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Abstract: Boron nitride nanotubes (BNNTs) have been reported to possess superior water permeation
properties. In this work, using molecular dynamics simulations with partial charges, capturing BNNT
polarization effects obtained from quantum calculations, we found that Stone-Wales (SW) defects in a
(5,5) BNNT result in phase transition of water, i.e., a transition between liquid-like phase and vapor-like
phase was observed. The 90° rotation of the BsN bond, SW transformation, in an SW-defective (5,5)
BNNT results in breaking of hydrogen bonding with neighboring water molecules and leads to the existence
of a vapor-like phase near the SW defect. Water transport rate was evaluated by measuring translocation
time. Water in an SW-defective (5,5) BNNT has fewer translocation events, longer translocation time, and
a higher axial diffusion coefficient compared to water in a nondefective (5,5) BNNT.

Introduction

Subnanometer nanotubes immersed in an ionic solution have
been studied extensively over the past decade due to their wide
range of applications in biological/chemical systems,1,2 fuel cell
devices,3 etc. Boron nitride nanotubes (BNNTs), because of their
superior electrical,4 physical,5,6 and chemical properties,7 have
been considered as a promising material for the applications
mentioned above. Recently, Won and Aluru8 showed that a
BNNT exhibits superior water-filling behavior because of the
comparatively strong interactions between nitrogen atoms on a
BNNT and water molecules. The formation of hydrogen bonds
between the confined water and nitrogen atoms on the BNNT
can markedly influence the structure and dynamical properties
of water inside the tube.9 Most theoretical studies on water and
nanotubes have been performed using nondefective nanotubes.
However, experimental studies have indicated that BNNTs can
have defects in the structure. For example, Stone-Wales (SW)
defect10 is shown to be present in a BNNT under tension11 and
can be observed spectroscopically.12 Previous studies13,14 on
SW defect in BNNTs revealed its effects on the nanotube’s

electronic properties and H2 absorption. However, many other
effects, including the effect of the defects on water structure
and transport, are not known. In this work, we report that water
phase shifts from liquid-like phase to vapor-like phase and vice
versa in a finite length (5,5) BNNT in the presence of an SW
defect.

Simulation Methods

To evaluate the effect of the SW defect on water behavior inside
the BNNT, we perform quantum and molecular dynamics (MD)
simulations on two finite length (5,5) nondefective and SW-
defective BNNTs with a diameter of 6.9 Å and a length of
approximately 26.2 Å. Both tubes are saturated at the ends with
hydrogen atoms. The SW defect is located in the middle of the
BNNT. The initial BN bond length was 1.446 Å. The N-H and
B-H bond length was 1.09 Å. The nitrogen atoms were then moved
slightly outward (by ∼0.032 Å), and the boron atoms were moved
slightly inward from the tube center (by ∼0.032 Å), to make a
buckled BNNT, which is consistent with previous ab initio
calculations on BNNT geometries.15,16 We then obtained geometry-
optimized structures for both tubes by the AM1 semiempirical
method using Gaussian 03.17 For BNNT geometries, the AM1
method reproduces the large cBN cluster in good agreement with
the experimental structure.18

Quantum partial charges, accounting for polarization of the
nanotube due to the weak ionic and covalent bonding of BsN and
the polarization of the nanotube because of nanotube-water
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interaction, were computed by density functional theory (DFT)
calculations. Gaussian 0317 was used for the DFT calculations with
B3LYP/6-31G** on the geometry-optimized structures. The partial
charges on the tubes were obtained by fitting the electrostatic
potential to fixed charges on the boron, nitrogen, and hydrogen
atoms using the CHelpG scheme.19 The CHelpG charges based on
a molecular electrostatic potential are suited for MD simulations
as they can capture higher order effects arising from dipoles and
multipoles, though in an approximate way. We verified our partial
charge calculations by comparing the magnitude of partial charges
of H atoms forming dangling bonds with B and N atoms at the
end of a tube with previous DFT calculations for H atoms bonding
with a B-N cluster.20 We found a good agreement between our
partial charge calculations with the previous calculations. To
investigate the effect of water molecules on the tube partial charges,
we performed DFT calculations based on four different representa-
tive configurations obtained from equilibrium MD simulations that
consisted of the nanotube and water molecules inside the tube and
near the tube entrance. Two of the configurations were obtained
from the MD simulations without partial charges on the atoms. The
other two configurations were obtained by including partial charges
on the atoms in MD simulations. Due to the inhomogeneous
distribution of water molecules along the tube axial direction, the
partial charge distribution is not quite symmetric with respect to
the center of the nanotube.

The quantum partial charges are included in the MD simulation.
For MD simulations, the nanotube is fixed in a slab and water
reservoirs are attached to the nanotube on either end (see Figure
1). The initial simulation box was 2.8 × 2.772 × 7.00 nm3. The
reservoirs were initially filled with approximately 1020 water
molecules. Water is modeled by using the extended simple point
charge (SPC/E) model.21 The SETTLE algorithm was implemented
to constrain the OH bond length and the HOH bond angle at 1.0 Å
and 109.47°, respectively. The simulations were performed for 19
ns with a 1.0 fs time step by using modified GROMACS 3.3.1.22

The Nosé-Hoover thermostat23 with a time constant of 0.1 ps was
employedtoregulate thetemperatureat300K.TheParrinello-Rahman

piston-coupling scheme24 with a time constant of 2.0 ps and a
compressibility of 4.5 × 10-5 bar-1 maintained the system at 1
bar along the nanotube axial direction, which results in adjustment
of the simulation box size in the tube axial direction. The Lennard-
Jones (LJ) parameters for the boron and nitrogen atoms were taken
from ref 25 (σB-B ) 0.3453 nm, εB-B ) 0.3971 kJ/mol, σN-N )
0.3365 nm, εN-N ) 0.6060 kJ/mol), and parameters for the saturated
hydrogen atoms were taken from ref 26 (σH-H ) 0.2813 nm, εH-H

) 0.0683 kJ/mol). Particle mesh Ewald (PME) method with a 10
Å real-space cutoff, 1.5 Å reciprocal space gridding, and splines
of order 4 with a 10-5 tolerance was implemented to compute
electrostatic interactions. The equations of motion were integrated
by using a leapfrog algorithm, and the simulation time step is 1.0
fs.

Results and Discussion

The (5,5) BNNTs were initially empty. Water molecules from
the water reservoir quickly filled the empty nondefective
nanotube by forming a single-file chain similar to the water
structure observed in previous study.9 Once the nanotube is
filled, during most of the simulation time, approximately nine
water molecules inside the BNNT continuously formed a single-
file water chain. The SW-defective BNNT has a substantially
different water-filling behavior compared to the nondefective
nanotube; especially the water structure near the SW defect is
different. Unlike in the nondefective BNNT, the single-file water
chain was not continuously observed in the SW-defective
BNNT. The single-file water chain often breaks near the SW
defect, which leaves an empty region as shown in Figure 1.
Analogous to the previously used definition27 of a vapor-like
phase of water in a 0.8 nm long nanopore, we use the following
definition to identify the phase of water in a subnanometer
nanotube: liquid-like phase when the nanotube is completely
filled with water molecules and the distance between nearest
water molecules is less than 0.75 nm which is slightly larger
than twice the OsO distance used in the hydrogen-bonding
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Figure 1. Visualization of a broken single-file water chain in a (5,5) BNNT with Stone-Wales (SW) defects in the center of the tube.
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criteria. Otherwise, we define a vapor-like phase. Even though
we refer to the broken chain as vapor-like phase, other
interpretations such as cavity, nanobubble, or a broken chain
also would be a reasonable interpretation. To measure the
frequency of the phase transition, we assign υ(t) ) 1 for liquid-
like phase and υ(t) ) 0 for vapor-like phase. The vapor-like
phase in the nondefective nanotube was observed to be only
0.81% of the entire simulation time (Figure 2a). In contrast, in
the defective nanotube the vapor-like phase was observed to
be 23.52% of the total simulation time (Figure 2b).

The different water phase behavior in the nondefective and
SW-defective BNNTs was understood by decomposing the total
force field into LJ and electrostatic force fields. We performed
MD simulations without including nanotube polarization effects,
i.e., by assigning zero partial charge to all the atoms of the tube.
In this case, we found that liquid-like phase is most favorable
inside SW-defective BNNT. The vapor-like phase of water was
observed during approximately 0.42% of simulation time.
Further analysis revealed that the partial charges arising from
the SW defect and the partial charges arising from the
nanotube-water interaction are both important in inducing the
phase transition. Figure 3 shows the averaged partial charges
for the atoms with the same axial position. The SW transforma-
tion, 90° rotation of BsN bond, adds considerable dipole effect
in the middle of the nanotube (see Figure 3a). The partial charges
of boron and nitrogen atoms in the SW defect are 0.29e and
-0.33e, respectively. In the absence of SW defect, there is no
dipole effect in the middle of the nanotube as shown in Figure
3b. Water orientation in the BNNT is primarily determined by
orientations of water near both ends due to the combination of
dominant tube end effects and strong water-water hydrogen
bonding.9 The presence of a considerable dipole effect in the
SW-defective nanotube significantly influences the orientation
of water molecules near the defect. Thus, water molecules near
the SW defect experience the competition from neighboring
water orientation affected by the end effects and from the dipole
near the center of the nanotube. As a result, water located near
the SW defect has higher chance to lose hydrogen bonding with
neighbor water molecules. Vapor-like phase is then induced in
the SW-defective BNNT.

We then investigated the effect of SW defect on water
transport properties. The water transport rate was measured by
computing the translocation time. The translocation time is
defined as the time taken for water molecules to travel from
one end of the tube to the other end of the tube. We observed
that on an average 2.72 water molecules/ns translocated through

the nondefective BNNT with a translocation time average of
1.26 ns. In the case of defective nanotube, about 1.22 water
molecules/ns cross the BNNT with an average translocation time
of 1.55 ns. Even though the transport rate is diminished, the
SW-defective BNNT exhibited a higher diffusion coefficient
compared to the nondefective BNNT. The axial diffusion
coefficient Dz of water is related to the slope of the water mean-
squared displacement (MSD) by the well-known Einstein
relation

Dz )
1
2

lim
tf∞

〈 |r(t)- r(0)|2〉
∆t

) 1
2

lim
tf∞

〈∆r2〉
∆t

(1)

where r(t) is the position vector at time t. The axial diffusion
coefficient of water in SW-defective BNNT was found to be
1.36 × 10-5 cm2/s, which is about 18.26% higher than water
diffusion in a (5,5) nondefective BNNT reported recently.9

The discrepancy between the axial diffusion coefficient and
the transport rate can be explained by computing the water
residence time and the axial motion of water molecules in the
nanotube. We evaluated the residence time of water and the
probability for the direction of water movement in a nanotube
by using the binning method. The entire simulation box was
binned along the nanotube axial direction. The width of each
bin is similar to the size of one water molecule, 2.2 Å. For the
residence time, we measured the average time of water
molecules in a bin. When water molecules travel from the
current bin to the neighbor bin, the direction of water motion
as well as its probability is computed. Figure 4 shows that the
residence time of water in both tubes is higher at the ends
compared to the middle region. An L-defect in the single-file
chain is observed for both cases. Because of the formation of

Figure 2. Phase transition υ(t) of water inside the (a) nondefective and
(b) SW-defective (5,5) boron nitride nanotube (BNNT).

Figure 3. Partial charge distribution for atoms on SW-defective (5,5) boron
nitride nanotube (BNNT) (a) and on a nondefective (5,5) BNNT (b) along
the tube axial direction. The BNNT starts at 0 Å in the axial direction.
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L-defect in the middle of the BNNT, water-water electrostatic
interaction is less favorable,28 which leads to smaller residence
time for water in the middle of a BNNT. In the case of SW-
defective BNNT, the presence of the vapor-like state in the
middle further lowers the residence time (Figure 4). We then
evaluated the probability of water movement along the tube axial
direction. Water molecules in a nondefective (5,5) BNNT have
similar probability of moving forward or backward along the
tube axial direction. For defective BNNT, water molecules near
the tube ends have similar probability of moving forward or
backward along the tube axial direction. However, water
molecules in the location where the vapor-like state can be
observed have approximately 50% higher probability of moving
toward their nearest tube end. These observations suggest that
water molecules inside the SW-defective BNNT have higher
oscillatory motion between the tube end and the SW defect
location, which results in a higher diffusion coefficient and a
smaller number of translocation events.

We also investigated the effect of flexibility or polarizability
of the water model on the single-file water phase transition in
the SW-defective BNNT since these effects are not included in
the rigid nonpolarizable SPC/E water model. The flexibility is

included by adding internal (bond stretching and angle bending)
conformational change to the SPC/E water model.29 For
polarizable water model, the SWM4-DP water model30 was
implemented in the MD simulation. With the flexible and
polarizable water model, we observed similar phenomena as
with the rigid nonpolar SPC/E water models: continuous single-
file water phase transition between liquid-like and vapor-like
states and low translocation rate of water molecules inside the
SW-defective BNNT.

Conclusion

The results presented in this paper suggest that an SW defect
in a (5,5) BNNT can induce phase transition of water from
liquid-like phase to vapor-like phase. The vapor-like phase can
be observed near the location of the SW defect. By decomposing
the total force field into LJ and electrostatic force fields, we
found that the partial charges arising from both the SW defect
and the nanotube-water interaction play an important role in
the formation of vapor-like state inducing the phase transition.
The presence of an SW defect introduces a dipole in the middle
of a (5,5) BNNT. In the presence of the dipole, water molecules
near the SW defect have a higher chance of breaking hydrogen
bonding with neighbor water molecules, due to the competition
from neighboring water orientation affected by the end effects
and from the dipole near the center of the nanotube. Water
transport rate decreases with the SW defect, but the high
oscillatory motion of water in the tube axial direction gives rise
to a larger diffusion coefficient.
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Figure 4. Residence time of water along the tube axial direction in the
nondefective (dashed line) and SW-defective (solid line) (5,5) BNNT. The
BNNT starts at 0 Å in the axial direction.
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