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Recently, a new phase C} Hj hydrate was experimentally identified. In this work, the diffusive behaviors of Hy in C}
phase clathrate hydrate are explored using classic molecular dynamics (MD) simulations. It reveals that the cage occupancy
by H, molecule negligibly influences the C’1 phase clathrate structure but greatly dictates the diffusion coefficient of Hy
molecule. Due to the small cage size and small windows connecting the neighboring cages in C| phase clathrate, non-
occupancy of the neighboring cages is demanded to enable the diffusion of Hy molecule that is primarily dominated by
hopping mechanism. Moreover, the analysis of diffusive free energy landscape reveals lower energy barrier of Hy molecule
in C} phase clathrate hydrate than that of other gases in conventional clathrate hydrates, and that H, molecule travels through
the windows between neighboring cages with preferential molecular orientation. This study provides critical physical
insights into the diffusion behaviors of H; in the C’1 phase clathrate hydrate, and implies that the C’1 clathrate hydrate is a

promising solid structure for the next-generation H; storage.
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PACS: 66.30.Pa, 88.30.R—, 91.50.Hc, 47.11.Mn

1. Introduction

Hydrogen (H») is the most abundant element in the uni-
verse and is the basic building block of the universe. It has
been attracting a great deal of attention as an essential raw ma-
terial in innumerable biological and chemical processes. !> It
is a remarkable fact that, since the early 1970s when the prices
of oil petroleum rose sharply,[®! the possibility of utilization
of H, as an important alternative fuel has been analyzed rig-
orously. Hj is regarded as an ideal energy among new energy
resources because of the fact that, when burned, H, produces
water rather than greenhouse gases such as CO,. As a result,
it is widely accepted that H; is one of the most promising fu-
els for important applications such as vehicles and portable
devices within future decades. For practical applications, a
mass of materials has been studied for H, storage, includ-
ing metal-organic frameworks, zeolites, carbon-based mate-

4-16

rials and metal hydrides.[ | However, there are a number

of challenges in the H,-use development, such as efficient Hp
production, Hj storage and transportation.[!7-20]

As is known, clathrate hydrates are nonstoichiometric
solid compounds made of small molecules and polyhedral
cages formed by hydrogen (H)-bonded water molecules un-
der harsh conditions such as low-temperatures and high-
pressures. 21291 From a microscopic perspective, the clathrate

water cages entrap the small guest molecules that, however,
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help to stabilize the cages due to van der Waals (vdW) interac-
tions between the guest and host water molecules.?>27-28] Ag
a result, clathrate hydrates store small gas molecules at high
density.[*”! Therefore, clathrate hydrates are being considered
as an efficient medium for gas storage and long-distance trans-
portation. In comparison with natural gas hydrates, however,
pure H; hydrate forms under more stringent conditions such
as extreme-low temperatures and high pressures. 283031 For

32331 reported that a clathrate phase

example, Dyadin et al.!
of Hy hydrate forms in HyO-H; system under conditions of
high-pressures of 100 MPa-360 MPa and temperatures of
263 K-283 K. Subsequently, Mao et al.[>*3>! confirmed that
H; clathrate hydrate with cubic structure II forms at critical
pressure of ~ 220 MPa and critical temperature of ~ 234 K.
When the external temperature is reduced to 7 = 77 K, how-
ever, such Hj clathrate hydrate is structurally stable at ambient
pressures, while it decomposes with H, emission when heated
to ~ 140 K.B34 As is indicated, clathrate hydrates can be an
important alternative material for H, storage and transporta-
tion.

Recently, Efimchenko et al.®! synthesized new H, hy-
drate with a trigonal structure, termed as Cy Hj hydrate, at
pressure of ~ 0.5 GPa and temperature of ~ 253 K. The for-
mation of such new phase Cy H; hydrate at ~ 0.7 GPa and
~ 170 K was further confirmed by Strobel et al.3”! More-

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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over, clathrate H, hydrate that is based on the rhombohe-
dral lattice of proton-ordered ice II formed at ~ 1.2 GPa,
named as clathrate 1 (C;) Hy hydrate, in which the H,O
molecules are arranged to be a channel-like structure that hosts
H, molecules. **%1 With increasing the external pressure, it is
able to transform into cubic phase C; (the filled ice I;). Very
recently, Wang et al.[*!! reported a new H, clathrate hydrate
synthesized at ~ 1.2 GPa and ~ 298 K, termed as C} H, hy-
drate. This new clathrate phase is the realization of a disor-
dered ice II, in contrast to all others ordered ice structures.
This is remarkable in view of the unknown disordered ver-
sion of ice II. Those important findings shed new lights on the
phase diagram of water and water-based clathrates.

The diffusion properties of H, molecules are of crucial
fundamental knowledge for Hj storage and transportation by
clathrate hydrates because they affects the decay, formation
and dissociation kinetics.[*?! To date, the diffusion properties
of H, molecules in hexagonal ice structure and conventional
clathrate hydrates were well-investigated both experimentally
and theoretically. Experimentally, it was showed via neutron
inelastic scattering experiments that the diffusion coefficient
of Hy molecules in deuterated ice at 25 K is measured to be
~ 1.3 x 107 cm?/s that is one order-of-magnitude lower than
that of Hy in liquid H, phase (~ 1.4 x 107* cm?/s).1*3! Using
pulsed field gradient nuclear magnetic resonance (NMR) tech-
nique, Okuchi er al.!*! measured directly the diffusion of Hy
in solid hydrate medium, and revealed that the entrapped H»
molecules are moveable at temperature of 250 K. Moreover,
through NMR technique, the collision and diffusion dynam-
ics of dense Hj in filled-ice I, hydrogen’s hydrate at pressures
to 4.6 GPa were investigated, and it was showed that active
translational diffusion of H, molecules through the leaky H,O
framework of the clathrate hydrate takes place.[*>! Theoreti-
cally, using molecular dynamics (MD) simulations, Iwai and
Hiratal*®! investigated the diffusion coefficients of H, in bi-
nary Hp-THF hydrate formed under various contents of Hj
and THF at temperatures of 300 K and 310 K and pressure
of 10.1 MPa, and revealed that H, molecules are able to dif-
fuse from cage-to-cage and the diffusion coefficients of H»
molecules are qualitatively in agreement with previous experi-
mental data. A hydrogen delocalization model and a proposed
hydrogen hydrate phase diffusion (HHPD) model were used
to analyze the formation mechanisms.*’! Harada ez al.[*®! re
ported via MD simulations that H, molecules diffuse rapidly
in C; Hy hydrate.

Those pioneering works indicate the important implica-
tions of efficient Hy-storage by HpO-based crystals, how-
ever, the fundamental knowledge such as detailed diffusion
mechanism in dense H,O-based crystals has not been well-
understood. In this work, the diffusion behaviors of H»
molecule in recently experimentally-synthesized C) clathrate

hydrate!!! are explored using classic MD simulations, 4938

39-62] a5 well as

focusing on the effects of cage occupancy,!
the free-energy landscapes. The outcomes of this study pro-
vide important insights into the diffusion of H, in C} phase
clathrate hydrate, which is of help for Hy gas purification, stor-

age and transport by water-based clathrate structures.

2. Model and methodology

In this study, very recently experimentally-identified C}
H, hydrate*!! is taken into investigation. The top-view of
unit-cell of C| Hy hydrate is shown in Fig. 1(a). As shown
in Fig. 1(a), C| H hydrate is a rhombohedral crystal with
space group R3c. Its unit-cell has lattice constants of a = b =
12.984 A, ¢ = 6.243 A, and consists of 36 H,O molecules.
Figure 1(b) shows one side-view of unit-cell of C’] H; hy-
drate, in which two hexagonal channels formed by columns
of alternating puckered and flat rings are highlighted to en-
trap H, guest molecules. The hexagonal channel with unit-cell
length consists of 2 H-bonded hexamers including one chair-
form and one almost flat, as shown in Fig. 1(c).
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Fig. 1. Molecular model of C} H; hydrate. (a) Top-view of configuration
of primitive cell of C| Hy hydrate. (b) One side-view of configuration
of C} H, hydrate, in which two hexagonal channels formed by clathrate
cages in primitive cell of C} Hy hydrate are highlighted. The length vector
of hexagonal channels is along z-axis. (c) Structural motif of a clathrate
cage formed by hydrogen-bonded water molecules for C| Hy hydrate, in
which a Hp guest molecule is entrapped in the clathrate cages. Orange,
red and bluish spheres indicate the hydrogen, oxygen and hydrogen from
H; guest and water molecules, respectively, while the gray dash lines in-
dicate the hydrogen bonds formed by water molecules.

Here, a supercell of 3 x 4 x 5 unit-cells is generated for
examining the diffusion properties of Hy in the C| H, hydrate.
The as-generated C} H» hydrate contains 720 H,O molecules
and 120 H, molecules in the simulation box. For the initial
configuration of as-generated C| Hy hydrate, H,O molecules
are arranged to follow the Bernal-Fowler rule.[®3 To reveal
the effect of cage occupancy on the guest diffusion behaviors,
C| H, hydrates with vacancy of guest H, molecule varying
from 0%—100% are constructed. Moreover, five samples of C’l
H; hydrates with one given occupancy rate of cages are gen-
erated by randomly removing H, guest molecules with differ-
ent random seeds for capturing the diffusion properties of Hy
guest molecule.

The TIP4P/Ice forcefield[® is used to describe the host
H,0 molecules of C’1 Hj; hydrates, in which the O—H bonds
in the water model are fixed using the linear constraint solver
(LINCS) algorithm.[®* For guest H, molecules, all-atom
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model is also considered, in which the bond stretch in Hj
molecule is described by a harmonic potential.[®3] Those po-
tentials are previously adopted to mimic H, hydrates.[%%:67]
The atomic interaction of inter-molecules in C| H hydrates
is described by combining a Lennard—Jones potential with a
Coulomb term to account for the vdW and electrostatic inter-
actions.

Prior to MD simulations, all the configurations of as-
constructed C| H, hydrate are firstly energy-minimized. Then,
MD relaxations of energy-minimized samples are carried out
for 0.5 ns at temperature of 298 K and confining pressure of
1.2 GPa under NPT ensemble, corresponding to the thermody-
namic conditions of Raman spectroscopy and theoretical cal-
culations where the H-disordered nature of C| H, hydrate is

(411 Finally, MD simulations are performed at 298 K

found.
for 50 ns for production, in which the configurations and tra-
jectory during the MD simulations are collected for analysis.
During the MD simulations, the atomic motions in the C} Hp
hydrate systems follow the classic Newton’s motion equation
that is solved by the velocity-Verlet algorithm with timestep
of 1.0 fs. All the MD calculations are implemented using the
GROMACS 4.6.7 package. (8!

Moreover, to further uncover the diffusion mechanisms
of H, molecule in the C’l H;, hydrate, the diffusion en-
ergy barrier is calculated. Here, two-dimensional (2D) free-
energy landscapes of guest H, molecules in the C| H, hydrate
are computed using the meta-dynamics method(®-7% that is
implemented in GROMACS 4.6.7 with PLUMED 2.2.3.[68]
In the calculations, walls are imposed to enhance the sam-
pling, in which the force constant of the walls is set to
100 kJ-mol~'-nm~2.
width and the height of the Gaussian hills are assigned to be

In the meta-dynamic simulations, the

0.06 and 0.1 kJ-mol~!, respectively. The output frequency of
the hill addition is set to be 500 timesteps.

3. Results and discussion
3.1. Radial distribution functions

The radial distribution functions (RDFs)/g(r) are an im-
portant metric to characterize the structural order of materials,

as well as to describe how the density of surrounding parti-
cle varies as a function of distance from a tagged particle.
Here, to evaluate the molecular structure of C’] H; hydrate,
the RDFs profiles of as-relaxed structures of C| H, hydrate
are computed. Figure 2(a) shows the RDF profiles of oxy-
gen atoms of water molecules (Ow—Ow) in C’1 H; hydrate
with cage occupancy varying from 10%—-100%. At short dis-
tances (r < 2.3 A), g(r) is zero, stemming from the presence of
very strong repulsive forces between inter-molecules of water
at short distances. It is observed that the first peak of g(r) pro-
file occurs at ~ 2.78 A, similar to other hydrate crystals.[!]
Such peak indicates that a large number of the neighboring
oxygen atoms in host water molecules show atomic distance
of ~ 2.78 A. The second peak situates at r ~ 3.5 A. Such
two significant peaks indicate the tetrahedral hydrogen bond
network of water molecules in C| H, hydrate. The follow-
ing weak peak is due to the presence of six-member water
rings in C| H; hydrate. By comparison, as the cage occupancy
varies from 10%-100%, the RDF profiles of C| H, hydrate are
almost overlapping, suggesting that the absence of guest H,
molecule plays negligible role in the changing of cage struc-
tures.

Figure 2(b) shows the computed RDF profiles of oxygen
and hydrogen atoms of water molecules (Ow—Hy) of C’1 H,
hydrate. Within the distance range of 0 A—4.0 A, three main
peaks are observed in the RDF profiles. The first peak locates
at r~ 1.0 A, which corresponds to the bond distance of O-H
in water molecules. The second peak situates at r ~ 1.7 A,
indicating the average length of H-bonds formed in C} H, hy-
drate. The third peak positioning at r ~ 3.1 A suggests the
distance between hydrogen and oxygen atoms that is separated
by a water molecule for the four- and six-member rings in C}
H; hydrate. Figure 2(c) shows the RDF profile of water oxy-
gens atoms — guest hydrogen atoms (Ow—Hyy). The first peak
locates at » ~ 3.1 A, corresponding to the mean nearest dis-
tance between host water oxygen atoms and guest hydrogen
molecules. The second and third peaks locate at r ~ 5.9 A and
83 A, respectively, which can be attributed to the distance be-
tween oxygen atoms in neighboring host water cage and guest
hydrogen molecules.

— — — —
| —100% (a) | ——100% (b) ——100% (c) |
90% o 90% E 90%
80% 80% 80%
70% 70% 70%
— 60% — 60% — 60%
E o o50% 1 & 50% E - 50% -
3 40% 3 40% ] 40%
o 30% fos] 30% fos] 30%
!y 20% , LT 20% 1 L 20%
S L—10% = = e 10% o 10%
0 / = 0 % B
C Il Il Il Il ] C 1 Il Il Il . C I Il Il Il .
0 2 4 6 8 10 0 2 4 6 8 10 0 20 40 60 80 100
r (A) r (A) r (A)

Fig. 2. Radial distribution functions (RDFs) profiles in relaxed C} Hy hydrate with vacancy of guest H, molecule varying from 10%-100%. (a) RDF
profiles of oxygens of water host molecules (Oy—Oy). (b) RDF profiles of oxygen—hydrogen of water host molecules (Oy—H, ). (c) RDF profiles of
oxygen—hydrogen (Ow—Hp), where the oxygen and hydrogen are from host water and guest H, molecules, respectively.
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3.2. Orientation of H, molecule

As is known, translational and rotational mobility of guest
molecules in clathrate hydrates is strongly limited due to the
fact that guest molecules are confined into clathrate cages
formed by host water molecules. Here, the orientation dis-
tribution of H, guest molecule in the cages of C| H, hydrate
is examined. As illustrated in the inset of Fig. 3, the orienta-
tional angle (¢) of guest Hy molecule is defined by the angle
between the orientational vector of H, guest molecules and the
length vector (the vector in the z-axis) of the hexagonal chan-
nels formed by H,O water molecules (Fig. 1(b)). Figure 3
displays the distribution probability of the orientational angle
(¢) of Hy guest molecule (P(¢)) for relaxed C| H, hydrate
in which all clathrate cages are fully occupied by H, guest
molecule. Apparently, it is observed that non-uniformed P(¢)
of Hy guest molecule confined in the clathrate cages of C)
H; hydrate. Such non-uniformed P(¢) of H, guest molecule
indicates that there exists preferential orientation of H, guest
molecule due to the unique geometrical clathrate cage. Re-
markably, maximum P(¢) of orientational configuration of
H; guest molecule occurs at ¢ ~ 80° in the clathrate cage.
This suggests that H, guest molecule almost tends to orient to
length direction of the clathrate cages-formed hexagonal chan-

nels, yet with small angle of deviation to the length direction.

P(9)

10 20 30 40 50 60 70 80 90
¢ (%)

Fig. 3. Orientational probability of guest H, molecule of clathrate cages

in C| H, hydrate in which the clathrate cages are fully occupied by guest

H, molecules. The insert illustration indicates the definition of orienta-
tional angle (@) of guest Hy molecules confined in the clathrate cages.

3.3. Diffusion of Hy molecule

As is known, mean square displacement (MSD) of
atoms/molecules describes the average distance travelled by
the atoms/molecules from a reference position within a certain

(721 and it therefore quantitatively measures the deviation

time,
of the position of atoms/molecules with respect to one refer-
ence position over time. To examine the diffusion properties,
the MSD of guest H, molecules in C| Hj hydrate with cage

occupancy of 10% is computed. Figure 4 presents the simu-

lated MSD of guest H> molecules in C} H, hydrate as a func-
tion of time. The MSDs along x-, y-, and z-axes are denoted as
|Ar (1), % |Ar(t)y|2, and |Ar(r),|?, respectively, while the total
MSD (namely the 3-dimentional MSD, |Ar(z)|) is calculated
as follows:

|Ar ()| = |Ar (1), [ + AT (2), >+ |Ar(r). . (1)

As is seen in Fig. 4, the MSD—-¢ profiles show linear func-
tions, suggesting pure free diffusion yet no confined diffu-
sion or flow plus diffusion. However, the values of MSD
are strongly direction-dependent, indicating highly anisotropic
diffusion of guest H, molecules within the C| Hy hydrate.
Guest Hy molecule shows similar MSD values along x- and
y-axes, while the MSD value along z-axis is around two order-
of-magnitudes of those along x- and y-axes. This indicates
that the travelling of guest H, molecules primarily occurs
along the hexagonal channels, which could be regarded as one-

dimensional (1D) diffusion.

10 T T T T On5
——Total
z-direction
8F y-direction 10.4
—— z-direction
< 6f 10.3
@)
1)
S 4r 10.2
2+ ~40.1
1 1 1 1 O
00 2 4 6 8 10
t (ns)

Fig. 4. Mean square displacement (MSD) of guest H, molecule in C| H,
hydrate with cage occupancy of 10%, in which the red, green and blue
curves represent MSD of the tagged H, molecule in the x, y, and z-axes,
while the total MSD is described by the black curve.

The effects of cage occupancy on the diffusion proper-
ties of guest H, molecule in C) hydrate are also investigated.
Figure 5(a) shows that variations in the values of MSD of
guest Hy molecules with simulation time for C} H, hydrate
with cage occupancy varying from 10%—-100%. It is observed
that C| Hy hydrate with cage occupancy of 10%—100% shows
linear curves of MSD-¢. However, the MSD values of guest
H, molecules are different from each other. C’1 H; hydrate
with high cage occupancy shows small MSD values, indicat-
ing weak diffusion ability of guest Hy molecules.

As is known, for the simplest diffusion case system, the
probability density of the particle displacement |Ar(z)| can be
described by the Gaussian distribution. When fluid particles
are confined in 1D channels with small enough diameter, how-
ever, the movement of the fluid particles is constrained to one
direction and the particles are not able to pass their neighbors.

As aresult, the 1D random walk of the fluid particles gives rise
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to a relationship of |Ar()|* o t'/2. Once this relationship is
violated, the diffusion in such case becomes anomalous.[73-74]
Thus, the relationship of MSD-¢ follows the nonlinear func-

tion as
|Ar(0)? = K (), #)

where K(r) is generalized diffusion coefficient. When 0 <
o < 1, a sub-diffusion behavior is indicated in the case, while
a super-diffusion behavior arises as & > 1. In this study, as is
shown in Fig. 5(a), the values of MSD of guest H, molecules
in C| H, hydrate increase linearly with simulation time, al-
though guest H, molecules are confined in hexagonal water-
based channels of C’l Hj; hydrate, indicating normal diffusion
behavior, yet non-sub-diffusion or non-super-diffusion. The
diffusion of guest Hy molecules in C| H; hydrate can be char-

(751 Observing the curve in the im-

acterized as being Fickian.
age, it can be seen that with the increase of vacancy number
and the decrease of cage occupancy, the slope of MSD de-
creases successively.

To quantitatively evaluate the diffusion properties, the dif-
fusion coefficient (D) of guest H, molecules in C hydrate can

be determined by Einstein equation!’®! as follows:

lim (|7 (1) =7 (0)[|*)iea = 2nDx, 3

where 7;(0) and 7;(¢) are the positional vectors of the particle
iatt =0 and a given time ¢t. Here, n = 1 due to one dimen-
sional diffusion of H, in the C’1 hydrate. Figure 5(b) shows
the variation in the D with 7 for guest H, molecules in C| Hp
hydrate with cage occupancy from 0%—100%. When cage oc-
cupancy is 100%, D of guest H, molecules is extremely small
because all the guest H, molecules are not able to diffuse to
neighboring clathrate cages and thermally-vibrate only within
confined clathrate cages. When cage occupancy of C| H, hy-
drate varies from 10%—-90%, D of guest H, molecules mono-
tonically increases with decreasing the cage occupancy. Note
that the hydrate systems with cage occupancy of 10% and 20%
show large errors in the D due to limit number of guest Hy
molecules that travel in the hexagonal channels.

Table 1 lists the D of Hy molecules in different systems.
It is found that the D of H, molecule in the C} hydrate is pre-
dicted to be ~ 8.0 x 1078-19.0 x 1078 cm?-s~!, depending on
the cage occupancy. At high cage occupancy, the predicted D
of H, molecule in C| hydrate is similar to that in sII tetrahy-
drofuran (THF) and C; clathrate hydrates calculated/measured
from previous studies*#743.77] using MD/NMR techniques.
However, the D of H, molecule in C| hydrate is predicted to be
two and three orders-of-magnitude lower than that in hexago-
nal D0 ice (I,) and liquid hydrogen using quasi-elastic neu-
tron scattering (QENS),[ 787! respectively.

Table 1. Diffusion coefficients (D) of Hy molecule in different systems obtained by MD, NMR, and QENS techniques.

System Temperature (K) D (cm?/s) Technique Refs.
C/ hydrate 298 8.0x1078-19.0x 1078 MD this work
Hexagonal D,0 ice 25 1.3%x107° QENS [78]
43 7.5%x 1073
60 9.5x 1073
Liquid hydrogen 20.75 1.075 x 10~ QENS [79]
sII THF hydrate 265 1.6x 1078 NMR [44]
sII THF hydrate 300 9.8x 1078 MD [47]
C, hydrate 291 1.2x 1078 NMR [77]
C; hydrate 291 8.6x 1078 MD [48]
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——100% (a) 20L (b)_
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Fig. 5. Diffusion properties of guest Hy molecules in C/] H; hydrate. (a) Mean square displacement (MSD) of guest H, molecules in C’1 H,
hydrate with cage occupancy varying from 10%—100% as function of simulation time. (b) Variation in the diffusion coefficient (D) of guest Hp

molecules in C| Hy hydrate with cage occupancy.

066602-5



Chin. Phys. B 32, 066602 (2023)

3.4. Hoping diffusion mechanism of H molecule

To further uncover the diffusion behaviors of guest Hp
molecules in C| Hy hydrate, the snapshots of the molecular
configurations of C| Hy hydrate are captured during the MD
simulations. Figure 6 presents the variation in the z-positions
of guest H, molecules in a hexagonal channel of C| H, hy-
drate with cage occupancy of 90% with simulation time, as
well as molecular motif of water based-hexagonal channel
composed of 10 cages at simulation time of 0 ns, in which 9
cages are occupied by Hy molecules. As is seen from the posi-
tion curves of H, molecules in Fig. 6, the z-position of bottom
H; molecule that is neighbored by one H, molecule-occupied
cage and one guest-free cage firstly changes suddenly from
7~ 0.466 nm to 0.152 nm at r ~ 0.14 ns. Such sudden change
of z-position clearly illustrates that the H, molecule diffuses
in the hexagonal channel via hopping mechanism. Note that
before the hopping time, other Hy molecules that are neigh-
bored by H, molecules-occupied cages remain their initial
z-positions. This infers that the guest-free neighboring cages
are the requirement for the diffusion of a H, molecule in
the hexagonal channel of C| H, hydrate, and two or more
H; molecules cannot occupy the single cage simultaneously.
At t ~ 1.93 ns, however, the z-position of the H, molecule
changes back to z ~ 0.444 nm, but then diffuses downward
to guest-free cage. Very soon, due to that the cage is free of
occupancy by Hy molecule, the second bottom H; molecule
Subse-
quently, other H, molecules diffuse downward step-by-step,

starts to diffuse downward to the guest-free cage.

achieving the global 1D diffusion of guest H, molecules in
the hexagonal channel of C| H, hydrate. Guest H, molecules
cannot diffuse past their neighboring ones. The step-by-step
diffusion mechanism of guest H, molecules explains the cage
occupancy dependent D. Moreover, during the 1D diffu-
sion process, guest H, molecules show several repeats of
hopping forward-and-backward within several picoseconds to
hundred picoseconds. This indicates that the entrapped time

w
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e
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iE
3
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1
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Fig. 6. The z-positions of guest H, molecules in a hexagonal channel of
C| H; hydrate as a function of simulation time. The inset is the molecu-
lar configuration of a hexagonal channel composed of 10 cages, in which
9 cages are occupied by guest Hy molecules. For clarification, there is

one-to-one correspondence in the painting colors between the solid lines
and the guest Hy molecules.

of Hy, molecules within a cage varies from several picoseconds
to hundred picoseconds if its neighboring cage is guest-free.

3.5. Energy barrier of H, diffusion

Potential of mean force (PMF) calculations is performed
to characterize the change in the free-energy as guest Hp
molecules diffuse through the hexgaonal channel of C| H; hy-
drate. For transition of state from 0 to 1 in a system, the gap
in the free energy between the two states can be determined
using the density probability distribution of the system in the
two states as follows: 3]

AG =G, —Go=—ksTln 2L, )

Po

where G, kg, and T are the Gibbs free energy, Boltzmann con-
stant and temperature, respectively. pg and p; are the density
probability at states 0 and 1, respectively. In this study, the
PMF profiles of C| H, hydrate with different cage occupan-
cies are calculated. It is found that, excluding C| H, hydrate
with cage occupancy of 100%, the PMF profiles of C|| H, hy-
drate with cage occupancy varying from 10%-90% are pretty
similar. This indcates that when C| Hy hydrate has cage oc-
cupancy of 10%—-90%, the cage occupancy shows negligible
effect on the free energy of H molecules diffusing in the hexg-
onal channels of C| H, hydrate.

Figure 7(a) shows the density probability distribution of
guest Hy molecules in C| H, hydrate, as well as the PMF (1D
free energy landscape) as a function of z-position for guest Hy
molecules diffusing in the hexgonal channels of C| H, hy-
drate that is determined by the density probability distribu-
tion using Eq. (4). The maxima and minima of 1D free en-
ergy landscape locate at the cage junction and the cage cavity,
respectively. Based on the PMF profiles, the AG for cage-
to-cage diffusion of guest Hy molecule is detemined to be
~ 4.324+0.047 kJ/mol. However, the method for calculating
PMF profiles using the data of the density probability distri-
butions is usually not robust because of inadequate sampling
at specific distances, thereby resulting in quasi-nonergodicity.
Moreover, the PMF profile strongly depends upon the bin size
chosen to construct the density probability distribution. As a
result, there can be a relatively large error to determine the
PMF profile using the data of density probability distribution.

Therefore, to accurately characterize the AG of guest Hy
molecules diffusion through the hexagonal channels, 2D free-
energy landscape of guest Hy molecules is further calculated.
Figure 7(b) shows the free-energy landscape as a function of z-
position and molecular orientation of guest H, molecule con-
fined in the hexagonal channel of C| H, hydrate with cage
occupancy of 10%. As is indicated in Fig. 7(a), the 2D free-
energy landscape of molecular orientation of H, molecules ex-
hibits a periodic structure along the z-axis, with the maximum
and minimum values situated at the junction of two cages and
inside of the cage cavity. The gap between the maximum and
minimum values is determined to be ~ 6.36 £0.16 kJ/mol.
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The 2D free energy minima locates at ¢ ~ 80° in this system,
which is consistent with the result of P(¢) in Fig. 3. Appar-
ently, this 2D AG of H, molecules diffusion in C} H; is higher
than 1D AG predicted by the density probability distribution.
Table 2 lists the AG of various gases travelling through ice-
based systems. It is found that the AG of gases in clathrate
systems varies with the clathrate structure, meaured method

and external conditions. By comparison, it is identified that
there is lower AG of H, molecule diffusing in C} hydrate than
that of CH4, CO, and air in sI and sII clathrate hydrates.[31-84]
For the case of Hy molecule, however, the AG of Hy molecule
diffusing in C) hydrate falls in the wide range of that in sII
hydrate. Moreover, the AG of Hy molecule diffusing in C’1
hydrate is predicted to be lower than that in sI hysdrate.

Table 2. Energy barrier (AG) of gases diffusing in ice-based systems.

System Gases AG (kJ/mol) Technique Refs.
C| hydrate H, 6.36£0.16 MD this work
sII hydrate H; 3+1 NMR [44]
23-28 electronic-structure calculations [85]
32412 MD [86]
sII hydrate CHy 52.1 neutron diffraction measurements [81]
sII hydrate CO, 54.6 neutron diffraction measurements [82]
sII hydrate air 50 raman spectra measurements [83]
sI hydrate H; 18.0 CCSD(T)/aug-cc-pVTZ [84]
CHy 82.4
CO, 27.8
kJ/mol
(@) (b) ' ‘\/ T \/ S I23.20
1501 1 I} 20.30
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Fig. 7. Free-energy barrier (AG) of H, molecule in C} H, hydrate with 10% cage occupancy. (a) Density probability of guest Hy molecule
in the C’1 H; hydrate, and potential of mean force (PMF) of guest H, molecule in C’] H; hydrate as a function of z-position of Hy molecule.
(b) 2D AG of guest H, molecule in C’1 H; hydrate as a function of z-position and molecular orientation of Hy molecule.

4. Conclusion

Extensive classic MD simulations are performed to ex-
amine the diffusion behaviors of H, molecule in recently-
identified novel C| phase clathrate hydrate. The structural
properties of C| Hy hydrate are analysized by the RDF profiles
and P(¢) of Hy molecule. It is found that there is negligible ef-
fect of cage occupancy by H, molecule on the clatrhate struc-
ture, and H, molecule shows perferential molecular orientaion
with ¢ ~ 80°. As a result of the presence of unique channel
structures in C) hydrate, there is strongly anisotropic diffusion
of Hy, with perferential diffusion along the channels, and the
diffusion can be characterized as being Fickian, with hopping
diffusion mechanism. The D of H, in C) hydrate varies from
8.0 x 1078-19.0 x 10~8 cm?/s, and is monotonically increased
with decreasing the cage occupancy, which is beneficial for the
formation of C| H, hydrate in terms of the formation kinet-
ics. The non-occupancy of the neighboring cage is the critical

requirement to enable the H, diffusion. Moreover, the calcu-
lation of 2D free-energy landscapes as a function of molecu-
lar orientation and the position of z-axis uncovers that H in
C/| phase hydrate possesses comparable AG in sII hydrate, but
lower diffusion AG than other gases such as CHy, CO, and
air in sI and slI clathrate hydrates. By comparing with that
of sI and sII clathrate hydrates, C| phase hydrate is a good
media for long-distance H;-storage and transportation. More-
over, there is critcal molecular orientaion of H, when diffusing
through the windows connecting the neighboring cages.
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