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The purpose of the present study is to compare two different schemes for treating the intramolecular degrees of freedom
in molecular dynamics simulation of methane hydrates by studying their effect on the simulated properties like energy,
density and radial distribution functions at different thermodynamics conditions. The first scheme supposes molecules
with rigid geometry and resembles the assumption made by van der Waals and Platteeuw of a lattice which is not
distorted by guest molecules. The second scheme supposes a more realistic description from the hydrate by introducing
translational and rotational degrees of freedom. The NPT molecular dynamic simulations include temperature ranges
from 40 to 200 K for two different pressure conditions, 0.1 and 500 MPa. The results show that increments of temperature
increase the energy and decrease the density of the hydrate in both models, rigid and flexible. The effect of temperature
on the lattice parameter agrees with the experimental behaviour reported in other studies. The radial distribution
functions showed that the hydrate with flexible molecules presents major distortion with regard to the rigid model.
However, the radial distribution functions in both rigid and flexible models reproduce the experimental peaks at the same
distance. In general, the effect of flexibility concerns in major measure the thermodynamic properties in comparison with

the structural properties analysed in this work.

Keywords: methane hydrate; molecular dynamics; rigid and flexible molecules; radial distribution functions

1. Introduction

Hydrates are inclusion compounds in which molecules
of water configured cages that are stabilised by guest
molecules such as methane, ethane, carbon dioxide, or
some other molecule small enough to occupy the
interior of these cages [1]. Hydrates are ice-like
crystalline solids and their cavities are formed by
hydrogen bonding of the water molecules. Industrial
interest in these compounds appeared because they
represent a danger when they are formed in the pipes;
for instance, during the oil and gas production. Thus,
any strategy of risk control in the industry should
include the knowledge of frontiers in thermodynamic
stability for phase hydrate regions. In addition, a
considerable geophysical interest in methane hydrates
has emerged from the fact that existing methane
hydrates in the permafrost region and at the bottom of
the oceans of several countries are considered an
important energy reserve. More recently, several
theoretical and experimental studies have been carried
out to understand the thermodynamic stability, to
estimate structural and dynamic properties and to
analyse the effect on the climate and the stability of the
marine floor of methane hydrates [2-5].

The most typical crystalline structure of methane
hydrates is the one called type sI. The unit cell of
structure sI has a cubic shape with 12 A of length,
consists of 46 hydrogen-bonded water molecules and up
to eight methane molecules occupying both small and
large cavities in a ratio of 1:3. The small cavities of sI are
pentagonal dodecahedral cages (5'%) and the large
cavities are tetracaidecahedral cages (5'26%). Methane
hydrates are known to exist at temperatures from 150 to
320 K and pressures from 0.01 up to 1000 MPa with more
typical occupations of 95 and 50% for the large and small
cavities, respectively [1].

Previous research on hydrates has been focused on
solving the phase equilibrium problem where pressure,
temperature and the composition mainly in the gas phase
were also measured to verify estimations. The main tool
to calculate fugacities and compositions of the hydrate
phase involved in a multiple phase equilibrium
evaluation, gas—ice- and gas—water-hydrate, is the
theory developed by van der Waals and Platteeuw [6].
This theory assumes that the guest molecules inside
cages of water molecules provide thermodynamic
stability to the configuration that is even more stable
than the ice or pure water. The theory was developed
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under three main considerations: the cavities of the
lattice do not allow multiple occupation to the guest, the
effect of interactions guest—guest is negligible and
the interactions guest—water are relatively weak as to
just consider the interactions of the molecules of water
near to the guest molecules.

The main objective in several studies of molecular
simulation has been to demonstrate the validity of the
assumptions of the van der Waals and Platteeuw theory
[3,7,8]. These simulations have used different types of
non-polarisable intermolecular potentials with both rigid
and flexible geometries to describe the molecules of water
behaviour. In the case of methane molecules the most used
approach has been to consider them as spherical
molecules with just a single site of interaction of type
Lennard-Jones. Rodger [8] calculates the configurational
energy and radial distribution functions for methane
hydrates using simulations NVT at 145, 200, 220, 240,
260 and 270 K with different proportions of the cavities
occupied. In his work, water molecules are described as
rigid and water—water intermolecular interactions are
described by the simple point charge model SPC
according to Berendsen et al. [9], and a type of Lennard-
Jones potential for the water—methane and methane—
methane interactions. Chialvo et al. [7] compared the
effect of three types of potentials for the water, all with
rigid geometry, in the calculation of thermo-physical and
structural properties of methane hydrates at 270 K and
5MPa and different compositions in simulations NPT.
The potentials used in that study for the water were the
SPC, SPC/E [10] and the TIP5P [11] whereas the methane
was modelled as a rigid molecule of five interaction sites
of type Lennard-Jones. Recently, Sizov et al. [3]
performed simulations with the grand canonical ensemble
Monte Carlo method (GCMC) to calculate several
occupancy isotherms at 200, 210, 220, 230, 235, 240,
250 and 260K for methane hydrates with flexible and
rigid hydrogen-bonded network forming the clathrate
cages. This study describes the water interactions with the
SPC/E model along with the united-atom (UA) Lennard-
Jones model for methane interactions [12]. It becomes
clear from the above researches that there is a need of
more realistic description for the interactions water—
guest, guest—guest and water—water, as well as a bigger
emphasis in the geometry of the molecules in the lattice to
allow more flexibility.

More recently, Jiang et al. [2] have improved the
molecular description of methane hydrates by using two
polarisable potentials for the water, the AMOEBA [13]
and the COS/G2 [14] models, and a combination of an
electrostatic potential and the Lennard-Jones for the
methane. Their description included both rigid and
flexible cases in the two types of molecules. The results
obtained included some of the radial distribution
functions and the vibrational spectrum at 270K and

20 bar, as well as the effect of temperature on the lattice
constants using simulations NPT. Overall the simulations
with the AMOEBA model have better agreement with
experiment results in contrast with COS/G2 model.
However, the analysed simulation times were limited to
short times of 100 and 500 ps due to the computational
demand required in AMOEBA and COS/G2,
respectively.

In this work, the hydrate models behaviour having
flexible and rigid geometry is compared based on
molecular dynamics simulations. The numerical results
agree with experimental values in the radial distribution
function and the lattice parameter. The rigid geometry
resembles the assumption made by van der Waals and
Platteeuw of a lattice that is not distorted by guest
molecules. On the other hand, the flexible geometry
provides a more realistic description from the hydrate
introducing translational and rotational degrees of
freedom, considering the possibility of stretching bonds
as well as allowing flexion of the angles in the molecules
of water and methane. The results obtained include the
temperature and pressure effect on the hydrate lattice
parameter in a range of temperatures of 40—200 K and
pressures of 0.1 and 500 MPa. For the two analysed
models, the volume of the hydrate increases when the
temperature is increased in agreement to the reported
experimental results of thermal expansivity [15]. In the
same way, the effect of the hydrate geometry on radial
distribution functions is analysed for the interactions
water—water and methane—methane.

2. Simulation procedures

The phase space in molecular dynamics simulations of a
system of N atoms consists of the position coordinates and
velocities of each particle. For a given initial state, the
phase space is evolved by solving the Newton equations of
movement during a period of time in which the values of
atomic positions and velocities are stored for their later
statistical treatment and to calculate several properties of
the system. The Newton equation for each atom is a
differential equation thatis solved usually with some finite
differences method. In this work, the velocity-Verlet
method is used because it appropriately handles the
atomic velocities and minimises the rounding error [16].

The typical integration time step used in the solution
of Newton equations can be of several femtoseconds (fs);
however, the highest frequency motions in the system
place the effective limit as to how large the time step can
be for the simulations [17]. Because the highest
frequency motion is generally associated with bond
vibrations, a time step of 0.4 fs was used in the flexible
molecule simulations to assure the stability of the time
discretisation method. In the rigid molecule simulations,
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the impositions of algebraic constraints that fix bonds
and angles remove the associated rapid vibrational
modes, enabling the use of longer time steps without
substantially altering important physical characteristics
of the motion. The size of the integration step used in this
case was 0.8fs. For the rigid and flexible molecule
simulations the length of the simulations was 320 ps with
200 ps for equilibration of the system.

Simulations were carried out for systems containing
eight totally occupied unit cells of methane hydrate
(2 X 2 X 2)type sl. The position of the oxygen atoms and
the centre of mass for guest molecules in the unit cell for
our starting configurations were taken from the X-ray
analysis of ethylene oxide hydrate by McMullan and
Jeffrey [18]. The protons of water molecules were placed
according to the Bernal —Fowler rules [19] and oriented in
such a way that there is no net dipole moment in the unit
cell. The length of the simulation box was 24.06 A. This
size of the simulation cell has been used by others and it
allows the system to be equilibrated to obtain properties
with standard deviations in a rather short simulation time
[2,3,7,20]. Each system contains 368 water molecules and
64 methane molecules and the composition of each
system remains constant during the whole simulation.
Periodic boundary conditions were used in the three
dimensions of the simulation box, i.e. the calculation
algorithm assumes that the simulation box is indefinitely
replied to avoid surface effects. The Berendsen weak-
coupling algorithm was used to keep pressure and
temperature constants [21]. These methods maintain the
temperature oscillating around a specific value by scaling
of velocities, while the pressure is controlled through
the scaling of the atomic coordinates and volume of the
simulation box. Thus, the number of molecules, pressure
and temperature remained constant during all simulations.

The static properties produced with the molecular
dynamics algorithm were energy configurational, density
and radial distribution functions g;(r) for pairs oxygen—
oxygen, oxygen—hydrogen and hydrogen—hydrogen in
molecules of water and radial distribution functions for
carbon—carbon in the methane molecules. It is possible
to measure g;(r) experimentally with neutron scattering
or X-ray scattering diffraction data. The g;(r) indicate the
probability to find a pair of atoms separated by a distance
r, with respect to the probability expected for a
completely random distribution with the same density
[22]. The radial distribution function can be evaluated
through the following equation:

(nj(r + 6r))

A 1
4ap; [ r2dr M

gi(r) =

where < ni(r + &r) > is the average number of atoms j
that are separated from atom i by distances between r and
r + or and p; is a mean density of atoms j in the system.
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The equations of motion are applied to each atom and
the net force acting on a given atom i is obtained from the
gradient of a potential or force field established by its
interaction with all the other atoms in the system during
an instantaneous time. In this work, two alternatives are
considered to describe this force field in the molecular
system. In the first case, molecules of water and methane
are considered totally flexible, i.e. both intermolecular
and intramolecular interactions are allowed. In the
second case, rigidity is considered in the two types of
molecules so that only intermolecular interactions
remain. Intramolecular vibrations can be rejected for
temperatures close to the environment because
hw; /27> kgT, where h is the Planck constant, w; is
the angular frequency of the i-normal mode of vibration,
kg is the Boltzmann constant and 7 is the temperature.
However, the molecular flexibility can become important
in high temperatures and pressures producing results
more similar to the experimental values [23].

There are several analytic forms reported in the
literature for flexible force fields of water and methane.
The model TJE [24] is used here to describe the potential
of molecules of water and the OPLS-AA [25] for methane
molecules. Both models appropriately predict the proper-
ties of pure substances in wide ranges of temperature and
pressure. The model TJE considers three interaction sites
corresponding to each atom of the water molecule and a
charge is assigned to each atom to reproduce the dipolar
moment of the water molecule in liquid phase. The model
TJE considers a Lennard-Jones potential centred in the
oxygen atom as in the model SPC and the intramolecular
potential is described through harmonic forms for all
vibrational terms. The model OPLS-AA has an interaction
site in each atom of the methane molecule that allows
more flexibility for charge distributions and the
calculation of the energy for flexion effects and stretching.
The equation for the model TJE and OPLS-AA defines the
variation of the potential energy of the system due to
intermolecular non-bonded interactions. It consists of
Lennard-Jones potential added to an electrostatic
potential and, for the calculation of long-range electro-
static forces, the reaction field method [26] was used:

12 6
ajj aij
u(rij)inter = ZZ (48’] [(f) - <r_]> ‘|
i > u Y
1 C]i%‘ Ere 1 rij ’
14+ -® (¥ 2
+4’7T8() Tij +28RF+1 I'c ( )

where 0;; and g; are Lennard-Jones parameters, r; is the
distance between two sites i and j, ¢; and ¢; are
electrostatic charges in sites i and j, r. is the cutoff radius
equivalent to half the length of the simulation box, & is the
permittivity of the free space and erp is the external
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dielectric constant defining the reaction field whose value
is fixed to infinite to represent conducting boundary
conditions. The value of egrg is usually set to
approximately g, though any value between
g0 = erp = ™ is acceptable for moderately and highly
polar substances [26]. For consistency, long-range
correction was made for the Lennard-Jones term of the
intermolecular potential described in Equation (2).

For the model TJE and OPLS-AA, flexibility is
achieved by using bond stretching and angle bending
terms for all bonds and angles in the water and methane
molecules. The equations to calculate the variation in the
intramolecular potential energy, due to the positions of
the atoms in the molecules, are the following harmonic
oscillators:

1
u(rip)inra = Z Ekb(”ij — ro)?
all bonds

| 3
+ > S ko0 = 6o)?

all angles

where k;, is the force constant for bond stretching
between atoms i and j, r;; and ry are the instantaneous and
equilibrium bond lengths, kg is the force constant for the
angle bending between atoms i, j and k, 0 and 6, are the
instantaneous and equilibrium angles.

The values of the constants used in Equations (2) and
(3) for the model TJE and OPLS-AA are shown in Table 1.
Parameters in Table 1 are used with the Lorentz—
Berthelot combination rules to determine the Lennard-
Jones parameters in the case of the non-electrostatic
interactions between molecules of water and methane.

To model rigid geometry in hydrates, the simple
point charge model SPC [9] is used. This model is a
simple nonpolarisable water intermolecular potential
with rigid geometries. This model provides an effective
potential where all its parameters are obtained from

Table 1. Parameters for water and methane in the flexible
structure.

Water Methane

Parameter Value Parameter Value

6o H—O—H 109.47° 6 H—C—H 107.8°

ro O—H 1A ro C—H 1.09 A
ko H—O—H 46,065K/rad> kyH—C—H 33,212.9 K/rad®

k, O—H 557,711.2K/A? k, C—H 342,193.9K/A?

€00 782K Ecc 332K
000 3.166 A occ 3.5A
qdo —0.82¢ EHH 15.09K
qu 04le Oun 25A
qc —0.24¢

qu 0.06e

thermodynamic data where the average effect of any
intramolecular movement is included. The SPC model
contains punctual charge in the oxygen and hydrogen of
the water molecule interacting through an electrostatic
potential. Each atom of oxygen in the water interacts
through a Lennard-Jones potential. A Lennard-Jones
potential is used for methane with adjusted parameters
for each interaction type considering that the molecule is
rigid with five interaction sites corresponding to each
type of atom in the methane [7]. Equation (2) is used to
calculate the potential energy of the system in the case of
the rigid geometry and it is applied for all water and
methane molecules of the hydrate. Lennard-Jones
parameters as well as electrostatic charges involved in
the rigid model calculation are given in Table 2.
The Lorentz—Berthelot combination rule was used to
determine the parameters of Lennard-Jones potentials
between the water and methane molecules.

The length of covalent bonds as well as internal
angles of rigid water and methane molecules were kept in
the equilibrium condition (Table 2) using the RSHAKE
method [27] with a tolerance of 10>, This procedure
was developed to model molecular dynamics in systems
where certain degrees of freedom such as bond lengths or
angles remain constant. The method was implemented
for the first time by Ryckaert et al. [28] using an
undetermined group of multipliers to represent the forces
directed along the bonds to keep the angles and bond
lengths as a constant. In this technique, the equations of
motion are firstly integrated in absence of the constraint
forces and then their magnitudes are determined to
correct the atomic positions. Andersen [27] iteratively
solves the constraints one by one adjusting the atomic
coordinates involved in each bond and angle.
The procedure is iteratively applied until all the
constraints are satisfied within a certain tolerance.

3. Results and discussion

The effect of flexibility in molecules related to
thermodynamic and structural properties is the main

Table 2. Parameters for water and methane in the rigid
structure.

Water Methane
Parameter Value Parameter Value
6, H—HO—H 109.5° 6o H—C—H 109.5°
ro O—H 1A ro C—H 1.04 A
€00 782K . Ecc 48.72 I(D
000 3166A Occ 3351A
qo —0.82e EHH 6.79 I{D
qu 041e OHH 2.868 A
ECH 20.55 Ig
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Table 3. Results of thermodynamic properties at 0.1 MPa of pressure.
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p (glem?)

Rigid

Flexible

U (kJ/mol)
T (K) Rigid Flexible
40 —48,504.64 £ 4.11 —50,723.06 = 3.79
80 —46,790.00 + 4.46 —47,576.30 £ 4.72
120 —44,948.36 = 5.14 —44,208.87 = 5.41
160 —42,812.95 = 5.15 —40,685.19 = 6.04
200 —40,495.65 £ 6.03 —36,887.10 = 7.40

1.004555 = 4.4 x 107>
0.994742 + 45 x 107°
0.982627 + 5.8 X 107>
0.967680 = 7.0 X 107>
0.949179 9.3 x 107>

1.028123 + 3.4 x 107°
1.015868 + 5.1 X 107°
1.003124 + 6.2 x 107°
0.987323 £ 82 x 107°
0.968605 + 1.08 x 10~*

issue analysed in this work. Previous studies about
structural properties of flexible models for water under
room temperature conditions have demonstrated that
inclusion of flexibility causes small increments in the
first two peaks of the oxygen—oxygen radial distribution
function (gOO0) in comparison with the results of rigid
models [24,29]. In addition, simulations of flexible water
show a bigger potential energy in comparison with the
rigid model [29]. The explanation of these results is
based on the different molecular dipole and quadrupole
moments assigned to each model for water.
The flexibility of the water molecule causes an increase
in the molecular dipole moment compared with a rigid
molecule leading to stronger bonds in molecules of water
with its surroundings.

3.1 Thermodynamic properties

The thermodynamic properties of methane hydrates
obtained from NPT simulations with both rigid and
flexible models are outlined in Table 3 at 0.1 MPa. Table 4
presents the results for NPT simulations at 500 MPa.
These conditions of pressure were selected because of the
possibility suggested in recent years to transport natural
gas in the form of hydrate at 0.1 MPa [30] whereas the
condition of 500 MPa was selected to contrast the results
with experimental results of temperature dependence of
the unit cell parameters for methane hydrate [15]. Both
pressure values represent the extremes of the most studied
region in the last years for methane hydrate.

In general, it is observed that increments in the
temperature produce a decrease of the density as the

energy configurational increases in the two models for
both pressure conditions. The effect of pressure on the
energy is hardly observed in both schemes; however, the
pressure affects significantly the density of the hydrate.
In the case of rigid structure, there is a minor increase in
the potential energy when the temperature is increased
with respect to the flexible model. Furthermore, the rigid
structure presents smaller density in comparison to the
flexible structure in all our studies. In fact, Zhang et al.
[31] analysed water—methane mixtures and they found a
similar response in energy and density when the
temperature was changed within the interval of
270-300K and 80 MPa. In their case, NPT molecular
dynamics simulations were carried out using rigid
geometry for the molecules with potential TIP4P for
water and a Lennard-Jones for methane and water—
methane interactions. More recently, Jiang et al. [2] have
compared their results of potential energy in methane
hydrates with those obtained by others in NVT molecular
dynamics with rigid geometries and different potentials
for water. The temperatures analysed were 50, 125 and
200K and the same increase tendency was observed in
the energy while increasing the temperature for all
analysed potentials. Unfortunately, there is a lack of
experimental data for density and energy as to compare
this numerical result.

3.2 Radial distribution functions

The radial distribution functions gOO, gOH and gHH are
commonly used to analyse structures of aqueous
solutions. They can be obtained experimentally starting

Table 4. Results of thermodynamic properties at 500 MPa of pressure.

U (kJ/mol) p (g/em’)
T (K) Rigid Flexible Rigid Flexible
40 —48,225.92 + 3.18 —50,409.05 + 3.63 1.034549 + 8.0 x 10°° 1.056611 = 1.9 x 103
80 —46,459.59 + 4.37 —47,259.42 + 4.61 1.025940 =29 x 107° 1.045369 + 2.1 x 1073
120 —44,659.99 + 4.55 —44,037.32 £ 5.12 1.016507 =13 x 107° 1.036564 = 2.9 x 107>
160 —42,726.40 = 5.21 —40,697.75 = 5.80 1.006398 = 1.6 x 107° 1.026002 * 3.9 x 10>

200 —40,685.06 = 5.40 —37,142.33 = 6.89

0.995413 £2.0 X 107°

1.015188 = 4.9 x 107°
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from diffraction of neutrons studies. To understand the
shape of this type of function, consider an atom in the
origin, r = 0, for the calculation of the radial distribution
function while all other atoms in the system are orderly
accommodated around this atom. In the case of solids, it
is very likely that the first layer of atoms surrounding the
central atom is accommodated at a distance r that
corresponds to the first peak showed in the radial
distribution function. This first layer tends to exclude the
following layer of neighbours in a region so that g(r) has
a value smaller than the unity in this region. Then, the
following layer of neighbors is allocated at some distance
to produce the second peak in the g(r) function. Thus,
there is a distance where the atoms are not affected by the
presence of the central atom and the g(r) takes the unit
value. In the case of solids such as the hydrate, the peaks
of the g(r) are more defined and slender in comparison
with the peaks of a liquid. Since the layers of
neighbouring atoms are very well defined in the solid,
the g(r) has a zero value between each peak representing
to the first layers of atoms and it latter presents
oscillations around the unity value.

Thus, the structure of the water in the hydrate is
described by the radial distribution functions of gOO,
gHH and gOH. These radial distribution functions can be
observed for the water—water interactions obtained from
NPT simulations at different pressure and temperature
conditions as indicated in Tables 3 and 4. The effect of
pressure produces a similar behaviour on the radial
distribution functions so that only the case of 0.1 MPa is
analysed. Figure 1(a),(b) shows that the position of the
peaks for the gOO function is hardly different among the
different temperatures. A similar result is also observed
in the gOH functions given in Figure 2(a),(b). However, a
reduction in the height of the peaks can be observed in
Figures 1(a),(b) and 2(a),(b) for rigid and flexible
molecule models when increasing the temperature.
The effect of temperature on the gOO and gOH functions
reflects bigger mobility of the water molecules when the
temperature increases for both molecule models.

In addition, the effect of inflexibility in the molecules
produces more lengthened and narrow peaks for the
different radial distribution functions, mainly in the first
and second pick. This suggests that the organisation of
the water molecules of the lattice in the hydrate is less
structured when the molecules are considered flexible.
When inflexibility in the molecules is allowed, a better
accommodation of the molecules is allowed and, hence,
the lattice cannot be really distorted. The first layer of
oxygen surrounding the central oxygen is represented by
the first peak of the gOO function, which appears in
2.7 A. The second layer of neighbouring oxygen appears
at 4.6 A and a third layer appears at 6.5 A. Although other
peaks appear beyond 6 A, the deviations respect to the
unit value in the radial distribution function

@ 7
—40K
—80K
61 120K
160 K
—200K
5.
|
4_ |
o}
o)
(o]
3.
2.
1.
0
0 2
(b 7
— 40K
—80K
61 120K
160 K
—200K
5.
|
41 |
o}
o)
(o)
3.
2.
1.
o |
0 2 4 6 8 10 12

Figure 1. (a) Radial distribution functions for oxygen—
oxygen in water at 0.1 MPa and different temperatures for a
rigid structure. (b) Radial distribution functions for oxygen—
oxygen in water at 0.1 MPa and different temperatures for a
flexible structure.
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Figure 2. (a) Radial distribution functions for oxygen—
hydrogen in water at 0.1 MPa and different temperatures for a
rigid structure. (b) Radial distribution functions for oxygen—
hydrogen in water at 0.1 MPa and different temperatures for a
flexible structure.

is insignificant. Figure 2(a),(b) shows that the first peak
appears in 1.74 A. This peak corresponds to the average
length of the hydrogen bonds formed in the water
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molecules. The experimental value of this type of bond
among molecules of liquid water is 1.85 A [31]. This
result suggests that the hydrogen bonds in the hydrate are
shorter due to the packing of water molecules.

The gHH functions for rigid and flexible hydrates
at 0.1 MPa and different temperatures are shown in
Figure 3(a),(b). In this case, a decrease in the height of
the peaks, as in the gOO and gOH functions, is observed
when the temperature is increased for both models.
In addition, it is observed that the rigid structure presents
a bigger height in the first peak, suggesting the existence
of more hydrogen atoms surrounding the central
hydrogen for this molecule model in comparison with
the flexible model. The average distance between central
hydrogen and the closest neighbour hydrogen is 2.38 Ain
accordance with the Figure 3(a),(b). Zhang et al. [31]
have found that this peak appears approximately at the
same distance for liquid mixtures containing water and
methane at 270 and 300 K.

Figure 4(a),(b) show the radial distribution functions to
characterise the structure of methane in different
simulations analysed in this study. In general, it is observed
that the peaks are higher in the rigid geometry and
diminishes when the temperature increases, which is
consistent with the radial distribution functions gOO and
gOH of water. It consequently gives better defined
structures of the hydrate. Figure 4(a),(b) shows the average
distance of a couple of carbons in the methane for both
flexible and rigid geometries. The existence of two very
well defined picks at 6.8 and 109A is clearly observed.
The height and position of these picks agree with those
reported for methane hydrates at 200 K and 20 bar [2].

The maxima and minima positions of the gOO and gCC
positions obtained in the rigid geometry simulation at
200 K and 0.1 MPa are compared to experimental values at
293K and 14.5MPa [32] in Tables 5 and 6. Radial
distribution functions were obtained from neutron diffrac-
tion data through the empirical potential structure
refinement technique [33], which allows detailed studies
of structural properties. Differences between flexible and
rigid models in predicting the peaks and minima positions
are negligible and the comparison with experimental values
is acceptable. Tables 5 and 6 show the numerical results for
the rigid model and the experimental values.

3.3 Lattice parameter

It is believed here that knowing the change in the hydrate
volume with a change in temperature can help to
understand the microscopic and macroscopic behaviour
of hydrates. Hydrates have a thermal expansivity bigger
than hexagonal ice, in particular below 200 K, due to the
vibrational movements of the guest molecules and their
interactions with the lattice. Though the van der Waals
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Figure 3. (a) Radial distribution functions for hydrogen—
hydrogen in water at 0.1 MPa and different temperatures for a
rigid structure. (b) Radial distribution functions for hydrogen—
hydrogen in water at 0.1 MPa and different temperatures for a
flexible structure.
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Figure 4. (a) Radial distribution functions for carbon—carbon
in methane at different temperatures for a rigid structure. (b)
Radial distribution functions for carbon—carbon in methane at
different temperatures for a flexible structure.
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Table 5. Comparison of oxygen—oxygen pair distribution
function.

First First Second Second  Third
maximum minimum maximum minimum maximum
position position position position position

Model (A) (A) (A) (A) A)
Rigid 2.7 3.3 4.6 5.5 6.5
Exptl [32] 2.6 3.2 4.5 5.3 6.1

Table 6. Comparison of carbon—carbon pair distribution
function.

First maximum First minimum Second maximum

Model position (A) position (A) position (A)
Rigid 6.8 9.0 10.9
Exptl [32] 6.2 9.0 11.1

and Platteeuw theory assumes no distortion in the lattice,
several studies have demonstrated that combination of
temperature, pressure and size effects in the guest can
induce changes in volume [15,34]. These changes in the
hydrate volume are rather small but they can lead to
meaningful differences in the hydrate formation
conditions when using the van der Waals and Platteeuw
theory. A great number of hydrates with structures sI and
sII, with very few exceptions, have a common thermal
expansivity irrespectively of the guest’s type according
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Figure 5. Effect of temperature on the lattice parameter.
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to observations based on diffraction studies with X-rays
[34]. Figure 5 shows the lattice parameter of the unit cell
obtained for the different simulations indicated in
Tables 3 and 4. The distortion in the flexible structure
is bigger than the one obtained in the rigid one as
indicated in the results of radial distribution functions.
Furthermore, the hydrate at 500 MPa is less deformed
than in the 0.1 MPa case. A polynomial expression has
been proposed to describe the lattice parameter variation
as a function of temperature for a valid range of
86-267 K and 500 MPa [15]. The increase of the lattice
parameter with the temperature observed in Figure 5
agrees in its behaviour with the experimental study for
the thermal expansivity of methane hydrates at 500 MPa
[15]. However, it is observed that the lattice parameter at
500 MPa for the rigid model has an average error of
2.15% whereas the flexible model has 2.8%.

4. Conclusions

Considering systems with rigid molecules may result in a
substantial saving of computational time and it often avoids
a source of error. However, this is not the case of water
molecules due to their polarity and their interactions, which
strongly depend on their highly directional characteristics
such as the vibrational spectra from where the hydrate
structure can be deduced. In this work, models for
molecular simulation of rigid and flexible structures were
compared with those for molecules of water and methane.
The tendencies of the thermodynamic properties results
agree with those obtained in studies of rigid and flexible
liquid water. The positions of the peaks in the radial
distribution functions also agree with experimental data in
both flexible and rigid models. The height and the form of
these peaks indicate the formation of more well-defined
structures for the rigid model. However, this result might
not be due to the restrictions imposed on the intramolecular
mobility effect but to the different dipole moments in the
water molecule models. It is ratified here that the van der
Waals and Platteeeuw theory should be modified through
the inclusion of distortion effects in the lattice to improve
the prediction of hydrate formation and phase equilibrium
calculations. The effect of the flexibility in the molecules of
the hydrate is observed in major measure in the
thermodynamic properties and it is less valuable on the
structural properties analysed in this work.
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