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In this work, using quantum partial charges, computed from 6—31G**/B3LYP density functional
theory, in molecular dynamics simulations, we found that water inside (6,6) and (10,0) single-walled
carbon nanotubes with similar diameters but with different chiralities has remarkably different
structural and dynamical properties. Density functional calculations indicate that tubes with
different chiralities have significantly different partial charges at the ends of tubes. The partial
charges at the ends of a (10,0) tube are around 4.5 times higher than those of a (6,6) tube. Molecular
dynamics simulations with the partial charges show different water dipole orientations. In the (10,0)
tube, dipole vectors of water molecules at the end of the tube point towards the water reservoir
resulting in the formation of an L defect in the center region. This is not observed in the (6,6) tube
where dipole vectors of all the water molecules inside the tube point towards either the top or the
bottom water reservoir. The water diffusion coefficient is found to increase in the presence of the
partial charges. Water in the partially charged (10,0) tube has a lower diffusion coefficient compared

to that of in the partially charged (6,6) tube. © 2006 American Institute of Physics.

[DOLI: 10.1063/1.2338305]

I. INTRODUCTION

Ever since their discovery, carbon nanotubes (CNTs)
have been an area of intense research, due to their unique
chemical, electronic, and mechanical properties. CNTs can
be filled with various materials making them one of the most
promising candidates for many applications, such as
sensors," fuel storage,}5 and biological systems.6 Since the
size of a CNT is comparable to the size of a biological ion
channel,7 studies on water/electrolyte and CNT interaction
have gained more attention because of their potential appli-
cations in biological nanosystems. Similarities in the struc-
ture of the hydrophobic channels of transmembrane proteins
with CNTs suggest that the transport behavior of small mol-
ecules and ions through CNTs may parallel the transport
through cell membrane proteins such as aquaporins.

Molecular dynamics (MD) simulations by Hummer et
al.’ showed that water enters single-walled carbon nanotubes
(SWCNTs) with a diameter as small as 8.1 A at 300 K. Sub-
sequently, several experimental studies have confirmed the
wetting behavior of water inside nanotubes.'*!! Rossi er al.'?
observed that confinement and interaction with the tube wall
resulted in slow water dynamics. In order to understand the
effect of confinement on the static and dynamic properties of
water, several atomic scale simulations have been performed.
MD simulations showed that water conducts through subna-
nometer (6,6) SWCNTs with the formation of a preferen-
tially aligned water wire with each water dipole oriented in
the same direction parallel to the nanotube axis.”">!* In most
classical MD simulations, carbon atoms in CNTs are mod-
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eled as neutral atoms with pairwise additive Lennard-Jones
(LJ) potentials where the nanotube electronic properties are
not considered. The effect of polarization of the nanotube on
water transport properties is ignored in such an approach.
Moulin et al."® calculated the polarization of CNTs of finite
size immersed in liquid water by using a Lippmann-
Schwinger-type equation. Density functional theory (DFT)
and a self-consistent tight-binding method have been used
for the calculation of the electronic properties and dielectric
behavior of finite-length SWCNTS.'® Ab initio MD simula-
tions can capture the water-nanotube interactions more
accurately.”’18 However, a large computational cost prevents
them from being used for studying water behavior under
confinement beyond a few picoseconds of simulation time.

DFT calculations' on open-ended finite-length
SWCNTs suggest that, at the nonsaturated end, C—C triple
bonds are formed for armchair nanotubes causing a finite
charge and a significant dipole moment at the tube ends. In
zigzag carbon nanotubes, the C—C triple bonding is not ob-
served at the ends.”’ This suggests that the chirality of the
SWCNT could affect the nanotube electrostatics. Since water
is a polar liquid, the tube chirality could influence the static
and dynamic properties of confined water. To the authors’
knowledge, the effect of chirality induced partial charges on
the water structure and dynamics in finite length SWCNTs
has not been reported previously in the literature.

In this work, to investigate the effect of chirality on wa-
ter transport we considered two finite length (6,6) and (10,0)
SWCNTs. They have similar confinement effects but differ-
ent chiralities. Density functional calculations of the
SWCNTs alone and the SWCNTs with water were performed
to obtain quantum partial charges. The partial charges were

© 2006 American Institute of Physics
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then used in MD simulations to scrutinize water structure
and transport, which are analyzed by computing the energy
barriers. The rest of the paper is outlined as follows. First, we
describe the DFT calculations and the MD simulations. The
quantum partial charge results and the quantum and chirality
effects on water structure and transport properties using the
MD simulations are discussed next. Then the potential of
mean force (PMF) analysis is presented, followed by the
conclusions.

Il. METHODS

The partial charge calculations were carried out by using
the DFT method with the B3LYP model and the 6-31G™
basis. GAUSSIAN 03 (Ref. 21) was used to optimize the geom-
etries and to calculate the partial charges. We considered two
open-ended finite length SWCNTs—a (6,6) armchair
SWCNT and a (10,0) zigzag SWCNT where water forms a
single file. The (6,6) armchair SWCNT consisted of 132 car-
bon atoms with a length of 1.23 nm and a diameter of
0.8136 nm. The (10,0) zigzag SWCNT consisted of 120 car-
bon atoms and its length and diameter are 1.14 and
0.7829 nm, respectively. The initial C—C bond length was
fixed at dc_c=1.42 A. To investigate the effect of water on
the partial charges, we performed DFT calculations with and
without water molecules inside the tubes. First, we obtained
a geometry optimized structure by the AM1 semiempirical
method. Han and Jaffe*® found good agreement between car-
bon nanoconic tip energies and geometries from using the
AM1 and DFT/B3LYP method. Recent results have shown
that with B3LYP/3-21G", the CNT geometry matches well
with experiments23 and B3LYP/6-31G" model gives a good
agreement with the experimental geometry of a fullerene
derivative.”* We performed the partial charge calculations
with B3LYP/6-31G™ using the geometry optimized struc-
tures. The partial charges on the SWCNT were obtained by
fitting the electrostatic potential to fixed charge at the carbon
atoms using the CHELPG scheme.” The CHELPG charges are
suited for MD simulations because they capture higher order
effects arising from dipoles and multipoles, though in an
approximate way.

MD simulations were performed using modified GRO-
MACS 32.1.%° The system consisted of the SWCNT, water,
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FIG. 1. (Color) Schematic (left) and
visualization (right) of a single-walled
carbon nanotube in a water bath.

and a slab. The SWCNT was fixed in the slab as shown in
Fig. 1. The slab consisted of pseudoatoms mimicking the
interior of a hydrophobic phospholipid bilayer.27 This system
was replicated periodically in all the three dimensions. The
simulation box was 3.36 X 3.234 X 5.82 nm>. The reservoirs
were initially filled with water. The extended simple point
charge (SPC/E) model®® with an oxygen atom of —0.8476e
charge and the two hydrogen atoms of +0.4238¢ charge was
used in the simulations. The OH bond length of 1.0 A and
the HOH bond angle of 109.47° were constrained by the
SETTLE algorithm.29 SPC/E model has been used successfully
in simulating water in complex biomolecular environments
such as gramicidin channels with single water wires.” The
simulation box contained approximately 1500 water mol-
ecules. The Berendsen thermostat’ with a time constant of
0.5 ps was employed to regulate the temperature at 300 K.
The Berendsen pressure coupling with a time constant of
5.0 ps and a compressibility of 4.5X 107> bar~! maintained
the system at 1 bar. The Lennard-Jones parameters for the
interaction between carbon atoms were taken from Ref. 32 (
0c_c=0.3390 nm, €-_=0.2897 kJ/mol), interactions be-
tween oxygen atoms were taken from the GROMACS force
field®® (00_0=0.3169 nm, €y o=0.6502 kJ/mol), and pa-
rameters for atoms in the slab were taken from Ref. 13 (
Oglabosiab=0-3871 nm, €g,p_g10=0.4909 kJ/mol). Neutral car-
bon atoms and carbon atoms with the partial charges were
employed in separate simulations to investigate the effect of
partial charges. Particle mesh Ewald (PME) method with a
10 A real-space cutoff, 1.5 A reciprocal space gridding, and
splines of order 4 with a 107> tolerance was implemented to
compute electrostatic interactions. The equations of motion
were integrated by using a leapfrog algorithm and the simu-
lation time step was 2.0 fs. After an equilibration time of
1 ns, the simulations were continued for another 28 ns to
obtain enough statistical sampling to calculate the transport
properties.

lll. RESULTS AND DISCUSSION

A. Partial charges

Figure 2 shows the CHELPG partial charges for the (6,6)
armchair and the (10,0) zigzag SWCNTs along the axis of
the tube. The charges were averaged for atoms with the same
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axial position. The squares in Fig. 2 denote partial charges
computed without water molecules inside the tubes. For both
the (6,6) and (10,0) tubes, we found that the magnitude of
the charges at the tube ends is much greater compared to the
charges in the middle region of the tube. The charges rapidly
decrease in magnitude up to a distance of about 2 A from the
ends of the tube. Thus, the dominant contribution to the par-
tial charge is from the end effects.

To calculate partial charges with water inside the tube,
we obtained four different representative configurations that
consisted of the SWCNT and water inside the tube from
equilibrium MD simulations performed without partial
charges on the carbon atoms. In two of the configurations,
the water dipole vector points towards one end of the tube,
and for the other two, the water dipole vector points towards
the other end. DFT calculations were performed on the four
representative configurations and the resulting average
charges are shown as solid lines in Fig. 2. Snapshots from
the MD simulations performed with the partial charges were
again used in DFT calculations with new water orientations
to test the effect of water orientation on the partial charges
but the difference was found to be negligible. DFT calcula-
tions were also performed with water molecules in the first
layer of the water near the tube entrance but the effect of the

water in the first layer on the SWCNT partial charges was
negligible. Due to the inhomogeneous distribution of water
molecules (along the length of the tube) used in the calcula-
tions, the partial charge distribution on the nanotube deviates
slightly from symmetry with respect to the center of the
nanotube. The comparison of the solid line and the squares in
Fig. 2 shows that water has a small effect on the electrostatic
behavior of the (6,6) SWCNT and a considerable effect on
the electrostatic behavior of the (10,0) SWCNT.

The effect of the tube chirality on the nanotube electro-
statics can be understood by comparing the top and bottom
figures in Fig. 2. The magnitude of the average partial charge
(when water is included) at the ends of the zigzag SWCNT is
approximately 4.5 times greater than that of the armchair
SWCNT. This suggests that the electrostatic potential at the
ends of the nanotube depends strongly on chirality. In a re-
cent study,20 it has been suggested that C—C triple bonds
form at the end of a finite length armchair SWCNT but not in
a zigzag open ended nanotube. When the C—C triple bonds
are present, the electrons are shared and less localized, which
causes the magnitude of the charges to be lower when com-
pared to the case without the C—C triple bonds. When termi-
nations are present at the ends of the tube, e.g., hydrogen
passivation, the partial charges can be affected by the end
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FIG. 3. (Color) A snap shot (left) and transient (right) of water dipole orientation in (a) an uncharged (6,6) SWCNT, (b) a partially charged (6,6) SWCNT, (c)
an uncharged (10,0) SWCNT, and (d) a partially charged (10,0) SWCNT. Color of the SWCNTs in (b) and (d) represents the partial charge magnitude of each
carbon atom. In the transient water dipole orientation figure (right), the top, middle, and bottom rows indicate the orientation of water molecues in top (1.8 nm
from the top end), middle (0.5-0.68 nm), and bottom (1.8 nm from the bottom end) regions of tube, respectively. The water dipole orientation angle is defined
as the angle between the water dipole vector and the tube axis z. 0° denotes the water dipole vector pointing towards the positive z axis. 90° denotes the water

dipole vector pointing normal to the tube axis.

terminations and chirality could play a minor role. In this
paper, in order to isolate the chirality effects alone, we used
unterminated tubes.

B. Water dipole orientations

Using MD simulations, we investigated the dipole orien-
tation of water confined to a nanotube for over 28 ns of
simulation time. For both uncharged [see Fig. 3(a)] and par-
tially charged [see Fig. 3(b)] (6,6) tubes, all the water mol-
ecules in the tube are oriented such that the dipole vectors of
the water molecules point either towards the top water res-
ervoir or towards the bottom water reservoir at any instant.
Once a water molecule flips and reverses its orientation, all
other water molecules flip simultaneously, due to the strong
electrostatic coupling of the single-file water molecules, so
that the orientation of all the water molecules remains the
same. The flipping frequency of single-file water inside un-
charged and partially charged (6,6) SWCNTs is considerably
different. When the carbon atoms are assumed to not have
any partial charges, all the dipole vectors in the tube point
either towards the top or the bottom water reservior with the
flipping occurring only six times during a 16 ns sampling
time. In the presence of partial charges, the water dipole flips
continuously as shown in Fig. 3(b).

We compared the water orientation obtained from the
MD simulation with partial charges to that from ab initio
MD simulation. Since the water orientation can be strongly
affected by electrostatic interactions,”>** the comparison of

water orientation from both the simulations would be a good
way to evaluate our method of using one-way coupling be-
tween quantum and molecular dynamics because we have
approximated the effect of the change in water configuration
on the electronic structure of the SWCNTSs by averaging over
four representative configurations in obtaining the partial
charges. Mann and Halls'” observed water structure variation
in a (6,6) SWCNT using ab initio MD simulation. Specifi-
cally, they examined the average water dipolar angle (see
Fig. 4) which is defined as the average of angles between the
water dipole vectors along the tube axial direction, 6,..
Mann and Halls pointed out that the average water dipole
vector along a nanotube axis fluctuated with a range of
roughly 20° from 135° during a 5 ps time period. Figure 4
shows a reasonable agreement for the average water dipole
orientation as a function of time along the axis of the (6,6)
tube suggesting that MD simulations with the partial charges
could give similar results as ab initio MD simulation.
Unlike in the (6,6) tube, where the water structure is not
significantly affected by the quantum charges except for the
flipping frequency, the water structure in a partially charged
(10,0) tube is markedly different. For the (10,0) SWCNT
case, since the magnitude of the partial charges near the ends
is high, a strong electrostatic field is generated at the ends of
the tube. The direction and magnitude of the electrostatic
field cause the water molecules at both the ends to be reori-
ented such that hydrogen atoms point towards the bath re-
gion [Fig. 3(d)]. Since the water dipoles at both ends point
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away from each other, the central water molecule forms an L
defect.® For a single water chain, an L defect is formed
when a water molecule acts as a hydrogen-bonding donor to
its neighbors without accepting any hydrogen bonding.36 Our
calculations indicate that a water molecule in a single-file
chain in the uncharged (10,0) tube donates and accepts about
0.86 hydrogen bonds, while the water molecule at the center
of the partially charged (10,0) tube donates about 1.14 hy-
drogen bonds to its neighbors while accepting about 0.22
hydrogen bonds from the neighbors. This again suggests that
an L defect is formed in the center of the (10,0) tube. It is
also interesting to note that the orientation of water in a
(10,0) nanotube containing an L defect is similar to the water
orientation in an aquaporin-1 channel.”’

C. Transport properties

The effect of the partial charges on water transport is
evaluated in this section by computing the self-diffusion co-
efficient. Since water conducts through the SWCNTs by
forming a single-file chain, we considered only water diffu-
sion in the axial direction. The axial diffusion coefficient D,
of water is related to the slope of the water mean-squared
displacement (MSD) by the well-known Einstein relation,

(r)-r(O)P 1 lim (AF?)
At T e A

1

D= lim, .. (1)
where r(f) is the position vector at time ¢. Without partial
charges, the value of the axial water self-diffusion coefficient
in a (10,0) SWCNT is comparable to that of in a (6,6)
SWCNT, which agrees well with a previous study13 using a
noncharged (6,6) SWCNT. Table I shows that the partial
charges on the (6,6) SWCNT increase the diffusion coeffi-
cient by about 22%. For the (10,0) SWCNT case, water mol-
ecules in a partially charged nanotube have about 16%
higher diffusion coefficient compared to water molecules in
an uncharged nanotube.

We also examined the water molecule transport rate
through the SWCNTs by measuring the translocation time,
which is defined as the time taken for a water molecule to
travel from one end of the tube to the other end of the tube.

4 4.5 5

We observed that on an average 4.9 water molecules/ns
passed through the uncharged (6,6) SWCNT with a translo-
cation time average of 379.54 ps (Table I). The water trans-
port rate is enhanced when partial charges are introduced
into the system. For a (6,6) SWCNT, the number of translo-
cation events per nanosecond increases by about 84.8% and
the average time taken for crossing the nanotube decreases
by about 130 ps when partial charges are considered. We
observed similar trends in the transport rate of water mol-
ecules inside the (10,0) SWCNT, even though the water
structure in the (10,0) tube is different. The number of trans-
locations increases from 5.31 to. 6.69 ns™! and the transloca-
tion time decreases from 353.96 to 263.99 ps. Though the
magnitude of the charges in the (10,0) SWCNT is higher
than that of the (6,6) SWCNT, the increase in the number of
translocations due to the partial charges is less compared to
that of the (6,6) tube.

The effect of the partial charges on the transport proper-
ties such as the diffusion coefficient and the translocation
time can be understood in more detail by evaluating the en-
ergy barrier of the water molecules inside the tubes, which is
discussed next.

D. Potential of mean force analysis

Using the potential of mean force (PMF) analysis, in this
section, we try to understand the following observations,
summarized in the previous sections: (i) water diffusion co-
efficient in the partially charged (6,6) tube is higher than that
of the partially charged (10,0) tube even though the magni-

TABLE 1. Single-file transport properties of water in uncharged and par-
tially charged SWCNTs.

Diffusion No. of Translocation
coefficient translocation time
Chirality Charge type (107> cm?/s) events (ns™!) (ps)
(6,6)  No partial charge  1.16+0.08 4.94 379.54
(6,6) Partial charge 1.41+0.04 9.13 248.93
(10,0)  No partial charge  1.10+0.05 5.31 353.96
(10,0) Partial charge 1.28+0.13 6.69 263.99
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tude of the partial charges is greater in the (10,0) tube, (ii)
the water molecule in the center of the partially charged
(10,0) tube forms an L defect, and (iii) the dipole orientation
of the water molecules in the partially charged (6,6) tube
flips continuously in the presence of partial charges.

When a water molecule i moves along the axial direction
from z; to z, the work done, W;(z)—W;(z,), is computed by
integrating the mean force (F;(z)) acting on the water mol-
ecule along the nanotube axis contributed by all other atoms
in the system averaged over all the conﬁgurations,38 ie.,

Wi(z) = Wilzo) = f (Fz"))dz', ()

where 7 is the reference position (taken as the end of the
simulation box) where the PMF is zero.”” We obtained the
mean force distribution by sampling the force experienced
by the water molecules in a bin.*®

As shown in Fig. 5, the energy barriers of the tubes are
found to be 4.80kpzT and 5.11kgT for the partially charged
(6,6) and (10,0) SWCNTSs, respectively. These water perme-
ation barriers are of the same order of magnitude as that of in
an aquaporin-1 water channel which is about SkBT.37’40 It

should be noted that the water orientation and the permeation
barrier in the (10,0) tube and the aquaporin-1 channel are
similar, which makes the nanotube a promising candidate for
biocompatible nanodevices.

To understand the energy barrier in more detail, we de-
composed the PMF of water into contributions arising from
different types of interactions such as the LJ and electrostatic
interactions between water molecules and between water and
nanotube. Figure 6 shows water-water and water-nanotube
PMFs accounting for electrostatic and LJ effects. We can
observe that the water-water electrostatic interaction and the
water-nanotube LJ interaction form the energy barrier, while
the water-water L] interaction and the water-nanotube elec-
trostatic interaction (present only in the case of partially
charged tubes) make it favorable for the water molecule to
reside inside the nanotube. Figures 6(a) and 6(e) show that
the electrostatic interaction between the water molecules
plays a crucial role in the development of the energy barrier.
Partial charges on the wall attract water molecules towards
the tube due to the electrostatic interaction between water
and nanotube [see Figs. 6(c) and 6(g)] but they also increase
the water-nanotube LJ barrier [see Figs. 6(d) and 6(h)].
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FIG. 6. Decomposition of the PMF of water into [(a) and (e)] water-water electrostatic interactions, [(b) and (f)] water-water LJ interactions, [(c) and (g)]
water-nanotube electrostatic interactions, and [(d) and (h)] water-nanotube LJ interactions. The plots on the left [(a)—(d)] are for the (6,6) SWCNT and the
plots on the right [(e)—(h)] are for the (10,0) SWCNT. The (6,6) tube is located from 2.135 to 3.365 nm and the (10,0) is located from 2.182 to 3.318 nm. The

arrows denote the ends of the SWCNT.

The higher water diffusion coefficient in the partially
charged (6,6) SWCNT compared to the partially charged
(10,0) SWCNT can be understood by the comparison of the
total PMF profiles of water for both tubes (Fig. 5). Water
molecules inside the partially charged (10,0) tube experience
a larger energy fluctuation compared to that inside the par-
tially charged (6,6) tube. The energy barrier of the partially
charged (10,0) tube is greater than that of the partially

charged (6,6) tube. The larger energy barrier can lead to a
less number of water molecules entering the partially
charged (10,0) tube and the larger energy fluctuation inside
the partially charged (10,0) tube leads to a lower diffusion
coeffcient.

The water molecules in both the partially charged tubes
have different orientations compared to that in the uncharged
tubes as the water-nanotube electrostatic interaction is intro-
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FIG. 7. Schematic of a single-file water chain in a partially charged (6,6)
SWCNT (left) and in a partially charged (10,0) SWCNT (right). An L defect
is observed in a single-file chain inside the charged (10,0) SWCNT.

duced to the system. In the partially charged (10,0) tube,
since the magnitude of the partial charges is relatively large,
the water-nanotube electrostatic interaction at the ends of the
tube is considerable [Fig. 6(g)]. The substantial water-
nanotube electrostatic interaction causes the water dipoles at
the ends of the tube to be oriented such that the water hy-
drogens point towards the water reservoir. This water dipole
reorientation results in an L defect at the tube center as
shown in Fig. 7. Due to the reorientation of water dipoles in
the mouth region, the water-water electrostatic barrier at the
mouth reduces from about 29k;T to 24k;T. The electrostatic
barrier at the center of the tube increases back to about
30ksT due to the formation of the L defect [Fig. 6(e)].

For the partially charged (6,6) SWCNT, since the mag-
nitude of the partial charge is small, the water-nanotube elec-
trostatic interaction is not strong enough to form an L defect.
However, the water-nanotube electrostatic interaction, which
is not present in the case of an uncharged tube, causes the
water molecules to flip their orientation more frequently
compared to the uncharged case. As a result, we see a more
continuous flipping of water in the partially charged (6,6)
tube. The water-water electrostatic interaction in the partially
charged (6,6) tube is quite different from that of the partially
charged (10,0) tube. The water-water electrostatic energy
barrier starts to decrease at the mouth and it is lower in the
center region of the tube compared to the uncharged (6,6)
tube [Fig. 6(a)].

IV. CONCLUSIONS

Using (6,6) and (10,0) single-walled carbon nanotubes
having a similar diameter and confinement effect but differ-
ent electrostatic behaviors arising from their chiralities, we
have shown that the chirality of a SWCNT has a significant
influence on the single-file water structure and dynamics.
The quantum partial charges, which capture the molecular
electrostatic potential, induce relatively stronger wall-water
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electrostatic interactions at the ends of the tube and weaker
electrostatic interactions at the center. Molecular dynamics
simulations with these partial charges when compared with
ab initio MD simulations give comparable water dipolar ori-
entations inside the partially charged (6,6) tube. Water mol-
ecules in a partially charged nanotube have a higher transport
rate, compared to water molecules in an uncharged tube.
From PMF analysis, we found that a larger energy fluctua-
tion inside the partially charged (10,0) tube induces a slower
diffusion coeffcient when compared with the partially
charged (6,6) tube. The substantial water-nanotube electro-
static interaction in the partially charged (10,0) tube changes
the single-file water structure and gives rise to the formation
of an L defect in the center of the nanotube.
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