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ABSTRACT: We reveal by classical molecular dynamics simulations electroosmotic
flows in thin neutral carbon (CNT) and boron nitride (BNT) nanotubes filled with ionic
solutions of hydrated monovalent atomic ions. We observe that in (12,12) BNTs filled
with single ions in an electric field, the net water velocity increases in the order of Na+ <
K+ < Cl−, showing that different ions have different power to drag water in thin
nanotubes. However, the effect gradually disappears in wider nanotubes. In (12,12) BNTs
containing neutral ionic solutions in electric fields, we observe net water velocities going
in the direction of Na+ for (Na+, Cl−) and in the direction of Cl− for (K+, Cl−). We
hypothesize that the electroosmotic flows are caused by different strengths of friction
between ions with different hydration shells and the nanotube walls.

SECTION: Liquids; Chemical and Dynamical Processes in Solution

In recent years, molecular transport was intensively studied in
silicon,1 polycarbonate,2 PMMA,3 bio-organic and bioinor-

ganic nanopores,4,5 carbon (CNT)6−14 and boron nitride
(BNT) nanotubes,15 porous graphene16,17 and nanotubes,18

and other synthetic nanopores. The molecular transport in
nanochannels can be driven by electric fields,19 pressure,20

osmotic pressure,21 and concentration gradients22 and con-
trolled by the pore size,23,24 shape,25 chemical functionaliza-
tion,2,13,26 pH,27 and other means.
Electrokinetic phenomena, such as electrophoretic and

electroosmotic flows (EOFs), have been thoroughly studied
in nanopores.28,29 In electrophoretic phenomena, charged
molecules driven by external electric fields drag solvent
molecules,30 while the surrounding fluid remains largely
quiescent (bulk).31 In electroosmotic phenomena, flows of
ionic solutions in channels are driven by external electric
fields.32 Typically, one type of ion is more or less stabilized at
the channel walls, while the other one is free to move and drag
the solvent.33−35 EOF can also occur in nanopores19,36 and
nanotubes11,37−44 with charged walls or chemical groups
attached at the ends, where oppositely charged ions cannot
enter or move through the channels in the same way.
Charged solid surfaces placed in ionic solutions induce the

formation of electric double layers (EDLs).32 Recently, it was
shown that EDLs can also exist at the walls of neutral and
nonpolar nanochannels45−47 due to a different behavior of the
oppositely charged ions in water monolayers adjacent to the
walls. When electric fields were applied along channels with
nanoscale dimensions, the velocities of the molecular
components develop parabolic velocity profiles where different
ions are moving with different speeds due to different distances
from the well, which ultimately leads to EOF.46,47 However,
such effects were not reported in ultrathin channels with plug-
like velocity profiles.48 Here, we examine by classical molecular

dynamics (MD) simulations the possible presence of the
electric-field-driven flow of ionic solutions in CNTs and BNTs
that lack Poiseuille flow but are known to have an extremely
fast water transport due to a small friction of the fluid with the
nanotube walls.48

Studied Systems. We study EOF in (12,12) and (16,16)
single-wall neutral CNTs and BNTs, with diameters of d ≈ 1.6
and 2.2 nm, respectively, filled with ionic solutions of
monovalent (Na+, K+, and Cl−) ions. Small ions, with tightly
bound hydration shells, might not be able to enter narrow
CNTs49,50 and BNTs.15,51,52 However, they may enter these
nanotubes at higher ion concentrations.53 The critical diameter
of nanopores necessary for the entrance of individual hydrated
Na+ ions is d ≈ 7 Å, which for the armchair (n,n) CNTs
corresponds to the (7,7) CNT.54 KCl solutions with
concentrations c > 0.01 M show almost no rejection of ions
by double-wall CNTs with the internal diameter of d ≈ 1.6 nm
and carboxylic groups at the tube ends.53 Ions should be able to
enter the (12,12) and (16,16) nanotubes at the used ion
concentrations of c = 0.05−0.15 M.
In our simulations, we neglect the polarizability of the used

armchair (metallic) CNTs and BNTs and treat them as model
nanochannels with a fixed polarity. We describe the electric-
field-driven flow by NAMD55,56 and the CHARMM27 force
field,57 where we add the nanotube force field parameters.8,9

While carbon atoms in CNTs are neutral, B and N atoms in
BNTs are chosen to have partial charges qB = −qN = e.9,58

In Chart 1, we show a unit cell of one model system formed
by the (12,12) CNT of a length of l ≈ 10 nm, filled with Nw ≈
400 water molecules (mass density of ρ ≈ 1 g/cm3) and one

Received: April 16, 2014
Accepted: May 29, 2014
Published: May 29, 2014

Letter

pubs.acs.org/JPCL

© 2014 American Chemical Society 2131 dx.doi.org/10.1021/jz500761s | J. Phys. Chem. Lett. 2014, 5, 2131−2137

pubs.acs.org/JPCL


pair of hydrated (Na+, Cl−) ions. All of the studied systems
contain either single ions or single ion pairs within the
nanotube segment. In the simulations, we model infinite
nanotubes by positioning the nanotube segments inside of
periodic cells, described by an NVT ensemble, with electrostatic
periodic boundary conditions applied.59 The temperature is
held at T = 300 K by a small Langevin damping of γLang = 0.01
ps−1 in order to avoid unphysical losses of momenta.8,9 The
ionic solution is driven by an electric field of = 0.11 V/nm
applied along the nanotube (linear regime). The time step is set
to 2 fs, and the coordinates are saved every 500 fs.
Systems with Single Ions. We start to model a field-driven

transport of single hydrated Na+, Cl−, or K+ ions in the (12, 12)
and (16, 16) CNTs and BNTs, where the drag conditions are
set as those in Chart. 1. In each system, the field-driven ion
translates through the nanotube and drags water, and a steady-
state flow is reached by friction of the ion and all of the water
molecules with the freely vibrating nanotube walls (held at the
tube ends). We equilibrate the systems for 1 ns and stabilize
their steady-state flow for at least 2 ns (hydration shell water
molecules exchange on the picosecond time scale), with the
electric field applied, before we start to collect the simulation
data.
We calculate the average velocities of the ions, vi, water, vw,

and Δvi = vi − vw, from
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Here, Nt is the number of time frames, Ni/w is the number of
ions or water molecules present in the system, and vkl is the
instantaneous velocity of the lth ion or water oxygen in the time
frame k.
Table 1 shows the average velocities of ions, vi, and water, vw,

obtained in 25−50 ns long trajectories. The velocities range
from 10 to 88 nm/ns, in dependence of the ion and nanotube

type. Our data show that ions have different velocities in
different nanotubes, with the velocities (magnitudes) increasing
in the order of Na+ < K+ < Cl−. Interestingly, the same trend is
also observed for water velocities, vw, in Figure 1, where we plot
the time dependence of the number of water molecules Nw
passing through the (12,12) BNT, when driven by the single
Na+, K+, or Cl− ions. The plotted number of water molecules
passing through the (12,12) BNT increases steadily with only
small fluctuations, indicating that the observed differences are
not due to fluctuations. In other nanotubes, water velocities
differ less.

Despite the fact that different ions have different velocities, vi,
they must gain and pass in steady-state flow the same
momentum to the system (same fields) and, in principle,
drag water at the same speed (with water molecules in front of
the ion likely being slightly faster and water molecules behind
the ion being slightly slower). We hypothesize that the different

Chart 1. Electric-Field-Driven Solutions in Nanotubesa

a(Na+, Cl−) pair solvated in Nw ≈ 400 water molecules inside of a
(12,12) CNT of length l ≈ 10 nm; the ionic solution is driven by an
electric field E = 0.11 V/nm (top). A scheme for the hydrated ion
momentum dissipation in the studied systems, characterized by the
characteristic relaxation times τ1, τ2, and τ3 (bottom). The hydrated
ion (gray cloud) passes momentum in τ1 to free water, which passes in
τ2 to the nanotube. Alternatively, the hydrated ion passes its
momentum in τ3 directly to the nanotube.

Table 1. Average Velocities of Cations and Anions (vi) and
Water Molecules (vw), Velocities of the Ions with Respect to
Water (Δvi), and Electroosmotic Drag Coefficients of Ions
(Ki) in Different Nanotubes, Obtained in 25−50 ns Long
Simulations

v [nm/ns] vi vw Δvi Ki

Na+/C12a 83.2 77.2 6.0 371.2
B12 22.9 15.8 7.1 296.7
C16 51.6 41.9 9.7 649.6
B16 21.4 10.6 10.8 421.0
K+/C12 87.6 77.4 10.2 353.4
B12 28.5 17.2 11.3 259.5
C16 56.1 42.2 13.9 601.8
B16 25.7 10.9 14.8 360.5
Cl−/C12 −88.4 −78.7 −9.7 356.1
B12 −29.0 −18.0 −11.0 266.9
C16 −56.8 −41.9 −14.9 590.1
B16 −25.6 −11.0 −14.6 365.2

aC12 and C16 denote (12,12) and (16,16) CNTs, while B12 and B16
denote (12,12) and (16,16) BNTs, respectively.

Figure 1. Time dependence of the number of water molecules (Nw)
passed through (12,12) BNT and (12,12) CNT (inset) in systems
with single solvated Na+, K+, or Cl− ions.
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observed water drag velocities are related to the fact that
different ions pass their momentum to water and nanotubes
differently, that is, at different relative dissipation rates.
Simple Model of the Water Drag. We first build a simple

qualitative model to explain the water drag velocity in different
nanotubes (Table 1), without trying to capture the effect of the
ion type. The ion is driven by a force of Fdrive = ṗdrive = q . In a
steady state, the average velocity of the ion is constant because
the driving force is balanced by a frictional force, which on
average has equal size but opposite orientation. The
momentum acquired by the ion from the field is continuously
passed to the nanotube either directly or through water
mediation, where it is damped by the holders (it is also partly
absorbed by the reservoir in the Langevin dynamics). In Chart.
1 (bottom), we schematically show the mechanisms of the
momentum passage between the ion, water, and nanotube.
In a steady state, the average momentum of each water, p,

can be approximately described by the Boltzmann equation

τ
̇ = ̇ ∝p p

p
drag damp

p (2)

where pḋrag and p ̇damp are its driving and damping rates,
respectively, and τp its momentum relaxation time60,61 (τ2 in
Chart 1). We can assume that τp

−1 ≈ τsys
−1 + τLang

−1 , where the τsys
and τLang components are due to (direct and indirect) scattering
of water molecules with the nanotube walls and the applied
Langevin damping, respectively; we can approximately assume
that mutual scattering of molecules flowing in the nanotube
does not change their momentum on average.62 We found that
for γLang = 0.01 and 0.02 ps−1, the water dragging velocities, vw,
are very similar, which indicates that τp ≈ τsys (at this γLang).
The relaxation time, τsys, depends on the roughness of the
CNT/BNT surfaces, determined by the effective corrugation,
C, of the van der Waals (vdW) potential and the nanotube
polarity. For simplicity, we can assume that τsys ∝ 1/C.
In a steady state, each water molecule is dragged on average

by a force of Fdrag = p ̇drag ≈ q /Nw, where Nw is the number of
water molecules in the system. Because p = mw vw = const,
where mw is the mass of a single water molecule, we obtain
from eq 2 the average velocity of water molecules as

∝v
q

N m Cw
w w (3)

According to eq 3, vw is larger in (12,12) CNTs than in (16,16)
CNTs by a factor of vw,12/vw,16 ≈ Nw,16/Nw,12 = 2, in rough
agreement with our simulation results (Table 1). In BNTs, the
corrugation is caused by charged B and N atoms (rather than
neutral C atoms); therefore, it is felt deeper, and the difference
between the tubes is less significant (vw,12/vw,16 ≈ 1.5). Larger
interactions (corrugation) of water molecules with polar BNT
walls, CBNT > CCNT, should also lead to smaller velocities of
water in BNTs, which agrees with the simulations, where vCNT
≈ 4vBNT.
The above model of the water drag velocities does not

capture any differences between the used ions. In order to
explain why different ions driven by the same forces drag water
differently, we can assume that their momenta are partially
relaxed to the nanotube walls in a direct manner without free
water playing the intermediate role. Chart 1 shows the
mechanisms of ion momentum relaxation in the studied
systems. We assume that the hydrated ion is a complex that
carries the initial momentum. It can transfer the momentum to

free water with a relaxation time τ1, which passes the
momentum further to the nanotube with a relaxation time τ2.
Alternatively, the hydrated ion passes the momentum directly
to the nanotube by the relaxation time τ3. Once the momentum
is passed in either way to the nanotube, it can propagate
through it in the form of vibrations (phonons), which relax
their momenta (directions) at the tube holders (rigid end
atoms). In the direct passage of hydrated ion momenta to the
nanotubes, we can assume that smaller ions (Na+) with more
rigid hydration shells have a larger direct relaxation to the
nanotube walls (small τ3), while larger ions with “softer” shells
relax their momenta more through the free water (small τ1).
Water Residence Times. We evaluate the residence time of

water in the first hydration shell of Na+ and Cl−, using the
correlation function63

∑ θ θ=
=

R r t
N
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1
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N
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r
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where Nr is the average number of water molecules within the
first hydration shell of Na+, Cl−, and K+, having radii of r = 3.2,
3.8, and 3.7 Å, respectively. Here, θ(r, t) = 1 when the water
molecule is in the region of radii (0, r) and is 0 elsewhere, Nr is
the number of oxygen atoms in the region (0, r). In Figure 2,

we plot R(r, t) for water molecules in the first hydration shells
of the Na+ and Cl− ions in (12,12) CNT and BNT and of the
K+ ion in (12,12) CNT. The characteristic decay times, τi,
obtained by fitting R(r, t) to the exponential release rate e−t/τi,
are τNa+ ≈ 30 ps and τCl− ≈ 6 ps in both tubes, which shows that
Na+ binds water molecules more strongly (exchanges them
more slowly) than Cl−.63 The K+ ion has τK+ ≈ 6 ps, similar to
the Cl− ion. These decay times correlate well with the fact that
Cl− and K+ ions are moving faster than Na+ with respect to
water (Δvi in Table 1). Even though (larger) Cl− and K+ ions
should move more slowly than Na+ (Stokes law), their water
residence times are shorter; therefore, they can move more

Figure 2. Residence time correlation function, R(t), for water
molecules in the first hydration shells of Na+, Cl−, and K+ ions. The
plot is shown for the systems containing single ions, passing through
the (12,12) CNTs and BNTs, driven as in Chart 1. For K+, R(t) is not
shown for (12,12) BNT for clarity because it is very similar to R(t) in
(12,12) CNT. (inset) Snapshots of hydrated Na+ and Cl− ions.
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easily through water than Na+ that carries its hydration shell for
a longer time.
Distributions of Ion and Water Positions. We can try to

estimate how different ions interact with the used nanotubes
(directly dissipate momenta) by finding their average distances
from the nanotube walls. In Figure 3, we show the normalized

radial distributions of ions and water oxygens in the systems
with single Na+, K+, and Cl− ions solvated in the (12,12) BNTs
and (16,16) CNTs and BNTs in the electric field of = 0.11
V/nm. The distributions of ions and water molecules,
ΔNi/w(r)/Ni/w, where r is the distance from the nanotube
axis, are obtained by averaging over the whole simulation
trajectories.
Notice that in BNTs, all of the distributions are shifted by

∼0.05 nm toward the polar walls (shown for (16,16) CNTs
and BNTs; a similar shift is observed for (12,12) CNTs and
BNTs). Due to water layering,46 the water (oxygen)
distribution has one large peak at 0.3 (0.25) nm from the
CNT (BNT) walls and another one shifted by ∼0.3 nm and
smoothly spreading toward the center of both (12,12) and
(16,16) nanotubes. In all of the nanotubes, the Na+ distribution
has two maxima, one between the two water peaks and another
one shifted by ∼0.3 nm toward the center.45−47,64 On the other
hand, the Cl− distribution has a single maximum roughly at the
position of the second water peak,37,65 while the K+ distribution
in (12,12) BNTs has a dominant maximum ∼0.5 nm from the
wall and a small peak toward the nanotube center. In the

absence of electric fields, the distributions practically do not
change from those shown in Figure 3.
Figure 3 can be simply understood from the fact that Na+

tends to stay between the oxygen layers, while Cl− is
surrounded by the positive hydrogen atoms. However, K+ is
larger than Na+, which means that it is more free to move away
from the interoxygen region between the two water layers.
Using ab initio calculations,66,67 one can show that the small
Na+ ion can get closer to the CNT or graphene, where a part of
its hydration shell is replaced by polarization charges. The
electronic response (polarization) of the nanotube is likely to
lead to greater damping of the ion and water molecules. In
semiconducting CNTs, the polarization would occur mostly
along the bonds between nanotube atoms. If so, the CNTs
would be more similar to our model of polar BNTs.
Figure 3 can potentially explain the different drag velocities

shown in Figure 1 (Table 1). The relaxation time τ3 associated
with a direct transfer of the momentum from the hydrated ion
to the nanotube should be shorter when the ion is closer to the
nanotube walls (direct friction). The different distances of ions
to the tube walls (rNa+ < rK+ < rCl−) could explain why the vw
water velocities increase in an order of Na+ < K+ < Cl−.
Electroosmotic Drag Coef f icients. It is of interest to find

nanotube electroosmotic drag coefficients, Kion, characterized
by the number of water molecules dragged by each ion. The
coefficient can be evaluated from Kion = Jw/Jion, where Jw = (Nw/
V) vw and Jion = (Nion/V) vi are the average water and ion flows,
respectively, and Nw (Nion) is the number of water molecules
(ions) in the volume V.68 In bulk solutions, the Kion coefficients
roughly correspond to the number of water molecules in the
first hydration shells of the involved ions.68,69 In the nanotube
segments with single ions, the number of dragged water
molecules is almost 2 orders of magnitude larger than that in
bulk ionic solutions69 (in Table 1, Kion = 260−650). This is due
to the inability of water to escape the moving hydrated ion and
large slipping of water on the nanotube walls. Therefore, Kion is
also by 25−40% larger in CNTs than that in polar BNTs. We
observe that KNa

+ is by 5−15% larger than KCl
− and KK

+ because
the Na+ complex is more compact (blocking water from
escaping). Kion is expected to decrease for larger or longer
nanotube segments once the flow is no longer in the regime
with the plug-like velocity profile.
Flow in Systems with Neutral Ionic Solutions. Finally, we briefly

study the above phenomena in neutral ionic solutions formed
by single hydrated ion pairs present in the nanotube segments.
In Figure 4, we plot the time dependence for the number of
water molecules passing through different nanotubes. We
observe a significant electroosmotic flow in (12,12) BNTs for
systems containing single (K+, Cl−) and (Na+, Cl−) pairs and in
(16,16) BNTs containing a single (Na+, Cl−) pair. In (12,12)
BNT containing a (K+, Cl−) pair, the Cl− dominates, but in
other cases, the water flow goes in the direction of cations.
However, only large flow fluctuations are observed in (16,16)
CNTs, which form due to a very small friction between water
and CNT walls. While the velocity of water inside of the
(16,16) CNT is similar in magnitude to the water velocity
inside of the (12,12) and (16,16) BNTs, the flow direction in
(16,16) CNT is more random, as seen in Figure 4. In Table 2,
we summarize the results for the average ion velocities, vi, and
water velocities, vw, in the studied systems.
In electric fields, the two ions in these (neutral) systems

move in opposite directions; therefore, they meet once during
each passage of the nanotube segment. Their average velocities

Figure 3. Normalized particle distribution profiles, ΔN(r)/N, of ions
and oxygen atoms of water molecules in systems with single Na+, K+,
and Cl− ions in the (12,12) BNTs (top) and the (16,16) CNTs and
BNTs (bottom). The profiles are obtained by averaging over the
whole simulation trajectories.
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are rather small, and the water drag velocity is nearly zero.
Therefore, we cannot expect that the momentum relaxation
operates here in the same way as that in the single-ion cases
with large velocities of ions and water. Consequently, we
cannot assume that a simple superposition of water drag rates

from the single-ion cases determines the water drag in the
neutral systems. In neutral solutions, other principles can
operate. For example, in solution with the Na+ and Cl− pair,
water driven by the larger Cl− ion has a larger barrier to pass
through the hydrated Na+ (large rigid shell), while water driven
by Na+ can more easily pass around the soft shell of the
hydrated Cl− ion. Therefore, water is dragged in the direction
of Na+ (Figure 2) rather than in the direction of Cl−, contrary
to our intuition gained from the observation that water moves
faster in the single Cl− case (Figure 1). In solution with K+ and
Cl− ions, both ions have soft shells; however, Cl− drags water
more (passes more momentum to it); therefore, water goes in
its direction.
In previous studies of neutral nanochannels filled with

electric-field-driven neutral ionic solutions,45−47 it was
suggested that the observed electroosmotic flows are caused
by the existence of a charge double layer at the water−wall
interfaces. In the presence of Poiseuille-like velocity profiles of
the solution, different ions have different velocities according to
their positions in the profile; therefore, they drag water
differently. In the presently studied thin nanotubes filled with
neutral solutions (Table 2), the ion radial distributions are very
similar to those in the single-ion cases, giving charge double
layers.45−47 However, the water velocity profiles inside of thin
CNTs and BNTs have plug-like forms,48 preventing us from
using the above explanation of the water drag. We can explain
the observed water drag in ultrathin nanochannels filled with
neutral ionic solutions by considering a different momentum
relaxation between different hydrated ions and nanotubes.
In summary, our MD simulations have revealed that hydrated

monovalent ions of different types can drag water at different
speeds in thin CNTs and BNTs in the presence of electric
fields. When the nanotubes were filled with neutral ionic
solutions, we observed electroosmotic flows despite the fact
that the nanotubes provide plug-like velocity profiles of the
flowing solutions. The efficiency of dragging water was
correlated to the momentum relaxation of hydrated ions,
depending on their hydration shells and radial distributions in
the nanotubes. The described electrokinetic phenomena can
have a broad range of applications in molecular separation,
desalination, and nanofluidics.
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