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Molecular dynamic simulations in the NPT ensemble were performed to analyse the structural properties of methane hydrate
by using rigid water models of three, four and five sites (SPC/E, TIP4P and TIP5P). An exploratory study was carried out
concerning the capabilities of these water models in the near region of the phase transition line (pressure—temperature). This
task was achieved by performing simulations at a constant pressure of 20 atm, varying the temperature from 200 to 300 K.
The radial distribution function as well as the coordination number for carbon and oxygen sites were obtained for the
above-mentioned temperatures: both of them allow us to observe the stable—unstable phase transition of the methane
hydrate. As a result, we can mention that the structural properties estimated with the three sites water model show an
excellent agreement with the experimental results, specifically around the phase transition line. In addition, the coordination
number becomes a useful criterion to demonstrate the dissociation of the clathrates. On the other hand, the potential of mean
force between two methane molecules in water is shown in the same vicinity, evidencing the energetic cost to keep the

clathrate in a stable thermodynamic state.
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1. Introduction

Natural gas hydrates are non-stoichiometric inclusion
compounds in which water molecules form cavities or
cages. These cavities consist of a crystalline host lattice
(structural arrangements of water molecules) that trap gas
molecules called guest molecules. The solid structure
conformed just by water is thermodynamically unstable at
low temperatures and moderate high pressures. Also, due
to the presence of the guest species, the empty clathrate
becomes stabilised. According to the experimental
evidence, the cages are big enough to allocate guest
molecules and they are supported by the effect of the
hydrogen bonds of water molecules [1,2]. Different kinds
of gas hydrate structures can be obtained depending on the
nature of the guest, but the most important crystalline
structures are identified as: sI, sII and sH [2]. On the other
hand, by means of X-ray scattering, it is possible to
determine the structure of this kind of compound. Type sl,
the one in which we are interested, is formed by six cavities
called pentagonal dodecahedrons and denoted by 5'2
(a polyhedron formed by 12 pentagonal faces) and two
cavities called tetracadecahedron 5'?6° (a polyhedron
formed by 12 pentagonal faces and two hexagonal faces)
[3]. In this unit cell, there are 46 water molecules and the
number of gas molecules may vary, eight being the number
of molecules for which all cavities of the cell are occupied.

In the literature, it is often mentioned that a non-polar
molecule surrounded by water shows the hydrophobicity
phenomena [4,5]. In some works, the potential of mean
force (PMF) [6] has been employed to analyse the
hydrophobic interaction [7—10], where two minima can
be observed, one of them corresponds to the contact
configuration and the other one corresponds to the solvent-
separated configuration. For example, this function allows
us to observe the energy barrier that the water molecules
have to overcome in order to hydrate a methane molecule, in
particular. Pratt and Chandler [4] have shown that the
second minimum is more probable than the first one for two
hard spheres. They argue that an entropic driving force
induces the approach between pairs of hard spheres.
Recently, Wynveen and Bresme [11] have studied the
interactions of polarisable solutes in water as a function of
the solute permittivity (e). They state that the hydrophobic
interactions among solutes strongly depend on the
permittivity values of the solute €. Their argument is that,
for low permittivity, the interactions are dominated by
surface tension forces whose origin lies in the formation of a
vapour cavity between the two hydrophobic solutes. All this
information helps to establish that, by changing the polar
nature of the solute, it is possible to observe an increment or
decrement in the hydrophobic effect. Haymet put forward
another point of view [12]. He suggested that water is
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methophobic, i.e. methane has an affinity for water and not
vice versa. This kind of molecule at specific thermodynamic
conditions (low temperature and moderate high pressure)
shows a special structural arrangement. As has already been
mentioned, the presence of the guest molecules stabilises
the system, but also the hydrophobic interaction between the
water and its guest molecules could recover importance as
the pressure is increased. The latter has been discussed by
Hummer et al. [10]. They argue that at low pressures the
water molecules cannot occupy the interstitial space
between two non-polar molecules because it is energetically
unfavourable. The opposite situation takes place as the
pressure increases; hence, the solvent-separated configur-
ation is more relevant compared to the contact pairing.

The sl structure of methane hydrate has been observed in
experiments [13,14] and reproduced by computer simu-
lations [15,16]. There are some efforts to study the structure
of clathrate by molecular simulation, where the hydrophobic
phenomenon is present [ 16] and more than one water model
has been used. Some of these results supported by computer
simulations have been developed in the stable regimen of
clathrate; however, we are interested in analysing the
structural changes of methane hydrate under an external
electric field, in the region where the stable—unstable
transition of methane hydrate is experimentally located.
However, there is a step that must be overcome first; a water
model must be chosen that works in the transition line; in
other words, we would like to select a model that reproduces
the experimental evidence of the clathrate dissociation when
the temperature increases [17]. This strengthens the
importance of the water model for an analysis at a
molecular level [ 18]. Hence, the purpose of the present study
is to apply molecular dynamics to compare the performance
of rigid water models of three, four and five sites in the
estimation of structural properties of methane hydrate, in the
vicinity of the phase transition [19]. In this paper, the radial
distribution function (RDF) [20,21] for different atom pairs
and the coordination number between carbon and oxygen
atoms were calculated, varying the temperature and
maintaining always the pressure constant. When the stable
methane hydrates are located under the influence of high
temperatures, the experimental evidence indicates that such
systems begin to be destabilised; thus with the purpose of
having a clear idea of this structural changes, the mean force
potential between each two methane atoms is estimated. The
present work is organised as follows. In Section 2, some
details of the molecular simulation are mentioned. In
Section 3, relevant results are included as well as a brief
discussion about them. Finally, some conclusions from this
work are contained in Section 4.

2. Methodology

We have performed simulations of the methane hydrates by
using different water models in an NPT ensemble. In this

work, we have used three rigid non-polarisable models
of water: SPC/E [22], TIP4P [23] and TIP5P [24].
The methane molecule is also modelled as a rigid molecule
[25], consisting of five sites with a contribution of van der
Waals interaction modelled by Lennard-Jones potential
in the carbon atoms. Partial charges were assigned to both
kinds of atoms, i.e. carbon and hydrogen. The link C—H
and the linking angle H—C—H were set 1.09 and 109.47 A,
respectively. The Lorentz—Berthelot combining rules were
employed between different kinds of atoms. It was decided
to restrict this paper to the study of the rigid models of water
of three, four and five sites, as a starting point due to their
simplicity when they are implemented. The simulations
were developed using a modified version of the TINKER
program; they were performed using periodic boundary
conditions and the minima image convention in the three
directions. The Ewald sums method was used to estimate
the long-range interactions of the charge particles, in fact,
this method is an excellent option to estimate the long
range interaction for both polar and non-polar potentials
[18,26—-29]. The chosen cut-off radius was of R, = 11 A
and rigid body algorithm [30] was used for estimating the
evolution of the molecules in space and time, keeping the
pressure by means of the Berendsen barostat [31].

The initial configuration for the simulations was based
on the X-ray results obtained by McMullan and Jeffrey
[32] for the type I structure of the ethylene oxide hydrate,
which provides the positions of the oxygen atoms in every
water molecule and the mass centres in the unit cell for the
methane molecules. The orientations of the hydrogen
atoms in the water molecules were set randomly. The unit
cellofside L, =L, =L, = 12.03A at 25°C was replicated
2 X 2X2 times to form a cubic cell of side 24.06 A,
which includes 368 water molecules and 64 methane
molecules; this means that the ‘cages’ formed by water in
methane hydrates are completely occupied. This initial
configuration was balanced for 50ps at 7= 50K and
P = 1 atm to correctly orientate the hydrogen atoms of the
water molecules. This procedure was done in order to
create the cages, which constitute the initial configuration
in all our simulations. All the simulations were developed
at 20 atm. The temperature was chosen from a long range:
200, 220, 240, 260, 280, 290 and 300 K, which implies that
the equilibrium experimental line was crossed in the phase
diagram of the methane hydrates. Actually for the
particular pressure 20 atm, the experimental temperature
of transition is located at 265-275K [17].

For the determination of the effective coordination
number [6], the following relation was used:

Tref
n= 47mJ r2g(r)dr, 1)
0
where g(r) is the RDF [20,21] and n is the number of water

molecules. The integral is over the first shell of
coordination which ends at r,.¢, for each graphic.
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Since the PMF, W(r), is the free energy required to put
together a pair of atoms at a distance r, bringing them from
infinity, it can be written in terms of the RDF as follows:

W(r) = —KgT Ing;(r), @

where r is the distance of separation, K is Boltzmann’s
constant and g;; is the RDF for two kinds of atoms, i and j.

3. Results and discussion

In this section, the relevant results of this work are shown.
By means of molecular dynamics, the methane hydrates
were simulated under specific thermodynamic conditions.
The starting point is to consider the methane hydrate already
formed and located in a stable state, and then by
varying the temperature the structural changes are analysed
for three different water models. These structural modifi-
cations are captured using the RDF of the methane hydrate.

In Figure 1, a snapshot of the clathrate is shown at a
stable thermodynamic state, temperature 200K and
pressure 20 atm. This figure mimics the structural status
of the compounds where the methane is trapped by water
cages. In Figure 2, the carbon—oxygen RDF for clathrate is
shown for three different water models at temperature
200K and pressure 20 atm. From this figure, we can see
that the three water models show a stable system. In
Figure 3, the carbon—carbon RDF for clathrate is shown in

Figure 1. Snapshot of a clathrate at 20atm and 200K.
The methane compounds are located in a stable thermodynamic
state. The five sites methane molecule model was used for this
simulation and this kind of molecule can be observed surrounded
by water molecules forming cages.
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Figure 2. RDF of carbon—oxygen at 20 atm and 200 K. Three
different water models were used. The continuous line without
symbols corresponds to the SPC/E water model results, the empty
circles and squares are data from the TIP4P and TIP5P water
models, respectively. These curves are similar among them and
they basically show a stable methane hydrate; see [16].

3 T T T T T
—— SPCIE
o—o TIP4P
&-—-8 TIP5P

gce (R)

R (Angstroms)

Figure 3. RDF of carbon—carbon at 20 atm and 200 K. For all
different water models used in this work. The stable state is
reached by the three water models.

the same thermodynamic state for the three water models.
The RDFs obtained by using these water models (Figures 2
and 3) are very similar to those in figures 4 and 6 of [16],
respectively. The carbon—oxygen RDF for the three water
models used here is estimated at 20atm for different
temperatures; these results are presented in Figures 4
(SPC/E), 5 (TTIP4P) and 6 (TIP5P). These curves were
obtained from a series of simulations varying the
temperature from 7 = 200 to 300 K. These temperatures
cross the equilibrium line in the phase diagram of the
methane hydrates [17]. Figure 4 corresponds to a clathrate
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—— 200K

9co (R)
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Figure 4. RDF of carbon—oxygen at 20 atm but varying the
temperature from 7 = 200 to 300 K. The SPC/E water model was
employed for these curves. The spacial order is affected by the
increase of temperature.

gco (R)

R (Angstroms)

Figure 5. RDF of carbon—oxygen at 20atm, varying the
temperature from 7= 200 to 300 K. In this graph, the TIP4P
water model was used. The structural changes are less known for
this water model when the temperature is increased.

simulation using the SPC/E water model. In Figure 5, the
TIP4P water model was used and in Figure 6 the TIP5P
water model was applied in the simulation. As it is well
known, the TIP4P water model is a good model because it
reproduces the water anomaly [16]; however, when the
temperature rises gradually away from the stable regime,
the SPC/E water model becomes the most convenient, i.e.
this water model behaves very well since it allows to
observe the stable—unstable transition of the methane
hydrates just in the temperature vicinity where the
experiment indicates this transition [17].

The coordination number is also used as an indicator
when the clathrate begins to lose its stability. This

9co (R)

R (Angstroms)

Figure 6. RDF of carbon—oxygen. The water model used was
TIP5P, the pressure was fitted at 20 atm and the temperature takes
values from 7= 200 to 300 K. There are no relevant changes
in spacial order for the methane hydrate when this water model
is used.

parameter provides the amount of molecules that surround
each methane molecule for each equilibrium temperature.
For the simplest cage (pentagonal dodecahedron 5'%), the
number of water molecules that surround the guest
molecule is 20 [16]. We assume that a criterion for the
hydrate disassociation may be given by determining the
linking number between the carbon and oxygen sites
corresponding to the methane and water molecules,
respectively. Concerning the performance of different
water models in the phase diagram line, a comparison was
done for models of three, four and five sites. As a result,

26 r 1
24
22
20
18
16
14
12
10

Coordination number

o—o SPC/E
o—a TIP4P
A~—ATIP5P

6 1 1 1 1 1 1 1 1 1
220 230 240 250 260 270 280 290 300 310 320
T(K)

Figure 7. Coordination number as a function of temperature.
The open circles correspond to the SPC/E water model results,
the open squares and triangles are the results for the TIP4P and
TIPSP water model, respectively. The continuous line is included
just to guide the eye.
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Figure 8. PMF between two methane molecules separated by
water. PMFs as a function of temperature are shown. The empty
circles correspond to the lower temperature and the empty
triangles are the results from the higher temperature.

the rigid non-polarisable SPC/E water model shows the
most real perception of the phase system change. It can be
observed clearly in Figure 7 that the coordination number
of TIP4P and TIP5P water models does not go down from
the numeric value of 20 (a criterion established to
determine the disassociation of the hydrate), even for
higher temperatures above the experimental phase
transition (around 268 K at 20 atm) [17]. This is not the
case for the SPC/E curve, where we can observe that the
performance of this water model yields a coordination
number approximated to 17 at 280 K. In the coordination
number curve obtained for the SPC/E water model and
plotted in Figure 7, a small shoulder can be noticed just
before the clathrate disassociation. It may be interpreted as
the graphic representation of the metastability of the
system exactly in the phase transition.

In Figure 8, the PMF of carbon—carbon association for
different temperatures is shown, where two minima can be
observed. One of them at short distances (around 6A) is
the contact minimum and the second one localised at
larger distances (around 11.2 A) is the solvent-separated
minimum (at 7= 200 K). It can be noticed that, as the
temperature increases, the energetic barrier diminishes,
hence the methane molecules tend to be together. In this
same figure, the PMF at a higher temperature shows that
the methane compounds lose the stable structural
arrangement and they are located in a metastable state
allowing the formation of methane aggregates. This kind
of behaviour is also observed when the pressure
diminishes by fitting the temperature. Actually, Hummer
et al. [9] showed similar results for two methane-like
particles in water, varying the pressure. In their paper, the
authors show that the destabilising effect of temperature
increases when pressure diminishes.
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4. Conclusions

The performance of the water models of three, four and
five sites in the reproduction of structural characteristics of
methane hydrate was compared. It was observed that in the
stable region, the three models achieve great stability of
the system. Nevertheless, the TIP4P and TIPSP water
models showed a greater stability that remains beyond the
experimental transition line where the system is located in
an unstable state. In comparison, the SPC/E model showed
a great congruence with the experimental data concerning
the disassociation point of the clathrate. The curve for the
coordination number showed that methane hydrate is
maintained stable beyond the critical temperature region
for both the TIP4P and TIP5P water models; thus this
parameter gives us complementary information in order to
capture the stable—unstable transition of the methane
compounds. By analysing the PMF of two methane
molecules, the structural changes of the stable clathrate
can be observed as well as the temperature dependence.
From our results, we may see that the temperature effect
yields a situation where the interstitial space between two
non-polar molecules is energetically favourable or
unfavourable, keeping the pressure at 20 atm. Hence, for
higher temperatures, the solvent-separated configuration is
more relevant. All these results are in agreement with
experimental evidence, mainly, in the experimental
temperature region where the critical value is located.
Finally, we would like to mention that in the near future,
we shall analyse structural changes in methane hydrate
placing an external electrical perturbation in the phase
transition line and employing the SPC/E water model.
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