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The growth of a methane hydrate seed within a silica slit pore of fixed width has been studied using All-
Atom Molecular Dynamics (AA-MD). An AA force field has been used to describe the molecules of the
solid silica substrate, with o-quartz crystalline structure. The crystallisation of hydrates in confined
geometries is not well understood yet, and the objective of this work is to study the hydrate growth
inside a silica pore using molecular simulation. Both NVT and NpT ensembles were used in the AA-MD
simulations to analyse the hydrate growth from an initial seed. Results showed that the boundary con-

Ié?rllvgg:;:l_l drates ditions imposed by the nanometric slit pore yielded a hydrate with structural defects, filling the accessi-
Methane v ble space between the silica walls. The water molecules which were not incorporated to the initial seed
Molecular Dynamics hydrate formed a high density water layer trapped between the silica walls and the crystallised hydrate.
GROMACS These results provide an interesting insight into the hydrate crystallisation process in confined geome-

tries, resembling those found in natural hydrate deposits.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Gas hydrates are non-stoichiometric inclusion crystalline solids
composed by host water molecules [1]. This structure is stabilised
by hydrogen bonds, and leaves cells that may enclathrate small
guest molecules. The most ubiquitous gas hydrate is methane
hydrate, whose deposits can be widely found in ocean seabeds
and also in frozen permafrost soils. Geological explorations and
seismic analysis of those emplacements support the affirmation
that the abundance of methane trapped into these natural deposits
is enough to be considered as a strategic energy source [2-8]. On
the other hand, hydrates might also represent an environmental
threaten to be seriously considered, since high concentrations of
methane in the atmosphere can dramatically affect the global tem-
perature, contributing to the Global Warming even more than CO,
[9]. Thus, eventual leaks from these sources might have a harmful
impact in the ongoing climate change process [10]. The total
amount of methane trapped as hydrates has been a matter of
controversy during the last decades, but even the most conserva-
tive lower bounds for these estimations are breathtaking
[2,11,12]. Only in the Gulf of Mexico, The Minerals Management
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Service of the United States estimated that about 190 trillion m?
of methane are hidden as hydrates [13].

This fact has boosted global research efforts, investment and
technical development on potential extraction methods for these
hydrate deposits. One of the most remarkable progress in the
recovery of methane from gas hydrates has been achieved by the
government of Japan in the Nankai Trough in 1999. This area
was prospected during many years, and it was discovered that
the main deposits of methane hydrate appear as turbidic sandy
layers, filling the intergranular porosity [14]. The permeability of
these reservoirs, confined by layers of impermeable sediments,
could be the key to exploit those methane hydrate deposits as a
feasible energy resource [15].

Bearing in mind the explained reasons, a deep knowledge of the
structure, thermodynamics, and phase equilibria of hydrates under
confinement arise as relevant objectives to improve the feasibility
of the potential applications proposed. Taking into account the nat-
ure of the sediments and rocks where natural hydrates can be
found, the influence of a solid substrate in the hydrate nucleation,
growth and/or dissociation processes, remains unclear and stand
as challenging objectives nowadays. The characterisation of
hydrates phase equilibria in confined spaces from a molecular scale
can shed light into the complex scenario where hydrates are usu-
ally found, under extreme temperature and pressure conditions,

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.molliq.2022.119698&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.molliq.2022.119698
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:mmpineiro@uvigo.es
https://doi.org/10.1016/j.molliq.2022.119698
http://www.sciencedirect.com/science/journal/01677322
http://www.elsevier.com/locate/molliq

A.M. Ferndndez-Ferndndez, Maria M. Conde, Germdn Pérez-Sdnchez et al.

mostly unreachable in laboratories. Over the last decades, the pro-
gress in computational performance has extended the accessible
ranges of time and length scales in the application of molecular
simulation techniques. In this context, the theoretical analysis of
hydrates using computational approaches has seen remarkable
progress, as summarised in the reviews of Varini et al. [16], Barnes
and Sum [17], or English and MacElroy [18]. However, these
reviews evidence that the number of studies concerning hydrates
in the presence of solid substrates or under confinement conditions
is still very scarce. It must be noticed that some authors have per-
formed MD calculations including a sand porous media in their
simulation boxes [19-21]. In those simulations, two silica walls
of o-quartz were designed to mimic the natural conditions of
hydrate formation in a sandy confined nanopore, and the positions
of all atoms of the crystal framework were kept frozen. In that sed-
imentary environment, the dissociation process of methane
hydrate was studied. Thus, the melting of methane hydrate is nor-
mally obtained by setting a MD thermostat which allows maintain-
ing a temperature above the triphasic equilibrium temperature.

In previous works, we have used MD simulations to analyse the
phase equilibria and stability of methane [22,23] and carbon diox-
ide [24] hydrates. The interaction among neighbouring guest mole-
cules [25], or the phase equilibrium shift on methane hydrates
induced by salinity in oceanic conditions [26] have been also stud-
ied using the same approach. Ab initio quantum calculations were
used as well as an alternative to study guest molecule transitions
for type I hydrates [27,28].

Considering the interest of the study of confined hydrates, the
objective of this work is to provide a nanoscopic scenario regarding
the growth of the methane hydrate in a confined geometry. A planar
slit pore composed by two silica walls described by an atomistic
force field has been considered as a first approach. The description
of the solid substrate used was inspired in the previous works car-
ried out by Pérez-Sanchez et al. [29,30], where MD simulations of
silica and cetyltrimethylammonium bromide (CTAB) were per-
formed using both atomistic and coarse grain (CG-MD) approaches
to reproduce the synthesis of MCM-41 mesoporous materials.

Combining these elements, we have employed AA-MD simula-
tions to describe the growth of a methane hydrate inside a planar
silica pore where the solid substrate is described by a fully flexible
geometry. This approach allows to analyse how the crystalline
hydrate cells are rearranged in this confined space, as well as the
behaviour of the interface between the hydrate and the solid sub-
strate. The above scenario was highlighted in the work of Bagher-
zadeh et al. [21] The authors noted in their results that the
arrangement displayed by the water molecules closer to the silica
interface, could be an artefact due to the frozen silica wall they
used. This is the reason why we decided to model z-quartz walls
where the positions of all atoms are allowed to move. A complete
characterisation of their intra and intermolecular force fields pro-
vides flexibility to the confining solid substrate. Under this config-
uration, we intended to mimic the geological environment where
hydrate-bearing sediments are confined.

The manuscript is organized as follows. The next section
describes molecular simulation calculation details, including the
different force fields used, computational details and description
of structural characterization methods employed. The results
obtained are discussed in the following section, and finally the
main conclusions of the study are summarized.

2. Computational section
2.1. Molecular modelling

An all-atom force field was selected to describe the slit pore,
composed by two parallel silica walls. The total potential energy
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function consists in the addition of bonded interactions, namely
the bond vibrations, bond angles stretching and dihedral torsion,
whereas the non bonded interactions include the dispersive
Lennard-Jones and the Coulomb terms. Methane was modelled
using the all-atom Optimised Potential for Liquid Simulations
(OPLS-AA) [31] force field, and the well-known rigid non polariz-
able TIP4P/Ice [32] model was used for water molecules.

The election of the water molecular model is a key point in the
simulation, specially in clathrate hydrate studies. A comprehensive
set of water models were employed in the work of Conde and Vega
[22] for computing the three phase coexistence line of methane
hydrate. Their results showed that TIP4/Ice [32] water model
offered the best agreement with experimental data. Miguez et al.
[24] performed a similar study for carbon dioxide hydrates and
TIP4P/Ice [32] also provided the best results. For that reason, we
have employed here the well-known rigid and non-polarizable
TIP4P/Ice [32] model, as we did also in previous works [26,33].

The parameters of silica molecules were taken from the work of
Azenha et al. [34], while the dispersive Lennard-Jones parameters
were obtained from Smith et al. [35]. The crystalline unit cell of
a-quartz structure was extracted from the American Mineralogist
Crystal Structure Database [36]. This unit cell was replicated
8 x 8 x 4 times, thus, the silica block has a dimension of 4.022 x
3.483 x 2.265 nm. Periodic boundary conditions were applied in
all directions. The silica surface was built by removing the top silica
atoms and hydrogens were attached to the terminal oxygens,
ensuring that the net neutral charge is maintained. This procedure
was followed by other authors in literature to saturate the surface
of amorphous silica [37,38]. Thus, the silica structure contains
2496 atoms, where 1536 are oxygen, 704 silicon and 256
hydrogens.

2.2. Simulation details

The initial configuration of the system is shown in Fig. 1. Once
the silica block has been built, the Z size of the simulation box is
extended to 9.26 nm, leaving an empty space where the fluid
water, methane and seed hydrate will be placed. The silica block
is then displaced, centering the empty space in the simulation
box in the Z direction. Thus, the two silica surfaces perpendicular
to this axis constitute now the parallel slit pore where the growing
hydrate is confined. Then, in the middle of this nanopore a seed of
type I methane hydrate is placed. The crystalline seed consists in a
hydrate whose unit cell was replicated twice in the three directions
of space, yielding a total of eight unit cells. The seed was built with
a methane guest occupancy of 100%. This means that there are 368
water molecules in the hydrate seed lattice structure, and 64
methane molecules initially enclathrated. Then, the seed size is
2.4 x 2.4 x 2.4 nm, and it has been initially placed in the pore geo-
metrical centre. The system is completed surrounded by 2272
water molecules randomly placed with an average density corre-
sponding to the thermodynamic conditions considered. Then, 256
additional methane molecules were finally placed in a thin slab
between liquid water and the solid silica substrate. Those two lay-
ers represent the supply of free methane necessary for the hydrate
growth. The total dimension of the simulation box was 4.02 x 4.02
x 9.26 nm. and the distance between both silica walls, represent-
ing the pore width, is 7 nm.

The AA-MD simulations were carried out integrating the New-
ton’s equations of motion of all particles employing the leap-frog
algorithm [39] and a time step of 2 fs. LINCS [40] algorithms were
set up for constraints in all bonds. The Lennard-Jones and the real
part of the Coulombic potential were truncated at 1.5 nm. The
long-range electrostatic interactions were handled using Ewald
sums method [41]. Simulations were performed in the NVT and
NpT ensembles, where Nosé-Hoover thermostat [42,43] and
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Fig. 1. Snapshot of the initial simulation setup. The silica walls are composed of silicon, oxygen and hydrogen atoms, represented in yellow, red and white, respectively. The
hydrate seed is placed in the middle of the pore, and the building water molecules are depicted in green. The other water molecules, surrounding the hydrate seed, are shown
in red (oxygen atoms) and white (hydrogen atoms). Methane molecules filling the gap between silica wall and liquid water are represented with blue carbon atoms and white

hydrogen atoms.

Parrinello-Raman barostat were used [44,45] with coupling time
constants of 0.2 and 0.5 ps, respectively. Once the simulation box
was built, the energy of the system was minimised using a steepest
descent algorithm. Then, a first equilibration step of 100 ps was
performed in the NVT ensemble while the hydrate seed was kept
frozen allowing the water molecules to rearrange around the crys-
tal. Then, the seed was unfrozen and the system was equilibrated
for 100 additional ps. Once the system was fully equilibrated, three
simulations were performed, two in the NVT ensemble at 260 and
273 K and one in the NpT ensemble at 100 bar and 260 K. These
thermodynamic conditions are in the phase space region of the
force fields employed where the methane hydrate is stable in bulk
conditions [22] since according to the MD determined triphasic
equilibrium line, methane hydrate melts at ~ 285 K when pressure
is 100 bar. All simulations were run with GROMACS/2021.1 [46,47|
software package.

2.3. Characterisation tools

The evolution of the initial methane hydrate seed was then
monitored along 400 ns, and in each case it was ensured that the
system attained a stationary state after this initial period.

Additionally, 100 ns were run as production period to evaluate
the structure inside the pore, including the water-silica interface.
With the aim to characterise the structure of the methane hydrate
inside the nanopore, F3 [48] and F4; [49] order parameters, and
hydrogen bond angles, were computed inside the pore in slabs
along the Z axis. This procedure allowed to obtain the profile of
each magnitude along the pore. The F3 order parameter assesses
the tetrahedral environment of each water molecule, which is
bonded to other four molecules. It is a three-body structural
parameter, and computes the degree of deviation that each oxygen
atom has from an perfect tetrahedral network environment.

F3 = (cos ;g | cos Oigj | +cos? Ot)z 1)

0i; is the angle between triplets of oxygen atoms. The oxygen
labelled c is the atom of the central water molecule which is com-
pared with other two neighbor oxygen atoms (i and j) which belong
to those molecules placed within a spherical shell of 0.35 nm. This
distance value matches the first minimum in the O — O radial distri-

bution function (RDF) of liquid phase water molecules, and 0; =
109.47° is the tetrahedral angle. According to Eq. 1, F3 parameter
should vanish when water molecules form a perfect tetrahedral net-
work and increase with the disorder in water structure. Thus, in our
simulations, we can distinguish between liquid and solid-like water,
but not between ice or hydrate solid phases. Therefore, it is neces-
sary to use an alternative order parameter, in this case F4, which
can discern not only between solid and fluid water, but also between
hydrate and ice solid phases, as explained by Walsh et al. [50] and
Moon et al. [51] The F4, numerical value is a function of the torsion
angles between the outermost hydrogen atoms of two water mole-
cules which have their oxygen atoms at a distance below 0.3 nm.

Fy=cos3¢ (2)

Where ¢ is the torsion angle. According to Eq. 2, the averaged value
of this parameter for a liquid water is —0.04, while for hydrate and
ice are 0.7 and —0.4, respectively. The only limitation here is that F,4
can not distinguish between different hydrate structures.

In our simulations, the hydrogen bond angle between two
neighbouring water molecules was also computed. When a hydro-
gen bond is established, a triangle can be drawn between the two
oxygen atoms and the bridging hydrogen. Within this triangle, the

Od/H\Oa angle has been determined, where O, is the donor oxygen,
covalently bonded to the hydrogen atom, and O, is the acceptor
oxygen in the neighbour water molecule. By solving the triangle,
the angle formed by the intramolecular OH bond with the bridging
distance between these two intermolecular oxygen atoms has been

also determined, and referred as H6d\0ﬂ angle. The geometrical cri-
teria suggested by Mancera et al. [52] has been considered, com-
puting the Od/H\Oa angle, while Luzard et al. [53] determine the
H5d\Oa angle instead. Both criteria established that the distance
between the donor and the acceptor oxygen atoms must be shorter
than 0.35 nm. Accordingly, 04HO, angle is in the range
130° — 180°, and Hﬁd\Oa must be lower than 30°.

Then, with the aim to study the thin layer of water molecules

that will be shown to appear between the silica walls and the
hydrate, the residence correlation function Cg [54] can be used,
Ow(t) 0w (0)

€% = 0,(0) 0u(0) @)
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In this equation O, (t) is a binary index with values 1 or 0 depending
on whether the water molecule including this oxygen atom remains
in this layer after a certain t period of time (value 1) or not (value 0).
The value of this function is averaged along the simulation trajecto-
ries for all molecules in the layer, thus the time dependency shows
the proportion of water molecules that have left this layer. It must
be noticed that t tends to 0 as water molecules in this layer are
exchanged.

3. Results and Discussion

Fig. 2 illustrates the result for the NVT simulation at 273 K. The
NVT and the NpT production runs at 260 K systems exhibited a
quite similar behaviour, thus we focused in the first case to evalu-
ate the methane hydrate growth in the confined space. Addition-
ally, the plots obtained for the other simulations performed have
been included in the Appendix, showing equivalent behaviour in
all cases. For the sake of clarity, only the representation shown in
Fig. 2 is commented in detail. As it can be noticed in Fig. 2, the orig-
inal hydrate seed has grown up through a crystallisation process,
eventually occupying the accessible volume in the pore. It must
be highlighted again that the complete system is fully flexible,
including the solid silica walls. During the crystallisation process,
methane molecules moved away from the hydrophilic silica sur-
face where they were originally located, and were finally enclath-
rated as guests inside the new growing hydrate cells. Type I
hydrate crystalline structure is composed of two different cells,
with geometrical shapes of a regular dodecahedron (D type, or

5'2 cell) and a truncated hexagonal trapezohedron (T type, or

5'26%). The regular shape of these hydrate cells can be easily iden-
tified by a visual inspection in the simulation snapshot shown in
Fig. 2, indicating that all the accessible volume has been occupied
by this type I hydrate. Nevertheless, it is also clear that the original
seed has not maintained its original position, and a rotation along
the hydrate main axis was noticed.

The confined hydrate structure exhibits an imperfect structure
when compared with unconfined configurations [22,24], exhibiting
defects and structure distortion. Most of the original liquid phase
water molecules were eventually incorporated into the crystal
hydrate sI structure, growing the original methane hydrate seed
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until the geometrical limit imposed by the silica wall boundaries
are reached. The new grown hydrate cells are rotated and some-
how distorted to accommodate and fill in the accessible confined
space. A visual inspection denotes clearly some of these imperfec-
tions, producing that the characteristic linear channels along three
dimensions in sl hydrate structure, clearly identified in the initial
seed, can be now recognized but appear to be clearly distorted.

Fig. 3 shows the internal energy profiles of the three simulation
runs performed. In all of them, a monotonically energy decrease
trend was noticed along the simulation, reaching a plateau after
300 ns of simulation time, denoting that the system attained the
thermodynamic equilibrium. The obtained energy profile denotes
a crystallisation process, as pointed out in many previous works
[26,33,22,24,55]. The crystal growth progress was very slow due
to the low solubility of methane in water, thus the mass transfer
of methane to the water-hydrate interface is the key and the lim-
iting step [1].

The hydrate crystal growth can also be monitored through the
evolution of the molecule density profiles across the pore. With
this aim, the average density profiles are displayed and compared
at the beginning and the end of the NVT (273 K) simulation run in
Figs. 4a and b, respectively. At the beginning of the simulation, the
hydrate seed was placed in the centre of the nanopore, surrounded
by liquid water molecules as it can be noticed in the density pro-
file. Fig. 4a displays also the density profile of methane, denoting
how these molecules were initially placed next to the silica walls,
and also enclathrated in the hydrate seed in the center of the nano-
pore. In comparison, the final equilibrium state displayed in Fig. 4b
shows two clearly discernible regions inside the pore. The centre of
the pore is occupied by an ordered crystalline hydrate slab, where
sharp water density peaks appear, This crystallized hudreta region
has been labelled as H layer in Fig. 4b. Then, between this central
crystalline hydrate region and each silica wall two high density
water layers appear, denoted as F layers in Fig. 4b. These adsorbed
water F layers are approximately 1.0 - 1.5 nm width.

The adsorbed water layers were formed with the liquid phase
water molecules that were unable to join the crystalline structure,
yielding two confined water layers between the hydrate and the
silica substrate. In addition, a detailed analysis of the nature and
structure of these confined adsorbed F layers, each of them roughly
1.5 nm wide, demonstrated that their state was fluid, as shown

Fig. 2. Snapshot of the final state of the NVT simulation at 273 K. All molecules are displayed with the same color code as Fig. 1, and additionally hydrogen bonds are

represented with red-whi.te dotted lines.
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Fig. 3. System internal energy profile for the three simulations performed, showing the energy decrease corresponding to the crystallisation process inside the pore. The
energy trend in NpT ensemble (p = 100 bar; T = 260 K) is plotted in black. The energy profiles of the simulations performed in the ensemble NVT at 260 K and 273 K are shown

in red and blue lines, respectively.

below. At the end of the simulation, the density profile shown in
Fig. 4b denotes how methane molecules have migrated from the
region where they were set up in the initial configuration, due to
the hydrophilic behavior of the hydroxylated interface of the silica
wall. Methane molecules moved through the liquid water region to
reach the hydrate-liquid interface. This behaviour contributes to
the growth of the type I hydrate cells around them as guest mole-
cules. In fact, all methane molecules present were incorporated to
the hydrate structure, and none of them remained close to the sil-
ica surface.

The density profiles shown in Fig. 4 highlight the main differ-
ences between the structures in a non confined system with those
enclosed between two silica walls, where the water molecules are
adsorbed to the hydroxylated silica wall due to its hydrophilic nat-
ure. Furthermore, the cells of the structure were rearranged inside
this nanopore, where molecules were compelled to accommodate
in the confined space and as a consequence, the crystal hydrate
showed some imperfections. Then, with the objective to provide
a deeper insight into the final system, the F; and F4 order parame-
ters, and the hydrogen bond angle distributions, were computed to
determine the orientation of water molecules in the hydrate struc-
ture and also in the vicinity of the silica wall surface. First, the val-
ues of such parameters were computed by comparing two systems,
a benchmark bulk hydrate system containing an unconfined
methane hydrate, and a bulk water system with only liquid water,
as described in Table 1. The benchmark bulk hydrate system was
set up as follows: The bulk phase of methane hydrate was set twice
larger than the seed hydrate previously used. This means that this
system contains 736 water and 128 methane molecules, with
dimensions 2.4 x 2.4 x 4.8 nm. Three simulations were performed
at 260 and 273 K in the NVT, and at 100 bar and 260 K in the NpT
ensembles. Then, the benchmark water system was run in a NpT
ensemble at 300 and 350 K (1 bar) containing 900 water molecules
ina 3.0 x 3.0 x 3.0 nm simulation box as described in Table 1. Sim-
ulation setups were the same as previous runs.

The values of computed order parameters F; and F4, and hydro-

gen bond angles 0,4HO, and HO,40, are shown in Table 1. The first
remark is that the average values obtained in all test simulations
for the benchmark unconfined methane hydrate and bulk liquid

water systems are in good agreement with theoretical values, sup-
porting our AA-MD approach.

The hydrogen bond angle 04HO, was 157-160° in the bench-
mark bulk water system whereas an angle of 167° was obtained
for the benchmark bulk hydrate system, in good agreement with

the theoretical range of 130-180°[52]. The H@\Oa displayed angles
between 12-14° for benchmark bulk water system and 8-9° for
benchmark bulk hydrate system. Depending on the water molecule

arrangement, differences of approximately 7-10° in the 04HO,,

and 4-6° in the Had\Ou angles were found. As noticed in F; and F4
order parameters, the results obtained for these hydrogen bond
angles seem to be independent of the thermodynamic conditions
at which the simulations were performed.

Then, with the objective of characterising the structure of our
confined system, the pore between the silica walls was split into
35 slabs parallel to the silica surface. The values of F3 and F, order

parameters, and hydrogen bond angles 04HO, were averaged for
each slab, and the profiles obtained along the simulation box are
shown in Fig. 5 for the NVT run at 273 K Again, the corresponding
plots for the other simulation runs performed have been included
as in supporting information in the Appendix, evidencing the same

behaviour. The Héd\oa was also computed, but for the sake of clar-

ity it was not plotted, since it exhibits the same Od/I-R)a angle trend.
The order parameters and hydrogen bond angle displayed different
trends depending on the position inside the nanopore. As in the
case of the density profiles, a layer of approximately 1.0 - 1.5 nm
width next to both silica walls was clearly identified, where the
parameters exhibited different values compared with those in
the nanopore centre. Thus, the previous notation for these regions,
H layer (hydrate), and F layer (adsorbed fluid) is used to discuss
their distinctive features. The width of this fluid water layer is sim-
ilar to that obtained previously by Conde et al. [56], who performed
MD simulations for studying the thickness of a water liquid layer
on the free surface of ice. They employed typical water models,
including the TIP4P/Ice also employed in this work, and obtained
a layer 1 nm width. Later, Shepherd et al. [57] studied the quasi-
liquid water layer formed in the surface of ice under hydrate for-
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Fig. 4. Density profile along Z axis of silica wall (red), water (blue) and methane (black), determined at the beginning (4a) and the end (4b) of the simulation in the NVT
ensemble at T = 273 K. The vertical dashed lines in Fig. 4b are shown as a guide to the eye to separate the central region occupied by the crystallized methane hydrate (H
layer), and the fluid layers between the hydrate and the silica w.alls (F layers).

Table 1
Theoretical and computed F; and F, order parameters, and hydrogen bond angles, for hydrate and water phase.
Order Parameters Hydrogen Bond Angle (degrees)
Fs Fa Od/H\Oa Had\(Jﬂ
Confined system H Layer (Hydrate) NpT p = 100 bar T = 260 K 0.022 0.611 166.46 8.98
NVT T = 260 K 0.023 0.569 166.23 9.14
NVT T = 273 K 0.017 0.689 166.42 9.01
Benchmark Bulk Hydrate NVT T = 260 K 0.013 0.732 167.22 8.47
NVT T = 273 K 0.013 0.722 166.90 8.68
NpT p = 100 bar T = 260 K 0.013 0.731 167.20 8.48
Benchmark Water NpT p =1 bar T = 300 K 0.085 —0.044 160.33 12.82
NpT p=1barT=350K 0.095 -0.023 157.41 14.67
Theoretical Values Bulk Hydrate 0.0 [48] 0.01 [51] 0.7 [49,51] 130-180 [52] <30 [53]
Ice 0.01 [51] -04 [51] 130-180 [52] <30 [53]
Water 0.1 [48,51] 0.0 [49]-0.04 [51] - -
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Fig. 5. Profiles of order parameters F; (4) and F4 (), and hydrogen bond angle (@) along Z axis were taken from the NVT run .at T = 273 K.

Fig. 6. Magnification of Fig. 2 highlighting the immediacy of the silica wall, showing the formation of hydrogen bonds between water molecules and hydroxyl groups of the
silica wall. The oxygen atoms of the water molecules act as proton acceptor, and the hydrogen atom of the silica surface as donor. On the contrary, the oxygen atoms of the

hydroxyl groups act as acceptor of the hydrogen .water molecules.

mation conditions, in the presence of methane and using a coarse-
grained approach, obtaining a similar liquid layer thickness.

In addition to the profiles shown in Fig. 5, the average values of
the determined parameters are also displayed in Table 1. The value
obtained for the F; order parameter in the H layer is in very good
agreement with the theoretical one as well as with those obtained
in our benchmark simulations performed for a type I hydrate struc-
ture. The above results were also in concordance with the simula-
tions performed by Fang et al. [19] who stated a F; value below
0.05 as hydrate identification criterion. This supports our previous
statement regarding the structure grown inside the nanopore is
methane hydrate. In this H layer, the F, order parameter also yields
an average value in very good agreement with hydrate references,

and it was also in agreement with the work of Walsh et al. [50]
who studied the nucleation and growth of methane hydrate, mon-
itoring the F, order parameter until a value of 0.6 was reached at
the end of their simulations. Thus, the F; and F, parameter profiles
allow to identify unambiguously the solid grown within the pore
as a hydrate.

Concerning the adsorbed F layer, F; order parameter increased
until ~0.06. This is not exactly the theoretically expected value
for water (0.1) but this increase means that water molecules do
not show tetrahedral arrangement in this layer. In the slabs in
contact with the silica walls, F; decreased again to 0.04, meaning
that water molecules in contact with silica wall recover some
ordering. This can be explained by the fact that these water mole-
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Fig. 8. Radial distribution function for water molecules in the F layer, for the three simulations performed.

cules in contact with the silica wall established hydrogen bonds
with the silica wall terminal hydroxyl groups. This hypothesis
can be verified in Fig. 6, where a magnification of Fig. 2 is pre-
sented. Fig. 6 shows the interfacial region between a silica wall
and the F layer, where this crossed association phenomenon is
clearly depicted. Additionally, in F layer, the F, decreases drasti-
cally from 0.6 to —0.15 in the silica wall boundary. This trend
clearly denotes that water molecules no longer show hydrate
structure, but a disordered fluid-like structure instead. The F, val-
ues in the water slab in contact with the silica wall confirmed the
formation of hydrogen bonds with silica hydroxylated groups, and
thus these water molecules displayed a higher ordering (although
still fluid).

Finally, the hydrogen bond angles OqHO, and HO40, showed a
compatible behaviour with the order parameters in this F layer.
Their values drop from 166 to 161° for Od/I-ﬁ)a angle and from 9
to 11° for Héd\oa angle.

Water molecules in F layer did not exhibit hydrate structure, as
shown by the F3 and F, parameter profiles. With the aim to shed

light into the nature of this F layer, we have computed the resi-
dence correlation function Cg for those water molecules. As shown
in Fig. 7, more than 90% of water molecules remained in this layer
after 100 ns. This means that the exchange of water molecules
between this layer and the hydrate is very limited and were pref-
erentially arranged at the silica surface. Additionally, the radial dis-
tribution functions (RDF) were obtained for the water molecules in
this F layer, and are displayed in Fig. 8. The pattern found in the
RDF for the F layer corresponds to a typically fluid phase, discard-
ing the possibility of a solid arrangement. The Mean Square Dis-
placement (MSD) was also obtained and displayed in Fig. 9. The
diffusion coefficient can be computed from the slope of this figure.
The values obtained were 1.97-1072, 10.36:107"® and

19.61-10">m?/s in the NVT (T = 260 K), NpT (p = 100 bar and
T =260 K) and in the NVT (T = 273 K) ensembles, respectively.
These results evidenced that water molecules do diffuse across
the F layer, confirming the hypothesis of a fluid phase, and discard-
ing the possibility of any type of glassy state. It must be pointed out
that our diffusion coefficients are in the same order of magnitude
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Fig. 10. MSD for F (black line) and H (red line) layers in the NVT run at 273 K. The MSD for a perfect methane hydrate crystal is represented in blue for the same conditions.

than those obtained by Cao et al. [58] for the diffusion of H,
through clathrate hydrates, and also for those of the diffusion of
H, through hydroquinone clathrates [25].

Finally, a comparison the MSD of water molecules in both F and
H layers is represented in Fig. 10 for the simulation performed in
the NVT ensemble at 273 K. The trend of an unconfined hydrate
is also represented as a reference. As it can be seen, the H layer,
containing the hydrate structure in our confined system, displayed
a very similar water mobility than the unconfined system. The fact
that the diffusion coefficient of the H layer was somewhat higher,
provided an additional evidence of the presence of defects in the
confined hydrate structure, likely due to the constraints inherent
to the spatial confinement. The existence of these imperfections
resulted in a certain (although vanishingly small) possibility of
water molecule displacements, when compared with a perfectly
regular hydrate structure. The water diffusion coefficient in the F
layer was clearly higher than those observed in the benchmark
bulk hydrate and benchmark water system shown in Table 1. The
same behavior can be seen for the other simulations, whose figures
have been included in the Appendix.

4. Conclusions

The structural and thermodynamic characterisation of bulk or
unconfined gas hydrates using different molecular simulation
techniques has been subject of many studies in scientific literature,
providing insightful understanding regarding the behaviour of
these inclusion solids. In contrast, the hydrate behaviour in con-
fined geometries has been by far less studied despite the fact that
natural hydrate deposits are often found in sedimentary substrates
of variable porosity. Thereby, determining the influence of these
solid substrates on the hydrate structures, and the impact in their
thermophysical, equilibrium and transport properties is a chal-
lenging objective.

With this objective, Molecular Dynamics has been used to study
the crystallisation of methane hydrate within a slit silica pore. The
silica o-quartz crystalline structure has been built with a fully ato-
mistic force field, describing all intermolecular interactions to sim-
ulate a flexible structure, in contrast with previous computational
approaches found in literature. Thus, a slit pore of roughly 7 nm
width has been constructed. Inside the pore, the initial simulated
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system contained a seed of methane type I hydrate, liquid water,
and methane. The system was then setup in thermodynamic con-
ditions of hydrate stability, performing both NVT and NpT simula-
tion. After the energy minimisation, the system evolved in time
with the initial hydrate seed growing to occupy all the accessible
volume within the pore. In all simulation runs performed the final
structure inside the pore was virtually the same.

The geometrical constraint imposed by the presence of the solid
walls did not prevent hydrate crystallisation. The guest methane
molecules gradually diffused towards the hydrate interface, and
liquid water molecules joined the hydrate crystalline structure
growing it, yielding a final slab of type I hydrate, but presenting
noticeable imperfections and defects. The appearance of these
defects was caused because the available space for the hydrate
growth is not a multiple of the basic hydrate crystalline cell dimen-
sions, and thus the growing hydrate accommodated to occupy the
accessible volume. The water molecules which were not incorpo-
rated to the hydrate structure formed, at the end of the simulation,
a confined fluid layer between the hydrate and the silica walls.

The nature of the adsorbed water layers (denoted previously as
F layers) was then analyzed in detail. The anomalous high density
observed could point towards a glassy solid state. Definitely it is
not another crystalline phase, as the absence of order is clear. Try-
ing to find support for its identification as a fluid phase, the corre-
lation function indicating residence time, the radial distribution
function, and the MSD of the water molecules within this F layer
were computed. All of them exhibited clear trends of fluid state
behaviour. The same was observed analysing the profile of hydro-
gen bond angles, providing an additional interesting hint. In this
regard, water molecules in contact with the silica wall established
hydrogen bonds with the terminal hydroxyl groups of silica mole-
cules, resulting strongly attached to the silica hydrophilic surface.

The scenario resulting from our molecular simulation calcula-
tions offers a enlightening description of hydrate crystallisation
process under confinement. Our study analysed the impact of dis-
tinctive features as the consequence of numerous defects and a dis-
torted albeit recognisable structure, as well as the presence of an
interstitial adsorbed fluid water layer between the hydrate grown
and the confining solid substrate. At the same time, many engaging
questions remain, as the difference of guest occupation or mobility,
or the probable shift in hydrate phase boundaries due to confine-
ment. In the progress towards answers to these questions, the
molecular simulation setup used in this work has shown to be an
extremely useful theoretical approach, providing a versatile com-
puter simulation framework to evaluate the impact of confinement
conditions in hydrate growth.
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Appendix A. Additional Figures

Figs. 11-13
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Fig. 11. Density profile along Z axis of silica wall (red), water (blue) and methane
(black), determined at the end of the simulation. Fig. 11 shows the results in the
NVT ensemble at T = 260 K and Fig. 11b in the NpT ensemble at p = 100 bar and
T = 260 K. The vertical dashed lines are shown as a guide to the eye to separate the
central region occupied by the crystallized methane hydrate (H layer), and the
liquid layers between the hydrate and the silica w.alls (F layers).



AM. Ferndndez-Ferndndez, Maria M. Conde, Germdn Pérez-Sdnchez et al. Journal of Molecular Liquids 362 (2022) 119698

0.8 —— L B S B R T 180
0.7} | [ J1157g
| P Y | k)
- jee®®e F * "0* ] )
0.6 4 170 &
- L o S,
8 o5l ..o’ 000000000.00,30000.0000.. 04 165 "
g | % ¢ OH,0 angle| o °° e
& 04 * too ! 160 ~°
=] | I I | (©]
-9 @ | | @ 2
5 0.3F :- : : a - 155 %‘1
- e 8 *
= e | | -
o 02 H Layer =150 =
o L | . | R ] ]
o | : o145 &
[ TN ot% 3
00[° * ’Tooo0000000000000000000100 140 &
01f | ¥ ' s 5
“LE 4 | ~
-0.2 le— ] | L | L | L l L | L 130
118 2.00 3.00 4.00 5.00 6.00 7.00 8.08
Z Coordinate (nm)
(a)
0.8—— I —— — 180
0.7¢ I F, I 175
I : 'S 4 09"." 00: . ~
e ! P Sesetere » 170 g
g 05| d..o00000.0.00000000000000. lryas B
3 [ ee®® O H O angle bele |72
é 04® ; :0 d7d " a : 'Y 160 2
L ot &% of
8 o3 2 | { 81,9
i L C] | =155
5 34 {155 3
'E 02+ | : 0,_] 4 a
o 0 1'_ =9 H Layer | = - 150 R
W geees Let®el 4 B
2o 0.0 190000000000 0000000000000pe? 105 0
=4l ® 1 I ] 4
R 2 I 3 I 140 3
-0‘1_ * | | * e
02/ | : {135
- | | B
.03 | | L | 1 | L | L 1 L 130
18 200 3.00 4.00 5.00 6.00 7.00 8.00

Z Coordinate (nm)

(b)

Fig. 12. Profiles of order parameters F; (4) and F4 (4), and hydrogen bond angle (@) along Z axis. Fig. 12a shows the profile for the NVT ensemble at 260 K and Fig. 12b for
the NpT ensemble at 100;bar and 260 K.
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