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ABSTRACT

Molecular dynamics simulations were performed to investigate ionic selectivity of boron
nitride nanotubes. The simulated systems were composed of a boron nitride nanotube
inserted in a silicon nitride membrane immersed in an aqueous ionic solution. The consid-
ered nanotubes were fixed in a silicon nitride membrane and an external electrical field was
applied on the systems along the axis of nanotubes. We found that the (7, 7) and (8, 8)
boron nitride nanotubes were exclusively selective to ions. A (7, 7) boron nitride nanotube
could selectively conduct Na+ ions. In contrast, a (8, 8) boron nitride nanotube could selec-
tively conduct Cl− ions. Some simulated properties, including the ionic current, the water
structure inside nanotubes, the retention time of the ions, ion-water radial distribution func-
tions, and normalized transport rate of water with respect to the number of transported
ions, were calculated. The current was found to increase linearly with voltage.
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1. Introduction

Selective transport of ions through nanopores is of
fundamental interest in a range of physical, chemical,
and biological processes. The expansion of effective
low-cost water desalination and methods for the
removal of ions from water are important from both
environmental and economic perspectives. The sim-
plicity of the structure is an advantage for the fabrica-
tion devices for desalination. Gating and selectivity
are the two most important characteristics of ion sepa-
ration devices. Ion separation and water transport
through nanoscale structures depend on voltage or the
binding of molecules. Nanotubes, with their nanoscale

diameters, could lead to potential applications in phar-
maceutical and desalination processes.

Boron nitride nanotubes are of importance to the
scientific community because of their unique and
important properties, making them ideal for structural
and electronic applications [1]. A boron nitride nano-
tube can be imagined as a rolled-up hexagonal BN
layer or a carbon nanotube in which alternating B and
N atoms are entirely substituted for C atoms. Similar
to carbon nanotubes, BNNTs have chirality, an impor-
tant geometrical parameter, but for them, the chirality
does not play an important role in determining the
electrical properties [2]. However, the nanoscaled BN
with a perfect tubular structure was firstly predicted
theoretically only in 1994 [3], and then experimentally
synthesized by arc discharge in 1995 [4]. In the*Corresponding author.
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following few years, most works were focused on the
synthesis of BNNTs followed by their structural char-
acterizations [5–8].

The behavior of cations and anions in nanopores
plays an important role in transport processes in bio-
logical and industrial membranes, porous electrodes,
and nanomaterials in general. In recent years, there
has been increasing attention toward understanding
the molecular mechanisms controlling ion transport
[9–11]. Recently, a wide variety of nanotubes have
been suggested for salt permeation and ion transport
[12,13].

To date, researchers have successfully designed
and fabricated water and ion-selective nanotubes
constructed from carbon [14–23] and boron nitride
[20,24–27] atoms. Hilder et al. [21] designed a chlo-
ride-selective carbon nanotube with carbonyl ends
having chloride conduction. Lee et al. [22] were able
to fabricate single-wall carbon nanotubes which were
selective to protons.

Here, in order to study the selective transport of
sodium and chloride ions through nanotubes, we
used boron nitride nanotubes fixed in a silicon-
nitride membrane by molecular dynamics simulation
method. Molecular dynamics simulation method is
the most commonly used and at the same time, the
most appropriate tool for the purpose of computer
simulation of selectivity of ions. The MD simulation
technique can directly investigate the microscopic
details of permeation phenomenon. In this work, par-
ticular attention has been paid to the number and
type of ion permeation from different nanotubes and
the dynamical properties of the ions and the solvent
molecules. The details of simulation methods are
described in Section 2 and our results are discussed
in Section 3. Finally, our conclusions are presented in
Section 4.

2. Computational method and details

In this work, boron nitride nanotubes with (7, 7)
and (8, 8) chirality index were studied. The length of
all of nanotubes was approximately 15 Å and their
radii were 4.89 and 5.54 Å for (7, 7) and (8, 8) BNNTs,
respectively. The considered nanotubes and silicon
nitride membrane interacted via both the van der
Waals and electrostatic interactions. The electrostatic
interactions, due to partial charges on the nanotube
and silicon nitride, atoms were the dominant source of
the selectivity on the ionic transport in the studied sys-
tems. The optimized geometries of the BNNTs were
obtained in the B3LYP level of theory with the 6-31G**
basis set implemented in GAMESS-US [28]. The value
of 1.446 Å, as the optimized B–N bonds distance, was

obtained. The long-range interactions of boron and
nitrogen were characterized with the 12-6
Lennard–Jones potential [29,30]. In this work, the
parameters for the 12-6 Lennard–Jones potential were
εboron = 0.094 kcal mol−1, σboron = 3.453 Å, εnitrogen= 0.144
kcal mol−1, and σnitrogen = 3.365 Å, respectively. The
water–nanotube, water–ion, and ion–nanotube
interaction parameters were derived using the
Lorentz–Berthelot combining rules. We employed the
determined partial charges using density functional
theory for BNNTs as presented by Won and Aluru
[31].

The molecular dynamics calculations reported here
were performed using the NAMD software [32] similar
to a previous work [33] with a 1-fs time step and
visualized using VMD [34]. In NAMD program, the
van der Waals (ELJ) interaction energies are given by:

ELJ ¼ ffiffiffiffiffiffiffi
eiej

p ðri þ rjÞ
2Rij

� �12

� 2
ðri þ rjÞ
2Rij

� �6
" #

(1)

where εi and σi are the usual empirical Lennard–Jones
parameters associated with atom i and Rij is the dis-
tance between the atoms i and j. Also, all analysis
scripts were composed locally using both VMD and
Tcl commands. Electrostatic and van der Waals inter-
actions were truncated smoothly by means of a 12-Å
spherical cutoff in conjunction with a switching func-
tion. The Particle Mesh Ewald algorithm [35] was used
for electrostatic calculation with an interpolation
function of order five.

The MD domain consisted of a boron nitride nano-
tube, a silicon-nitride membrane, water, and ions
(either sodium or chloride). The system was replicated
periodically in all three dimensions. The simulation
box for all runs was 35 × 41 × 51 Å3. The energy of the
system was first minimized for 0.5 ns, and then equili-
brated with molecular dynamics for 4 ns before data
collection. We used boron nitride nanotubes with
chirality of (7, 7) and (8, 8), fixed in a silicon-nitride
membrane immersed in 0.5M NaCl aqueous solution,
as illustrated in Fig. 1.

An electrical field was applied for all considered
systems within the whole simulation period. The
applied electrical field was represented in internal
units of NAMD package, which could be defined by
the following equation:

efield ¼ �23:0605492
V

lz
(2)

where efield, V, and lz are the applied electrical field (in
kcal mol−1 Å−1 e−1), potential difference (in Volt), and
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size of the system along the z-axis (in Angstrom).
The system was equilibrated for 0.5 ns to a constant
temperature of 298 K and a constant pressure of 1 bar.
The Langevin dynamics method, where additional
damping and random forces are introduced to maintain
an approximately constant temperature across the sys-
tem, was employed to keep the temperature at 298 K.
The pressure was maintained at 1 bar using a
Nose–Hoover Langevin piston. The intermolecular
three-point potential (TIP3P) model was employed to
represent water molecules [36]. This model has been
found to be remarkably successful for modeling liquid
water under ambient condition and is reasonably suc-
cessful under other conditions. The empirical
CHARMM27 force field [37] was used to describe inter-
atomic interactions for all simulations. For ions, we
used the primitive model. The parameters for Na and
Cl were obtained from Chandrasekhar et al. [38]. For
all runs, the silicon nitride membrane and the BNNT
were restrained with a harmonic constraint, while
water molecules and ions were allowed to move freely.

The current vs. electric field curve for the studied
systems was generated at an ionic concentration of
0.5M. Current was calculated using the following
equation:

I ¼ n � q=Dt (3)

where n, q, and Δt are the average number of ions that
cross the nanotube, the charge of the ion, and the
simulation time of one run, respectively.

The contrasting ion selectivity of BNNTs can be
explained by the potential of mean force (PMF) [39].
The PMF for an ion i, denoted by Wi(z), is computed
by integrating the mean force, <Fi(z)>, which acts on
the ion along the nanotube axis, z, due to all other
atoms in the system and averaging over all the
configurations, i.e.

WiðzÞ �Wiðz0Þ ¼
Z z

z0

FiðzÞh i dz (4)

where z0 is the reference position. The mean force dis-
tribution was obtained by sampling the force experi-
enced by the ions placed at various positions along
the nanotube axis. The PMF of the specific ion moving
through the nanotube was determined using umbrella
sampling and the data were analyzed using the
weighted histogram analysis method [40]. The ion was
moved through positions from 0 to 15 Å in 0.5 Å incre-
ments and the z component was held using a har-
monic constraint of 12.5 kcal mol−1 Å−2, whereas the
ion was free to move radially. This harmonic con-
straint was chosen to give enough overlap between
each window and its neighbors while constraining the
ions to ensure sufficient sampling of the entire
reaction coordinate.

3. Results and discussion

In order to obtain ionic current, normalized
transport rate of water with respect to the number of
transported ions, the retention time of the ions, ion-
water radial distribution functions (RDFs), and other
parameters, the molecular dynamics simulations were
performed.

Water at ambient and biological conditions is a
common and important solvent. It is a good solvent
for ions and polar molecules and an exceptionally
poor solvent for nonpolar or hydrophobic solutes
[41,42]. In ice, each water molecule forms four
hydrogen bonds, resulting in a rather open network
structure. In the liquid under ambient conditions, this

Fig. 1. BNNT (7, 7) shown inside a silicon nitride
membrane between two reservoirs containing water and
ions.
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structure persists to some extent, at least within a
short range, probably giving water its unique proper-
ties. The interaction of ions with water can lead to the
breaking of this structure, which is replaced by a dif-
ferent ordering of the molecules in the local field of
the ion. Fig. 2 shows the organization of water mole-
cules in the considered nanotubes and RDF nanotube
water. It displays that water molecules lie in a cylin-
drical arrangement inside the nanotubes; also, RDF
confirms the structure of water molecules.

Although the considered nanotubes have a radius
large enough to accept sodium and chloride ions, our
results showed that one Na+ ion entered the (7, 7)
nanotube and was able to travel the entire length of
the nanotube and exit it. In contrast, none of the Cl−

ions were able to even enter the (7, 7) nanotube. In the
case of (8, 8) nanotube, the opposite phenomenon
occurred. This different behavior was governed by
dissimilar orientations of dipole moment vector of
inner water molecules and the corresponding electrical
field inside the nanotubes. The water molecule’s
dipole moment vector was directed toward the axis of
(7, 7) nanotubes and upward of the axis of (8, 8)

nanotubes. These different orientations arose because
nitrogen atoms of the membrane surrounded (7, 7)
nanotubes and silicon atoms of the membrane
surrounded (8, 8) nanotubes.

The thermodynamic basis of the observed designs
of ion selectivity was explored by the calculation of
potentials of mean force, i.e. of free energy profiles for
a given ion as it was moved along the (z) axis of the
pore. Fig. 3 includes PMF for the considered systems.
It shows that, in a (7, 7) nanotube, there was an
energy barrier for Cl− ions preventing the permeation
of Cl−. In the case of (8, 8) nanotubes, the energy bar-
rier existed for Na+ ions. In these nanotubes, a deep
energy well for ions was produced by the ordered
dipole moments of the inner waters. The PMF was
computed without any external field. When no electri-
cal field was applied, the ions would enter the nano-
tube accumulated near the pore center. In the case of

Fig. 2. The position of water molecules inside nanotubes:
(a) BNNT (7, 7), (b) BNNT (8, 8) and (c) RDF for nanotube
water molecules.

Fig. 3. PMF for ions in: (a) BNNT (7, 7) and (b) BNNT
(8, 8).
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applying the electrical field, the ions overcame the
potential barrier and could exit the nanotube.

PMF shows the variation of free energy function
with some degrees of freedom (in our case, the inte-
rior coordinates of NT with respect to its center), so
no permeation could occur spontaneously when PMF
was increased vs. the degree of freedom. In our simu-
lations, the PMF was raised at the pore openings,
reaching its maximum value at the pore center inside
the nanotube. This was due to the high symmetry of
the system and the interactions between anions, nano-
tubes, and membrane. This was completely in agree-
ment with the results of simulations, thereby showing
that the anions could not penetrate the (7, 7) nanotube
because PMF had a high free energy barrier.

Fig. 4 displays the current-electrical field profile.
The current was shown to increase linearly with the
electrical field. This indicated that the number of ions
and water molecules passing through the nanotube
were increased linearly with the applied electrical field
as shown in Fig. 5. By fitting a linear regression to the
current-electrical field curve, we obtained sodium con-
ductance of 165.1 pS for the (7, 7) BNNT and chloride
conductance of 351.7 pS for the (8, 8) BNNT.

The transport rate of the water through the nano-
tubes is defined as the ratio of the average number of
passing water molecules to the simulation time. Table 1
includes the transport rate of water and Fig. 6 shows
the normalized transport rate of water with respect to
the number of transported ions. These results showed
that the normalized transport rate of water (trans-
ported water for one permeated ion) was independent
of the applied electrical field.

The water network structure inside the nanotubes
was interrupted by the construction of the first hydra-
tion shell around the ion inside the nanotube. This
caused the reduction in the number of hydrogen
bonds between inner waters. The time average of the
normalized hydrogen bonds with respect to the num-
ber of inner water molecules in different electrical
field has been collected in Table 2. As expected, this
parameter was increased with increasing the electrical
field.

Fig. 7 contains the retention time of the studied sys-
tems, i.e. the time of passing one ion through the nano-
tube as a function of the applied electrical field. This
figure shows that the larger the electrical fields, the
smaller the retention time. As can be seen, the reten-
tion time was larger for (7, 7) boron nitride nanotube.

To describe the structural change of each type of
molecule/atom in the simulation cell, the RDF was cal-
culated from trajectories saved during the simulation.

Fig. 4. Current-electrical field curve for Na+ ion in (7, 7)
nanotubes and Cl− ion in (8, 8) nanotubes; lines have been
obtained from a linear regression.

Fig. 5. The number of (a) ions (Na+ ion in (7, 7) nanotubes
and Cl− ion in (8, 8) nanotubes) and (b) water molecules
passing through the nanotubes; lines have been obtained
from a linear regression. Each data point represents the
average of five sets of simulations.
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Fig. 8 illustrates the RDF between nanotubes and water
molecules. It can be understood that at a short distance
(less than atomic diameter), RDF is zero due to the
strong repulsive forces. The location of the first maxi-
mum and the first minimum was similar in all cases.
However, the magnitude of the first peak was different
in each case, indicating that the hydration number

(number of water molecules in the first hydration shell
of the ion) of the ions was different. In this figure,
RDFs for ion-water inside the nanotubes at various
electrical fields have been shown. Fig. 8(a) shows
Naþ-water RDF’s inside (7, 7) nanotubes, while
Fig. 8(b) shows RDFs of Cl− water inside (8, 8) nano-
tubes, respectively. One can see that the RDFs varied
with the values of electrical fields. These variations can
be explained based on the retention times of the ions.
At lower electrical fields, ions spend more time inside
the hydration shell through nanotubes; in other words,
they had a larger retention time and therefore, the
RDFs would be intensified. A close examination of
Figs. 7 and 8 reveals that the RDF for considered nano-
tubes was of the same order of magnitude as that of
the retention times. This means that the RDF with
higher peak corresponded to a larger retention time or
a lower electrical field.

Fig. 9(a) and (b) show the z positions of the ions at
each simulation time. These figures show that there
was an overlap between the retention times of ions for
lower electrical field; however, for the higher electrical
fields, this overlap did not exist. This means that in
the case of lower electric field, one ion could enter the
nanotube and would not exit until a second ion
entered, but at the higher electric field, ions permeated
without any assistance from other ions.

Table 1
Transport rate for water molecules

BNNT (7, 7) BNNT (8, 8)

Electrical field (kcal mol−1 Å−1 e−1) Water permeation Transport rate Water permeation Transport rate

0.5 9 2.25 25 6.25
1 18 4.5 44 11
2 37 9.25 69 17.25
3 50 12.5 100 25
4 80 20 142 35.5
5 99 24.75 185 46.25

Fig. 6. Normalized transport rate water to ion.

Table 2
The time average of the normalized hydrogen bonds with respect to the number of inner water molecules

Electrical field (kcal mol−1 Å−1 e−1) BNNT (7, 7) BNNT (8, 8)

0.5 0.206 0.555
1 0.209 0.639
2 0.372 0.741
3 0.464 0.818
4 0.553 0.852
5 0.671 0.869
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4. Conclusion

The expansion of effective low-cost water desalina-
tion and methods for the removal of ions from water
are important from both environmental and economic
perspectives. In this work, we used boron nitride
nanotubes for this purpose. The simplicity of the
structure was an advantage for the fabrication devices
for the desalination. Molecular dynamics simulations
were carried out to study the selectivity mechanism of
nanopores by studying the ion permeation through
(7, 7) and (8, 8) boron nitride nanotubes. It was shown
that the ion permeation through nanotubes fixed in a
silicon nitride membrane happened in the presence of
electrical field and it was selective. Our results
showed that one Na+ ion entered the (7, 7) BNNT and
was able to travel the entire length of the nanotube
and exit it. In contrast, none of the Cl− ions were able
to even enter the (7, 7) nanotube. In the case of (8, 8)
BNNT, the opposite phenomenon occurred. Unlike

Fig. 7. Retention time of ions for each applied electrical
fields: Na+ in nanotubes (7, 7) and Cl− in nanotubes (8, 8).

Fig. 8. RDF for ion-water inside the nanotubes at various
electrical field: (a) BNNT (7, 7) and (b) BNNT (8, 8).

Fig. 9. The z positions of the ions at each simulation time
for: (a) lower electrical field for BNNT (7, 7) and (b) higher
electrical field for BNNT (7, 7).
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carbon nanotubes, this effect was achieved without
the need to functionalize the nanotube surface. This
simplicity in structure represented a significant advan-
tage for manufacturing an ion-selective nanodevice.
Some of the simulated properties including the ionic
current, retention time, transport rate of water, and
ion-water RDFs were influenced by the applied electri-
cal field. The variation of ionic current with respect to
electrical field was linear.
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