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Structure and stability of nitrogen hydrate in a single-walled carbon
nanotube under external electric fields

Chi Xu(#4:4h), Jiaxian Li(Jj 5% %), Min Wei(F3#), Xiaoyan Zhou(fHei1), and Hangjun Lu(Fibi %)
Department of Physics, Zhejiang Normal University, Jinhua 321004, China

(Received 10 February 2023; revised manuscript received 19 March 2023; accepted manuscript online 16 April 2023)

The effects of an external electric field on the structure and stability of the nitrogen hydrate confined in a single-walled
carbon nanotube (CNT) were studied by using molecular dynamics (MD) simulations. It was found that the structure of
the nitrogen hydrate, the occupancy and distribution of the nitrogen molecules inside the nanotube depend sensitively on
the direction of the external electric field. A parallel electric field can destabilize the nitrogen hydrate and cause the release
of nitrogen molecules from the ice nanotube of the hydrate. While a vertical electric field can redistribute the nitrogen
molecules from the core to the shell of the hydrate. The occupancy of the nitrogen molecules of the hydrate follows a
sigmoid-like function as the direction of the electric field changes. Our findings may aid in the development of methods to

control gas release and encapsulation by using electric fields.

Keywords: nitrogen hydrate, ice nanotube, electric field

PACS: 64.70.F-, 68.03.Hj, 68.03.—g, 68.18.Jk

1. Introduction

Gas hydrate has elicited great research interest due to
the broad prospect of use in industrial applications, including
gas storage,!!'™* gas transportation, gas separation and energy
carrier.’-1% Gas hydrates are a class of crystalline compounds
composed of ice-like cages formed by water molecules and gas
molecules trapped inside these cages. It has been recognized
that there are three conventional crystalline structures (sl, sII,
and sH) of gas hydrate in the bulk.!"!=!3 Though gas hydrates
exist naturally in large quantities on the ocean floor and per-
mafrost regions. It is found that the formation of gas hydrates
in bulk is not easy and requires extreme conditions.['4]

Significant researches have been devoted to understand
the formation of gas hydrate and to ameliorate the extreme
pressure and temperature for forming gas hydrates.!>-181 Tt
has been confirmed that porous materials can promote the
nucleation of gas hydrate due to their high surface area and
specific surface properties.!!®?1 The confinement effects of
nanosized pores on the growth of gas hydrates have been in-
vestigated widely.[>>=>>! The unique phase behavior of wa-
ter confined in nanosized space originates from the hydrogen
bonding interactions and spatial inhomogeneity which signifi-
cantly affects the growth kinetics of gas hydrates.*6>”) There-
fore, the structures and thermodynamic phase behavior of the
gas hydrates is sensitive to the properties of the surface and the
size of pores in porous materials.

When the pore size is reduced to subnanometer, the
structures and kinetics of gas hydrates show different char-
acteristics due to the highly confined environment. In two-
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dimensional (2D) nanoconfinement, Zeng’s group provided
the first simulation evidence of the spontaneous formation of
2D monolayer argon hydrate within hydrophobic nanoslit in
2010.1281 Many new 2D gas hydrates trap different gas such
as Hy, CH4, and CO, within hydrophobic slit nanopores have
been revealed using MD simulations or density functional the-
ory calculations.?-3?! CNTs are ideal “one-dimensional (1D)
pores”, which have been explored to provide 1D channels for
growing gas hydrates. In 2005, Tanaka and Koga reported the
first simulation evidence of the spontaneous formation of a
quasi-one-dimensional (Q1D) gas hydrate in CNTs.[?31 It is
made of an octagonal ice nanotube and a gas molecules wire
(such as neon, argon, and methane) sitting in the core region.
Inspired by this work, Zhao et al. found the rapid growth of
QID H; hydrates inside CNTs at near ambient temperature
and pressure.**] They further demonstrated the selectivity of
CO or CO, via the formation of Q1D polygonal gas hydrates
within CNTs, which can be exploited for hydrogen purifica-
tion in full cells.!®3>! The formation of CH4 hydrates in CNTs
with different sizes was reported by Akbarzadeh et al. us-
ing MD simulations. [36] Their results revealed that, unlike the
other gas hydrates, the methane molecules replace some of
the water molecules in the polygonal ice nanotube and the re-
placed water molecules occupy the central hollow space.
Though numerous articles have reported the spontaneous
growth and structures of low-dimension gas hydrates in highly
confinement spaces, it is still difficult to control the growth
and release processes. CNTs are promising for a storage
medium for gas hydrates due to their high strength, stabil-

ity, and small size. The unique properties of CNTs allow
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for high storage density and efficient storage and release of
gases. Hence, developing new approaches to control gas en-
capsulation as well as gas release is important and neces-
sary. It has been recognized that electric field is an effec-
tive and convenience way to modify the interfacial proper-
ties of water at the nanoscale.3’#%1 A number of studies
demonstrated that electric field can cause the phase transition
of water confined in nanoscale space in recent years.[41:4?]
Winarto et al. demonstrated that the application of an axial
electric field can effectively separate different solutions, such
as water—ethanol, water—methanol, or methanol—ethanol, us-
ing CNTs as a medium.[*3#4! Recently, we found that the ni-
trogen molecules can be released from the gas hydrate in the
CNT triggered by axial electric field.*!

In our study, we utilize MD simulations to examine the
impact of an external electric field on the structure and sta-
bility of nitrogen gas hydrates inside the CNT. The direction
of the electric field is varied, ranging from being parallel to
the axis of the CNT to being orthogonal to it.
electric field fixed can destabilize the nitrogen hydrate and

A parallel

cause nitrogen release, while a vertical field can redistribute
the molecules from the core to the shell. The occupancy of ni-
trogen molecules in the hydrate follows a sigmoidal function
as the direction of the electric field changes.

2. Methodology

The simulation framework is illustrated in Fig. 1. The
simulation box contains an uncapped (10,10) CNT of length
10 nm along in z direction and 35 nitrogen molecules are
randomly inserted inside the CNT. To improve simulation
efficiency and save time, we randomly introduced nitrogen
molecules into the CNT for this project. The whole system is
solvated with 4212 TIP4P water molecules.**! All MD simu-
lations are performed using the GROMACS simulation pack-
age 2018.3 in the NPT ensemble.[*”] An isotropous pressure of
150 MPa is applied by using Parrinello-Rahman algorithm. [3]
Constant temperature (240 K) is maintained by using a V-
rescale thermostat with 7 = 0.1 ps.[*”! And periodic boundary
conditions are applied in all directions. In the present work,
the carbon atoms in the CNT and the nitrogen atoms are mod-
eled as uncharged Lennard—Jones (LJ) particles with parame-
ters: occ = 0.34 nm, &, = 0.3612 kJ/mol, onny = 0.3256 nm,
and &gy = 0.2888 kJ/mol. The N-N interatomic distance is
0.14 nm, maintained by harmonic potentials with a spring
constant of 1.280 x 10° kJ/mol-nm?, which is the same as
the parameters used in previous studies.!>*2] The LJ inter-
actions are calculated using Lorentz—Berthelot combination
rules. The short-range van der Waals forces had a cutoff dis-
tance of 1.4 nm. The longrange electrostatic forces are calcu-
lated using the particle-mesh Ewald method with a cutoff for

real space of 1.4 nm. The time step is 1 fs.

After 100-ns simulation, a Q1D nitrogen gas hydrate is
formed spontaneously and well equilibrated (Fig. 1). During
the simulations, the carbon atoms of the SWNT are kept fixed
at the original positions. Then we started all other simula-
tions with this equilibrated system. Different from the previ-
ous work in which axial electric fields were employed.[*344]
Here, two external electric fields in the x and z directions (E
and E,) are applied to create an electric field E with a constant
strength of 1.75 V/nm. Based on our previous research, ! at
this strength, water—electric field interaction is equivalent to
the potential energy of water molecules in CNTs. The direc-
tion of the electric field E is denoted by the angle & (as shown
in Fig. 3(a)). The MD simulations with different E, and E,
(i.e., different ¢, 0° < o < 90°) are performed. The simula-
tion time for each case is larger than 100 ns, and the last 100 ps
of the simulations is collected for analysis.

T
-

Fig. 1. Side views of the simulation framework generated using VMD.

Cyan lines and blue spheres represent the single-wall CNT and atoms of

nitrogen molecules, respectively. Water molecules are indicated by red
lines.

3. Results and discussion

Initially, in the absence of electric field, a perfect Q1D
nitrogen gas hydrate can self-assemble within the CNT. The
water molecules arrange themselves into an octagonal ice nan-
otube with a nitrogen wire located in its central region, as
shown in Fig. 1. This result is in agreement with previous
research findings.[3344! The number of nitrogen molecules
within the CNT is about 23.

In order to explore the effect of external electric field on
the structure and stability of the nitrogen hydrate, we have
simulated the behavior of nitrogen molecules and water in-
side the CNT under electric fields (E = 1.75 V/nm) with dif-
ferent directions. First, we calculated the number of nitrogen
molecules and water molecules remaining inside the CNT af-
ter the system reaches equilibrium for each case, as shown in
Fig. 2. The angle o is the direction of the electric field and
is defined as the angle between the direction of the total elec-
tric field E and the z axis in the z—x plane. When an electric
field is introduced and o < 24°, all nitrogen molecules are re-
leased from the nitrogen hydrate within the CNT and enter into
the reservoirs. As a result, the number of nitrogen molecules,
NNz, remaining within the CNT becomes zero, while the num-
ber of water molecules, Ny,0, within the CNT, increases from
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281 to 306. As the angle of the electric field increases within
the range of 24° < a < 62°, there is a noticeable increase in
the number of nitrogen molecules remaining within the CNT.
We note that, as o is close to 45°, the number of nitrogen
molecules as well as the water molecules exhibits large fluctu-
ations. In the range of 62° < o < 90°, the majority of nitrogen
molecules remain within the CNT despite the presence of an
electric field. The number of nitrogen molecules approaches
~ 23, which is equal to the number of the nitrogen molecules
in the nitrogen wire in the initial state (Fig. 1). The number of
water molecules remaining within the CNT with o is shown
in Fig. 2(b). It is evident that the field-direction dependence of
the water occupancy is inversely correlated with the nitrogen
occupancy. Additionally, the results show that the occupancy
of water molecules within the CNT increases with E, increas-

ing as reported by Winarto.3”)
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Fig. 2. The influence of electric field orientation on the nitrogen hydrate.
The number of nitrogen molecules (a) and water molecules (b) remaining
in CNT after the system reaches equilibrium as a function of the angle
o, where « is the angle formed between the electric field E and the z
direction.

Then, we examine the changes in the structures of the
nitrogen hydrate. Figure 3(a) shows the snapshots for some
typical states (initial state, and o = 0°, 45°, 90°). To dis-
cuss the characteristics of the ice nanotubes, we unwrap the
ice nanotube onto the 2D surface (the e,—e, plane) as shown
in Fig. 3(b), and introduce a parameter 3, where 3 is the an-
gle formed between the hydrogen bond of the ice nanotube

and the z direction as depicted in Figs. 3(c)-3(d). Comparing
the initial state (E = 0) with that for & = 0° in Fig. 3(a), we
observed that the nitrogen molecules were released from the
octagonal ice nanotube and displaced by a water chain. This
process also causes a structural transition of the ice nanotube,
from an octagonal to a helical structure, as evidenced by the
unwrapped ice nanotube in Figs. 3(c)-3(d). In the cases of
o = 45°, we observed that the external electric field disturbed
the hydrogen bonding network, leading to the formation of
defects on the helical structure (see Fig. 3(e)). Additionally,
some nitrogen molecules failed to be expelled from the ice
nanotube, becoming embedded in the ice shell. When the elec-
tric field turns to perpendicular to the nanotube (& = 90°), al-
most all of the nitrogen molecules remain within the CNT. At
the same time, the structure of the ice nanotube undergoes a
significant transformation, with the nitrogen molecules mov-
ing from the core to the wall of the ice nanotube and the core
region being occupied by a water chain. Similar hydrate struc-
tures were observed by Akbarzadeh et al., in their results,
methane molecules were located in the wall of the ice nan-
otube in (14,0) or (15,0) CNT in the absence of electric field.
This structure is a result of two factors: the disruption of hy-
drogen bonds induced by the electric field and the strong LJ
attraction interaction between the nitrogen molecules and the
CNT. Thus, under a parallel electric field, the water molecules
have a higher preference to enter the CNT compared to the ni-
trogen molecules, while under an orthogonal electric field, the
nitrogen molecules have a higher preference to remain inside
the nanotube compared to the water molecules.

We also studied the structural characteristics of the
clathrate by analyzing the probability distribution of the angle
B as shown in Fig. 3(g). In the initial case (E = 0 V/nm), two
peaks were observed, at B = 10° and B = 80°, representing
two distinct orientations of the water chains of the ice nan-
otube as depicted in Fig. 3(c). When 8 = 10°, the direction
of a typical type of hydrogen bond in a water chain is almost
aligned with the z axis. And, for B = 80°, the direction corre-
sponds to another type of hydrogen bond that is almost perpen-
dicular to the z axis (along the e;). Surprisingly, the distribu-
tion of B is not symmetrical, even though ice nanotubes appear
to be structurally symmetrical. The peak value at B = 80° is
significantly larger than the peak value at B = 10°. This is
due to the asymmetry caused by confinement. The hydro-
gen bonds of the octagonal water molecule rings that form
the ice nanotube are more stable in the radial direction due to
confinement (corresponding to § = 80°), while the hydrogen
bonds linking each octagonal molecule ring (corresponding to
B = 10°) are not confined in the z direction, leading to the pos-
sibility of local breakage due to the motion of the ice nanotube
in the z direction. When an electric field of £ = 1.75 V/nm
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is applied parallel to the z axis (& = 0°), the peak at § = 80°
is shifted to B = 63° and the peak at § = 10° is noticeably
reduced and is broadened. The shift of the peaks reflects the
structure transition of the ice nanotube from octagonal ice nan-
otube to helical structure (see Figs. 3(a)-3(b)). As the angle
increases to 27.2°, the peak value significantly decreases, in-
dicating that the orientation of water molecule chains tends
towards disorder, which is related to the breakage of hydro-
gen bond networks and the formation of defects, as shown in

Z (nm)

Figs. 3(e)-3(f). When the electric field is perpendicular to the
CNT (o =90°), there is no obvious peak in the  distribution
profile. The nitrogen molecules that remain within the CNT
are displaced from the core to the shell of the ice nanotube,
disrupting the hydrogen bond network and causing a decline
in the long-range structural order of the system, correspond-
ing to the structures shown in Figs. 3(e)-3(f). The red dashed
circles indicate the locations of the nitrogen molecules in the

ice nanotube shell.
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Fig. 3. The influence of electric field orientation on the structure of nitrogen hydrate. (a) Illustrating the side views of the structures of water molecules
and the distributions of the nitrogen molecules inside the CNT at four representative scenarios. (b) Snapshot of the helical ice nanotube for the electric field
aligned with z axis (o = 0°) and a scheme for unwrapped ice nanotube and the CNT into a 2D plane (right). (c)—(f) The 2D surface by unwrapping the ice
nanotube. And the schematic diagram of the angle 8. The red dash circles represent the defects on the ice nanotube shell. (g) The probability distribution of
the angle 3 for typical cases. (h) The angle 6 between the water molecule dipole and z axis versus the direction of electric field a.

Furthermore, we analyzed the angle 8 between the water
dipole and the z axis, as shown in Fig. 3(h). For bulk water, the
water molecule dipoles tend to align with the electric field due
to the strong electric interaction. As a result, the average an-
gle O of the bulk water increases linearly with the direction of
the electric field . However, for the water molecules within
the clathrate inside the CNT, the average 6 remains almost un-
changed for 0° < o < 24°. As the direction of the electric field
enters the range of 24° < o < 70°, the average 6 increases
gradually with increasing angle . Interestingly, with further
increases in ¢, the average angle 0 rapidly increases from 50°
to 90°. The response of water dipoles to an external electric
field varies greatly between bulk and confined water molecules

within CNTs. In bulk, water molecules exist in a liquid state,

whereas in CNTs, they can form clathrate hydrate structures
and become confined to a crystalline arrangement within the
nanotube when the angle « is between 0° and 24°. This con-
finement results in a different behavior of the water molecules,
affecting their response to external stimuli.

The structure and phase of water inside CNTs are highly
dissimilar when exposed to parallel and vertical electric fields.
The diffusion coefficient of water molecules within the CNT
significantly increases from 2.1 x 1078 cm?s~! to 7.0 x
107% cm?-s~! as « increases from 0° to 90°. Parallel elec-
tric fields cause the water molecules to form helical hydrate
structures and become confined in a crystalline arrangement,
whereas vertical electric fields result in the loose structure of

the ice nanotube. This distinct behavior of water within CNTs
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is attributed to the orientation and confinement of the water
molecules, leading to varying responses to external stimuli.

To clarify the distribution of N, molecules on the shell
of the ice nanotube, we calculated 2D radial probability den-
sity distribution of the nitrogen molecules averaged over the
last 20 ns, the results are shown in Fig. 4. In the field-free
case, all of the nitrogen molecules stay in the core region of
the ice nanotube, leading to a peak in the 2D radial nitrogen
distribution as shown in Fig. 4(a). When a parallel electric
field E = 1.75 V/nm is applied (¢ = 0°), there is no nitrogen
molecules within the CNT. As o = 45°, the density distribu-
tion of nitrogen molecules is not angularly symmetrical and
there is a highdensity region in the vicinity of 90°, suggesting
that nitrogen molecules prefer to stay on the top region (see
Fig. 4(c)). When o further increases to 90° (i.e., orthogonal
electric field), the density distribution of N, molecules exhibits
left-right symmetry. The likelihood of N> molecules residing
in the upper region of the interior surface of the nanotube is
higher compared to the lower region. From the preceding dis-
cussion, it can be inferred that the orthogonal component of
the electric field is favorable for N, molecules to remain within
the nanotube. Moreover, the arrangement of N, molecules on
the surface of the nanotube is highly sensitive to the direction
of the electric field.

In order to explore the cause of the non-uniform distribu-

(a) Initial state

0.68 - 90 ” Density c;f41;%
i210.0
0.34 1 -180.0
-150.0
01 £120.0
-90.00
0.34 1 330 r60.00
30.00

0.68 - 0

270
(c) a=45°

Density of N,
0.68 1 120 60 20.50
i:17‘94
0.34 4 30 F15.38
r12.81
0 - 0 -10.25
-7.688
0.34 330 -5.125
2.563

0.68 - 0

270

tion of nitrogen molecules, we analyze the structure and ori-
entation of the hydrogen bond network. Firstly, the ice shell
is divided into four regions, labeled as top, bottom, left, and
right, as shown in Fig. 5(a). We calculated the number of hy-
drogen bonds (H bonds) formed by a water molecule with its
neighboring water molecules in each region, and the results
are shown in Fig. 5(b). When the electric field is parallel to
the axis of the nanotube (o = 0°), the average number of H
bonds per water molecule is the same across all four regions,
as expected. However, when « increases, the component E,
disrupts the symmetry of the hydrogen bond network. The av-
erage number of H bonds in the bottom region remains almost
unchanged, while the top region sees a significant decrease,
dropping from 1.02 to 0.76 when « increases to 90°. The
asymmetry in the number of hydrogen bonds caused by the di-
rection of the electric field along the normal or negative direc-
tion of the hydrophobic surface has also been observed in our
previous work. 33! The left and right regions also experience a
decrease in the average number of H bonds. The interruption
of H bonds leads to defects in the top, left, and right regions
of the ice shell, making it more likely for nitrogen molecules
to stay in these regions. The variance in the average number
of H bonds between the top and bottom regions, caused by
the influence of an external electric field, leads to an uneven
distribution of nitrogen molecules.

(b) a=0°
90 Density of N,
0.68 4 60 i1.540
1.348
0344 150 11.155
L 0.9625
04180 0 | }o.7700
L0.5775
0344 910 a0 L[ 0-3850
I0.1925
0.68 - 0
270
(d) a=90°
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1.694
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Fig. 4. The 2D radial distribution plots of the nitrogen molecules inside CNT under different electric fields.
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Fig. 5. (a) The schematic of the divisions of the ice shell: top, bottom, left
and right regions, each with a central angle of 90°. (b) Average number of
hydrogen bonds formed by a water molecule with other water molecules
within the same region as a function of the angle c.

4. Conclusion

In this study, we investigated the impact of an external
electric field on the structure and stability of nitrogen hydrates
in the CNT. Without external electric field, a Q1D nitrogen hy-
drate with nitrogen molecules aligned in the core region of the
ice nanotube can be formed spontaneously in the CNT. Apply-
ing an electric field of sufficient strength along the axis of the
CNT can destabilize the Q1D nitrogen hydrate. This results in
the release of nitrogen molecules from the ice nanotube and a
structure transition of the ice nanotube from octagonal to he-
lical. When a vertical electric field is applied, almost all of
nitrogen molecules remain within the CNT, causing the struc-
ture to become less compact as nitrogen molecules redistribute
from the core to the shell of the ice nanotube. As the angle
(a) between the direction of the electric field and the z axis
(the axis of the CNT) increases in the range of 0°-90°, the
occupancy of the nitrogen molecules of the hydrate follows
a sigmoid-like function and increases accordingly. Further-
more, the distribution of nitrogen molecules on the wall of the
ice nanotube is uneven due to the strong response of the hy-
drogen bonds connecting water molecules in the ice nanotube
to external electric fields. More hydrogen bonds are broken in
the top, left, and right regions, causing nitrogen molecules to
preferentially reside there. Our findings may aid in the devel-

opment of methods to control gas release and encapsulation by
using electric fields.
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