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ABSTRACT: In this work, the effect of cyclopentane (CP) clathrate hydrate on the
anomalous preservation of tetrahydrofuran (THF) hydrate under conditions outside its
stability region is studied by using molecular dynamics simulations. The
decompositions of pure structure II THF and CP clathrate hydrate, and also THF
hydrate coated by CP hydrate, all with outer (001) surfaces exposed to vacuum, were
simulated at different temperatures and characterized by the potential energy, the F;
order parameter, and visual inspection of snapshots of the hydrate system at different
times. The upper bounding melting points of THF and the CP hydrate with the
employed force fields were predicted to be 270 and 290 K, respectively, which were
close to the experimental values of 277.5 and 281 K. To study the origins of anomalous
preservation and superheating effects in hydrates, we placed layers of the higher-
decomposition point CP hydrate as a coating on bulk THF hydrate to study the
possible superheating of the THF hydrate. Whereas the pure THF hydrate melted at
270 K after a simulation time of about 50 ns, with the CP hydrate layer coating, the

THF hydrate in the simulations did not dissociate at 290 K, corresponding to a superheating temperature of 20 K, up to a
simulation time of 120 ns. Upon coating with the CP hydrate, the decomposition of the THF hydrate is transformed from a
heterogeneous mechanism at the hydrate—vacuum or hydrate—water interface to a homogeneous mechanism which leads to
superheating of the THF hydrate phase. The dissociation of the THF and the CP hydrate layers occurs in a stepwise fashion
perpendicular to the hydrate interface from the outer to inner layers, similar to the dissociation of the structure I methane

hydrate previously studied.

1. INTRODUCTION

Clathrate hydrates are crystalline porous solid inclusion
compounds composed of guest molecules [e.g, methane,
carbon dioxide, tetrahydrofuran (THF), and others] encapsu-
lated in hydrogen-bonded water molecule cages, which form
under suitable thermodynamic conditions.”” The clathrate
hydrates have attracted a great deal of attention as a medium
for transportation of methane or natural gas for energy
applications. Many researchers have stated that for distances of
around 1000—6000 km, transportation of the gas hydrates is
more economical than pressured gas.”* Moreover, gas
transportation in the form of solid gas hydrate significantly
decreases the risk of ignition or accidents in the tanker in
comparison with liquefied natural gas.®

To use gas hydrates in the context of gas production,
storage, and transportation, knowledge of the hydrate
thermodynamic stability range, and how this limits hydrate
formation and utilization processes is important. It has been
found that clathrate hydrates can be kept under metastable
conditions outside their thermodynamic stability zone. It was
previously observed that a dense ice crust covers methane and
CO, hydrate particle surfaces when they decompose between
243 and 273 K (=30 to 0 °C).*” This ice “crust” can stabilize
the underlying hydrate phase for extended periods of time by
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greatly decreasing the hydrate decomposition rate, even when
the hydrate is outside the stability region. This condition,
where after an initial decomposition, an ice layer forms on the
remaining hydrate phase which slows its decomposition in a
pressure—temperature region in which it is thermodynamically
metastable, is called hydrate self-preservation.”™'° Research has
been directed toward preventing decomposition of gas
hydrates and improving the efficiency of self-preservation in
technological uses of hydrates for guest storage and trans-
portation. Stern et al. stated that after a short rapid dissociation
process, methane hydrate remains preserved in a metastable
state for up to 2—3 weeks at up to 75 K above its stability limit
of 193 K at 0.1 MPa."" They found that ice-shielding can
explain the self-preservation of residual gas hydrate (less than
8%) in low-temperature rapid-depressurization tests and in
temperature-ramping tests.' In the presence of electrolyte
crystals in the aqueous mixture in contact with methane
hydrate, the mobility of water molecules is increased, and this
causes the formation of a contiguous ice layer, which acts as a
barrier to diffusion of methane away from the hydrate phase.'”
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The self-preservation of the hydrate phase with ice is limited
naturally by the melting point of ice. It would be a major
advance to overcome the limitation of the melting point of ice
as the upper bound of hydrate preservation, with implications
for hydrate transport technology.

A number of researchers studied the ice-shielding effect on
self-preservation of methane hydrate and other hydrate
formers. For example, they studied the effect of hydrate
particle size on self-preservation, the degree of preservation,
and the crystal textural changes of the ice cover for the
preserved gas hydrate. The scanning microscope images of the
methane hydrate surface showed that small grains of ice cover
the surface after partial dissociation."” The larger hydrate
particles were found to retain more methane gas than smaller
ones for equal volumes of hydrate at a given temperature.'” On
the other hand, Takeya and Ripmeester stated that the
different strengths of interaction between water and gases such
as CH,, N,, and Ar determine the degree of self-preservation,
such that the hydrates with weaker guest—water interaction
showed the strongest preservation effect.'* Falenty and Kuhs
studied the self-preservation of CO, hydrate by scanning
electron microscopy above 240 K. They stated that the
phenomenon of self-preservation is related to the permeability
of the ice cover, which is governed by the initial microstructure
of ice and/or the subsequent annealing of this ice coating.’
The interplay of the ongoing hydrate dissociation process with
the microstructure of the newly formed ice and its annealing
causes various dissociation paths.®

The hexagonal ice I lattice constant formed on the outside
of the clathrate hydrate phase is not directly compatible with
the lattice constant of the structure I clathrate hydrate phases
of methane or CO, guests, and spacing of the water molecules
in the two lattices are not particularly commensurate.
However, it is believed that an amorphous water phase
connects the clathrate hydrate water framework to the ice
framework, and the ice layer shell may therefore form a closed
shell around the hydrate phase, which removes the free hydrate
interface, provides a diffusion barrier for the released gas from
the hydrate, and provides a source of surface pressure on the
hydrate phase.

Guests in clathrate hydrate phases are not restricted to small
gas molecules and larger molecules in the liquid phase under
normal conditions, such as THF and cyclopentane (CP), also
form clathrate hydrates. THF is an organic solvent that forms
the structure II (sII) hydrate phase at atmospheric pressure
and temperatures below the hydrate formation temperature of
277.55 K."> As neither high pressure nor cooling below 273.15
K is required for THF hydrate growth, it has been used in
many experimental studies as a model for gas hydrates."®"”
Moreover, natural gases which are the mixtures of methane and
other larger molecules like propane, form sII hydrates similar
to THF hydrate." THF hydrate decomposes above the freezing
point of water, and to study “anomalous preservation” of the
hydrate phase above its thermodynamic decomposition
temperature, Sharifi et al. immersed a sample of THF hydrate
into CP liquid to form CP hydrate on the outer layer of the
THF hydrate crystals. They verified this structure by
diffraction-enhanced X-ray imaging.'® The lattice constants
of the sII THF and CP hydrates are very close and the CP
hydrate layer eliminated the free THF hydrate interface. Using
visual inspection under thermostated conditions, they observed
that the melting points of THF and CP hydrate at atmospheric
pressure are 277.5 and 280.8 K, respectively, whereas the THF

hydrate coated by a thin layer of CP hydrate melted at a
temperature about 2 K higher than the uncoated THF
hydrate.'® Their results proved that the coating of less stable
clathrate hydrate with the more stable hydrates is a suitable
alternative approach for the anomalous preservation of less
stable hydrates at temperatures above the melting point of
ice."® In this work, we will study the melting of THF and CP
hydrates using molecular dynamics (MD) simulations to
determine molecular level details of this anomalous preserva-
tion.

The dissociation of the THF hydrate phase using MD
simulation has been studied by several research groups. Using a
six-site water potential'® and the optimized potential for the
liquid state-united atom (OPLS UA) potential,'” Nada (2003)
found that the growth of THF hydrate from aqueous solution
is not isotropic and favors the [100] surface compared to the
[111] surface. In his simulations, the hydrate decomposition
was not observed at 295 K, which he assumed to be the
melting temperature (T,,) of the clathrate at 1 atm.”” The
overestimation of the melting point was related to the specific
combination of force fields used for water and THF. Wu et al.
(2015) reported the formation/decomposition temperature
between 251.0 + 3.0 and 277.5 + 2.5 K for THF hydrate in
contact with aqueous THF solutions using the TIP4P-Ew
potential for water and the OPLS AA (all-atom) force field for
THEF and different adjusted parameters for the water—THF
interaction potential. To obtain proper solubility results for
THE in water, they modified the water—THF Lennard-Jones
potential parameters. This modified potential showed the best
agreement with the experimental decomposition temperature
for THF hydrate. The difference in the dissociation temper-
ature between their simulation and experiment can be reduced
with the modified force field.”" Yagasaki et al. (2016) used MD
simulations to determine the formation/decomposition tem-
perature of THF hydrate from aqueous THF solution at 1 bar
as 275 K,** which is close to the experimental value. They used
the TIP4P/ice potential for water’>** and the OPLS united
atom force field for THF'”** with scaled charges.

The melting point of CP hydrate using the TIP4P/ice
potential for water and the OPLS UA potential for CP with a
two-phase water—solid hydrate system was predicted to be T},
= 280 K by Sxthre (2016), which was close to the
experimental data on this system.” On the other hand, the
MD simulations of Iwai and Aokawa (2014) using the SPC/E
potential for water”® and all-atom OPLS potential for CP,”’
determined the decomposition temperatures of CP hydrate to
be higher than the experimental data, with the melting point
predicted to be 308.5 K for CP hydrate at 10.1 MPa, whereas
the experimental decomposition temperature is around 283
K.*® They considered possible reasons: to reduce the
computation time, the number of adjustable molecular
parameters in the molecular simulation was small and these
were not adjusted to optimize the agreement with the
experimental dissociation temperature. On the other hand,
they simulated the hydrate decomposition with a sample of
solid under periodic boundary conditions (PBCs), such that a
liquid—hydrate interface was not present in the simulation. It is
known that homogeneous solid-state simulations with PBCs
overestimate the predicted melting transition compared to
simulation with a two-phase liquid—solid hydrate interface.*®

In experimental and simulation work, a method similar to
the anomalous preservation for the clathrate phases is used for
keeping solids, in particular metals, in metastable states. In
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experiments and simulations, a nanoparticle or bulk sample of
a lower melting point metal, for example, Ag, is coated with a
higher melting point metal, for example, Ni. These two metals
have a relatively small ~16% lattice mismatch and form a low-
energy, semicoherent interface.”” ! It was observed that the
inner A§ metal phase can be superheated by as much as 40—70
K*”?%** because of being coated by the higher melting metal
and not having a free surface. The outer Ni coating removes
the heterogeneous Ag—air interface and replaces it with a low
energy Ag—Ni interface, which transforms the Ag meltin§
mechanism from heterogeneous to homogeneous melting.’
Upon further heating, the Ag—Ni interface is still the site of
heterogeneous nucleation for melting in these nanoparticles,
but much higher superheating temperatures for Ag are allowed
in this case.

In simulating the melting of solids, including hydrate
dissociation, a free solid—vacuum or solid—liquid interface
must be included to accurately determine the melting
temperature. Ideal solid phases simulated with PBCs have a
free energy barrier to melting and can only melt through a
homogeneous nucleation mechanism.””****

In this work, we study the anomalous preservation of THF
hydrate coated with CP hydrate using MD simulations to study
the mechanism of superheating of the THF phase as seen in
the results of the recent work by Sharifi et al.'®

2. COMPUTATIONAL DETAILS

All MD simulations were performed using the DL _POLY
program version 2.20 developed by Smith, Forester, and
Todorov.>® In the simulations, first, the melting points of pure
THEF and CP hydrates were determined using a 2 X 2 X 2 unit
cell replica of the sII hydrate of these guests with each large
cage filled with one guest molecule. To study the effect of
hydrate sample size on the dissociation time and temperature,
the melting point of a 2 X 2 X 3 unit cell replica of the sII THF
hydrate was also determined. To study anomalous preserva-
tion, the 2 X 2 X 2 unit cell replica sample of the THF hydrate
was coated by two 2 X 2 X 1 unit cell replica layers of the CP
hydrate in each of the faces in the z-direction. The hydrate
samples are placed in the center of the box with vacuum on
each side of the hydrate in the z-direction to provide free
interfaces on which the heterogeneous decomposition
nucleation mechanism is initiated.

The intermolecular interactions of water molecules were
modeled with the TIP4P/ice model, which is a four-site water
model for simulations of water/ice near the experimental
melting temperature at 1 atm.”>** The OPLS UA model was
employed for THF and CP molecules to determine the
Lennard-Jones parameters for the van der Waals interactions
and the nucleus-centered point charges for the electrostatic
interactions.'””” The charges on the THF molecule were
scaled from the OPLS UA defaults according to the
recommendation of Yagasaki, Matsumoto, and Tanaka so as
to accurately model the water—THF solution properties.”” All
cross interaction Lennard-Jones parameters between atoms on
different molecules were calculated using the Lorentz—
Berthelot combining rules.”® The Ewald method was used to
evaluate the electrostatic interactions with a relative error of
107 and an overall cutoff of 13 A. The guest molecules were
kept rigid during simulations. The force field parameters are
given in Table 1.

The temperature of the simulation was maintained constant
using a Nosé—Hoover thermostat™ using the NVT ensemble

Table 1. Force Field Parameters for Water (TIP4P/Ice),
THF, and CP (OPLS UA) Used in This Work”

atom o/A &/kcal-mol™! q/e refs
0O (H,0) 3.167 0.2108 0.0000 2324
H (H,0) 0.5897 2324
M (H,0) —1.1794 2324
O (THF) 3.000 0.1700 —0.5680 17,22
(CH,), (THF) 3.800 0.1179 0.2840 17,22
(CH,); (THF) 3.800 0.1179 0.0000 17,22
CH, (CP) 3.905 0.1180 0.0000 38

“United atom potentials representing CH, groups as one center of
force are used for THF and CP in these simulations.

with a relaxation time of 0.2 ps. The equations of motion were
integrated at each time step of 1 fs. After an initial equilibration
stage of 50 ps, all the simulations were then continued at the
target temperature until the dissociation of the hydrate phase
was totally complete or the system was equilibrated with intact
hydrate phase with simulation times going up to 100 ns. PBCs
were used in three directions. The decompositions of THF,
CP, and THF—CP hydrate were simulated in the temperature
range of 250—320 K to observe the temperature at which the
bulk hydrate decomposition begins. The simulation method-
ology is parallel to the experimental measurements used in the
work of Sharifi et al.'"® For simulations of the THF and CP
hydrate phases without free interfaces to compare the energy
of the guest—cage interactions, we used 2 X 2 X 2 unit cell
replica of the sII hydrate with the respective guests in each
large cage, PBCs, and the NPT ensemble to maintain constant
pressure.

Figure 1 shows the initial configuration of the pure THF
hydrate phase which is placed in the simulation box with
dimensions of 34.62 A x 34.62 A X 100 A and the THF
hydrate phase coated with layers of CP hydrate.

When the hydrate slab dissociates during the simulation
trajectory, the potential energy of the system suddenly
increases. In each case, the dissociation of the hydrate was
confirmed by viewing snapshots taken using the VMD
molecular visualization software.* The F; order parameter
was calculated to characterize the local arrangement of water
molecules at different locations of the hydrate phase.*’ The F,
order parameter is defined as

E; = ([cos Oylcos Oyl + cos® 109'47]2>1)k

~ 0.1 liquid water
| ~ 0.0 solid water (ice, hydrate) (1)

where 0 is the angle between the oxygen atoms of three water
molecules of which atom i is located in the center of a spherical
shell of 3.5 A which includes atoms j and k. The F; parameter
is O for highly tetrahedral structures, including ice and clathrate
hydrate phases and its value increases to ~0.1 for liquid water.
To quantify the spatial extent of hydrate dissociation, the initial
hydrate phase was divided into different layers parallel to the z-
direction and the F; parameter was calculated for each layer
separately. Once the hydrate phase starts to dissociate, the F;
parameter gradually increases.

3. RESULTS AND DISCUSSION
3.1. Dissociation of the THF Clathrate Hydrate Phase.
Figure 2a shows the time evolution of the potential energy of
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Figure 1. Structures of a (a) 2 X 2 X 2 slab of THF hydrate and a (b)
2 X 2 X 2 slab of THF coated with 2 X 2 X 1 slabs of CP hydrate on
both sides in the z-direction after initial temperature equilibration and
prior to large-scale dissociation of the hydrate phases. The simulations
have free surfaces in the z-direction. The hydrogen bonded water
network in the sII clathrate hydrate is shown by the green lines, the
CP molecules are shown in red, and the THF molecule are shown
with blue (carbon) and red (oxygen) colors.

the simulation of the 2 X 2 X 2 slab of THF hydrate exposed to
vacuum in the z-direction at temperatures between 250 and
300 K with simulation times up to 60 ns. The solid hydrate
phase has a lower total potential energy than that of the
aqueous THF solution that forms from the dissociation of the
hydrate, so the total system potential energy increases as the
solid decomposes to liquid.

For the lowest temperature simulation at 250 K, the
potential energy of the system remains nearly constant for the
50 ns duration of the simulation, indicating the stability of the
hydrate phase.

At the higher temperatures, the potential energy shows
stepwise increases with time, indicating that the hydrate slab
begins the process of dissociation. At temperatures above 250
K, within the first ~3 ns of the simulation, the surface hydrate
layers which contain partially formed hydrate water cages,
quickly dissociate and the potential energy increases suddenly.
At a high temperature, namely 300 K, the potential energy of
the entire system rapidly increases to reach a final plateau,
implying that the hydrate phase has completely melted and an
aqueous THF solution phase forms. The 300 K temperature is
considerably higher than the experimental melting point of the
THF hydrate, which was reported to be about 277.55 K'**>*
and so there is a large driving force for decomposition at this
temperature.

After the surface cages are decomposed, a sharp rise in the
potential energy is observed at 270, 275, and 280 K after
“induction times” of about 50, 22, and 12 ns, respectively.
Snapshots of the simulations at each temperature are shown in
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Figure 2. (a) Time evolution of the simulation cell potential energy of
the THF hydrate at temperatures between 250 and 300 K. (b)
Snapshots of THF hydrate decomposition at the melting point at 275
K at different times in the simulation trajectory up to 30 ns.

the Supporting Information Snapshots of the simulation at 275
K are shown in Figure 2b. At 5 ns, the outer layers of THF
hydrate dissociate, which corresponds to the first rise in the
potential energy curve shown in Figure 2a. After this time, the
water molecules in the outer layers are disordered, whereas the
configurations of the water molecules in the inner layers
remain unchanged in the hydrate phase for about 20 ns, after
which the hydrate structure completely collapses, correspond-
ing to the stepwise rise in potential energy near 22 ns in Figure
2a. The potential energy of the system plateaus again at the
end of the simulation, which in this case corresponds to the
water—THF solution with two exposed interfaces by the end of
the 30 ns simulations. The results in Figure 2a show that the
predicted melting point of the THF hydrate at 1 bar from the
simulations is less than 270 K, which is in reasonable with the
dissociation temperature of 275-277 K reported in the
experimental and other simulation works for THF hydrate.”"**
Snapshots of the hydrate phases for simulations at different
temperatures are shown in Figures S1—SS of the Supporting
Information.

Details of the time evolution of hydrate decomposition at
different temperatures can be further quantified by using the F;
order parameter for different cross sections of the slab of the
simulation cell parallel to the z-direction. The hydrate phase
was divided into four layers, each with a thickness of around
8.8 A, where layers A and D are the outermost and B and C are
the internal layers. Time variations of this parameter for THF
hydrate layers along the z-direction at five temperatures
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between 250 and 300 K are shown in Figure 3. At the lowest
simulation temperature of 250 K, the outer layers (with

270K
—

250K

" 10000 20000 30000 40000 50000 60000

time / ps
Figure 3. F; order parameter for four THF hydrate layers along the z-
direction at different temperatures. As shown, the hydrate phase was
divided into four layers, with layers A and D forming the outermost
layers with incomplete cages, see Figure 2.

incomplete cages) are partially decomposed as indicated by the
increase of F; of the A and D layers up to 0.03—0.05, implying
that the water molecules at these locations in the simulation

cell are in a liquid-like amorphous phase. The F; of the inner
layers (B and C) remain nearly constant at around 0.01 after
50 ns. At a temperature of 270 K, the outer layers decompose
at times between 2 and 10 ns and their F; values reach around
0.08, whereas F; value of the inner layers do not significantly
change up to 50 ns, after which is there is a rise to 0.08, which
is characteristic of liquid/amorphous water. For the simulation
temperature of 275 K, there is a rapid increase in the F; values
of the outer layers with incomplete cages. The F; values of the
inner layers initially plateau, but begin rising at 17 ns. At about
2S ns, the hydrate phase in these layers is completely
decomposed with F; values reaching 0.08, which is character-
istic of liquid/amorphous water. From these results, a bulk
decomposition temperature of 270 K is assigned to the THF
hydrate.

Upon increasing the temperature, the simulation time for
beginning and completing the dissociation of the hydrate phase
becomes shorter. At 280 K, the inner layers were disrupted at
about 12 ns and for 300 K, the F; values of both outer and
inner hydrate layers change rapidly and approach a constant
value of ~0.08 at approximately 1 ns. The time for the onset of
changes in the F; parameters of the different hydrate layers is
consistent with the time for changes of the potential energy of
the system shown in Figure 2a.

The results of Figure 3 demonstrate the layered dissociation
of hydrate in the direction parallel to the hydrate interface,
which in this case is the (100) surface. A somewhat similar
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Figure 4. (a) F; order parameter for six THF hydrate layers of the 2 X 2 X 3 unit cell replica along the z-direction, which are labeled according to
the inset. (b) Snapshots of the 2 X 2 X 3 unit cell replica of THF hydrate decomposition at 275 K up to 70 ns.
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Figure 5. (a) Time evolution of the simulation potential energy of the CP hydrate for simulations at temperatures between 275 and 320 K. The rise
in the potential energy at around 40 ns followed by a plateauing of the potential energy at 290 K indicated the melting of the hydrate phase. (b)
Snapshots of the CP hydrate decomposition at the melting point (290 K) obtained from simulations. (c) Snapshot of the totally decomposed CP
hydrate phase at the end of the simulation at 300 K. A phase separation of the water/CP mixture is observed.

layer-by-layer decomposition mechanism has been observed
for the sI methane hydrate phase.**™* The crystal structure of
the sII hydrate unit cell does not have a distinct layered
structure in the (100) direction as does the sI hydrate, but a
similar stepwise dissociation of the hydrate phase is seen for
the cages in the THF and CP hydrates parallel to the (100)
direction.

To study any possible hydrate sample size effects on the
calculated melting point and melting mechanism, Figure 4
shows the F; order parameter and simulation snapshots for the
dissociation process of a 2 X 2 X 3 unit cell replica of the THF
hydrate at the melting point of 275 K. The outermost layer of
hydrate cages in this simulation (A and F) dissociate within the
same S5 ns time range as seen in Figure 3. The F; order
parameter shows that the dissociation of the next outermost
layers (B and E) occurs within the range of 20—30 ns, which is
consistent with the time scale for the dissociation of the layers
seen in Figure 3. The dissociation of the innermost layers (C
and D) begins at ~4S ns. In this system, the dissociation of the
hydrate is again seen to occur in a sequential layer-by-layer
manner. Snapshots of the THF hydrate dissociation during 70
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ns of simulation clearly illustrate the layer by layer
decomposition of hydrate in the (100) surface.

Wu et al.”' studied the dissociation of the \/ 2 X \/ 2 X3
replica of the THF hydrate unit cell exposed on both sides in
the z-direction to aqueous solutions of THEF. In their
simulations, times between 200 and 500 ns are required to
observe the dissociation of the THF hydrate at temperature
higher than the hydrate stability zone. In the present
simulations, the slabs of the THF clathrate hydrate are
exposed to vacuum in the z-directions on both sides. The
aqueous solution in the simulations of Wu et al. stabilizes the
dangling hydrogen bonds on the surface of the clathrate
hydrate phase and so prolongs the process of hydrate
dissociation and increases the induction time in the liquid—
hydrate simulations compared to vacuum—hydrate simulations
of this work where the surface clathrate hydrate phase
hydrogen bonds do not interact with other molecules. The
melting of the outer layer of the clathrate phase in the
vacuum—hydrate simulation leads to the formation of an
aqueous phase that stabilizes the inner layers of the hydrate
and so even in the current simulations, dissociation of the
inner hydrate layers slows down. Although the times of

DOI: 10.1021/acs.jpcc.9b07769
J. Phys. Chem. C 2019, 123, 28715-28725


http://dx.doi.org/10.1021/acs.jpcc.9b07769

The Journal of Physical Chemistry C

simulation for the phase dissociation in between the work of
Wau et al. and the current simulation are different, the predicted
thermodynamic melting points should be similar, to the extent
that the force fields used in the two studies are different.

3.2. Dissociation of the CP Hydrate Phase. Figure Sa
shows the variation of the potential energy with time for the
simulation of the 2 X 2 X 2 slab CP hydrate dissociation in the
temperature range of 275—320 K. For simulations at 275, 280,
and 285 K, after the initial decomposition of the outer sections
of the CP hydrate phase with incomplete cages, the potential
energy does not change significantly and the hydrate slab
remains unchanged after about 20, 50, and 100 ns, respectively.
At 290 K, with snapshots shown in Figure Sb, the dissociation
of inner sections of the hydrate phase starts at about 50 ns and
continues over the 100 ns duration of the simulation. The
hydrate phases at the end of these simulations are shown in
Figures S6—S10 of the Supporting Information. From these
results, 290 K is the melting point of the CP hydrate. At 300 K,
the hydrate phase dissociates after an induction time of around
50 ns and at 320 K, the energy suddenly increases because the
hydrate dissociation occurs almost immediately within less
than 1 ns. The literature values for the CP hydrate dissociation
temperature is about 280—281 K,'®*7% which is consistent,
with 300 and 320 K being much higher than the experimental
melting point of the CP hydrate. A snapshot of the fully
dissociated CP hydrate simulation at 300 K is shown in Figure
Sc where upon dissociation of the hydrate, CP molecules
mostly phase-separate to the surface of the aqueous liquid
phase.

The time variations of the F; order parameter for four
regions of the CP hydrate phase in the simulation parallel to
the z-direction are shown in Figure 6. The decomposition
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Figure 6. F; order parameter for four CP hydrate layers along the z-
direction at different temperatures. As shown, the hydrate phase was
divided into the four layers that the layers correspond to blue: A; red:
B; green: C; black: D.

process occurs in the outermost layers with incomplete cages
at 275 K but afterward the F; remains constant near 0.04 up to
20 ns, whereas the inner layers remain stable. At 280 K, the
order parameter of layers A and D fluctuates and reaches
~0.07 after 50 ns because of dissociation events in these layers,
but the B and C layers have the F; & 0.01, which indicates the
ordered water molecules in the hydrate phase. When the
temperature increases to 285 K, the decomposition of outer A
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and D layers is accelerated but the inner B and C layers are still
stable. The decomposition of the inner (B and C) layers of the
CP hydrate begins after around 70 ns at 290 K, so this
temperature is the predicted melting point for the CP hydrate.
At 300 K, the decomposition time of inner B and C hydrate
layers begins at about 20 ns. Even at 320 K, the inner layers
will not decompose until the outer dissociating hydrate layer
has F; = 0.08. The hydrate phase is totally decomposed after
only 3 ns at this temperature.

3.3. Comparing Melting Points of THF and CP
Hydrates. The CP and THF guest molecules have similar
sizes; however, the THF with the ether oxygen may form
hydrogen bonds with the water molecules in the sII clathrate
hydrate lattice. The radial distribution function (RDF) for
oxygen (THF)—hydrogen (water) for the simulation of the
pure THF hydrate phase with PBCs at 275 K is shown in
Figure 7. This temperature is above the determined melting

1.5

2(0S-HW)

0.5

—————
3
r/A

Figure 7. RDF for the THF oxygen with water hydrogen in the range
of 1—6 A at 275 K where the peak at ~1.7 A indicates hydrogen
bonding. The RDF is from simulations of the THF hydrate phase with
PBCs and no free interface.

point of the THF hydrate (from the heterogeneous nucleation
simulations of Figures 2—4), but for the periodic simulations
and within the time frame of the simulation, the hydrate phase
remained stable. Hydrogen bonds are specified by a peak in the
RDFs between 1.5 and 1.8 A°' As seen in this figure and
confirmed in previous work,>>*® the THF molecules form
hydrogen bonds with the clathrate hydrate framework water
molecules to a small degree. One of the reasons for the lower
decomposition temperature for the THF hydrate compared to
the CP hydrate could be that the THF—water hydrogen
bonding weakens the water framework and leads to the hydrate
dissociating at a lower temperature than non-hydrogen-
bonding CP guest.

To further compare the THF and CP hydrates, the potential
energies per unit cell are calculated at 250, 260, and 270 K for
the 2 X 2 X 2 supercell of the two hydrates with PBCs (i.e.,
with no exposed hydrate interfaces) and given in Table 2. In
these simulations, dissociation of the THF and CP hydrate
phases did not occur so the total potential energies per unit cell
given in Table 2 are a reflection of the host—guest, host—host,
and guest—guest interactions in these systems. As the water
frameworks are similar in these hydrate phases, the difference
in potential energies in the two simulations should be related
to the differences in guest—water and guest—guest interaction

strengths.
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Table 2. Average Potential Energy per Unit Cell for THF
and CP Hydrates at Three Temperatures Prior to Hydrate
Dissociation

T/K E,(THF) /kcal-mol ™" E,+(CP) /kcal-mol ™"
250 —2146.6 —2144.6
260 —-2136.4 —2134.8
270 —2126.3 —2125.0

The total potential energy of the THF hydrate phase is
marginally lower at each temperature than the CP phase, which
could be due to the stronger THF—water interactions in the
THEF hydrate. One the other hand, the water—THF aqueous
solution for the water miscible THF is expected to be
significantly more stable than the two-phase water—CP system
which forms after hydrate dissociation. It is the balance of
these factors which could lead to the CP hydrate having a
higher dissociation temperature compared to the THF hydrate.

3.4. Dissociation of the CP Hydrate-Coated THF
Hydrate Phase. The time evolution of potential energy for
the THF hydrate coated by the CP hydrate is shown in Figure
8a. It can be seen that after a slight rise in the potential energy
related to the breakup of the outermost incomplete cages of
the CP hydrate, the system remains stable at 275 K for 30 ns,
whereas the pure THF hydrate would have started to
dissociate in this temperature, as previously shown in Figures
2a and 4b. The CP hydrate forms a stabilizing layer around the
THF hydrate, which increases the observed melting point of
the THF hydrate phase. In addition, Figure 2 shows that the
hydrate clathrate collapses at 280 K after 12 ns, but after the
initial rise, the potential energy of the coated THF phase at

280 K remains stable for the 50 ns simulation time shown in
Figure 8a. It is clear from Figure Sa that the CP hydrate is
stable at the 280 K temperature of the simulation.

Snapshots of the simulation system at 290 K, shown in
Figure 8b, illustrate the partial breakup of the layers of the CP
clathrate hydrate coating the THF hydrate. This leads to the
formation of a liquid layer on top of the CP—THF hydrate
phase, but the remaining hydrate phase in the system remains
stable for 120 ns simulation time. The THF hydrate directly
exposed to the vacuum phase would decompose at a much
shorter time at this temperature. The melting point of the CP
hydrate was predicted to be ~290 K, so coating the THF
hydrate by the CP hydrate preserves the metastable THF
hydrate up to this temperature as the coating layer effectively
removes the interface of the THF hydrate with the vacuum or
liquid phase. At a higher temperature, namely 300 K, the
potential energy of the simulation system suddenly increases
within 40 ns because of the dissociation of all CP hydrate
layers and afterward the breakdown of the inner layers of the
THE hydrate. Snapshots of the hydrate phases for simulations
at different temperatures are shown in Figures S11—S14 of the
Supporting Information.

The time dependence of the F; order parameter for
simulations of the THF hydrate coated with the CP hydrate
at different temperatures is shown in Figure 9. The hydrate
phase was divided into eight layers (each around 8.8 A thick)
and the F; order parameter was determined for each layer
separately. At 275 K, the F; value of layers A and H, the
outermost layers, reaches ~0.05 after 25 ns because of partial
dissociation of these layers, however, none of the internal
layers of the hydrate phases decomposes. All layers of the pure
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Figure 8. (a) Time evolution of the potential energy of CP-coated THF hydrate at different temperatures. (b) Snapshots of THF—CP hydrate

decomposition at 290 K.
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Figure 9. F; order parameter for eight THF—CP hydrate layers
(labeling shown in the inset) along the z-direction at temperatures
(from top to bottom) of 300, 290, 285, 280, and 275 K.

THF hydrate (Figures 2 and 3) are decomposed at 275 K
within this timescale; however, according to Figures S and 6,
the CP hydrate in the layers A and H have not decomposed at
this temperature. The stabilizing effect on the outer layer of the
CP hydrate is the reason for the preservation of the metastable
THF hydrate at higher temperatures. In Figure 9, the
dissociation of the inner CP hydrate layers begins at around
40 ns when the temperature is 290 K. This simulation run was
continued up to 120 ns but the layers B and G of the CP
hydrate only partly decomposed within this time. The CP
hydrate layers protect the THF hydrate from dissociation. The
simulation indicates that at 285 K, no dissociation of the inner
layers of the CP hydrate phase or internal THF hydrate phase
occurs.

The results of the current simulations are consistent with
previous simulations where a metal of low melting point can be
superheated by coating it with a metal with high melting point
with a small lattice mismatch.*> This phenomenon is also
observable through the use of differential scanning calorimetry
(DSC), as the Ag nanoparticles embedded in a Ni matrix are
superheated above the equilibrium melting point of the bulk
Ag, as much as about 70 K in a DSC measurement.”” THF and
CP clathrate hydrates have similar lattice constants and so the
same analysis applies to the present case. The experimental
results showed that the lattice constant are around 17.15—
17.17 A for the THF hydrate,”*™>° and 17.09 A for the CP
hydrate.””

Based on the experimental results reported by Sharifi et al,'®
the conglomerates of THF hydrate crystals which were
exposed to CP became encapsulated in the CP hydrate, and
as a result the THF hydrate becomes stable for extended
periods at a temperature about 2 K higher than the expected
equilibrium melting point of the THF hydrate. They found
that the preserved hydrates decompose at a temperature close
to that of the CP hydrate melting point, implying that THF
hydrate is kept metastable outside its usual stability zone for a
considerable time.'® This is in agreement with results of our
simulation work, which showed that the coating of the THF
hydrate with the hydrate of greater stability like the CP hydrate

results in a metastability range (superheating) by as much as
10—15 K. The results showed that the THF hydrate
dissociated at a temperature of 275 K, whereas the THF—
CP hydrate would only dissociate at 290 K, which is similar to
that of the CP hydrate.

4. CONCLUSIONS

In this work, the anomalous preservation of the THF hydrate
coated by the CP hydrate was studied by using MD
simulations at different temperatures. By analysis of system
properties (e.g., potential energy, simulation snapshots, and the
F; order parameter), it was found that coating a less stable
clathrate hydrate with a commensurate hydrate structure that is
more stable is a suitable approach for the anomalous
preservation of the less stable hydrate phase. The time
evolution of the potential energy of the THF hydrate showed
that the melting point of the THF hydrate at 1 atm is 270 K,
while the THF hydrate may be superheated when it is
encapsulated with CP hydrate crystals.

Perfect solid phases simulated with PBCs have a free energy
barrier to melting as they can only melt through a
homogeneous nucleation mechanism. In this work, the THF
hydrate phase can be superheated by coating it with layers of
the CP hydrate, as the coating effectively removes the sites of
heterogeneous nucleation for the THF hydrate, leading to
higher superheating temperatures.

The simulation results also demonstrated that the
dissociation of the hydrate layers occurs layer by layer parallel
to the exposed surface of the hydrate phase, which was the z-
direction in these simulations. A rise in the potential energy is
observed when a layer completely collapses.

Upon increasing the temperature, the induction time for
hydrate dissociation is shorter and the time for completing the
dissociation also decreases.
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