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’ INTRODUCTION

In nature, the transportation of water molecules across water
nanochannels inmembranes plays an important role in biological
activities.1�3 Water permeation through membranes can be
regulated by pH,4,5 solute concentration,6,7 and temperature.8,9

Inspired by the biological implications, people also manipulate
the flow of water molecules across nanochannels, to realize
abundant applications.10�14 One of the applications correspond-
ing to unidirectional flow of single-file water molecules (UFSWM)
in nanochannels is membrane-based water purification or sea-
water desalination,10 where nanochannels located in the mem-
brane should have a diameter small enough so that only water
molecules are allowed to enter while other particles larger than a
water molecule cannot move in. As a result, progress in this
direction has beenmade by designing systems with an osmotic or
hydrostatic pressure gradient (System I),10 with an imbalance of
surface tension (System II),15 with a chemical16 or thermal
gradient17 (System III), or with external electric fields or charges-
(System IV).18�21 However, for System I, one has to add a large
reservoir of solution on one side of the nanochannel to produce
the pressure gradient, which is practically difficult. On the other
hand, it is also difficult for Systems II or III to yield a controllable
UFSWM. The methods for achieving System IV are called
“electro-osmosis methods”, which are recognized as a very
promising approach because they can be readily used to realize
controllable UFSWM. However, it is still up to now a challenge
to get a fast UFSWM through electro-osmosis methods because a
slow UFSWM makes the above-mentioned application impos-
sible or far from being satisfactory.

It has been well recognized that a single-walled carbon
nanotube (SWCNT) can be used as a model system to exploit

some of the primary behavior of biological membrane water
nanochannels that can conduct water in and out of cells.18�28

Furthermore, controlling UFSWM across SWCNTs also has
very great significance for applications like the desalination of
seawater.10 A water molecule is noncharged as a whole but
possesses a plentiful quantity of electric charges: charge quantity
on the oxygen atom is�0.834e (e: the elementary charge, 1.6 �
10�19 C); charge quantity on a hydrogen atom is 0.417e.29 Thus,
recently some novel explorations utilized electro-osmosis meth-
ods to realize UFSWM across SWCNTs by applying external
charges or electric fields,18�21 which can electrostatically interact
with water molecules. On the basis of molecular dynamics
simulations, Gong et al.18 reported that water molecules can be
caused to unidirectionally transport across a (6, 6) SWCNT
(with length 2.3 nm) by putting three point charges on the
surface of a SWCNT, which produce a biased potential to allow
water permeation across the SWCNT: the maximum speed of
the UFSWM is 4.4 ns�1. Later, this method was reperformed and
showed a lower speed.19 On the other hand, Joseph et al.20

applied a uniform electric (UE) field along a SWCNT axis to
drive water molecules within a (10, 0) SWCNT (with length
9.83 nm), and the UFSWM with maximum speed 8.1 ns�1 was
also shown to appear along the orientation of water molecules.
Then, Su et al.21 systematically investigated the transport of
single-file watermolecules through a (6, 6) SWCNT (with length
1.34 nm) in a UE field. They also found UFSWM (with
maximum speed 1.2 ns�1) along the orientation of water

Received: July 21, 2011
Revised: September 30, 2011

ABSTRACT: Achieving a fast, unidirectional flow of single-file water molecules
(UFSWM) across nanochannels is important for membrane-based water
purification or seawater desalination. For this purpose, electro-osmosis methods
are recognized as a very promising approach and have been extensively discussed
in the literature. Utilizing molecular dynamics simulations, here we propose a
design for pumping water molecules in a single-walled carbon nanotube in the
presence of a linearly gradient electric (GE) field. Such a GE field is inspired by
GE fields generated from charged ions located adjacent to biological membrane
water nanochannels that can conduct water in and out of cells and can be
experimentally achieved by using the charged tip of an atomic force microscope.
As a result, the maximum speed of the UFSWM can be 1 or 2 orders of magnitude larger than that in a uniform electric (UE) field.
Also, inverse transportation of water molecules does not exist in case of the GE field but can appear for the UE field. Thus, the GE
field yields a much more efficient UFSWM than the UE field. The giant pumping ability as revealed is attributed to the nonzero net
electrostatic force acting on each water molecule confined in the nanotube. These observations have significance for the design of
nanoscale devices for readily achieving controllable UFSWM at high speed.



13276 dx.doi.org/10.1021/jp2069557 |J. Phys. Chem. B 2011, 115, 13275–13279

The Journal of Physical Chemistry B ARTICLE

molecules confined in the SWCNT. It was revealed that, when
the orientation of the water molecules is maintained along one
direction due to an external electric field, the UFSWM along that
direction can be attained due to coupling between rotational and
translational motions.20

Utilizing molecular dynamics simulations, here we propose
a design for achieving giant pumping of water molecules in a
(10, 0) SWCNT with length 2.38 nm in the presence of a linear
GE field [Figure 1(b) or Figure 2(a)]. The use of such a GE field
is inspired by ions located adjacent to biological membrane
water nanochannels. Such ions come to appear due to ioniza-
tion of membrane proteins, and each of them is charged, thus
generating a GE field covering the nanochannels. On the other
hand, in experiments, the GE field of interest can be achieved by
using the charged tip of an atomic force microscope (AFM)
[Figure 2(b)].30,31 To this end, we find that the speed of
the UFSWM in such a GE field is generally 1 or 2 orders of
magnitude larger than that in a UE field. In the mean time,
inverse transportation of water molecules does not exist
in the case of the GE field but can appear for the UE field.
Thus, we conclude that the GE field yields a much more

efficient UFSWM than the UE field. The giant pumping ability
is attributed to the nonzero net electrostatic force acting on
each water molecule confined in the SWCNT subjected to the
GE field. These results have significance for the design of
nanoscale devices for readily achieving controllable UFSWM
at high speed.

’METHODOLOGY

Molecular dynamics, which has been widely used for the study
of water dynamics in SWCNTs,18�28 is adopted herein. Our
simulation framework is shown in Figure 1(a). The force field
parameters of the SWCNT come from Hummer et al.,22 and the
TIP3P water model is applied.29 For simulations, we choose a
linear GE field [as shown in Figure 1(b) and Figure 2(a)]. The
simulation box shown in Figure 1(a) has also been displayed in
Figure 2(a) where the distribution of the linear GE field is given
according to the finite elementmethod.32 In Figure 2(a), layers A
and B denote water containers, which are joined by the SWCNT.
Without loss of generality, a linear GE field is adopted for our
simulations. For comparison, we also use a uniform electric (UE)
field. As shown in Figure 1(b), the strengths of the UE field and
GE field are, respectively, given by E = Ea and E = Ea(z/Lz).
Clearly, the parameter set insures that the strength of the GE field
does not exceed that of the UE field at any z (0e z < Lz). Here Lz
is defined in the caption of Figure 1(a), Lz = 5.434 nm, and Ea
is an adjustable parameter, 0 < Ea < 8.0 V/nm. Throughout
this work, Ea is set to be smaller than the experimental value, 28.2
V/nm, adopted by Tony et al.33 when they used in situ X-ray

Figure 1. (a) Introduction to the simulation box. Two parallel fixed
graphite sheets with separation 2.380 nm divide the box [with dimen-
sions Lx� Ly�Lz= 4.650 nm� 4.650 nm� 5.434 nm] into three parts.
A z-directed, uncapped, semiconducting (10, 0) SWCNT with diameter
0.772 nm and length 2.38 nm perpendicularly joins the two graphite
sheets. The box contains 1826 water molecules; within the area between
the two graphite sheets, there are no water molecules outside the
SWCNT. The bottom of the simulation box is located at z = 0, and
the two ends of the SWCNT are located at z = 1.527 and 3.907 nm,
respectively. The box is subjected to a UE or GE field, EB, directed along
the z-axis. (b) The strengths of the UE and GE field are given by E = Ea
and E = Ea(z/Lz), respectively. Here 0e ze Lz and 0e Eae 8 V/nm.

Figure 2. Spatial distribution of the strengths of two GE fields accord-
ing to the finite element method.32 One is (a) a GE field, E, according to
E = Ea(z/Lz) with Ea = 8.0 V/nm, which, for the sake of generality, is
adopted for our simulations, and the other is (b) a GE field generat-
ing from a charged tip of an AFM (detailed parameters can be found in
the text), which shows an experimental method for approximately
generating such a GE field as that in (a).
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scattering to measure the water density profile perpendicular to a
Ag(111) surface. On the other hand, we have also done some
theoretical analysis. Details: Because the bond energy of HO�,
W, is W = 463 kJ/mol, the upper limit of an electric field, EL,
acting upon one water molecule can be estimated as about
EL = 12.0 V/nm according to the relation qELD =W/NA, where
D = 0.4 nm is the dimension of a water molecule, q the charge
quantity of H+, q = e, and NA Avogadro’s constant. It is worth
noting that this is a very rough theoretical estimation because we
do not take into account interactions between molecules. Cer-
tainly, if we use a larger Ea, Ea > 8.0 V/nm, the pumping ability
due to GE fields can be enhanced accordingly. All simulations are
carried out in the NVT ensemble at a constant temperature of
300 K, by using the velocity rescaling thermostat34 on the basis of
the molecular dynamics package Gromacs 4.0.5. Periodic bound-
ary conditions are applied in the simulations. The van der Waals
interactions are calculated with a cutoff (1.4 nm). The particle-
mesh Ewald method is used to treat the long-rang electrostatic
interactions.35 All simulations are run for 155 ns, and the last 150
ns are used for data analysis. A time step of 2.0 fs is used, and data
are collected every 1.0 ps.

Regarding the GE field under our consideration, more com-
ments should be added. For the sake of generality, the GE field
shown in Figure 1(b) or Figure 2(a) is used for simulations,
which can be experimentally obtained by using some particular
methods. For instance, one may resort to an AFM tip located
above Layer A as shown in Figure 2(b). The apex of an AFM tip is
often spherical with a certain radius,31 R, and electric charges can
be congregated on the tip.30,31 In AFM experiments, the electric
field near the apex of the charged tip can attain the strength with
the order of magnitude, 1 V/nm.30 For Figure 2(b), we choose
R = 5.0 nm, which is available in experiments. Then, we assume
that negative chargeswith electric charge quantity, 140e, are included
in this apex. The distribution of the electric field is computed
according to the finite element method.32 As a result, a GE field
with strength from 0 to 8.0 V/nm is formed along the direction
of the SWCNT (see Figure 2(b)). In other words, the general
linear GE field [Figure 1(b) or Figure 2(a)] used for our simula-
tions can be approximately generated by a charged AFM tip
[Figure 2(b)].

’RESULTS AND DISCUSSION

Now we are in a position to discuss the UFSWM across the
SWCNT by investigating the net flux of the water molecules in
the presence of either GE or UE fields (see Figure 3). First, in the
absence of electric fields, no obvious net flux is obtained, which
echoes with the report by Wan et al.24 This also confirms the
suitability of the time period, 150 ns, used for data analysis, at
least to some extent. Second, in the case of the UE fields, for
various Ea’s, both “+ flux” and “� flux” occur, and the net flux
always maintains the small values ranging from 1.4 to 1.9 water
molecules per nanosecond (ns�1). Third, for the GE fields,
“� flux” does not exist, and only “+ flux” comes to appear. On the
other hand, the net flux increases significantly as Ea increases
(see Figure 3). As a result, the maximum speed of the net flux

Figure 3. Net flux (= “+ flux” � “� flux”) of water molecules trans-
porting across the SWCNT in the GE or UE fields. Here, “+ flux” and “�
flux” denote the number of water molecules per nanosecond transferring
across the SWCNT along the + z and� z axis, respectively. Specifically,
“� flux” is always zero for the GE fields. For clarity, inset (a) shows the
net flux in the UE field only, which just corresponds to the “+ flux” and
“� flux” displayed in inset (b).

Figure 4. (a) Probability distribution of the averaged angle, Æθæ, of the
water molecules inside the SWCNT for zero field (Ea = 0 V/nm) and
various UE or GE fields. As shown in the inset, here θ is the angle
between a water molecule (seen as a dipole) and z-axis, and Æ 3 3 3 æ
denotes the average over all the water molecules inside the SWCNT. For
convenience, 0� < Æθæ <90� and 90� < Æθæ <180� denote the “+ dipole”
and “� dipole” states of the water molecules inside the SWCNT,
respectively. As shown in (a), only the “+ dipole” state appears for
either GE or UE fields. (b) The averaged net electrostatic force, Æfzæ,
acting on a water molecule within the SWCNT as a function of Ea in the
GEorUE fields. Clearly, Æfzæ is nonzero for theGE fields (withEa > 0V/nm)
and increases as Ea increases. However, Æfzæ is always zero for the UE
fields. This can be understood according to the two insets: (left inset) for
a water molecule in the GE field, the electrostatic forces acting on one
oxygen atom and two hydrogen atoms always satisfy Fz1 + Fz2 > Fz3 [due
to the “+ dipole” state of the water molecule as shown in (a)], thus
yielding a nonzero net force, fz = Fz1 + Fz2 � Fz3 > 0; (right inset) for a
water molecule in the UE field, the electrostatic forces satisfy Fz1 + Fz2 =
Fz3, thus yielding a zero net force, fz = Fz1 + Fz2 � Fz3 = 0.
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reaches 109.2 ns�1 at Ea = 8.0 V/nm, which is 2 orders of
magnitude larger than that of the UE field with Ea = 8.0 V/nm. So
we may conclude that the GE fields can yield a much more
efficient UFSWM across a SWCNT than the UE fields.

Next, we plot Figure 4 to help reveal the physical mechanism
underlying the above results obtained from Figure 3.

Figure 4(a) shows the probability distributions of the averaged
angle Æθæ of water molecules inside the SWCNT for different
kinds of electric fields. The notations have been indicated in the
caption. For Ea = 0 V/nm, the two symmetric peaks with respect
to Æθæ = 90� are clearly shown. That is, we observe the equal
probability of “+ dipole” (0� < Æθæ <90�) and “� dipole” (90� <
Æθæ < 180�) states of water molecules when Ea = 0 V/nm. This
can be understood: Owing to thermal fluctuations, single-file
water molecules flip during the transportation through a nano-
channel, yielding a random probability of “+dipole” and
“�dipole”. On the other hand, even if no electric field is applied,
water molecules can also transport across the SWCNT.24 How-
ever, the net flux statistically tends to zero due to the interactions
between water molecules, water molecular thermal movements,
and so on, accompanying the equal probability of “+ dipole” and
“� dipole” states of water molecules,24 as also shown in Figure 3.
More importantly, when GE or UE fields are applied, the
“+ dipole” state of water molecules inside the SWCNT always
comes to appear, and no “� dipole” state occurs (see Figure 4(a)).
This is because each water molecule tends to stay at the most
stable state by trying to orientate itself along the z direction to
maintain the lowest value of electric energy given by � pB 3 EB in
the presence of z-directed UE or GE fields, EB ’s. Here, pB denotes
the dipole moment of a water molecule. Accordingly, in such
cases, the “� dipole” state of water molecules cannot occur in the
SWCNT. It is worth noting that, during the orientation, besides
the external electric fields, the water molecules inside the
SWCNT are also unavoidably affected by nearby water mol-
ecules and by thermal fluctuation, which is the reason why Æθæ
always deviates from 0�. Additionally, we also find that the
locations of peaks move to smaller Æθæ’s as Ea increases for either
GE or UE fields. Furthermore, for a fixed Ea, the peak location of
the UE field corresponds to a smaller Æθæ than that of the GE
field. One can also understand both of the results by resorting to
the above analysis, which is based on the electrodynamics
requirement for minimizing the electric energy, �pB 3 EB, and
the influences of nearby water molecules and thermal fluctuation.

Figure 4(b) shows the averaged net electrostatic force, Æfzæ,
acting on a water molecule within the SWCNT as a function of Ea
in the GE or UE fields. According to this figure (detailed
notations have been introduced in the caption), the averaged
net electrostatic force Æfzæ is always nonzero for the GE fields
(with Ea > 0) due to fz = Fz1 + Fz2 � Fz3 > 0 as shown in the left
inset and also increases as Ea increases. However, Æfzæ is always
zero in the presence of UE fields, due to fz = Fz1 + Fz2� Fz3 = 0 as
shown in the right inset. Clearly, this figure reveals the unique
mechanism underlying the results obtained from Figure 3,
namely, the giant pumping ability and the disappearance of
“� flux” in the presence of the GE fields. In a word, for GE fields,
the net flux shown in Figure 3 can be seen as a result of the joint
effects of both the unidirectional orientations and the GE fields.
Reasons are as follows. The unidirectional orientations of water
molecules appear naturally due to the orientating ability of the
GE field, and then each water molecule in the presence of the GE
field is exerted on a nonzero net force (see Figure 4) which drives
the molecule to move.

’CONCLUSION

On the basis of molecular dynamics simulations, we have
investigated a UFSWM across a (10, 0) SWCNT subjected to a
GE or UE field. It has been found that the maximum speed of the
UFSWM in the GE field can be 1 or 2 orders of magnitude larger
than that in the UE field. Meanwhile, inverse transportation of
water molecules does not exist in the presence of the GE field but
can appear for the UE field. Therefore, the GE field yields a much
more efficient UFSWM than the UE field. It is revealed that the
giant pumping ability is attributed to the interaction between the
GE field andwatermolecules confined in the nanochannel, which
causes an imbalance of forces acting on two hydrogen atoms and
one oxygen atom of a water molecule and thus yields a nonzero
net electrostatic force on the water molecule. The net force is
unidirectional due to the fixed GE field, thus yielding no inverse
transportation of water molecules. For experimental demonstra-
tion, we also suggest that the GE field can be achieved near the
charged AFM tip. This work is relevant for designing nanoscale
devices for readily achieving controllable UFSWM at high speed.
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