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Clathrate hydrates (CHs) are one of the most promising molecular structures in applications of gas
capture and storage, and gas separations. Fundamental knowledge of mechanical characteristics of CHs
is of crucial importance for assessing gas storage and separations at cold conditions, as well as under-
standing their stability and formation mechanisms. Here, the tensile mechanical properties of structural
I CHs encapsulating a variety of guest species (CHy, NHs, HoS, CH,0, CH3OH, and CH3SH) that
have different abilities to form hydrogen (H-) bonds with water molecule are explored by classical
molecular dynamics (MD) simulations. All investigated CHs are structurally stable clathrate struc-
tures. Basic mechanical properties of CHs including tensile limit and Young’s modulus are dominated
by the H-bonding ability of host—guest molecules and the guest molecular polarity. CHs containing
small CHy, CH20 and HsS guest molecules that possess weak H-bonding ability are mechanically
robust clathrate structures and mechanically destabilized via brittle failure on the (1 0 1) plane. How-
ever, those entrapping CH3SH, CH3OH, and NHj3 that have strong H-bonding ability are mechanically
weak molecular structures and mechanically destabilized through ductile failure as a result of gradual
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global dissociation of clathrate cages.
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1 Introduction

Clathrate hydrates (CHs) are a non-stoichiometric solid
crystalline substance, in which host water molecules
are connected through hydrogen (H)-bonding and form
cages that accommodate a large variety of small guest
molecules [1, 2]. Commonly, CHs form in environments
of cold temperature and moderate pressure where wa-
ter and small molecules coexist, for example, they are
abundantly identified in deep ocean floor sediment and
on submarine continental slopes, as well as natural gas
pipelines [3]. Remarkably, CHs have attracted great sci-
entific and engineering interests as a result of their in-
volvement in potential natural gas resources [4], geological
hazards [5], global climate change [6], flow assurance and
safety issues in oil and gas pipelines [7], as well as appli-
cations of gas storage and separation [8, 9]. For example,
it was demonstrated that methane can be rapidly stored
in saline water (1.1 mol% NaCl solution) and seawater
via clathrate hydrates aided by 5.56 mol% tetrahydrofu-

*arXiv: 2011.09826. This article can also be found at http:// @
journal.hep.com.cn/fop/EN/10.1007/s11467-020-1031-z.

ran (THF) in a simple unstirred tank reactor. [10]. Based
on semi-clathrate hydrate (SCH) adsorption media, it was
revealed that a two-stage batch separation process allowed
enrichment of CO3 to more than 90 mol% from a 20 mol%
COs, feed; however, a three-stage continuous counter cur-
rent separation process allowed a CO4 recovery of about
90% [11].

Beyond the external conditions of low-temperature
and moderate pressure, non-bonded interactions between
small guest and water host molecules play the key role
on the formation and stability of CHs. It was shown
that many factors such as molecular size, atomic charge
and polarity of guest molecules, have significant effect
on the stability and properties of CHs [12, 13]. As a re-
sult of finite three-dimensional (3D) clathrate cages, guest
molecules with suitable size trapped in clathrate cages
are able to effectively interact with the surrounding wa-
ter molecules, thereby stabilizing H-bonded water-body
skeleton of CHs [14]. Kvamme et al. [15, 16] revealed via
Monte Carlo (MC) simulations that structural properties
of CHs are influenced by atomic charges of HoS, SO, and
CO; guest molecules. It was found that, compared with
the case of non-charged guest molecules, guest molecules
with either average positive or negative charge exposed
on the cavity wall enlarge the Langmuir constants. Such
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effect for HyS is more pronounced than for both COs
and SO,. At low temperature condition, CHs entrapping
oxygen-contained guest molecules are less structurally sta-
ble than those containing hydrocarbons or sulfur [17-
19]. Liu et al [20] conducted molecular dynamics (MD)
simulations to study the thermodynamic and kinetic feasi-
bility of replacing CHy4 from CHs with No/CO9 mixtures,
and it was found that the replacement of CH,; with Ny
and COs has a negative Gibbs free energy, however, CO
molecular substitution in small cages is structurally dis-
advantageous. In the substitution process, COs molecular
substitution is dominant in the thermodynamics, while
N5 molecular substitution is dominant in the kinetics. Re-
markably, the ability of guest molecules to form H-bonds
with host water molecules also dictates the structural sta-
bility of CHs [21, 22]. For example, it is uncovered via
MD simulations that NHs-contained CH show lower de-
composition temperature than that of CH3OH-contained
one. This is primarily attributed to the fact that CHsOH
is able to form both proton-donating and proton-accepting
H-bonds with water, while NH3 mainly forms proton-
accepting H-bonds with water.

A number of works have been performed both experi-
mentally and numerically in understanding the stability
limits of CHs containing different guest molecules from
a mechanical point of view [23-27]. Upon compression
tests, it was observed that CH, hydrate shows differ-
ent mechanical characteristics from those of water ice,
for example, pronounced strain-hardening behaviors ac-
companied by solid-state disproportionation or precipita-
tion [23, 24]. Subjected to triaxial tension, it was found
that ultimate tensile strength of CHs decreases with in-
creasing guest molecular size, and large clathrate cages
of CHs are more sensitive to mechanical stress than small
clathrate cages [25]. Using MD simulations, CO5 and CH,4
CHs show difference in both shear and Young’ moduli
[26]. Furthermore, through tension MD calculations, it is
revealed that the guest molecular size, shape and polarity
have significant effects on the mechanical characteristics
of CHs [27].

To date, available works concentrating on the effects of
guest molecular species on the mechanical properties of
CHs are limited. To the best of our knowledge, moreover,
the effects of guest—host H-bonding ability on the struc-
tural stability of CHs subjected to mechanical loads re-
main unexplored. Fundamental knowledge of mechanical

Table 1 Effective kinetic diameters of guest molecules [30—
39].

Guest

. CHy
species

NH3 H>S CH20 CH30OH CH3SH

Effective

kinetic 3.8 2.9 3.6 3.7 3.7 4.0

diameter [30-32] [33, 34] [35, 36] [39] [35] [37, 38]
(A)
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properties of CHs is of vital importance not only for eval-
uating the application of gas storage and separations, but
also for understanding the stability and formation mech-
anisms. In this work, tensile mechanical characteristics of
CHs entrapping a variety of multielement guest molecular
species (CH47 1\IH37 HQS, CHQO, CH:‘)OH7 and CHgsH)
that show different abilities to form H-bonds with water
are comprehensively investigated by classic MD simula-
tions with TIP4P/ICE and OPLS-AA forcefields.

2 Models and methodology

2.1 Molecular models of CHs

All investigated CHs are water framework of structural I
clathrate hydrate. Initial positions of water oxygen atoms
of sl clathrate hydrate crystalline lattice are taken from
X-ray diffraction data [28]. Based on the Bernal-Fowler
rule, hydrogen atoms of water are uniquely assigned with
coordinated orientation in the framework, and the dipole
moment and potential energy of the H-bond network are
minimized [29]. As is seen in Fig. 1(a), one-unit cell of
sI CH is composed of 46 water molecules that forms two
5'2 and six 5'262 polyhedral water cages. In this work, all
simulation models are a cubic supercell of 3x 3x3 repli-
cas of the sI CH unit cell. All the water polyhedral cages
are fully occupied by guest molecules. Periodic boundary
conditions (PBC) are employed in all three orthogonal
directions to eliminate edge effects and thermodynamic
limits. To reveal the effect of guest molecules on the me-
chanical properties of sI CH, a variety of guest species
(CH4, NH3, HsS, CH,O, CH3OH and CH3SH) that show
different dimensionality, molecular polarity and ability of
forming H-bonds with water molecule, are selected. Ta-
ble 1 lists the effective kinetic diameters of those selected
guest molecules. Apparently, their effective kinetic diam-
eters are less than 5.0 A, and thus from the dimensional-
ity alone, both 5'2 and 5'262 water cages are capable of
accommodating the investigated guest molecules. Those
guest molecules are placed in the center of sl clathrate
cages with random molecular orientation to generate the
initial structural models of CHs.

6x51262

Fig. 1 Molecular structure of sI clathrate hydrate. One unit
cell of sI clathrate hydrate consists of six large polyhedral cages
(5*262) and two small polyhedral cages (5'?) that are formed
by 46 water molecules.
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2.2 Forcefield of clathrate hydrates

Reasonable molecular forcefields are critical to the accu-
racy of MD simulations. In this work, water molecules in
CHs are described by a full atomic rigid TIP4P /ICE water
model [40, 41]. For the guest molecules in CHs, they are
mimicked by the full atomic OPLS-AA forcefield [42]. This
OPLS-AA forcefield has been proved to be highly suc-
cessful in computing conformational energetics, thermody-
namic and structural properties of organic liquids [11]. The
intermolecular non-bonding dispersion/repulsion forces
in the CH systems are described by the standard 12—
6 Lennard-Jones (LJ) potential. The Lorentz—Berthelot
combining rule is utilized to determine the interaction
parameters between different LJ pairs. Table 2 lists the
corresponding LJ parameters and atomic charges of all
investigated guest molecules. The cutoff distance of the
LJ interactions is set to be 12.0 A. The particle-particle-
grid (PPPM) method is applied to calculate electrostatic
long-range interaction forces.

2.3 Tensile MD simulations

Prior to mechanical tension, molecular configuration of
CHs is quasi-statically optimized to a local minimum
configuration, with energy and force tolerances of 1.0 x
10~* kcal/mole and 1.0 x 10~* kcal/(mole-A), respec-
tively. Then, within MD simulation time of 100 ps, as-
minimized samples are heated from 1-150 K at a constant
confining pressure of 0.1 MPa. Afterwards, MD calcula-
tions with simulation time of 400 ps are performed to fully
relax the structures at constant temperature of 150 K and

Table 2 Lennard—Jones parameters and atomic charges of
OPLS-AA forcefield of all the investigated guest molecules [42].

Molecules Atom Type e (kcal/mole) a(A) q (e)
C 0.066 3.5 —0.24
CH4
H 0.03 2.5 0.06
N 0.17 3.42 —1.02
NH3
H 0 0 0.34
S 1.046 3.7 —0.47
HsS
H 0 0 0.235
C 0.105 3.75 0.45
CH20 (@] 0.21 2.96 —0.45
H 0.015 2.42 0
C 0.066 3.5 0.145
O 0.17 3.12 —0.683
CH30H
H(C) 0.03 2.5 0.04
H(O) 0 0 0.418
C 0.066 3.5 0
S 0.25 3.55 —0.435
CH3SH
H(C) 0.03 2.5 0.06
H(S) 0 0 0.255
33504-3

confining pressure of 0.1 MPa under NPT ensemble (con-
stant number of particles, constant pressure, and constant
temperature). The Nosé—Hoover thermostat and Nosé—
Hoover barostat with damping times of 0.1 and 1.0 ps
are employed to control the temperature and pressure
of CH systems, respectively. Finally, deformation control
method is employed to achieve uniaxial tension. The set-
up of the deformation control method corresponds to a
modified NPT ensemble, specifically, NVT in the loading
direction, and NPT in the lateral directions, which is able
to control pressure only in non-loading directions (z and y
directions) independently and temperature. A reasonable
constant strain rate of 10%/s is applied and the coordi-
nates of all molecular centroids along the straining direc-
tion are readjusted uniformly every 1000 timesteps. The
transverse pressures are independently maintained, ensur-
ing that the straining samples are able to undergo ex-
pansion/contraction in the lateral directions because of
Poisson effect. A timestep of 1.0 fs with Velocity-verlet
algorithm is utilized to integrate the Newton’s equations.
All the MD calculations are performed using a large-scale
atom-molecular massively parallel simulator (LAMMPS)
software package code [43].

3 Results and discussion

3.1 Effects of guest molecules on the mechanical

properties of clathrate hydrates

Data of available mechanical properties of CHs are
scarce. Figure 2 shows the simulated stress-strain curves
of a variety of guest molecules-contained and guest-free
sI CHs subjected to uniaxial tensile loads. Obviously, all
CHs exhibit unique mechanical responses that greatly
vary with the type of guest molecules, and guest-free
CH exhibits similar tensile responses to those of CHy,

1.4
— CH,0
1.2+ CH,4
HS
1.0 NH;
E —— CH;0H
9 0.8 — CH;SH
@ Guest-free
£ 0.6
2
2 0.4+ -
3]
F
0.2
0'07 T T T T
0.0 0.1 0.2 0.3 0.4 0.5

Tensile strain (m/m)

Fig. 2 Mechanical stress-strain curves of clathrate hydrates
encapsulating six different guest molecules of CH20O, CHy,
H»S, NHs, CH30H and CH3SH, respectively, as well as that
of guest-free clathrate hydrate for comparison.
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CH>0, and HyS CHs. In terms of the characteristic stress-
strain curves, two distinct types of mechanical responses
of guest molecules-contained CHs can be roughly classi-
fied. One type is mainly represented by CHy, CH2O, and
H5S CHs. Based on the global loading curves, four defor-
mational stages can be roughly identified. The first defor-
mation stage is characterized by linear increase in stress
with finite increase of strain, signifying linear elastic be-
haviors. The deformational stage II is described by that,
with increasing strain, the loading stresses nonlinearly
increase up to the highest peaks, suggesting that CHs
are nonlinear-elastically deformed. Based on the curves,
strain-softening behaviors can be also identified. The de-
formational stage III is primarily characterized by sud-
den deep drops of loading stresses in the stress-strain
curves. Such drops of loading stresses indicate occurrence
of plastic deformation-induced structural destabilization
of CHs. The final deformational stage is characterized by
a large number of sudden rise-and-drop of tensile stress
events in the following long-range curves, indicating signif-
icant plasticity. The other type is represented by CH30H,
CH3SH, and NH3s CHs. In contrast, three deformational
stages are identified from the loading curves. The deforma-
tional stage I is described by the initial short-range linear
stress-strain relations, implying linear elastic responses. In
deformational stage II, the tensile stresses nonlinearly in-
crease up to maximum values within finite strains. Re-
markably, the nonlinearity in those tensile stress-strain
curves is characterized by a series of rise-and-drop in stress
events, differing from the cases of CH,, CH>O, and HsS
CHs, which is characteristic plastic deformations. Simi-
larly, the final deformational stage is characterized by
large-scale rise-and-drop of loading stress events in the
curves. It is summarized that both types of CHs exhibit
distinct plastic deformation mechanisms.

To reveal the influence of temperature on their ten-
sile properties, the tensile stress-strain curves of all six
guest molecules-contained CHs at high temperatures of
200 K and 250 K are examined as shown in Figs. S1 and
S2 of Supporting Information. Overall, the characteristics
of tensile loading responses of stable CHy, CH3O, HsS
and CH3SH CHs are negligibly influenced by the external
temperature. With regard to CHs containing NHj and
CH30H guest molecules that have strong ability to form
hydrogen bonds with water molecule and strong molecular
polarity; however, they show zero-tensile stress during the
entire loading process at high external temperatures. This
indicates that both NHs and CH3OH CHs are not struc-
tural stable at high temperatures.

Table 3 lists the Young’s modulus and tensile limit of
those six guest molecules-contained CHs obtained from
the stress-strain curves of Fig. 2, as well as guest-free
CH. In terms of the values of Young’s modulus, they are
sorted as CH4 >CH3SH >CH5O >Guest-free >NH3z >H5S
>CH30OH CHs, with maximum and minimum values of
8.26 GPa and 5.50 GPa, respectively. In terms of the val-

33504-4

Table 3 Young’s moduli and tensile limits of clathrate hy-
drates encapsulating six different guest molecules, as well as
guest-free clathrate hydrate.

Tensile

. CH>0O CH4 HsS NH3z CH30H CH3SH Guest-free
properties
Young’s
modulus 7.60 8.26 6.09 6.56 5.50 7.83 6.88
(GPa)
Tensile imit - o5 190 0.92 024 036 067 107

(GPa)

ues of tensile limit, they are ranked as CHy >Guest-free
>H,S >CH,O >CH3SH >CH3OH >NHj3; CHs, which
is different from the case of Young’s modulus. In short,
CH,4 CH is the most mechanically robust clathrate struc-
ture. This demonstrate the fact that sI CHy; CH predomi-
nates in natural settings. Overall, the guest molecular size,
geometric configuration, molecular polarity, as well as the
ability of guest molecules to form H-bonds are primarily
attributed to the differences in their tensile properties.

3.2 Radial distribution functions (RDFs) and hydrogen-
bonding configurations in clathrate hydrates

The different mechanical properties of the six CHs can
be indicative of their intrinsic molecular structures. To
characterize their molecular structures, RDFs of relaxed
CHs are computed. Figure 3(a) shows the RDFs of oxygen-
oxygen (Ow ---Ow) of host water molecules in the CHs
containing six different guest molecules, as well as the
case of guest-free CH for comparison. Apparently, the
RDFs curves show a number of similar peaks in the
distance of 0-10 A, demonstrating the characteristics of
crystalline structures. This indicates that all investigated
guest molecules contained and guest-free CHs preserve sl
clathrate frameworks formed by water molecules. By com-

(a) 14 (b)5
12 oo CH;0
! CH, 4 CH,

104 H,S
S 1 NH;

> 84 CH;0H

3 1 —— CH,SH

= 6 Guest-free

S

r(A)

r(A)

Fig. 3 RDFs of relaxed clathrate hydrates containing CH2O,
CHy4, H2S, NHs, CH3OH, CH3SH guest molecules, as well as
guest-free clathrate structure. (a) RDFs of oxygen of water
molecules (Ow ---Ow) of clathrate hydrates and (b) RDFs
of guest molecule-oxygen of water molecules (Ow ---Ow)
in relaxed clathrate hydrates entrapping six different guest
molecules.
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parison, there are slight differences in the positions and
values of peaks between RDFs of O ---Ow of CHs. For
example, the values of the second, third and fourth peaks
are varied with guest molecular types, all with minimum
and maximum values for NH; and CH, CHs, respec-
tively. Moreover, there is a slight shift in the positions
of peaks between those RDFs. This indicates that there
exists difference in the clathrate structures between CHs
containing different guest molecules, resulting in their
different mechanical properties. Figure 3(b) displays the
RDFs of host water and guest molecules (Ow - - - Owy) for
CHs containing six different guest molecules. Similarly,
except for NH3y CH, there are a number of peaks identi-
fied in the RDFs curves, indicating that they are uniformly
distributed in the clathrate cages of CHs. The position val-
ues of the first peak in the RDFs of O - - - Oy represent
mean distances between guest and host molecules. The
asymmetry of the peaks in the RDFs mainly comes from
the fact that guest molecules occupy different 5262 and
512 clathrate cages [44]. Interestingly, small guest NH3
CH shows distinct RDFs of Owy - - - Ow from those of other
CHs. For example, within distance of 2-5 A, there are sev-
eral weak peaks identified in the RDF curve, suggesting
that NH3 guest molecules do not prefer staying in the cen-
ter of clathrate cages, but prefer approaching local host
molecules of clathrate cages for more easily forming H-
bonds with surrounding water molecules, resulting in its
weak mechanical properties. As a result of strong ability
of NH3 to form hydrogen bonds with water molecule, NHg
has been assigned a main role as water-ice antifreeze and
methane hydrate inhibitor [45]. However, NHj3 is a small
molecule that is suitably enclathrated by 5'2 and 5'262
polyhedral cages. Thus, from the dimensionality alone,
it possesses the great potential to be a suitable guest
molecule for cages of sI CH [46]. Those are mainly respon-
sible for the distinct tensile properties and RDFs of NHg
CH from those of other five CHs. The specific behaviors of
NHj3 CH such as the RDFs can be utilized for identification
of NHs CH from a variety of CHs, as well as playing an un-
derstood role in the extraterrestrial space. With regard to
CHs containing CH3OH, CH3SH guest molecules that also
have ability to form H-bonds with water molecules; how-
ever, as a result of their unique molecular configurations,
CH30H, CH3SH guest molecules are not able to approach
local host water molecules of finite-dimensional clathrate
cages, leading to single peak in the distance of 2-5 A. This
explains that the guest molecular polarity and geometrical
configuration dictate the mechanical properties of sI CHs.

To further reveal the structural characteristics of those
six guest molecules-contained CHs, the motifs of 5'2 and
5262 polyhedral cages encapsulating guest molecules at
equilibrium state are captured in Fig. 4. Apparently,
the captured water frameworks preserve the motifs of
512 and 5'262 clathrate cages, indicating that all inves-
tigated CHs are structurally stable structures. However,
the geometrical configuration of 5'2 and 5'262 water cages

varies with the encapsulated guest molecules. For ex-
ample, small 5'2 clathrate cage entrapping small NH;
molecule that has strong ability of forming hydrogen
bonds with water molecule and strong molecular polar-
ity is more pronounced distorted than that entrapping
other guest molecules. Whereas, large 5262 clathrate cage
encapsulating either small NHs or large CH30H guest
molecules that show strong H-bonding formation abil-
ity with water molecule and strong molecular polarity is
also more significant distorted. This indicates that guest
molecules with strong ability of forming H-bonds with wa-
ter molecules and strong molecular polarity can result in
significant localized distortion of clathrate cages. Except
for CH4 guest molecule, other five guest molecules are
able to form H-bonds with water molecules of both 52
and 5'262 clathrate cages, while their H-bonding configu-
rations are distinct from each other.

3.3 Energetics in deformed clathrate hydrates

Non-bonded intermolecular interactions play key roles in
the stabilizing clathrate cages and mechanical stability of

CH,@5"2

CH,0@512

CH;O0H@52

CH,0H@5262

CH,SH@5!262 NH,@5!262

Fig. 4 Perspective motifs of guest molecules CH4, CH2O,
H»S, CHsOH, CH3SH and NH3@512/51262 of relaxed clathrate
hydrates. To clarify the clathrate cages, hydrogen atoms of
water molecules are removed and neighboring oxygen of water
molecules are connected. The hydrogen bonds of host water-
guest molecules are highlighted by green-springs.
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Feop

RESEARCH ARTICLE

CHs. Therefore, the total potential energies of nonbonded
intermolecular interactions of host-guest (Ehostguest) il
deformed CHs are computed. Figure 5 shows variations in
Ehost—guest of six different CHs with strain. Apparently, all
CHs show different F,ost-guest during the global deforma-
tion and uniquely nonlinear Fhost—guest-strain curves. In
terms of FEhostguest at zero strain, they are sorted as
NH; >CH; OH >CHs3SH >H,S >CH,O >CH4. Such
sorting is almost opposite to the sorting in terms of
mechanical properties. This indicates that strong non-
bonded interactions of host—guest molecules in CHs do
not enhance structural stability but degrade the mechan-
ical performance. As seen in Fig. 5, Ehostguest vary with
strain. As for CHy CH, it is observed that Eyost—guest
nonlinearly increases with increasing strain, indicating
that elongation of CHs globally reduces the intermolec-
ular interactions between HoO and CH4 molecules. This
is mainly due to the fact that the CHy molecule is a
non-polar molecule and does not have ability to form H-
bonds with water molecules. As the CH4 CH is elasti-
cally strained, intermolecular interactions between HoO
and CH,4 molecules become less and less pronounced. The
first drop of Ehost—guest i the curve occurs at around
strain of 0.16 that is the failure strain. As the CH4 CH is
plastically deformed, intermolecular interactions between
H50O and CH4 molecules are further weakened. With
regard to other CHs, however, clear reduction tendency
in the Fhostguest With strain, representing that deforma-
tion of CHs enhances host—guest intermolecular interac-
tions, which is in contrast to the case of CHy CH. As
for CHs containing polar CH3SH, CH3OH and NHj guest

molecules that have strong ability to form H-bonds with
water molecules, it is observed that Epostguest sharply
reduces in the early elongation, but then gradually ap-
proaches to constant values with increasing strain. This
indicates that, prior to failure, deformation of CHs sig-
nificantly enhances intermolecular interactions of host—
guest molecules, thereby destabilizing the clathrate cages
formed by water molecules. With regard to CHs contain-
ing polar CH5O and HsS guest molecules that have weak
ability to form H-bonds with water molecules, it is de-
tected that, prior to failure, Fhost—guest relatively insignif-
icantly varies with elastic strain. Intriguingly, there is a
crossover in Ehosiguest at @ critical elastic strain for HyS
CH. As HyS CH is elastically strained, Ehost—guest first
slightly increases but then decreases, differing from CH20O
CH that show monotonic reduction in Ehostguest- How-
ever, both CHy0 and HyS CHs show sudden deep drop of
FEhost—guest at critical strains that correspond to the failure
strains. With increasing strain, Ehost—guest 0f CH2O and
H,S CHs further decreases.

3.4 H-bonds in deformed clathrate hydrates

In CHs, host water molecules are uniquely connected
by H-bonds to form the basic skeleton of hydrate struc-
tures [47]. H-bonding network is the key to stabilize CH
structures. Quantitative analysis of H-bonds in CHs helps
to understand the stability and mechanical performance
of CHs subjected mechanical loads. Figure 6(a) shows
schematic diagram of identification of H-bonds for wa-
ter systems. To determine a H-bond, cutoff values of the

(a) -80 (b) -35 (©) -100
— CH,0 — CH, H,S

= -361
S -904 i
£ 20 ] -110
= =37
i
= ~100- -38- ~120-
3
% -394
= —110+ —130
= —40-

-120 T T T T T T T -41 — 1 T T T T T -140 — T T T T T T T T

0.0 01 02 03 04 05 0.0 01 02 03 04 05 00 01 02 03 04 05

(d)-150 (e) —180 ® -100
— 155 ——NH; o0 CH;OH —— CH;SH
g -120
= —1601
S —220+
= 1657 ~140-
£ -240
% -1701
= —-160
1754 ~260-

-180 T T T T -280 T T T T -180 T T T T

0.0 01 02 03 04 05 0.0 01 02 03 04 05 0.0 01 02 03 04 05

Tensile strain (m/m)

Tensile strain (m/m)

Tensile strain (m/m)

Fig. 5 Energetics of non-bonded interactions of host—guest molecules in clathrate hydrates. Variations in total potential
energies of host water-guest molecules of (a) CH20, (b) CH4, (c) H2S, (d) NHs, (e) CH3OH and (f) CH3SH in clathrate

hydrates with strain, respectively.
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of guest—host hydrogen bonds in clathrate hydrates entrapping NHs, CHsOH, CH3SH, H2S, CH4, and CH20 guest molecules

with strain, respectively.

donor-acceptor angle a and interatomic distance R are set
to be 30° and 3.5 A, respectively. Figure 6(b) shows the
development of total number of H-bonds identified in CHs
containing NH3, CH30H, CH3SH, H,S, CH,4, and CH,0O
guest molecules during the whole straining process. Obvi-
ously, the polarity and dimensionality of guest molecules
in CHs significantly influences the total number of H-
bonds, although CHs are composed of identical number of
water molecules that form H-bonded framework. At zero
strain, in terms of number of H-bonds, they are sorted as
NH3; >CH30H >CH3SH >HsS >CH, >CH,0O CHs. This
clearly suggests that, except for CH; and CH;O CHs,
there are a number of H-bonds formed between host wa-
ter and guest molecules, which closely correlates with the
dimensionality, polarity of guest molecules, and the abil-
ity to form H-bonds. As the CHs are strained, there is
rise-and-drop in the total number of H-bonds, indicating
that H-bonds in CHs are able to dynamically dissociate
and form with deformation. Interestingly, there is a rise
tendency in the total number of H-bonds with increasing
strain for CHs containing small guest molecules, whereas
for other CHs, the total number of H-bonds tends to de-
crease. Figure 6(c) shows variations in the number of H-
bonds formed between host water molecules in CHs con-
taining CH,O, CHy, HyS, NH3, CH3OH, CH3SH guest
molecules. Apparently, identical host water molecules of
the six different CHs form different number of H-bonds,
indicating that H-bonds formed by water molecules in CHs
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are greatly affected by the properties of guest molecules
such as molecular dimensionality, atomic charges, polar-
ity, the ability to form H-bonds with water molecules,
and so on. It is observed that, during the entire stretch-
ing process, there is reduction trend in the number of H-
bonds formed between host water molecules, suggesting
that, beside the external conditions including tempera-
ture and confining pressure, mechanical deformation also
cause dissociation of H-bonded network of CHs. H-bonds
formed between water molecules in CHs containing large
CH30H, CH3SH guest molecules are more sensitive to
mechanical deformation, whereas for CH, CH, they are
the least sensitive to strain, explaining that CH4 CH is
the most mechanically robust structure. Figure 6(d) dis-
plays the variation in the number of H-bonds formed be-
tween host water and guest molecules in CHs containing
CH,0, CHy, HyS, NH3, CH3OH, CH3SH guest molecules
with strain. Apparently, those guest molecules encapsu-
lating in water cages of sI CH present distinct abilities
in forming H-bonds with host water molecules. At equi-
librium state, in terms of guest molecular ability to form
H-bonds with water molecules, they are ranked as NHj
>CH3;OH >CH3SH >HsS >CH;0O = CHy. Such ranking
clearly reveals that sI CHs containing guest molecules with
stronger ability in forming H-bonds with water molecules
of clathrate cages show poorer mechanical properties. This
is because, once guest and host molecules in CHs form H-
bonds, H-bonds formed between host water molecules in

Yue Xin, et al., Front. Phys. 16(8), 33504 (2021)
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CHs are limited, resulting in reduction in the number of H-
bonds in the basic H-bonded skeleton structure, thereby
weakening the mechanical performance. Another reason
is that guest molecules with strong ability in forming H-
bonds tend to approach the edge of water cages instead
of stay in the center of water cages, generating localized
distortion of water cages, thereby destabilizing the water
cages. Except for CHy CH, as the samples are strained, the
number of H-bonds of host—guest molecules in investigated
CHs greatly varies. It is also observed that there is global
increase in the number of H-bonds of host—guest molecules
during the whole straining process. This is due to the fact
that deformation of clathrate cages reduces the distance
of potential H-bonding donor-acceptor, thereby enhanc-
ing the formation of host—guest molecular H-bonds. As the
CHs containing HyS and CH5O guest molecules are elasti-
cally deformed, there is negligible change in the number of
H-bonds of host—guest molecules; however, as the CHs are
plastically stretched, there is rising tendency in the num-
ber of H-bonds of host—guest molecules. This comes from
the fact that, upon elastic straining, the distance of guest
HsS and CH5O molecules to host water molecules is over
cutoff value (3.5 A) of H-bonding donor-acceptor, whereas
upon plastic deformation, host water molecules from dis-
sociated clathrate cages are free to approach guest HoS
and CH5O molecules. Note that, because CHy4 molecule
does not have donor and acceptor of H-bond, there is null
in the number of H-bonds of host—guest molecules during
the whole stretching process.

3.5 Strain-induced instability in clathrate hydrate

To understand the instability of all investigated CHs
subjected mechanical load, the development of molecu-
lar structures during the whole stretching process are
recorded. Figure 7 shows a series of side-viewed snap-
shots of the investigated CHs where the oxygen atoms
of host water molecules are rendered according to their
values of shear strain. Clearly, there are two distinct me-
chanical destabilization patterns, depending on the po-
larity and configuration of guest molecules. One is repre-
sented by CHy, CH50, and HoS CHs in which the guest
molecules are less molecular polarity and possess weak H-
bonding ability with host water molecules. As is shown
in Figs. 6(a—c), the mechanical destabilization occurs via
brittle fracture of clathrate cages on the (101) crystalline
plane, resulting in sudden deep drops of loading stress
in the curves of Fig. 2. The brittle fracture is primar-
ily dominated by the local dissociation of H-bonds of
clathrate cages. The other one is represented by CH3SH,
CH30H, and NH3 CHs in which guest molecules are
stronger molecular polarity, and show strong H-bonding
ability. In contrast, the mechanical destabilization eas-
ily takes place through ductile-like failure of clathrate
cages. Such ductile-like failure is characterized by gradual
global amorphization as a result of large-scale dissociation
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Shear strain

Fig. 7 Uniaxial tension-induced failure in sl clathrate hy-
drates. Side views of representative snapshots of (a) CH2O,
(b) CHy, (c) Hs2S, (d) NHs, (e) CH30H, and (f) CH3SH
clathrate hydrates during the deformation process, where the
guest molecules and the hydrogen of host water molecules are
removed for clarification. Note that the uniaxial straining is
along the vertical direction. The color code is on the basis of
the values of shear strain.

of H-bonds in clathrate cages. This explains their unique
nonlinear mechanical responses as shown in Fig. 2. It is
summarized that those two distinct mechanical destabi-
lizations closely correlate with the H-bonding ability of
host—guest molecules and polarity of guest molecules.

4 Conclusions

In summary, classical MD simulations are performed to
examine the mechanical characteristics of sI CHs entrap-
ping a variety of guest molecules (CHy, NH3, HyS, CH50,

Yue Xin, et al., Front. Phys. 16(3), 33504 (2021)
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CH3O0H, and CH3SH) that show different H-bonding abil-
ities with host water molecules subjected to uniaxial ten-
sile loads. RDFs analysis demonstrates that all studied
CHs are structurally stable host—host H-bonded network
of clathrate structures, although there are H-bonds formed
between host—guest molecules. Tension MD simulations
show that all CHs present unique mechanical responses
that greatly vary with molecular configuration, molecu-
lar polarity and forming H-bonding ability with water
molecule of guest species. It is revealed that the me-
chanical properties of CHs such as tensile limit, failure
strain, Young’s modulus and destabilization pattern are
dominated by the guest molecular property such as the
H-bonding ability with water, molecular polarity and so
on. For example, CHs entrapping CHy, HsS and CH;O
guest molecules that have weak ability to form H-bonds
with water and weak molecular polarity show superior
mechanical properties over those containing NH; CH3;OH
and CH3SH guest molecules that show strong H-bonding
ability with water and strong molecular polarity. This
mainly comes from the fact that formation of H-bonds of
host—guest molecules limits formation H-bonds between
host water molecules, thereby reducing the number of
H-bonds in the basic H-bonded clathrate structure. In-
terestingly, energetics of non-bonded host—guest interac-
tions in mechanically robust CH, CH are different from
those of other CHs. Upon critical strains, CHs entrap-
ping CHy, H3S and CH2O guest molecules fail via brittle
failure on the (101) crystalline plane, whereas for other
CHs, they are mechanically destabilized via ductile failure
due to gradual global dissociation of H-bonds in clathrate
cages. Moreover, the deformation of CHs enhances the
host—guest H-bonds. This study provides important in-
sights into the mechanical stability and deformation mech-
anisms of clathrate hydrate structures.
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