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’ INTRODUCTION

It is known that the transportation of water molecules across
water nanochannels in membranes plays an important role in
biological activities.1�10 Water permeation through membranes
can be regulated by pH,11,12 solute concentration,13,14 and
temperature.15,16 However, the complex structure of biological
water nanochannels and protein�water interactions often make
further investigations of the mechanism of such nanochannels very
complicated. It has been well recognized that carbon nanotubes can
be used asmodel systems to exploit some of the primary behavior of
the biological water nanochannels.17�19 Hummer et al. showed that
single-walled carbon nanotubes (SWCNT) can be designed as
nanochannels for water molecules;19 they observed that a minute
reduction in the attraction between the tube wall and water
dramatically affected pore hydration, leading to sharp two-state
transitions between empty and filled states on a nanosecond
time scale.

Biological water nanochannels are usually gated. They contain
a region that can interrupt the flow of water molecules and thus can
switch between on and off states. This region plays a crucial role in
water permeation across a biological membrane. Wan et al. have
studied that an on�off gating behavior can be realized by adding an
external force on the carbon nanotube.9 In their consideration, the
origin of the force can be seen to originate from effective techniques
and/or othermolecules. Furthermore, an on�off gating behavior of
water nanochannels was also revealed by using a single external
charge of value þ1.0e,20 in order to study the response to the
indispensable charges as well as the possible charge noise near water
nanochannels, as inspired from charged residues in nanochannel
proteins such as aquaporin.8 Their study20 utilizes the interaction
between a point charge outside the SWCNT and charge-neutral

water molecules inside. Despite the existing achievements,20 the
dependence of the gating of a water nanochannel on charges is still
far from being well understood. In particular, due to ionization, co-
ions (and thus counterions) are indispensable in membrane
proteins (and physiological solutions inside and outside the cells).
In detail, ionization can cause membrane proteins to have co-ions
with either negative or positive charges, which depends on the pH
value of the host solution. Owing to the principle of electric
neutrality, the electric quantity of co-ions in membrane proteins
exactly cancels that of counterions in physiological solutions. In this
work, a SWCNT with dipoles is used as a prototype to study the
response to the indispensable co-ions and counterions. It is worth
mentioning that Leung21 elucidated the dramatic effect of dipolar
layers on electrolyte permeation by investigating the electrostatic
potential generated by radically aligned surface dipoles along
nanopores. As a result, he revealed the role of dipoles in patterned
ion distributions. Clearly, this is due to the interaction between
dipoles and charged ions. In contrast, here we consider the
interaction between dipoles and uncharged water molecules. Ac-
cordingly, this work also provides the possibility of controlling the
water flow across the SWCNT and developing SWCNT-based
nanoscale devices by applying dipolar molecules appropriately.

’METHODOLOGY

Molecular dynamics, which has been used widely for the
studies of water dynamics in SWCNTs, proteins, and in-between
proteins,19,20,22�38 is adopted here for this work. Our simulation
framework is shown in Figure 1; two parallel graphite sheets with
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ABSTRACT: On the basis of molecular dynamics simulations, we
investigate water permeation across a single-walled carbon nanotube
(SWCNT) under the influence of four symmetrical half-rings, each
having six LiF dipolar molecules. The flux remains almost fixed as the
separation, R, between the rings and SWCNT is larger than 1.562 nm,
but decreases significantly as 0.944 nm < R < 1.562 nm, and reaches
zero as R < 0.944 nm. This nanochannel shows an excellent on�off
gate that is both effectively resistant to dipole noises and sensitive to
available signals. The finite element method reveals that the electro-
static field generated by LiFmolecules plays a unique role in achieving the gating of the water SWCNT. Each watermolecule tends to
stay at the most stable state by moving to the location with the highest field strength in order to maintain its lowest electric energy.
These findings may have biological implications because membrane water nanochannels made up of proteins accompanied with co-
ions and counterions (due to ionization) share a similar single-file water chain inside the SWCNTwith dipoles. The Appendix shows
a possible link between the model system and a membrane water nanochannel with co-ions and counterions. Furthermore, our
observations may have significance for the design of SWCNT-based nanoscale devices with dipolar molecules.
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a separation of 2.680 nm dividing the full space into three parts. AZ-
directed, uncapped, (10, 0) SWCNT with diameter 0.772 nm is
used to perpendicularly join the two graphite sheets. The Lennard-
Jones potential parameters arrive from Hummer et al.19 The
SWCNT and graphite sheets are solvated in a water box
(4.652 nm � 4.646 nm � 5.000 nm) with 1549 water molecules.
The model for TiP3P water molecules is used.39 Periodic boundary
conditions are applied in all directions. The two ends of the
SWCNT are located at Z = 1.310 and 3.690 nm, respectively.
The four half-rings, each having six LiF dipolar molecules, are
located at Z = 1.590, 1.890, 3.110, and 3.410 nm, respectively. Here,
LiF molecules are used as model dipolar molecules whose unique
features have long been discussed.40,41 We place each LiF molecule
along the radial direction of the SWCNT,with the Li atoms closer to
the SWCNT than F atoms, and the four half-rings of LiF molecules
along the Z direction; see Figure 1. The angle between two adjacent
LiF molecules in each half-ring is 36�, and the dipole moment for
LiF molecules is 6.294 D (1 D ≈ 3.335 64 � 10�30 C 3m).

42 To
prevent the SWCNT and graphite sheets being swept away, all of
the C atoms were fixed in the simulations.

We perform molecular dynamics simulations with Gromacs
3.3.1, and adopting the thermostat of Berendsen et al.43 with a
time constant of 0.5 ps. In our simulations, a time step of 2 fs in an
NVT ensemble at temperature 300 K is used and the particle-
mesh Ewald method44 with a real space cutoff of 1 nm is utilized
to treat long-range interactions.

’RESULTS

Figure 2 shows the number of water molecules, Nf, flowing
across the SWCNT as a function of time for two positions of R.
Here, R denotes the smallest distance between an Li atom and
the centerline of the SWCNT. For instance, R = 0.533 nm
corresponds to the distance 0.147 nm between an Li atom and
the nearest C atom in the SWCNT. From Figure 2a, we find that
no water permeation across the SWCNT appears for R = 0.533 nm.

Clearly, R = 0.533 nm corresponds to an off state of the SWCNT
where water molecules cannot transport through it. In contrast, for
R = 1.856 nm, water permeation appears either from right to left or
from left to right. This corresponds to an on state of the SWCNT
which allows water molecules to transport. Therefore, Figure 2
shows an on�off gating behavior of the SWCNT with dipoles by
choosing appropriate values ofR. Here, we should remark that, even
though the net flow for R = 1.856 nm within the simulation time
20 ns is nonzero, due to the symmetry between the water flow from
left to right and that from right to left, it should tend to zero as long
as the simulation time is long enough.

To further understand Figure 2, in Figure 3 we display the
average orientation of water molecules inside the SWCNT, in the
presence of the external dipoles. Here the orientation is defined
as the average angle, Æφ(t)æ, at time t

ÆφðtÞæ ¼ ∑
N

i¼ 1
φiðtÞ=NðtÞ ð1Þ

where N(t) is the number of water molecules and φi(t) denotes
the angle between μBi (dipole moment of the ith water molecule)
and ûB (axis unit vector of the SWCNT) according to

φiðtÞ ¼ arccosðμfi 3 ûB=jμfi jÞ ð2Þ
The four half-rings of LiF molecules divide the Z-directed
SWCNT into five regions, namely, region 1 for Z =
1.310�1.590 nm, region 2 for Z = 1.590�1.890 nm, region 3
for Z = 1.890�3.110 nm, region 4 for Z = 3.110�3.410 nm, and
region 5 forZ= 3.410�3.690 nm.Here, region i (i = 1, 2, 3, 4, and
5) contains an average orientation of water molecules, denoted
by angle i, given by Æφ(t)æ (eq 1). In the case of the off state
(R = 0.533 nm) as shown in Figure 3a, average orientations of
water molecules are tilted from angle 1 to angle 5. Incidentally,
angle 1 (or 2) is statistically equal to angle 5 (or 4), due to the
symmetry structure of the four half-rings of LiF molecules. On
the other hand, the orientation behavior of water molecules for

Figure 1. Snapshot of the simulation system with a Z-directed
SWCNT perpendicularly joining the centers of two graphite sheets.
The system is filled by water molecules (H2O). Four half-rings, each
having six lithium fluoride (LiF) dipolar molecules, are symmetrically
positioned along radial direction of the SWCNT. Besides atom C, the
atoms of H2O and LiF are shown in different colors. More details, e.g.,
the positions of the four half-rings, can be found in the main text. For a
possible link between this system and a membrane water nanochannel
with co-ions and counterions, please refer to the Appendix for a
qualitative demonstration.

Figure 2. Number of water molecules, Nf, flowing across the SWCNT
as a function of time (with step size 2 fs) for two R's (the separation
between the rings and SWCNT): (a) R = 0.533 nm and (b) R =
1.856 nm. “Left” (or “Right”) denotes the water flow from the left (or
right) side of the SWCNT to the right (or left) side, and “Net flow”
means the difference between the numbers of water molecules leaving
from one end and the other. We define the number of water molecules
transporting from left to right is positive, and that from right to left is
negative. The three curves in (a) are overlapped.
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the on state (R = 1.856 nm) in Figure 3b is quite different from
that in Figure 3a. Angles 1�5 in Figure 3b are statistically equal to
each other. The orientation of water molecules has sharp
transitions as the simulation time increases. Additionally, for
clarity, the details corresponding to the first 1000 ps in Figure 3a
(or b) are displayed in Figure 3c (or d), where the relation among
angles 1�5 is displayed clearly. In conclusion, Figure 3 clearly
displays that orientations of water molecules are also sensitive to
the signal of LiF molecules.

As an extension of Figure 2, where only two R's are plotted,
Figure 4 shows a general casewhere the number of watermolecules,
Nf, flowing across the SWCNT is presented as R varies from 0.533
to 1.856 nm. It is found thatNf is always zero asR<0.944 nm,which
thus corresponds to an off state of the SWCNT. In contrast, as R >
0.944 nm,Nf becomes nonzero, which is related to an on state of the

SWCNT. It is also worth noting that the effect of LiF molecules on
the flow across the SWCNT is found to be negligible when R >
1.562 nm. However, for 0.944 nm < R < 1.562 nm, this effect plays
an evident role. Particularly, Figure 5 shows the average number of
water molecules, Na, confined in the SWCNT. We find that
increasing R decreases Na. Furthermore, when R > 1.415 nm, Na

is almost constant. This can be understood; when the LiFmolecules
are away enough from the SWCNT, their interactionwith the water
molecules can be neglected.

To reveal the physical mechanism underlying the above-
mentioned on�off gating phenomena, we utilize the finite ele-
ment method45 for studying two-dimensional (2D) electrostatic

Figure 3. Average orientations (angles 1�5) of water molecules inside the SWCNT as a function of time for two positions of R: (a) R = 0.533 nm and
(b) R = 1.856 nm. Panels c and d show the details corresponding to the first 1000 ps in panels a and b, respectively. The definition for angles 1�5 can be
found in the main text.

Figure 4. Number of water molecules, Nf, flowing across the SWCNT
within 20 ns as a function of R. Others are the same as Figure 2.

Figure 5. Average number of water molecules, Na, confined in the
SWCNT within 20 ns as a function of R. The line is a guide to the eye.
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field strength distributions in the simulation system; see Figure 6.
In particular, we investigated the field distributions in the four 2D
virtual planes as indicated in Figure 6, a and b. The result is shown
in Figure 6c�j. For R = 0.533 nm, we find that the field
distribution is quite inhomogeneous inside the SWCNT, and
the area close to the LiF molecules has a higher field strength, E.
In contrast, for R = 1.856 nm, the field distribution inside the
SWCNT is much more homogeneous and the field strength is
relatively low. According to electrodynamics, if one puts the ith
water molecule with dipole moment μBi, the water molecule will
tend to move to the area with the highest field strength, in order
to maintain the lowest electric energy determined by�μBi 3 E. To
clarify this, when the LiF molecules are located close to the
SWCNT (say R = 0.533 nm), the field strength generated by LiF
will increase inside the SWCNT, thus attracting water molecules
more strongly. As a result, the on or off state can be achieved for
the SWCNT by appropriately choosing the position,R, of dipolar
molecules. This can explain themechanism underlying the on (or
off) state of the SWCNT when the LiF molecules are away from
(or close to) the SWCNT (as obtained in Figures 2 and 4), and
can also explain the results obtained in Figure 5, where the
average number of water molecules confined in the SWCNT
decreases as the LiF molecules move away.

’DISCUSSION AND CONCLUSION

Here some comments are in order. The geometric design of
molecules (say, half-rings) and number of molecules/half-rings
can change quantitative results (say, angle distributions as
displayed in Figure 3), rather than qualitative results, namely,
gating behavior. It is because the only requirement for achieving
the gating behavior is that the local electric field acting on the
water molecules inside the nanotube should be strong enough. In
this sense, the screening or image charge effect does not affect the
gating behavior either because one may overcome the weakening
effect caused by this effect by adding more dipolar molecules into
the system accordingly. Thus, for convenience, we have omitted
the effect of screening or image charges in the simulations.

To sum up, using molecular dynamics simulations, we have
investigated water permeation across a SWCNT surrounded by
four half-rings of LiF dipolar molecules arranged in a symmetrical
structure. The designed system shows an excellent on�off gating
behavior; it is in the on/off state when the distance between LiF
and the SWCNT is larger/smaller than a critical distance of
0.944 nm. In this system, the dipolar effect on the flow across the
SWCNT is found to be negligible when the distance is greater
than 1.562 nm. The finite element method helps us reveal that

Figure 6. Schematic graphs showing four two-dimensional (2D) virtual planes in the simulation system: (a) planes 1 and 2, and (b) planes 3 and 4. The
finite element method is performed to show the 2D electrostatic field strength distribution in (c,g) plane 1, (d,h) plane 2, (e,i) plane 3, and (f,j) plane 4,
for (c�f),R= 0.533 nm and (g�j),R= 1.856 nm. In (c�j), the white regions possess the value of the electric field strengths exceeding the bounds of bars.
Both the dashed rectangle in (c,d,g,h) and the dashed circle in (e,f,i,j) denote the position of the SWCNT.
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the electrostatic field generated by LiF molecules plays a unique
role in achieving the gating of the water SWCNT, as each water
molecule tends to stay at the most stable state by moving to the
location with the highest field strength in order to maintain its
lowest electric energy. These findings may have biological
implications because membrane water nanochannels made up
of proteins with co-ions and counterions share a similar single-file
water chain inside the SWCNT with dipoles. Also, our observa-
tions may have significance for the design of SWCNT-based
nanoscale devices with dipolar molecules that are abundant in
nature.

’APPENDIX: A POSSIBLE LINK BETWEENOURMODEL
SYSTEM AND A MEMBRANE WATER NANOCHANNEL

A membrane water nanochannel consists of proteins that
can be charged by ionization. Proteins can be either negatively
or positively charged, depending on the pH value of the host
solution. Figure 7 shows a schematic graph for a cell membrane
region (shaded red in the left panel) and a membrane water
nanochannel (right panel). As a model demonstration, here
ionization is assumed to give membrane proteins positive
charges (co-ions), and the interior/exterior regions negative
charges (counterions). The right panel of Figure 7 shows an
enlarged version of a water nanochannel, where each pair of
co-ion and counterion is seen as a dipole moment p, as
indicated by a red solid arrow. In order to bridge the nano-
channel with our simulation system, we need to make two main
assumptions:

Assumption 1. We assume the distribution of ions in the
upper region of the nanochannel is nonsymmetrical, namely

∑
4

i¼ 1
pLUi > ∑

2

j¼ 1
pRUj ð3Þ

Similarly, the same relation holds for the lower region:

∑
4

i¼ 1
pLDi > ∑

2

j¼ 1
pRDj ð4Þ

Due to fluctuation of counterions in the real system, Assumption
1 could be somehow reasonable, which effectively corresponds to
half-rings of dipoles used in our simulation system.

Assumption 2.All parallel components of the dipole moment
are assumed to cancel, namely

∑
2

i¼ 1
p )

RDi þ ∑
4

j¼ 1
p )

LDj ¼ ∑
2

k¼ 1
p )

RUk þ ∑
4

l¼ 1
p )
LUl ð5Þ

Similarly, we set the perpendicular components of the dipole
moments to satisfy

∑
2

i¼ 1
p^RDi þ ∑

4

j¼ 1
p^LDj ¼ ∑

2

k¼ 1
p^RUk þ ∑

4

l¼ 1
p^LUl ð6Þ

To some extent, assumption 2 agrees with our simulation system
with the four half-rings arranged in symmetrical structure.
Additionally, in our simulation system a dipole moment with a

fixed strength is used tomodel each pair of co-ion and counterion
during water transportation. This could be reasonable, at least to
some extent, because the speed for water molecules to cross
through the nanochannel can be so high that each pair of co-ion
and counterion may be stationary in the duration. For this, the
statistical reason is that the counterions are bombarded by many
water molecules surrounding them and that they are more
difficult to move than water molecules travelling through the
nanochannel which are only bombarded by two nearby water
molecules in a single file.
According to the above analysis, under some conditions, we

believemembranewater nanochannelswith co-ions and counterions

Figure 7. Schematic graph showing a cell membrane shaded red in the left panel. Here cations serve as co-ions (plus symbols), and anions are
counterions (minus symbols). A biological water nanochannel made up of proteins are shaded blue on the left, and schematically shown on the right.
Each pair of co-ion and counterion is modeled as a dipole (red solid arrow) with a moment p which can be separated into the parallel ( )) and
perpendicular (^) parts, say pRD1 = pRD1

) þ pRD1
^ . Here 12 moments, p, are schematically indicated on the right.
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can be qualitatively modeled as a SWCNT surrounded with
dipoles. However, this Appendix is by no means meant to strictly
bridge our simulation system and a real biological water nano-
channel, because the real situation is too complicated. Indeed,
this work only offers a simplified research, but gives some hints
on the gating of real water nanochannels with co-ions and
counterions.
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