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ABSTRACT: Unlike macroscale, symmetry breaking could lead to surprising results for
nanoscale systems. Although great attention has been paid to the transport properties of water
molecules through nanochannels in recent years, most of the existing studies are related to
symmetric channels (e.g. cylindrical ones). Herein, we use molecular dynamics simulations to
study the transport of water through a hydrophobic conical channel. Surprisingly, without any
dynamic load, when the channel becomes more asymmetric (the wide radius increases) net water
fluxes along the divergent direction are observed, which should be related to the thermal noise. To
further explore the asymmetric properties of the conical channel, we then apply the pressure
differences for the convergent and divergent directions, respectively. We find that the convergent
flux is changed from smaller to larger than the divergent one with the increase of pressure.
However, for the salt solution, the convergent flux is coupled to ions due to the blocking effect at
low pressures; while the divergent flux is almost independent of ions. These results demonstrate
some new physical insights of ratchet effect of conical channels, and further a pressure controlled
water rectification that could have deep implications for designing high efficient nanoporous

materials for sea water desalination.
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INTRODUCTION

During the past decades considerable attention has been paid to the transport properties of
water molecules through nanochannels, for the sake of its relevance to biological activities'* and
potentially industrial applications.” Actually, not only our daily life but also life itself depends on
the transport of water. Water molecules are selectively and efficiently transported in and out of
cells through the nanopores such as transmembrane proteins, aquaporins and so on.

Recent experimental™ and theoretical®’ studies proved carbon nanotubes (CNTs) as fast
water transporters, where the water flow rate exceeds the prediction of conventional nonslip
hydrodynamic flow by several orders of magnitude. Hence, if such CNTs can be utilized in the sea
water desalination or polluted water filtration, the energy required is expected to be reduced
significantly. To some extent, the fast conduction of water inside CNTs is not only due to the CNT
itself, such as its regular structure, its smooth interior surface and its hydrophobic nature, but also
relevant to the strong interaction between water molecules and the resulting unique structures
different from a bulk system.2 Thus, the water flow enhancement strongly depends on the channel
size.* Up to now, many experiments have confirmed the filling of narrow CNTs with water, e.g.,
transmission electron microscopy,10 nuclear magnetic resonance spectroscopy,’ neutron
diffraction,'? density gradient centrifugation,13 as well as Raman spectroscopy for single-file water
chains.'"* Consequently, in view of their superiority as a water transporter, within the
experimentally available materials, carbon nanotubes should be an ideal model of nanochannels
for theoretical studies. Furthermore, the transport of water molecules through CNTs are also
relevant to the design of novel nanofluidic devices, such as molecular sieves,”” novel desalination
machines,16 fuel cells,17 drug delivery,18 biosensors,]9 as well as nanometer water gates.zo’21

Although a large amount of studies on the water transport through nanochannels can be found,

4,5,10-14 2,6-9,15,16,20,21

as far as we know, most of the existing reports both in experiment and theory
concern the uniform or symmetric cylinder channels. Little effort has been made for the transport
properties of asymmetric channels. When the channel is asymmetric, e.g., for a conical channel,
previous simulation work showed the ratchet motion of a simple liquid, i.e., a net mass transport
can be achieved under a zero-average time-dependent drive.”” They ascribe the fascinating
phenomenon to an entropic ratchet, where the longitudinal motion is driven by an external field,

while the transversal motion is dominated by a symmetry breaking in geometrical confinement. As
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atoms can not be aware of the increasing space along the divergent direction, the divergent flux is
always smaller than the convergent flux, leading to a diode effect. Actually, such a diode effect of
conical channel has motivated considerable interest for experimental studies of the transport of

23,24

C e . . . . . . 25
individual molecules, particles, or cells. Examples include ion current rectification,

2627 . . 28 .
" ion sieves,” as well as a potential

electric-field controlled wetting and dewetting gates,
biosensor.”’ Even without any external field, such as pressure and electric field, the diffusion ion
currents are also asymmetric and dependent on the concentration gradient direction.’® Thus,

understanding the transport properties of conical channels is not only of great importance to pure

scientific interest, but also crucial to the design of novel nanofluidic devices.

MODEL AND SIMULATION METHOD

Herein, we use molecular dynamics (MD) simulations to study the transport of water
molecules through a conical CNT. We consider both pure water and salt solution systems. Figure
1 shows the snapshot of the simulation system, where a conical CNT with length of 4 nm, narrow
radius of r=0.4 nm, and wide radius of R=1.1 nm, combined with two graphite sheets (5.08x5.08
nmz), is embedded in a periodic water box with 3136 molecules, representing an asymmetric water
channel. Clearly, the narrow end can only accommodate single-file water, while the water
structure at the wide end should be similar to that in bulk. To provide insight into the effects of
conical slope, we also consider two additional channels with a size of only varying R to 0.8 nm
and 1.4 nm, respectively. Technically, it is still difficult to fabricate conical CNTs in experiments
and our model should represent the general hydrophobic channels that is different from the
experimentally fabricated conical nanopore with a tip size of 1~2 nm.*** In the present study, we
first explore the water transport without any external driving force, where we vary the channel size
(only R) and temperatures. Then, for R=1.1 nm and T=300 K, a pressure difference is applied
either along the convergent (+z, +P) or the divergent (-z, -P) direction to drive water flow.
Following the method proposed by Zhu et al,’' we applied an additional acceleration to each water
molecule to obtain the pressure difference between the two ends of the CNT channel. Note that all
the waters in the system are assigned the acceleration rather than only the waters near the two
channel ends. The pressure difference between the two membrane sides can be estimated as
P=nf/A, where A is clearly the surface area of the membrane not a specific channel. In our present
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simulation, we count A as the area of graphene not the channel ends. Thus, the pressure difference
here is a theoretical value and independent of the channel size and shape. We define the
upflux/downflux as the total number of water molecules (or ions) per nanosecond conducted
through the CNT from bottom/top (-z/+z) to top/bottom (+z/-z), respectively. The
convergent/divergent flux is the difference between the upflux/downflux and downflux/upflux,
respectively, while the flow is the sum of upflux and downflux.

All MD simulations were carried out at constant volume and temperature using the
Nose-Hoover method for temperature coupling with Gromacs 3.3.1 simulation package.32 For
most cases, the temperature is fixed to T=300 K. The TIP3P water model was used.” Known
carbon’ and ion™ parameters were used. The Lennard-Jones (LJ) potential cut-off was 1.2 nm. The
particle-mesh Ewald method was used to treat the long-range electrostatic interactions (1.2 nm
cut-off in real space).36 Periodic conditions were applied in all directions. A time-step of 2 fs was
used, and data were collected every 0.5 ps. The carbon nanotube combined with two graphite
sheets were held fixed during the simulations. For each channel size, temperature or pressure, we

conducted 130 ns MD runs, and the last 125 ns trajectory was used for data analysis.

RESULTS AND DISCUSSION

First, we consider the water transport without any dynamic load, i.e., a purely self-diffusion
process. We present the water flow and flux as a function of the wide radius R in Figure 2, where
the narrow radius and channel length are fixed to 0.4 nm and 4.0 nm, respectively. For a
comparison with cylinder CNT channels, we also give the water flow of CNTs with a radius of
(r+R)/2 that can be regarded as the average of conical radius. For R=0.8 nm, we find the water
transport in both directions is almost symmetric, i.e., the water flux is almost zero (0.38 ns” and
can be considered as statistical fluctuation), similar to CNTs. Surprisingly, considerable net water
flux is observed along the divergent direction for both R=1.1 nm and 1.4 nm. It seems
counterintuitive that a net flux can be generated without any dynamic load. This net flux should be
induced by thermal noise, according to a recent theoretical analysis.37 The correlation lengths of
the thermal fluctuations become significantly long for nanoscale systems. This differs from

macroscopic systems in which the thermal noises are usually treated as white noise. Different
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from macroscopic systems, we should put extra energy into the nanoscale system to hold the
asymmetrical structure of the channel.

Furthermore, the water flow and flux for R=1.1 and 1.4 nm are very close to each other,
while the flow in CNTs increases almost linearly with radius increasing. This is not surprising,
since the narrow end should be a bottleneck for water flow through the conical channel. It is
believed that if R becomes infinity, there should be no water flux since the conical channel
becomes a graphene with a nanopore. Thus, the water flux will have a maximum behavior with R
increasing. But huge simulation system is required to consider larger R further, which is beyond
our current computational ability. To further understand the energy variation of a water molecule
moving through the conical channel, we show in Figure 3 the free energy profiles as a function of
the water position along the channel axis. The free energy here is counted according to the water
density fluctuation.”® Clearly, from bulk water to the conical channel, the free energy barrier is
slightly larger than 1.5 kgT at the narrow end, similar to previous study; 3% while for the wide end,
the barrier increases from 0.25 kgT to 0.5 kgT as R decreases from 1.4 nm to 0.8 nm. Thus, the
barrier difference between the two ends is around kgT and water should favor the divergent
direction. Nonetheless, in a very elaborate calculation, a low free energy of -5 kJ/mol (-2 kgT) is
found for the same narrow CNT based on the SPC/E water model.*’ They also showed different
free energy profiles for different water models, especially for the narrow CNT, where positive
values are found for the other two water models. Generally, when water enters narrow CNTs it
will loss hydrogen bonds and the energy will be increased. The water will also gain some
rotational entropy to compensate its energy increase, and someone found the compensation is
equal to the energy increase for the TIP3P model.*” Thus, the average free energy of a water
molecule is the same as that in the bulk. In a word, it might be still a little difficult to definitely
determine the free energy of confined water, since the value is small and comparable to kgT. Our
free energy profiles indicate that a kgT is consumed to move a water molecule from the narrow
end to the wide end. This is reasonable as the energy required here is from thermal noise.

As the water flux is induced by thermal noise, it should be related to the system temperature.
To further understand it, we show in Figure S1(a) (in the supporting information) the water flow
and flux as a function of temperature for R=1.1 nm. The water flow increases almost linearly with
the increase of temperature. This can be well understood as the kinetic energy of water is
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proportional to the temperature, and they can go through the channel fast at a high temperature.
Interestingly, the water flux along the divergent direction also shows a linear increase with the
temperature. This should confirm the relation between water flux and thermal noise. We also
consider a typical salt solution of 1.77 M NaCl (100 NaCl pairs in our system) at T=300 K, and
we find similar net water flux along the divergent direction. It is noted that, naturally, a water
molecule should try to find a position to maximize its hydrogen bond (H-bond) number. The
average H-bond number of individual water as a function of its position along the channel
convergent direction is presented in Figure S1(b). Here, two water molecules are hydrogen bonded
when their inter-oxygen distance is less than 0.35 nm, and simultaneously the angle between the
0-0 axis and one of the O-H bonds is less than 30°. Slight fluctuations can be observed for
different H-bond definitions,”' but should not affect any conclusion here. Clearly, inside the
conical channel, the H-bond number decreases from 3.22 to 1.82 when a water molecule moves
from the divergent to convergent end. Thus water molecules should favor the divergent direction
much more. This result, to some extent, supports the net water flux along the divergent direction.
We should point out again that such a conical channel is not a mechanical water pump that does
not need any additional energy, as it should consume some external energy to keep the channel
asymmetry in the nanoscale.”’

We further investigate the transport of water under the drive of pressure difference between
the two channel ends. We consider both the convergent (+z, +P) and divergent (-z, -P) pressure
(T=300K and R=1.1 nm). The net water flux for both pure water and salt solution are shown in
Figure 4. For the pure water system, the convergent flux is smaller than the divergent one at low
pressures. This can be well understood since the convergent flux exits without pressure. Under
large pressures, the convergent flux becomes the larger one, similar to the cases with simple
liquid22 and jons.”*% Actually, the rectification direction can be changed by the channel charge
inversion.”® Here, an important conclusion is that the rectification of such conical CNT for water
can be tuned by pressures. The ratio of convergent flux to divergent flux for our studied pure water
is increased from 0.49 to 1.62 with the increase of pressure, which is comparable to the simple
liquid* and experimental results of ion current rectification induced by concentration difference.”

It will be more interesting for the case of salt solution, also shown in Figure 4. The overall
asymmetric water flux in the convergent and divergent directions is similar to the pure water case,

6
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i.e., the convergent flux changes from the smaller one to larger one with the increase of pressure.
However, the overlap point (ratio=1.0) clearly shifts to higher pressure regions. As can be seen,
the divergent flux is similar to the pure water case, while the convergent flux does not increase
remarkably with the increase of pressure for P <181 MPa (denoted by the dotted line). This is
because the ions near the convergent outlet greatly hinder the convergent flux, where a typical
snapshot of a Na'-water cluster is shown in Figure 5(a) inset. Clearly, this cluster will block the
convergent outlet, and thus prevent the water transport. For P >181 MPa, the convergent flux
increases dramatically with the pressure. This is because at such large pressures, the ion-water
cluster becomes unsteady, and the ion will be pulled out of the channel. These assumptions can be
further confirmed by the ion flux, presented in Figure 5(a), where the convergent ion flux becomes
appreciable only for P >181 MPa. The divergent ion flux is completely zero at our studied
pressure range, which stems from large free energy barrier for an ion entering small channels.*
From thermal dynamic point of view, the free energy profiles for ions should be independent of its
moving direction (either divergent or convergent), as it only has to do with the position along the
channel. It can be expected that when ion moves along the convergent direction, its free energy
barrier should become higher slowly, since the channel diameter becomes smaller continuously,
thus ions do not have to overcome a sharp barrier at one time to move ahead. Beside, ions will be
always inside the channel for long time even if they fail to get through the narrow end, i.e., they
have more chance to be close to the narrow end. Under high pressures, the ion-water cluster
become easy to be destroyed and thus ions can go through the narrow end. When ions are moving
in the divergent direction under divergent pressure, ions will encounter a large barrier directly at
the narrow channel end. Also, when they fail to enter the narrow end they should be not always
close to the narrow end since they are in the bulk water. Thus, in the divergent direction no ion
flux can be observed, similar to previous results.*

The asymmetric ion flux in the convergent and divergent direction is probably related to the
ion occupancy inside the channel. In Figure 5(b) we further demonstrate the average ion
occupancy as a function of the pressure differences. Remarkably, for the positive (convergent)
pressure, the ion occupancy exhibits increasing, followed by a sudden drop and then increases
with the increase of pressure. For P=0 (not shown), <N>=3.59 is smaller than that of P=36.2 MPa.
Actually, this occupancy behavior is coupled to the ion flux behavior in Figure 5(a). For small
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pressures (P<181 MPa), ion can not transport through the narrow end, thus more ions will be
accumulated inside the channel with the pressure increasing. For P>181 MPa, ion can move across
the narrow end, thus the occupancy is subjected to a sudden decrease; however, for further larger
pressures, although the ion flux increases, more ion can be accumulated, suggested by the
occupancy increase. Thus, there should be a competition between ion flux and accumulation. For
negative (divergent) pressures, the ion occupancy decreases as a whole with the increase of
pressure. This can be well understood, since under negative pressures, no ion can move across the
narrow end, leading to no compensation. Consequently, with the increase of pressure more ions
will move out of the channel with no compensation from the narrow end, and at the largest
pressure the ion occupancy is close to zero. Note that ion can also move (against the pressure
direction) into the channel through the wider end by thermal fluctuation, thus the ion occupancy
should be always nonzero if the pressure is not extremely large, just as the case here. We also
presented the evolution of ion occupancy as a function of simulation time in Figure S2 (supporting
information). For positive pressures, the occupancy will always fluctuate with time and no visible
difference can be observed for different pressures. For negative pressures, the occupancy becomes
less fluctuation with increasing values in zero.

Actually, the asymmetric ion conduction through conical channels has been observed by

recent experimen‘ts.zs’zg'30

Herein, the pressure of P =181 MPa can be regarded as a threshold.
These results should have deep implications for the sea water desalination when using conical
channels. For P <181 MPa, we should use the divergent direction; while for P >181 MPa, we may
use the convergent direction to achieve high water flux if we do not mind the small ion flux. By
the way, if we strictly define the threshold pressure as the minimum value to induce the
convergent ion flux, the threshold value should be independent of salt solutions. This is because
the threshold pressure is only responsible for the rupture of the ion-water cluster (see Figure 5(a)
inset); however, it is believed that at low salt solutions, the probability of ion blocking in the

convergent outlet should be low, thus the convergent flux may be not affected remarkably, where

the threshold pressure may not be obviously identified according to flux.

CONCLUSIONS
In summary, we have conducted molecular dynamics simulations to study the transport of

8
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water molecules through a hydrophobic conical channel. For the both the pure water and salt
solution systems, we find net water flux along the divergent direction without any dynamic load
when the channel achieves certain asymmetry (R=1.1 nm or larger). A recent work indicates that
short cut-off values for the Lennard-Jones (LJ) potential will lead to artifact water flux.* In Figure
S3 (in the supporting information), we show the water flow and flux as a function of the cut-off
distance for R=1.1 nm. The water flux only slightly decreases with fluctuation with the increase of
cut-off. To make a further comparison, we conducted 55 ns MD runs in Lammps package (we do
not run 130 ns as in Gromacs because Lammps is running several times slower).44 The final 50 ns
statistic results are also shown in Figure S3. The resulting flux is 14.4 ns’, comparable to 18.5 ns’!
derived by using Gromacs. Thus, our qualitative conclusion should be independent of the cut-off
scheme and simulation software. It is believed that the net flux should be induced by thermal noise,
where its correlation time length is large for the nanoscale system.37 The variation in hydrogen
bond number also indicates that water favors the divergent direction. The divergent flux is larger
than the convergent one under small pressures. While, under high pressures the convergent flux
becomes the larger one. Similar results are also observed in the simple liquid®* and ion current

. P . 25,28-30
rectification in recent experiments.”

In particular, ions at the convergent outlet will strongly
hinder the convergent water flux at small pressures, thereby the ion flux is close to zero; while at
high pressures, ions will be pulled out, and thus the ion flux and water flux increase with pressures
dramatically. In contrast, under the divergent pressures, ions in the outside of the divergent inlet
can not affect the water flux remarkably. This is because the ion-water cluster should not always
block the divergent inlet. These results demonstrate a pressure-tuned reversal rectification for

water flux, and should have deep implications for the design of high efficient water channels and

devices for water desalination.
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Figures and captions

Figure 1. Snapshot of the simulation system. A conical nanotube with length of 4.0 nm, upper
diameter of 0.8 nm, and bottom diameter of 2.2 nm, combined with two graphite sheets
(5.08x5.08 nmz), is embedded in a periodic water box with 3136 molecules, representing an
asymmetric water channel. A pressure difference is applied either along the convergent (+z, +P) or

the divergent (-z, -P) direction to drive water flux.
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Figure 2. The water flow and flux as a function of the wide end radius of conical channel, where
the narrow end radius is fixed as r=0.4 nm. The water flow for CNTs with different radius is also
presented for comparison, where the CNT radius is the average of the two ends of conical channel
[(r+R)/2]. The water flow is the average number of water molecules per nanosecond conducting
through the channel; the water flux is the net water number conducting through in one channel

direction, and here is along the divergent.

T T T T T T T T T
1 2 3 4 5 6 7
z (nm)

-
o

Figure 3. The free energy F =—Kk;T In(p,/ p,) as a function of the water position along the

convergent direction. Here p, is the bulk water density, fixed as 1.0 g/cm3; p, is the water

density along the channel axis.

14



Page 15 of 19

RSC Advances

T T T T
400 1 Pure water 415
300 J
200 -4 1.0
100 1
a . —— +P Flux dos5
2 0 —e— -P Flux £
~ 300 T T T K o
5 j ! Ratio o 15 %
L 2004 1.77 M NacCl ! ) 04
4 ! "/.
1001 /./?7 10
n——~=8 |
o] F=— : 105
1
T T T T T
0 100 200 300 400
P (MPa)

Figure 4. Water Flux and its ratio (+P/-P) as a function of the pressure difference for pure water
(top) and salt solution (bottom) at R=1.1 nm. +P: convergent pressure difference; -P: divergent

pressure difference. The water flux is along the pressure direction.
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Figure 5. (a) Ion flux and (b) average ion occupancy as a function of the pressure difference for
salt solution at R=1.1 nm. The ion flux is along the pressure direction. The inset in (a) shows a

typical cluster of an ion (Na') around by water molecules near the convergent outlet of the
channel.
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Figure S1. (a) Water flow and flux as a function of the temperature for the pure water system. (b)
Hydrogen bond number as a function of a water position along the convergent direction for

different temperatures. The inset shows the structure of water molecules inside the channel. Here
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R=1.1 nm and the water flux is along the divergent direction.
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Figure S2. Ion occupancy as a function of the simulation time for (a) positive and (b) negative

pressure differences. Here R=1.1 nm. For clarity, we only show the results within 50 ns.
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Figure S3. The water flow and flux as a function of the Lennard-Jones (LJ) cut-off distance. The
results from Lammps package for a given cut off are also presented for comparison. Here R=1.1

nm and the water flux is along the divergent direction.
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