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ater as a key constituent in cell

biology' has some unusual

physical and chemical proper-
ties, such as its potency as a solvent, its abil-
ity to form hydrogen bonds, and its ampho-
teric nature. In a broad sense, water is not
only the matrix of life but also the matrix of
the world and of all its creatures. It is well-
recognized that the structures and thermo-
dynamic properties of water in nanotubes
(or channels) are fundamentally different
from bulk water. Examples include nonpo-
lar cavities in proteins,>® fullerenes,* ¢ and
two hydrophobic plates’~ '3 or single hydro-
phobic/hydrophilic walls."*~'¢ In particular,
when confined in nanopores, water can
form unique ordered ice or solid-like
structures,'”” % and thereby exhibits
anomalous diffusion or transport
behavior.2'~2 Generally, confined water
molecules would like to form hydrogen-
bonded wires or clusters.?* These unusual
properties of water in nonpolar confine-
ment are also relevant to the design of
novel nanofluidic devices, such as molecu-
lar sieves,?~?” novel desalination
machines,?® 3" fuel cells,*?~3 drug
delivery,337 as well as biosensors.38~40

In addition, the transport of water mol-

ecules through nanometer water channels
plays an important role in biological
activities.*' = Croot and Grumuller*® first
observed single-file water chains when they
used molecular dynamics (MD) simulations
to study the translocation of water mol-
ecules across the biological membrane pro-
teins, aquaporin-1 (AQP1) and Glpf. Further-
more, Zhu et al. investigated the osmotic
permeability of Glpf* and AQP1%° using a
technique of artificial osmotic pressure in
their MD simulations. Despite extensive
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ABSTRACT The transport of water molecules through nanopores is not only crucial to biological activities but
also useful for designing novel nanofluidic devices. Despite considerable effort and progress that has been made,
a controllable and unidirectional water flow is still difficult to achieve and the underlying mechanism is far from
being understood. In this paper, using molecular dynamics simulations, we systematically investigate the effects of
an external electric field on the transport of single-file water molecules through a carbon nanotube (CNT). We
find that the orientation of water molecules inside the CNT can be well-tuned by the electric field and is strongly
coupled to the water flux. This orientation-induced water flux is energetically due to the asymmetrical
water—water interaction along the CNT axis. The wavelike water density profiles are disturbed under strong
field strengths. The frequency of flipping for the water dipoles will decrease as the field strength is increased,
and the flipping events vanish completely for the relatively large field strengths. Most importantly, a critical field
strength E, related to the water flux is found. The water flux is increased as £ is increased for £ < E,, while it is
almost unchanged for £ > E.. Thus, the electric field offers a level of governing for unidirectional water flow, which
may have some biological applications and provides a route for designing efficient nanopumps.

KEYWORDS: water molecule - transport - carbon nanotube - electric field -
molecular dynamics simulation

studies on water transport through biologi-
cal channels or nanopores,*' > the knowl-
edge of the effects of the shape or dimen-
sion of biological pores and external fields
on the behavior of water molecules is still
missing. In light of the unique properties of
single-file water chains, a deeper under-
standing of the detailed molecular mecha-
nism is instrumental in exploiting the pri-
mary characters of the biological
channels.”!

Actually, considerable attention has
been paid to the structures and dynamics
of single-file water
mo|ecu|esi21724,28,29,32,33,39,41,47750 As a piO-
neering work, in 2001 Hummer and co-
workers®! reported the fast conduction abil-
ity of a short carbon nanotube solvated in
a water box by using MD simulations, where
the water molecules inside the CNT were
in single-file. They further discussed the ef-
fect of water—nanotube interactions on the
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water occupancy.>? They also suggested that the rapid
water flow was related to the weak attractions between
water and confining walls, as well as the strong interac-
tions between water molecules.? As a result, the water
flow rate can even exceed expectations from macro-
scopic hydrodynamics by several orders of magni-
tude.? Interestingly, in 2006, Holt et al.>* experimen-
tally observed the enhanced water flow through carbon
nanotubes. They found that the water flow rate through
a carbon nanotube with a radius of 1 to 2 nm was about
a factor of 3 orders of magnitude faster than the con-
ventional nonslip hydrodynamic flow. Meanwhile, by
the use of MD simulation, Joseph and Aluru®* addressed
the enhanced flow rate arising from a velocity “jump”
in the depletion region at the water—nanotube inter-
face. They demonstrated that the water orientations
and hydrogen bonds at the interface could increase the
flow rate remarkably. Therefore, if such carbon nano-
tubes can be used for seawater desalination,® 3! the
energy required will be significantly reduced.

On the other hand, the pressure-driven transport of
single-file water molecules could be well-controlled by
an external charge outside the carbon nanotube® or by
the deformation of the CNT.*® In a series of original
work, Aluru et al. demonstrated that the water flux and
transport dynamics are dominated by many factors in-
cluding pore charges,*” electric field induced by biomol-
ecules,®® composition of nanotubes,* and so forth.
More importantly, the single-file behavior of water mol-
ecules inside the CNTs is relevant to pumping effi-
ciency. For example, in a recent MD simulation,*® Gong
et al. presented a design of a molecular water pump by
using a combination of charges positioned adjacent to
a carbon nanotube according to the charge distribution
in biological water channels, AQPs. On the contrary,
with the same model,®" Zuo et al. observed that the wa-
ter flux was about 1 order of magnitude smaller than
the value reported in Gong's work. It was shown that,%’
as in the aquaporins, asymmetrically positioned charges
could not generate robust unidirectional water flow
across the carbon nanotube, which was also confirmed
by our MD simulations. Thus, the model designed by
Gong et al. should be more appropriate as a biomimick-
ing water channel rather than a pump.®’

Though great effort and progress*’~¢' has been
made, it is still difficult to achieve a controllable and uni-
directional water flow. Wan et al.%? have demonstrated
that the dependence of water flux on the dipole orien-
tation of water molecules inside nanopores is remark-
able such that a considerable net flux along the dipole
orientation is observed. In fact, the orientation of water
dipole could be tuned more easily by external electric
fields when water molecules are confined either be-
tween two hydrophobic plates''* or in nanopores.®®
In a recent exciting MD simulation,®* Joseph and Aluru
used an electric field to drive water molecules through
9.83 nm long CNTs, where a net water flux along the di-
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pole orientation was first observed. They ascribed the
pumping events to the rotation—translation coupling,
and the intrinsic physical mechanism was explored.
However, knowledge of the dependence of water flux,
dipole orientation, and frequency of flipping on the
electric field, as well as the coupling between water di-
pole orientation and flux, is still lacking. These funda-
mental problems are essential for understanding the
underlying mechanism of the biased transport of
single-file water chains and for designing novel nano-
fluidic devices with high flux and selectivity. Up to now,
there have been few simulations systematically deal-
ing with these issues, which inspire further studies to-
ward this direction.

To this end, in the present work, we systematically
investigate the effect of electric field on the transport
of single-file water molecules through a short carbon
nanotube that has been extensively studied.>'*>°662 We
focus on the dependence of water transport dynamics,
such as dipole orientation, water flux, flipping fre-
quency, and otherwise on field strengths. From this
point of view, our present work could be seen as a fur-
ther extension of the study by Joseph and Aluru.%* The
electric field is applied along the tube axis, and we vary
the values between E = 0.01 and 1.0 v/nm, which is
within the range of typical field strengths in ion chan-
nels or membranes.'?'® In order to obtain a reliable
value for water flow, we conduct three independent
410 ns MD simulations for each value of E, and the last
400 ns is used for data analysis. We show that the dipole
orientation of water molecules inside the CNT can be
well-controlled by the electric field. Though the water
flow in such a short CNT is in bursts,**? a considerable
net flux is observed along the dipole orientation. We
also find that such a concerted dipole orientation will
result in an asymmetric potential of water—water inter-
action along the tube axis, which is in agreement with
Wan et al.®? The dependence of density profiles along
the tube axis and the frequency of flipping on the elec-
tric field are also explored. Significantly, a critical field
strength related to the maximum water flux is detected.
Therefore, our results will reveal some new insights dif-
ferent from Joseph’s work,®* and to some extent, a con-
trollable and unidirectional water transportation could
be achieved by the electric field. These findings can not
only help us to understand the biased transport of
single-file water molecules but also be useful for de-
signing novel controllable water nanopumps.

RESULTS AND DISCUSSION

In the present study, an uncapped armchair single-
walled carbon nanotube with a length of 1.34 nm and
a diameter of 0.81 nm was used, which has been exten-
sively adopted by previous work.>'52555662 |n experi-
ment, carbon nanotubes have shown unique electrical,
optical, and mechanical properties®*~%” and have been
extensively utilized in nanotechnology. In order to
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Figure 1. Snapshot of the simulation system. The (6,6) type CNT combined with two graphite sheets is solvated in a water
box of 3 X 3 X 6 nm3? with 1481 molecules. The axis of CNT is parallel to the z-axis, and the external electric field is also ap-

plied in the z-axis direction.

mimic biological channels in a membrane, the CNT
was embedded between two graphite sheets along
the z-axis, as illustrated in Figure 1. The CNT combined
with two graphite sheets divided the water box into
two equal parts. Consequently, the center of the CNT
was the center of the whole simulation box. For conven-
ience, we shifted the CNT center to the position of x =
0 nm, y = 0 nm, and z = 0 nm. The external electric field
was applied along the z-axis, and the screening effect
by the CNT®* was not considered here. The carbon at-
oms were modeled as uncharged Lennard-Jones par-
ticles with parameters taken from ref 51. The TIP3P
water model®® was used.

The major goal of the present study is to explore
the detailed molecular level mechanism responsible
for biased transport of single-file water molecules
through carbon nanotubes. In order to understand the
structures and orientations of such single-file water
chains inside the CNT, we first investigate the average
dipole orientations at different field strengths. Figure 2a
gives the distributions of the averaged dipole orienta-
tion of water molecules inside the carbon nanotube for
various values of E. Here, 8 represents the angle be-
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tween a water dipole (defined from the oxygen atom
to the center of two hydrogen atoms) and the tube axis,
and the average is taken over all water molecules in-
side the CNT. Note that, in our studied E values, (0)
mostly lies between two ranges of 10—50 and
130—170°, quite in agreement with previous
studies.>>>%62 |t has been demonstrated that the single-
file water molecules are highly oriented with the aver-
aged dipole orientations either nearly along or opposite
to the tube axis, and they collectively flip directions
within a duration of 2—3 ns.>"%2 For E = 0 v/nm, the
two peaks are almost symmetric with respect to (6) =
90°. For convenience, we define 0 < (8) < 90° as +di-
pole states, while 90° < (6) < 180° as —dipole states.
We find that the two peaks become more asymmetric
with increasing E, and the +dipole states are more pre-
ferred to the —dipole states, which is again in good
agreement with Vaitheeswaran’s theoretical predic-
tions.%® At E = 0.1 v/nm, the —dipole states almost dis-
appear. Remarkably, for strong field strength of E = 1.0
v/nm, the peak position shifts to 20° instead of about
30° for E = 0—0.1 v/nm. To further explore the depen-
dence of +dipole or —dipole states on the field
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Figure 2. Water dipole orientation inside the CNT. (a) Prob-
ability distributions of the averaged dipole orientation of
water molecules inside the CNT, (0) for E = 0, 0.01, 0.03, 0.05,
0.1, and 1.0 v/nm. (b) Probabilities of the +dipole and —di-
pole states as a function of E. The standard error bars (in this
figure and following) are shown for three independent 410
ns MD runs and for clarity are not shown in some figures.

strength, we also calculated their probabilities as a func-
tion of E, as presented in Figure 2b. For the three inde-
pendent 410 ns MD simulations, the probabilities of
+dipole and —dipole are close to each other for E = 0
v/nm, whose values are 0.475 = 0.044 and 0.525 =
0.044, respectively. The probabilities for +dipole in-
crease remarkably as E is increased from 0.01 to 0.1
v/nm, while the opposite trend is observed for the —di-
pole. For E = 0.1—1.0 v/nm, the orientation of water
molecules inside the CNT is completely controlled by
the electric field.

To further illustrate the effect of electric field on the
water transport, we show in Figure 3 the resulting net
water flux as well as the water occupancy. Without
loss of generality,>'>>%66162 e define the upflux/down-
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Figure 3. Averaged water flux through the CNT as well as
the average occupancy of water molecules inside the CNT
(N) with respect to the electric field E.
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flux as the total number of water molecules per nano-
second conducted through the CNT from bottom/top
(—2z/+2) to top/bottom (+z/—z), respectively. The flow
is the sum of upflux and downflux, while the flux is the
difference between them. During the total simulation
time of 1230 ns (1200 ns in data collection), we ob-
served 19 009 water molecules conducted through the
CNT for E = 0 v/nm, resulting in a flow of 15.84 = 0.26
ns~', quite in agreement with the value of 17 ns™" in ref
51. Interestingly, as seen in Figure 3, the net water flux
increases with increasing E for £ < 0.07 v/nm and main-
tains 1.1—1.2 ns™ for E = 0.07 v/nm, which is 4 times
larger than the value of ~0.28 ns™" in the biomimick-
ing water channel.®’ We also note that the flux of 1.2
ns~'is comparable to the experimental value of 1.8 ns~
in aquaporin channels.5>”° This phenomenon indicates
that the electric field may be an appropriate choice for
biological water channels to achieve rapid water trans-
portation with high selectivity. In particular, the maxi-
mum field strength of 1.0 v/nm used here is still within
the range of recent experimental values.”’

Furthermore, we found that there was a strong cou-
pling between the water flux and dipole orientation.
As seen in Figure 2b, the probability of +dipole states
attains 0.995 # 0.005 at £ = 0.07 v/nm, where the
water flux reaches its maximum value. Thus, a maxi-
mum flux is suggested to be achieved when the prob-
ability of +dipole states is larger than about 0.99. Li and
Wan et al. showed that the water flux induced by os-
motic pressure could be well-controlled by a charge
outside the CNT>* or the deformation of the CNT.%® Simi-
larly, the water flux herein can also be well-tuned by
the electric field. On the basis of these results, we can
conclude that the water dipole orientation inside the
CNT can be well-controlled by the electric field, result-
ing in a controllable net water flux, which may provide
some new insights compared with the study by Joseph
and Aluru.®* The observed mechanism can offer useful
insights into the design of a controllable water nano-
pump and novel biological water channels.

The filling of nonpolar cavities or nanopores in pro-
teins and biological water channels?*?* can be well-
described by the water occupancy. As seen in Figure 3,
the average occupancy (N) increases monotonously
from 5.225 (=4.8 X 1074 t0 5.692 (*+3.1 X 107 as E
is increased from 0.01 to 1.0 v/nm, which agrees well
with the theoretical analysis by Vaitheeswaran et al.%
Actually, the increase of (N) is very slow for £ =
0.01—0.1 v/nm, while it becomes remarkable for strong
field strength of E = 0.1—1.0 v/nm. The free energy of
occupancy fluctuations can help us to understand the
emptying—filling transitions of nanotubes, which fur-
ther captures key properties of light sensors as single-
molecule field-effect transistors for protonic currents.”'
The free energy of occupancy fluctuations G(N) is also
calculated and shown as a function of N for different £
in Figure 4. Note that G(N) = —kgT In p(N), where p(N) is

1
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Figure 4. Free energy of occupancy fluctuations G(N) = —kgT
In p(N) for E = 0, 0.01, 0.05, 0.1, 0.5, and 1.0 v/nm. Note
that probabilities of occupancy P(N) are averaged from the
three 410 ns MD runs.

the probability of finding exactly N water molecules in-
side the CNT.>" As shown in Figure 4, the free energy
G(N) curves for E = 0.01—0.1 v/nm are very similar to
the case of E = 0, while the location of valley shifts from
N =5toN = 6as Eis increased to 1.0 v/nm, in accor-
dance with the results of (N). In fact, N=5and N =6
are the most preferable two states for all of the cases in
our studied length of nanotube. For the free case of £
= 0, the precise value of valley should depend on CNT
lengths, just as Waghe et al. showed that longer CNTs
were occupied by more water molecules.>

In order to understand the flipping of water dipoles
inside the CNT and its sensitivity to the electric field,
we also calculated the average angle (0) as a function

0 50

200

—a

000 0.02 0.04 0.06 008 0.10
E (v/inm)

Figure 5. (a) Evolution of (8) with respect to simulation time
for E = 0, 0.03, 0.05, and 0.5 v/nm. (b) Dependence of flip-
ping frequency fyi, on the electric field.
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Figure 6. Water—water interaction as a function of a water
position for E = 0, 0.01, 0.03, 0.05, and 0.5 v/nm. Note that
the interaction becomes asymmetric as E is increased. The
two dotted lines represent the positions of the inlet and out-
let of the CNT.

of simulation time for different E. As shown in Figure
5a, for E = 0 v/nm, (0) flips between +dipole and —di-
pole states frequently, and the average durations for
the two states are comparable. When E is increased, the
flipping frequency decreases remarkably, and the aver-
age duration of —dipole states becomes short-lived and
vanishes for £ = 0.3 v/nm. Meanwhile, a flip can be de-
fined as (0) passing through 90°, and thus we can com-
pute the average flipping frequency, fgp, shown as a
function of E in Figure 5b. During the 1200 ns collec-
tion time, 282 flips are observed for E = 0 v/nm, corre-
sponding to a flipping frequency of f;, = 0.235 = 0.009
ns~! or a flipping period of T4, = 1/fap, = 4.26 = 0.16
ns, well within the range of 4—6 ns measured in ref 72.
A duration of 2—3 ns is also observed for the same CNT
with different structures outside.>'? In particular, Kofin-
ger et al.”® demonstrated that the flipping period can
be even up to ~0.1 s for a tube with a macroscopic
length of ~0.1 mm. Generally, fy, is governed by the
potential barrier against flipping. As the strength of
electric field is increased, the orientation of water mol-
ecules inside the CNT favors along the field direction,
and thus the flipping events should be reduced signifi-
cantly.> As seen, the average flipping frequency fy, in
Figure 5b decreases monotonously with increasing E,
and no flips can be observed for E = 0.3 v/nm. It is
worth noting that g, is not a suitable quantity to char-
acterize the average duration of +dipole or —dipole
states for our studied field strengths. For instance, there
are total 16 flips for E = 0.1 v/nm, therefore, g, ~ 75
ns. The average duration of +dipole states is about
27qip, While the durations of corresponding eight —di-
pole states are as short as only 0.5, 1.5, 0.5, 1.5, 1.5, 0.5,
0.5, and 1439.5 ps, respectively. Notwithstanding, for all
cases, the quantity fy, can accurately measure the fre-
quency of flipping.

The water flux is related to the strong interactions
between water molecules. To explore the mechanism,
we also calculated the water—water interaction as a
function of water position along the CNT axis for differ-
ent E, shown in Figure 6. The two dotted lines mark
the positions of the inlet and outlet of the CNT, respec-
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Figure 7. Water density profiles along the CNT axis for E =
0, 0.1, 0.5, and 1.0 v/nm; p, is the density of bulk water and
is considered as 1.0 g/cm?>. The two dotted lines represent
the positions of the inlet and outlet of the CNT.

tively. For the free case of E = 0 v/nm, the water—water
potential is highly symmetric with respect to the tube
center of z = 0. As E is increased, the potential becomes
more and more asymmetric, not only for the water po-
sition inside the tube but also for the positions in the
two vestibules of the inlet and outlet. In fact, such an
asymmetric water—water interaction results from the
single-file water chain with a concerted dipole orienta-
tion. A water molecule should sacrifice its rotational
freedom as well as on average two out of four hydro-
gen bonds to enter the CNT. For the +dipole state typi-
cally shown in the inset in Figure 2b, the two hydro-
gen atoms of each water molecule inside the CNT face
the +Zz reservoir as well as oxygen atoms face the —z
reservoir, leading to the asymmetric water—water po-
tentials. Without external fields, Wan et al.®? considered
the +dipole and —dipole states separately and ob-
served the asymmetric water—water potentials. They
attributed the net water flux to the asymmetric
water—water interaction inside the tube. We expect
that the two asymmetric potential valleys in the vesti-
bules for E > 0 v/nm are also related to the water flux.
As one can see from Figure 6, in the +Zz vestibule, the
potential valley becomes smaller as E is increased, thus
it is a little difficult for water molecules to enter the CNT
from the +2z reservoir. The potential valley in the —z
vestibule ensures the permeation of water molecules
from the —z reservoir into the —z entrance of the CNT.
Therefore, it becomes easier for water molecules to
transport through the CNT from —z to +z.

Figure 7 shows the water density distributions p(z)
along the tube axis for different values of E, where p,
is the bulk density and is considered as 1.0 g/cm?. The
wavelike patterns with five similar peaks for E = 0 are in
excellent agreement with previous studies,”’ implying
the unique arrangement of water molecules inside the
CNT. This wavelike density profile induced by the tight
bonding network inside the nanochannel is directly re-
lated to the ice or solid-like properties of confined
water and may have potential applications in mass
storage.?**! Also, there are two valleys with low densi-
ties in the vestibules, which are related to the fast ex-
change of water molecules between the channel and
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the two reservoirs. For weak field strengths of £ =
0.01—0.1 v/nm, no obvious variations in the density
are observed. However, the wavelike patterns are dis-
turbed remarkably for E = 0.5 and 1.0 v/nm. Two addi-
tional peaks at the inlet and outlet of the CNT are de-
tected clearly for E = 1.0 v/nm. Due to the strong
hydrogen bond network in bulk water, the structural
and dynamical properties of water molecules outside
the channel are less susceptible to the electric field. In
contrast, inside the channel not only the filling but also
the structure of water molecules is appreciably af-
fected by the electric field. By evaluating the grand-
canonical partition function, Vaitheeswaran et al. have
shown that homogeneous electric fields favor the filling
of previously empty nanotubes with water from the
bulk phase.®® The tendency of average water occupancy
in Figure 3 agrees well with their theoretical predic-
tions, and the most probable state is N = 6 for E = 1.0
v/nm instead of N = 5 according to Figure 4. In addition,
the most probable angle (0) is 20° for E = 1.0 v/nm,
while it is about 30° for E = 0—0.1 v/nm. Therefore, the
water molecules inside the CNT will reorganize their
correlated single-file structures to accommodate the
strong electric field, resulting in biased density profiles.

It is known that the water density distribution is re-
lated to the potential of mean forces (PMFs) by F(z) =
—ksT In[p(2)/pol.°" The PMF is often used to character-
ize the behavior of water molecules inside the channel.
The wavelike density distributions in Figure 7 will di-
rectly lead to wavelike patterns of PMFs, triggering
burst-like water flows.>™ It is clear that the large fluctua-
tion of peaks and valleys in the density profile for E =
1.0 v/nm can energetically favor the filling of water mol-
ecules, in accordance with the results of (N).

CONCLUSIONS

In summary, we have systematically investigated
the effect of electric field on the transport of single-file
water molecules through a short carbon nanotube by
using extensive molecular dynamics simulations. Of
particular interest is that a controllable net water flow
can be achieved to some extent by applying an electric
field along the tube axis and is strongly coupled to the
water dipole orientation inside the channel. It should be
noted that water molecules cannot completely trans-
port along the direction of water dipoles or the electric
field. The net water flux energetically results from the
asymmetric water—water interactions. The flipping fre-
quency fg, Will decrease as the field strength increases
and the flipping events vanish completely for E = 0.3
v/nm. Actually, only in the free case of E = 0 v/nm can
Thip = 1/faip represent the average duration of +dipole
or —dipole states. However, for all the cases of E =
0—1.0 v/nm, the quantity fq;, could just denote the fre-
quency of flipping. The density profiles along the tube
axis, which are related to the potential of mean force,
are disturbed by a strong applied field of E ~ 0.5 v/nm,

www.acsnano.org



showing the tendency for electric field to facilitate the
filling of the CNT, in good agreement with Vaitheeswa-
ran’s theoretical prediction.%> Most significantly, the re-
sulting water flux can be well-controlled by the electric
field with a critical field strength of E. ~ 0.07 v/nm,
which offers a possible route to reduce the energy
needed for nanopump devices. These findings help us
to understand the biased transport of single-file water
molecules, which could be applicable in biological
channels*~506270 and useful for designing efficient
nanofluidic machines. Indeed, if the water molecules

in biological or artificial nanochannels are in single-file,
the electric field may be an appropriate choice to
achieve net water flux.

Although the present results are based on a short
carbon nanotube, the main conclusions are expected
to be maintained for longer nanopores with similar ra-
dius, as Joseph and Aluru®* have previously shown that
the water dipoles in 9.83 nm CNTs can also be com-
pletely controlled by the two studied field strengths of
E = 0.1 and 1.0 v/nm. To consider this issue simply, we
have also conducted 410 ns MD simulations for a twice
longer CNT (2.63 nm in length and same radius) at sev-
eral field strengths of £ = 0.03, 0.05, 0.07, and 0.1 v/nm.
During the 410 ns simulation, for all of the four field
strengths, the water dipole orientation inside the CNT
is almost maintained along the field direction (except
for a little deviation of £ = 0.05 v/nm). It is known that
the frequency of flipping will decrease considerably as
the CNT length increases®*’? since the potential barrier
against flipping is increased. Therefore, it needs rela-
tively low field strengths to control the dipole orienta-
tion for longer CNTs. The dipole orientation will become
more sensitive to the external field, and the critical
field strength is expected to be decreased. Meanwhile,
it becomes difficult for us to investigate the depen-
dence of dipole orientation, water flux, flipping fre-
quency, and so forth on the field strength for long CNTs
at given available simulation times of hundreds of
nanoseconds. Especially, extremely long simulation
runs with a notable expense of computational re-
sources are required to determine the critical field
strength and further to make similar observations as
those for the present short CNT. That is probably a part
of the reason for us to choose a widely used short CNT
for the present study.

METHODS

All MD simulations were carried out at constant pressure (1
bar with an initial box size of L, = 3.0 nm, L, = 3.0 nm, L, = 6.0
nm) and temperature (300 K) using the Berendsen method for
pressure coupling and the Nosé —Hoover method for tempera-
ture coupling with Gromacs 3.3.1 simulation package.”* The
TIP3P water model®® was used. The carbon—carbon and
carbon—water interaction parameters were taken from ref 51.
The carbon nanotube combined with two graphite sheets were
held fixed during the simulations. The van der Waals interactions
were calculated with a cutoff (10 A). The particle-mesh Ewald
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The similar asymmetric water—water interaction for
the longer CNT is also observed. Interestingly, though,
the total water flow is decreased remarkably compared
to the shorter CNT, a comparable water flux is ob-
served. Take £ = 0.1 v/nm as an example, the water
flux/flow are 1.02/15.65 and 1.40/2.32 ns™! for the
shorter and longer CNTs, respectively. Moreover, if we
define m = flux/flow as a unidirectional transport effi-
ciency, we can find that the efficiency for the longer
CNT (m = 60.3%) is much larger than the shorter one
(m = 6.5%). This finding may also be helpful for the
choice of CNT lengths for designing efficient nano-
pumps. It is expected that, given the water dipole orien-
tation inside short CNTs is completely kept along the
field direction, a large amount of water molecules can
still move against the field direction due to the compe-
tition between thermal fluctuations (mainly contrib-
uted from the two reservoirs) and the asymmetric
water—water interactions. For long CNTs, the thermal
fluctuation can be effectively screened by the CNTs, as
the distance from the water molecules inside the CNT to
those in the two reservoirs is close to or larger than
the cutoff, and hence water molecules are driven along
the field direction more easily by the asymmetric
water—water interactions or by the
rotation—translation coupling.®* As a result, the pump
efficiency may increase as the CNT length increases, but
further extensive studies are needed to identify the
quantitative relationships.

In a word, our results present quantitative depen-
dence of water dipole orientation, flux, flipping fre-
guency, and so forth on the electric field, suggesting a
controllable nanopump for water, which may reveal
some new insights different from ref 64. At the same
time, several issues still remain unsolved after the
present study. For instance, the dependence of critical
field strength and pump efficiency on the CNT length is
still unknown. Also, without an external electric field,
previous works on the effect of nanopore radius
showed that for the larger radius the unique ice or solid-
like water structure is preferred instead of the single-
file one,"” 2" but the study of an applied field in these
cases is lacking. With the increase of computational re-
sources, further extensions of this work may be moti-
vated toward these problems.

method’® was used to treat the long-range electrostatic interac-
tions. Periodic conditions were applied in all directions. A time
step of 2 fs was used, and data were collected every 0.5 ps. In or-
der to obtain reliable data for water flow, we extended the simu-
lation time for each value of electric field up to 410 ns, and the
last 400 ns was used for data analysis. Moreover, three indepen-
dent MD runs were conducted, and thus the total simulation
time for each field strength was up to 1230 ns.
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