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Phase transitions in nanostructured water confined
in carbon nanotubes by external electric and
magnetic fields: a molecular dynamics
investigationt
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Applying electric and magnetic fields on water molecules confined in carbon nanotubes (CNTs) has
important applications in cell biology and nanotechnology-based fields. In this work, molecular dynamics
(MD) simulations were carried out to examine the probable phase transitions in confined water
molecules confined in (14,0) CNTs at 300 K by applying different electric and magnetic fields in the axial
direction. We have also studied some thermodynamics and structural properties of the confined water
molecules in the different fields. Our results showed that the confined water molecules experience.
Some phase (shape) transitions from the pentagonal to twisted pentagonal, spiral and circle-like shapes
by increasing the electric field from 10* (Vv m™) to 107 (v m™). Also, applying the magnetic field with
different intensities has small effects on the pentagonal shape of confined water molecules but applying
the highest magnetic field (300 T) makes the pentagonal shape more ordered. These phase transitions
have not been reported before. Our results also indicated that the ring-like shapes obtained in the
presence of the electric field form more hydrogen bonds (HBs) than the other structures. The phase
transitions of confined water molecules have been also proved by radial distribution function (RDF) and

rsc.li/rsc-advances

1. Introduction

Water shows different behavior when experiencing external elec-
tric or magnetic fields. These behaviors of liquid water are
important in many applications, such as in biotechnology and the
desalination process." Previous studies have also shown that
applying electric and magnetic fields on water molecules in carbon
nanotubes (CNTs) has important application in cell biology and
nanotechnology based fields such as nano-pumping.>®
Experimental investigations indicated that water confined in
CNTs creates different shapes ranging from pentagonal to
nanogonal nanotubes. Forming of these shapes has been also
proved by molecular dynamics (MD) simulations under
different temperatures, pressure, and CNT sizes."" Recently,
some investigations reported that the confined water molecules
show phase and shape transitions when experiencing electric or
magnetic fields with different intensities in different direc-
tions.”* ¢ For instance, Fu et al.’” studied the phase behavior of
water confined in a CNT with the diameter of 1.2 nm under an
external electric field using MD simulations. They found that

Department of Chemistry, Hakim Sabzevari University, Sabzevar, Iran. E-mail: m.
abbaspour@hsu.ac.ir
available. See DOLI:

+ Electronic  supplementary information

10.1039/d0ra09135a

(EST)

10532 | RSC Adv, 2021, 11, 10532-10539

angle distribution function (ADF) analyses.

the liquid water freezes continuously into pentagonal and
helical solid-like ice nanotube by applying the different external
electric field along the CNT axis. Winarto et al.** investigated
applying electric field in axial direction on the structure of water
confined into CNTs with different diameters using MD simu-
lations. They found that the external electric field induces
a phase transition from liquid to ice in a wide range of CNT
diameters. He et al.** examined the external fields effects on phase
transformations of water molecules encapsulated into CNTs. They
reported a phase transition for water molecules from a prism to
a helical structure by increasing the electric field. Meng and
Huang™ investigated the electric field effect on the permeation of
water from a defective CNT using MD simulations. They reported
a wet-dry phase transition of at the electric field of 0.32 V nm™ ™.
Ritos et al.'® studied the water structure within a carbon nanotube
using MD simulation. They reported a molecular ordering which
was enhanced by applying an axial electric field.

Understanding the properties of water molecules confined
into CNT is important to find fluid transport at nanopores and
to shed light on the solvation of biomolecules."” More investi-
gations on the effects of electric and magnetic fields effects on
the encapsulated water are still required to further clarify the
phenomena and its related mechanisms.'® The aim of this work
is to examine the probable phase transitions of confined water
molecules into (14,0) CNT by applying the different electric and
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magnetic fields in the axial direction. We have also studied
some thermodynamics and structural properties of the
confined water molecules at the different fields. To achieve this
target, we have employed different functions such as energy,
radial distribution function, self-diffusion coefficient, angular
distribution function, and potential of mean force.

2. Simulation details

Our MD simulations have been performed on 90 water mole-
cules confined into (14,0) CNT with the length of 50 A
(according to the work of Zhao et al.*®). The snapshots of the
system have been presented in Fig. S1 in the ESL7

The simulations of increasing electric fields were run in
cascade from 0 (Vm™") to 10° (V m ™) in the axial (x) direction of
the CNT as the following fields: No Field, Es = 10* (Vm™ '), E5 =
10°(Vm ™), E,=10°(Vm "), E3=10" (Vm ), E, =10¥(Vm™),
and E; = 10° (V. m™ ). Then, to approve phase transitions, the
simulations of decreasing electric fields were also run in
cascade from 10° (Vm™ ") to 0 (V m™ ). Previous works have been
also used the external electric fields up to the order of 10° (V
m™ ') in their simulations.>*** Recently, high energy X-ray
diffraction experiments were used to apply electric field of 10°
(Vm ") and 10° (v m ") on a series of floating water bridges.**

The simulations of increasing magnetic fields were run in
cascade in the axial direction as the following fields: no field, M;
=10.5 (T), M, = 100 (T), and M; = 300 (T). The simulations of
decreasing magnetic fields were also run in cascade from M; =
300 (T) to 0 (T). Recently, an ultra-high magnetic field was
generated by the electro-magnetic flux compression technique and
achieved maximum magnetic field intensity of 763 T.*> A magnetic
field of 370 T has been also generated by the electro-magnetic flux
compression destructive pulsed magnet-coil technique to single-
chirality semiconducting carbon nanotubes.”® Magnetic fields up
to the order of 100 T have been also used to investigate thermo-
dynamic properties of magnetic nanofluids in channel.*

The simulations were performed for 20 ns of equilibration
followed by production time of 5 ns for calculated properties. In
our simulations, the CNT was kept in fixed position.

All of the simulations have been carried out in the NVT
ensemble and the Nosé-Hoover thermostat was used at 300 K
with the relaxation time of 0.1 ps. The DL_POLY 4.03 (ref. 25)
was used with the Verlet leapfrog algorithm with the time step of 1
fs. The Ewald summation method has been used for electrostatic
interactions. The cutoff distance was 12 A. Periodic boundary
conditions have been used in all three directions. To avoid artificial
influence from periodic images, the CNT was kept in the center of
a simple orthorhombic box with vacuum on both sides separating
it from the next periodic image in Z direction. We have used the
SPC/E** model for the confined water molecules. The Lennard-
Jones potential was also used to represent the interactions
between the water molecules and the CNT.” The L] parameters for
the different interactions were also given in Table 1.

The electric force was computed in our simulations force-
field from the following equation:

F=gxE (1)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The LJ parameters for the different interactions in this

work?e27

Interaction e (eV) o (A) q(Q)
O(water)-O(water) 0.006737 3.166 —0.8476
H(water)-H(water) 0 0 0.4238
C(CNT)-C(CNT) 0.002413 3.4

where E is the electric field vector and q is the electric charge of
atom. The magnetic force was also calculated in our simula-
tions force-field from the following relation:

F=gq(v x H) (2)

where H is the magnetic field vector and » is the velocity vector.?®

3. Results and discussion
3.1 Energy and stability

The configurational energy of confined water molecules into the
CNT has been presented in both increasing and decreasing
processes in the electric and magnetic fields at 300 K in Fig. 1
and 2, respectively. According to Fig. 1, applying the electric
field has small effect on the configurational energy and the
stability of confined water molecules. Initially, applying the Es
makes the confined molecules more stable and the energy
becomes more negative. Then, some shape transitions take
place by increasing the electric field. According to the snapshots
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-80

LoLR000
o] F# 3;;_,_1 T .2 3.5 X . S

-40 4

-20 4

T T T T T T T
No field E6 E5 E4 E3 E2 E1

E. . (kJimol)
b

220 -

40 -

Decreasing electric field

1

Fig. 1 The configurational energy (per molecule) of confined water
into the CNT in the different electric fields in both field increasing and
decreasing processes. The Eg, Es, E4, E3, E,, and E; are for the electric
fields of 10% (V m™), 10% (v m™), 10° (v m™3), 107 (v m™3), 108 (v m™}),
and 10° (V. m™Y), respectively.
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Fig. 2 The configurational energy (per molecule) of confined water
into the CNT in the different magnetic fields in both field increasing
and decreasing processes. The Mz, M,, and M, are for the magnetic
fields of 10.5 (T), 100 (T), and 300 (T), respectively.

inserted in Fig. 1, the shape of confined water molecules
changes from the ordered pentagonal to a twisted pentagonal by
increasing the field from Eg to E5 which also makes the system
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a little unstable. After that, increasing the electric field from E5 to E,
leads to a spiral shape which is more unstable. Finally, the shape of
confined molecules changes to a circle-like shape by increasing the
electric field from E, to E;. Interestingly, the resulted shape is more
stable than the shape at E, and Es. The shape of water molecules
does not change by more increasing the electric field from E; to E,
but, they form more ordered a circle-like shape. These phase
transitions can be also better observed in Fig. 3. As Fig. 1 shows, the
shape transitions from circle-like shape to normal pentagonal
shape can be also observed by decreasing the electric field from E;
to “No Field”. These results show that the phase transitions are take
place only by applying the external electric fields.

It is also shown in Fig. 2 that applying the magnetic fields has
small effect on the configurational energy of the confined molecules.
However, the confined molecules form more ordered pentagonal
shape by applying the strongest magnetic field (M;) and become
more stable. This small shape transition can be also better observed
in Fig. 3. As Fig. 3 shows, the shape transition from more ordered
pentagonal shape to less ordered pentagonal shape can be also
observed by decreasing the magnetic field from M; to “No Field”.

3.2 Shape and morphology

As Table S1 in the ESIf shows, the confined water molecules
form a pentagonal shape inside the (14,0) CNT. This result is in
good agreement with the simulation results of Zhao et al.*® As
we discussed in the previous section, by applying the electric
fields, we can observe an interesting phenomenon. The shape of
confined water molecules changes from the ordered pentagonal
to a twisted pentagonal by increasing the field from E¢ to Es.
After that, increasing the electric field from Es5 to E; leads to
a spiral shape. Finally, the shape of confined molecules change

N 7

Transition to a twisted

pentagonal shape

]

Transition to a spiral shape

Transition to a circle-like

shape

Transition to a more ordered

Pentagonal shape

Fig. 3 The shape transitions of confined water into the CNT at the different electric and magnetic fields.
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to a circle-like shape by increasing the electric field from E, to
E;. This shape does not change by more increasing the electric
field from E; to E; but, they form more ordered a circle-like
shape. The shape transitions from circle-like shape to normal
pentagonal shape can be also observed by decreasing the elec-
tric field from E; to “No Field”.

According to Table S2,1 the magnetic fields with different
intensities have small effects on this pentagonal shape but
makes the pentagonal shape more ordered. Applying strongest
magnetic field (M;) change the pentagonal shape to a more-
ordered pentagonal shape (the side view of M; in Table S2} also
shows this phenomenon). The shape transition from more
ordered pentagonal shape to less ordered shape can be also
observed by decreasing the magnetic field from M, to “No Field”.

Fu et al.*” reported a first-order solid-solid phase transition
of confined water into (4,13) CNT from the pentagonal shape to
a helical shape at the temperature and electric field which were
different from ours (T = 295 K and E = 1.25 x 10° (V. m™ ).
Moreover, they showed that the confined water molecules tend
to position at a disordered liquid state even by applying the
electric field at 7= 300 K. He et al.** reported a phase transition
for confined water molecules confined into the CNT with the
diameter of 5.55 A and the electric field range of 6 x 10° (Vm™ ') <E
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<1.1 x 10° (V m ") from the pentagonal structure at T < 300 K to
a square liquid at 7' > 300 K. Winarto et al.™ reported a phase
transition for confined water molecules into (8,8) CNT from
a square shape to a helical shape under an applied electric field of £
=10° (Vnm™") at 200 and 350 K. According to the previous studies,
our results about the phase transitions of confined water molecules
at 300 K from the pentagonal shape to the twisted pentagonal at 10°
(Vm™), transition to the spiral at 10° (V m "), and transition to the
circle-like shape at the electric fields of 10" (Vv m™*) have not re-
ported before. Also, the shape transition to the more-ordered
pentagonal shape by increasing the magnetic field to 300 (T) has
not been reported before. The origin of the difference between our
phase transition results and those reported before is due to the
difference between the CNT diameters, temperatures, and fields
used in our simulations and the previous works.

Mechanism of the shape transitions of confined molecules by
applying the external fields is related to the dipole moment in water
molecules. When an external electric field is applied, the water mole-
cules re-orient themselves along the external electric field due to strong
electrostatic interactions between water dipoles and electric field. This
new arrangement of the confined water molecules favors the forma-
tion of a new HB network. In the other words, when the confined water
molecules experience the external field, they realign themselves along
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Fig. 4 The O-H, O-0, and C-O RDFs of confined water into the CNT at the different electric fields.
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Fig. 5 The O-H, O-0O, and C-O RDFs of confined water into the CNT at the different magnetic fields.

the field which may destroy the HB network and form a new HB
network which leads in forming a new phase."> We will investigate the
HB properties under the external fields in the next section.

3.3 Radial distribution function

To study the structural properties of the confined water mole-
cules into the CNT, we have computed the radial distribution
function (RDF or g(r)) using the following formula:*

g(r) = %ZZ&(V +ri—r) (3)
=

where p is the number density and the angle brackets denote
a spherical average as well as the usual configurational average.
The O-H, O-0, and C-O RDFs for the confined water molecules
at the different electric fields presented in Fig. 4 at 300 K. Fig. 4
clearly demonstrates the phase transitions of the confined
molecules at the certain electric fields.

The different RDFs show a small increase from Eg; to Es
which is a transition to a twisted pentagonal shape. Then, the
different RDFs represent a decrease from Es to E, which is
a transition to a spiral shape. This decrease of the second peak
of O-H RDF and the first peak of O-O RDF by increasing the

10536 | RSC Adv, 2021, 11, 10532-10539

electric field indicate that the hydrogen bonds (HBs) decrease
by increasing the electric field from Es to E,. The decrease of
HBs by applying the electric field has been reported in the
before investigations®** which is due to the change of the
orientations of the water molecules by applying the electric
field. But, interestingly, it is observed that the RDF peaks
sharply increase by increasing the electric field from E, to Ej
(which is a transition to a circle-like shape) and indicate the
increase of HBs by increasing the field. It is also shown that the
RDF peaks subsequently increase more by increasing the electric
field from E; to E; (without a shape transition). According to Fig. 4,
the certain ring-like structure of the confined water molecules
forms more HBs than the other structures. The much features
observed in the RDFs from the E; field means that the transition
from E, to E; is a transition from liquid to a solid-like phase (the
circle-like structure). It is also found that the second O-H RDF peak
and the first O-O RDF peak appear at longer distance by increasing
the electric field from E, to E;. This is also due to the shape tran-
sition to the circle-like shape in which the HB length increases.
The O-H, O-0, and C-O RDFs for the confined water mole-
cules at the different magnetic fields have been also presented
in Fig. 5 at 300 K. According to Fig. 5, applying the M; magnetic

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 The potential of mean force of confined water into the CNT at the different electric and magnetic fields.

field increases the O-H and O-O RDF peaks than the “No field”
state. This means that applying the M; field increases the HBs
than the no field state. This result is in good agreement with the
previous MD simulations with almost the same amount of
magnetic field.>** It is also shown that the increasing of magnetic
field from M; to M, decreases the O-H and O-O RDFs and thus
decreases the number of the HBs between the confined molecules.
Interestingly, more increasing of the magnetic field from M, to M;
much increases the RDF peaks which indicates the much increase
of the HBs. This result is in agreement with the snapshots in Table
S1t and Fig. 3 in which we found that applying strongest magnetic
field (M;) changes the shape of confined water molecules to a more-
ordered pentagonal shape. The more featured and higher RDF
peaks in Fig. 5 (especially the O-O and C-O RDFs) also show that the
increasing magnetic field from M, to M, leads to a phase transition
from liquid to a solid-like phase (the ordered pentagonal structure).

3.4 Potential of mean force

The potential of mean force (PMF(r)) has been computed for the
confined water molecules into the CNT at the different electric
and magnetic fields and presented in Fig. 6. The PMF(r) repre-
sents the HB breaking energy®® and can be calculated by the
equation:

1000

PMF(r) = —k, T In (”(’)%) = J0Thn(e(r)o ) (@)

The HB energy is the difference between the first minimum
and maximum in the plot of PMF(r). According to Fig. 6, the HB
energy initially shows a small increase by increasing the electric
field from Eg to Es, then it decreases from Ej5 to E,, then it
sharply increases from E, to E;. The HB energy subsequently
increases more by increasing the electric field from E; to E;.
These results are in agreement with the RDF results and also
approves the phase transitions at the different fields (especially
at Es, E, and E3). It is also shown that the increasing magnetic
field initially increases (a bit) the HB breaking energy from “No
Field” to M; and then decreases it from M; to M,. The subse-
quent increase of magnetic field leads to much increase of HB
energy from M, to M;. These results also approve the structure
change by increasing the magnetic field from M, to M;.

3.5 Angle distribution function

The angle distribution function (ADF) has been also computed
for the confined water molecules into the CNT at the different
fields at 300 K using the TRAVIS software*** and presented in
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Fig. 7 The angle distribution function for the confined water molecules into the CNT at the different electric and magnetic fields at 300 K.
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Fig. 7. The ADF illustrates the probability of finding the confined
molecules at specific orientation angle. This angle is between the
dipole moment vector of water and the vector perpendicular to the
water surface (please refer to Fig. S2 in the ESIY).

According to Fig. 7, at the “No Field” state, the water mole-
cules have been oriented at the different angles, mostly in the
middle angle range. By applying the electric and magnetic
fields, the probability of finding the molecules at the angle
closer to § = 90° increases and the probability at § = 0° (or 180°)
decreases. This effect is more at the electric fields. As Fig. 7
shows, an small jump from E4 to E5 and two significant jumps
from E;5 to E, and E, to E; show the more molecular orientations
in the range of 80° < # < 100° and correspond the phase tran-
sitions discussed in the previous sections (Fig. 3 and Table S17).
Increasing the electric field from E; to E; has small effect on the
probability. This is why we can not observe any important shape
transitions by more increasing of the electric field from E; to E;.

Applying of magnetic fields has small effect on the molecular
orientations but increases the orientations in the range of 60° <
0 < 120°. Increasing the magnetic field from M, to M, leads to
a small jump in the probability of the molecular orientations at
0 = 90° which is responsible for the change in the shape
structure observed in Fig. 3 and Table S2.1

4. Conclusion

To summarize our study, the following significant results have
been obtained:

e The shape of confined water molecules changes from the
ordered pentagonal to a twisted pentagonal by increasing the
field from E, to Es. After that, increasing the electric field from
Es to E, leads to a spiral shape. Finally, the shape of confined
molecules changes to a circle-like shape by increasing the
electric field from E, to E;. The shape of water molecules does
not change by more increasing the electric field from E; to E;
but, they form more ordered a circle-like shape.

e The confined molecules form more ordered pentagonal
shape by applying the strongest magnetic field (Mj;).

e Mechanism of the shape transitions of confined molecules
by applying the external fields is related to the dipole moment in
water molecules. When an external electric field is applied, the
water molecules re-orient themselves along the external electric
field due to strong electrostatic interactions between water dipoles
and electric field. This new arrangement of the confined water
molecules favors the formation of a new HB network.

e The RDF results showed that the number of hydrogen
bonds (HBs) decrease by increasing the electric field from E; to
E,. But, the HBs increase by increasing the electric field from E,
to E; (which is a transition to a circle-like shape).

e The much features observed in the RDFs from the E; field
means that the transition from E, to E; is a transition from
liquid to a solid-like phase (the circle-like structure). The shape
transition to the circle-like shape also increases the HB length.

e Applying the M; field increases the number of HBs than the
no field state. Increasing of magnetic field from M; to M,
decreases the number of the HBs between the confined

10538 | RSC Adv, 2021, 11, 10532-10539
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molecules. Interestingly, more increasing of the magnetic field
from M, to M; much increases the number of HBs.

e The increasing magnetic field from M, to M, leads to
a phase transition from liquid to a solid-like phase (the ordered
pentagonal structure).

e According to the ADF results, by applying the electric and
magnetic fields, the probability of finding the molecules at the
angle closer to § = 90° increases and the probability at § = 0° (or
180°) decreases. This effect is more at the electric fields. By
increasing the electric fields from Eg to E;, the ADF curves show
significant jumps toward the molecular orientations in the range
of 80° < # < 100° which correspond the phase transitions.
Increasing the electric field from E; to E; has small effect on the
probability. This is why we have not observed any important shape
transitions by more increasing of the electric field from Ej; to E;.

e Applying of magnetic fields has small effect on the
molecular orientations but increases the orientations in the
range of 60° < § <120°. Increasing the magnetic field from M, to
M, leads to a small jump in the probability of the molecular
orientations at § = 90° which is responsible for the change in
the shape structure.
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