Thus, water molecules still belong to shell-chain and linear density
decreases slightly as temperature increases to 520 K.

To summarize, we investigate the properties of water in SWCN in
the presence of external field. We find that the external field induces
the alignment of the dipoles of water molecules, directly leading to
the longitudinal electrostriction and cross-sectional dilation of water
in nanoscale. Water confined in SWCN also shows very rich phase
behaviors, for instance, phase transformation from a prism structure
to a helical one and then to a helical shell-chain as the magnitude of
the electrostatic field increases. The stability of different phases is
very much determined by the magnitude of external field. We deter-
mine the phase boundaries between each two phases and also pro-
pose a theory which well explains the stability of different phases.
Our studies is important for the understanding of the properties of
water confined in nanotubes, which can be of great importance for
relevant industrial processes in the presence of external electrostatic
field at nanocale.

Figure 7 | Illustration of the orientations for two dipoles. (a) Two dipoles

line up, and (b) two dipoles align parallel to each other. The attractive force

is the strongest when two dipoles line up in the former case, while for

repulsive force, it is a maximum at the same interdipole separation for two

dipoles aligning parallel to each other in the latter case.
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Figure 8 | The melting of ice at Ez 5 1.1 V/nm and Ez 5 1.2 V/nm field.
The transformations from ice to liquid is a first-order phase transition for
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Methods
Isothermal-isostress molecular dynamics (MD) simulations are performed on a
model system of water in a single-walled carbon nanotube (SWCN). The system
consists of 240 water molecules confined in a nanotube with radius R, which is
simplified as smooth cylindrial wall. The system is subject to periodic boundary
condition to the z-direction parallel (along the axis of the nanotube). All atoms in the
computational cell are replicated in z-direction to form an infinite lattice. The uni-
axial electrostatic field, Ez, if applied, is also along this direction.

The water-water interaction is described by the TIP4P water model39. The force
field of the model SWCN is chosen as the integrated 12-6 Lennard-Jones potential
integrating over the cylindrical area of the nanotube with the area density of the
carbon atoms5,40. Thus the interaction energy between a water molecule and the
cylindrical wall is entirely determined by the distance of the oxygen site of the TIP4P
water from the nanotube axis. The parameters of the model are shown in Table III.
For all the simulations in this work, the particle-particle particle-mesh method
(PPPM)41 is used to caculate the long-range electrostatic interactions with a cutoff
distance rc 5 8.5 Å.

The MD simulations are performed using LAMMPS software42 with the temper-
ature T and the axial-pressure Pz controlled by the Nosé-Hoover algorithm. The
pressure is fixed at Pz 5 1 atm for all the thermodynamic states examined. Each
simulation is performed for 60–120 ns with time step of 0.5 fs.
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Table III | Lennard-Jones parameters

Pair (kJ/mol) s (Å)

SWCN-O 0.3876 3.262
SWCN-H 0.0 0.0
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