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We present molecular dynamics simulation results for the diffusion coefficients and structure of water—methane mixtures in
constant NPT ensembles, at 7= 270, 300K and P = 8.104 X 107 Pa. The systems we have studied consist of one, four and
eight CH4 molecules and varying H>O molecules per unit cell, which correspond to methane concentration of 0.081, 0.324
and 0.643 mol/l, respectively. The intermolecular potentials used in all the simulations were the four-site TIP4AP model of
water [1] and the fitted Lennard-Jones 12-6 potential for CH4;—H,O [2]. Our results show that the methane concentration has
little impact on the structure of water and the formation of hydrogen bonds (H-bonds) between water molecules. The H-bond
numbers, H-bond length and the H-bond angle are independent of the methane concentration at the temperatures and densities
examined in this study. We also find that the number of H-bonds and angles are sensitive to the temperature. The rise of
temperature produces a decrease in the number and an increase in the angle of the H-bonds. Enhanced structuring of the
hydration-shell water molecules is indicated by an increase of the first and second peak in the water oxygen—oxygen radial
distribution function as temperature is decreased. The self-diffusion coefficient of water is sensitive to the methane

concentration and temperature.

Keywords: Methane hydrate; Molecular dynamics simulation; Hydrogen bond; Methane concentration

1. Introduction

Clathrate hydrates are a class of solids in which gas
molecules occupy “cages” made up of hydrogen-bonded
water molecules. They are of an immediate and practical
concern, due to the hazards they pose to oil and gas
drilling and production operations. The formation of gas
hydrate under certain temperature and pressure conditions
can cause costly and hazardous blockage of natural gas
pipelines. Many components of natural gas form gas
hydrates at low temperatures and elevated pressure. There
are three types of gas hydrate structures. These structures
differ in the number and sizes of the cages and in their
unit cells. The type of the gas hydrate depends on the size
of the guest molecules ranging from noble gas atoms to
large organic molecules. All these hydrate structures
consist of two or more types of water cages packed within

the crystal lattice. Most of the previous research on
natural gas hydrate formation is focused on the
equilibrium properties of gas hydrates, such as pressure
measurements as a function of temperature and gas
consumption versus temperature. Methane gas hydrate
studies have recently attracted attention due to their
importance for significant natural resource [3—7]. Skipper
has performed molecular dynamics simulation to study
the aggregation of simple apolar particles in aqueous
solution as a function of temperature [8]. Chau and
Mancera have performed Monte Carlo simulations to
investigate the effect of pressure on the structural
properties of the water molecules hydrating methane
[9]. Mancera and Buckingham have carried out a series of
NVE molecular dynamics simulations of ethane in water
at different temperatures near room temperature to try
to obtain a clear picture of the molecular mechanisms
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Table 1. Thermodynamic properties for the simulations.
Number of molecules Temperature (K) U(KJ/mol) u(KJ/mol) Density( g/cm‘i )
NCH; =1 270 —26064 + 98 —36.76 £ 0.13 1.040 = 0.005
NWATER = 708 300 —24237 £ 95 —34.18 £0.13 1.027 £ 0.005
NCH, =4 270 —25994 + 103 —36.66 £ 0.14 1.031 = 0.005
NWATER = 705 300 —24159 £ 95 —34.07 £ 0.13 1.019 £ 0.005
NCH; =38 270 —26046 £ 105 —36.53 £0.13 1.021 = 0.005
NWATER = 705 300 —24177 £ 101 —33.90 = 0.14 1.007 = 0.005

NCH, is the number of methane molecules and NWATER is the number of water molecules in the simulation box. U is the internal energy and « the internal energy per water

molecule. The rms deviation values are shown after the average.

responsible for the effect of temperature on the hydration
structure [19].

However, to the best of our knowledge, there have been
a limited number of molecular dynamics and Monte Carlo
investigations into the effect of methane concentration and
temperature on the hydration structure, the hydrogen bond
(H-bond) network and transport properties. In this paper
we present molecular dynamics simulation results of the
diffusion coefficient and hydration structure for the
systems of water—methane mixtures with two different
temperatures and three methane concentrations in constant
NPT ensembles. The remainder of this paper is structured
as follows. In Section 2 we explain simulation details.
In Section 3 the results and discussions are presented and
finally our analysis is summarized and concluded in
Section 4.
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Figure 1. Oxygen—oxygen radial distribution function (O—O RDF) for
the systems of different methane concentrations. (a) 7= 270K; (b)
T =300K.

2. Simulation details

In this study, the molecular dynamics simulations were
performed using GROMACS [10-12]. The systems we
have studied consist of one, four and eight CH, molecules
and varying H,O molecules per unit cell, which
correspond to methane concentration of 0.081, 0.324 and
0.643 mol/l, respectively. The intermolecular potentials
used in all the simulations were the four-site TIP4P model
of water [1] and the fitted Lennard-Jones 12-6 potential
for CH4;—H,O [2]. Force calculations were truncated at
a distance of 0.9nm. For the calculation of long-range
electrostatic forces, particle-mesh Ewald (PME) method
proposed by Darden [13,14] was used. All bond lengths
were constrained using the Shake algorithm [15] with a
geometric tolerance of 0.0001. The temperature was fixed
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Figure 2. Oxygen—hydrogen radial distribution function (O—H RDF)
for the systems of different methane concentrations. (a) 7= 270K; (b)
T=300K.
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by using Berendsen thermostat [16] at 270 and 300 K, and
the Berendsen pressure coupling algorithm was used to
keep the pressure constant.

Periodic boundary conditions were applied in three
directions. The equations of motion were integrated with a
1 fs time step. The initialization of each MD run was done in
two steps. The first step consisted of a 5-ps simulation with
the steepest-descent method to perform energy minimi-
zation in order to reduce the thermal noise in the structures
and potential energies. The second step consisted of a 1-ns
simulation at the same temperature to reach equilibrium
configurations before statistical averages were taken. Once
equilibrium was achieved, production runs of a total of
5 % 10° time steps (5 ns) were carried out.

3. Results and discussion

Table 1 shows the thermodynamic properties of the
simulations. As expected, for each methane concentration
value, the increase in temperature produces an increase in
internal energy as the density decreases.

3.1 Radial distribution functions

The structure of water in the water—methane mixtures is
described by O—0O, O—H and H—H radial distribution
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Figure 3. Hydrogen—hydrogen radial distribution function (H—H RDF)
for the systems of different methane concentrations. (a) 7= 270K; (b)
T=300K.

functions. Figure 1 shows the O—O radial distribution
function, goo(r), for the systems of different methane
concentrations at temperature 270K (figure 1(a)) and
300K (figure 1(b)). It can be seen that goo(r) is barely
distinguishable between the systems with different
methane concentrations. A similar situation has been
observed in O—H and H—H radial distribution functions
in figures 2 and 3. This suggests that the methane
concentration has little impact on the structure of water
and the tendency to form H-bonds between water
molecules.

The effect of temperature on the radial distribution
function, goo(r), gou(r) and guu(r) for the systems of
different methane concentrations is shown in figures 4-6,
respectively. It can be seen from these figures that the first
and second peaks of goo(r), gou(r) and guy(r) reduce in
height as the temperature is increased from 270 to 300 K,
indicating that water becomes less structured as
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Figure 4. Comparison of oxygen—oxygen radial distribution function
(O—O RDF) for the systems at temperature 270 and 300 K, with methane
concentration of (a) 0.643 mol/l; (b) 0.324 mol/l; (c¢) 0.081 mol/I.
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Figure 5. Comparison of oxygen—hydrogen radial distribution function
(O—H RDF) for the systems at temperature 270 and 300 K, with methane
concentration of (a) 0.643 mol/l; (b) 0.324 mol/l; (¢) 0.081 mol/I.

temperature is increased under our simulation conditions.
The systems of different methane concentrations demon-
strate the similar behaviour in the temperature dependence
of the radial distribution functions. We observe goo(r) in
figures 1 and 4, has a first peak at 2.75 10%, with the second
nearest-neighbour O—O pair correlations occurring at
around 4.40 A and the third one at 6.67 A. Water has the
strong tendency to form linear H-bonds. goy(r) in figures
2 and 5 shows the first peak at 1.81 A, which corresponds
to the average length of the H-bonds between water
molecules. The experimental H-bond [17] between bulk
water molecules is 1.85 A. H—H correlation at 2.38 A can
be seen in figures 3 and 6. Figure 7 shows the comparison
of methane—methane radial distribution function
(CH4—CH4 RDF) for the systems at temperature 270
and 300K, with methane concentration of 0.643 and
0.324 mol/l. As the temperature is increased from 270 to
300K, we observe an increasing tendency for methane

r

Figure 6. Comparison of hydrogen—hydrogen radial distribution
function (H—H RDF) for the systems at temperature 270 and 300K,
with methane concentration of (a) 0.643mol/l; (b) 0.324 mol/l; (c)
0.081 mol/1.

molecules to come into direct contact. There is a
noticeable peak at around 7.5 A, corresponding to solvent
separated pairs. Our data is consistent with the MD results
reported in Ref. [8]. Figures 8 and 9 show the comparison
of methane—oxygen and methane—hydrogen radial
distribution function for the same systems described
above. We consider the 300K results of our work. The
methane—oxygen first maximum attains a value of 1.8 at
3.8 A while the first minimum has a value of 0.74 at 5.5 A.
For the methane—hydrogen, we obtain a first maximum
value of 1.38 at 3.8 A while the first minimum reaches 0.8
at 5.85 A. Chau and Manceera [9] carried out a number of
Monte-Carlo simulations of one methane solute in 499
water molecules at six different pressures and constant
temperature 320 K. They reported a methane—oxygen first
maximum of 1.43 at 3.73 A and a first minimum of 0.75 at
54A; the methane—hydrogen first maximum of 1.09 at
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Figure 7.  Comparison of methane—methane radial distribution function
(CH4;—CH,4 RDF) for the systems at temperature 270 and 300K, with
methane concentration of (a) 0.643 mol/l; (b) 0.324 mol/l.

3.98 A while the first minimum of 0.89 at 5.8 A. Skipper
[18] performed molecular dynamics simulations for the
system of four methane molecules in 256 water molecules
at three different temperatures, but at constant density.
At 317K, he reported a methane—oxygen first maximum
of 2.0 at 3.5 A and a first minimum of 0.75 at 5.3 1&; the
methane—hydrogen first maximum of 1.4 at 3.5 A while
the first minimum of 0.8 at 5.7 A. Our first maximum
values of methane—oxygen and methane—hydrogen are
between those reported by Chau and Manceera [9] and
Skipper [18]. The difference can be caused by the different
temperatures and the densities of the systems studied. As
the temperature increases, the first maximum in both
methane—oxygen and methane—hydrogen decrease and
we can also discern a slight decrease in the second
maximum. We can conclude by what we have observed
that hydration structure is sensitive to the temperature
under our simulation conditions.

3.2 Hydrogen bonds

The H-bonds between all possible donors and acceptors
were analyzed. H-bonds are determined based on cutoffs
for the angle, hydrogen—donor—acceptor (30°), and the
distance of the donor—acceptor (3.5 A). To determine if an
H-bond exists, a geometrical criterion is used: water
molecules were considered to be near neighbors if their
oxygens were not more than 3.5 A apart. The value 3.5 A
corresponds to the first minimum of the oxygen—oxygen
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Figure 8. Comparison of methane—oxygen radial distribution function

(CH4—O RDF) for the systems at temperature 270 and 300K, with
methane concentration of (a) 0.643 mol/l; (b) 0.324 mol/l; (c) 0.081 mol/l.

radial distribution function of water. The angle, hydro-
gen—donor—acceptor, should not be larger than 30°. A
H-bond angle was defined as the angle of hydrogen—
donor—acceptor. Figure 10(a)—(c) show the comparison of
the H-bond number distribution function for the systems at
temperature 270 and 300 K, with methane concentration
0f 0.643, 0.324 and 0.081 mol/l, respectively. We observed
that the number of H-bonds decreases with increasing
temperature. When the temperature is increased, some H-
bonds are broken due to larger thermal fluctuations that
make the number of H-bonds decrease. Our results are in
agreement with those of pair correlation functions
indicating that the first and second peaks decrease as
temperature is increased from 270 to 300K, shown in
figure 5, given in the previous section. Comparison of
figure 10(a)—(c) shows that the number of H-bonds is
remarkably insensitive to the methane concentration at
the temperatures and densities examined in this study.
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Figure 9. Comparison of methane— hydrogen radial distribution
function (CH,—H RDF) for the systems at temperature 270 and 300 K,

with methane concentration of (a) 0.643 mol/l; (b) 0.324mol/l; (c)
0.081 mol/I.

In figure 11(a)—(c) we plot the donor—acceptor distance
distribution of all H-bonds for the systems at temperature
270 and 300K, with methane concentration of 0.643,
0.324 and 0.081 mol/l, respectively. We noticed that as
temperature increases there is a broadening of the
distribution due to the additional energy on the system.
The most frequently appeared donor—acceptor distance of
all H-bonds is around 2.7 A, which corresponds to the
location of the first maximum in the oxygen—oxygen
radial distribution functions illustrated in figure 4. Again,
we observed that the donor-acceptor distance distribution
is insensitive to the methane concentration for the systems
studied. Figure 12(a)-(c) show the H-bond angle
(hydrogen—donor—acceptor) distribution of all H-bonds
for the systems at temperature 270 and 300K, with
methane concentration of 0.643, 0.324 and 0.081 mol/l,
respectively. We again find that as temperature increases,
there is a broadening of the angle distributions, the most
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Figure 10. Comparison of the H-bond number distribution function for
the systems at temperature 270 and 300 K, with methane concentration of
(a) 0.643 mol/I; (b) 0.324 mol/l; (c) 0.081 mol/l.

probable angle moves from about 9° at 270K to 10° at
300 K. We observed the same temperature effect on the
H-bond distribution as previous work on the hydrophobic
hydration of ethane [19]. The direct comparison of the
angle distribution is impossible, as the H-bond angle in
[19] was defined as the angle between the O—H bond
vector of one water molecule and the O...H H-bond
vector between this molecule’s H and its near-neighbor’s
O. Again we found the H-bond angle distribution is
independent of the methane concentration.

3.3 Mean square displacement (MSD)

How far will a molecule travel in a given time interval?
This matter is relevant to transport processes in the
material, such as the rate of diffusion. The average square
distance, taken over all molecules, gives us the mean
square displacement (MSD). As a measure of the average
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Figure 11. Comparison of the Donor—Acceptor distance distribution of

all H-bonds for the systems at temperature 270 and 300 K, with methane
concentration of (a) 0.643 mol/l; (b) 0.324 mol/I; (c¢) 0.081 mol/l.

distance a molecule travels, it is defined as

msd(r) = (AF(0)?) = ((F(1) — 7:(0))%)

where 7(¢) — 7;(0) is the (vector) distance travelled by
molecule i over some time interval of length ¢, and the
squared magnitude of this vector is averaged (as indicated
by the angle brackets) over many such time intervals.
Often this quantity is averaged also over all molecules in
the system, summing i from 1 to N and dividing by N. The
limiting slope of msd(f), considered for time intervals
sufficiently long for it to be in the linear regime, is related
to the self-diffusion constant D,

lim msd(r) = 6 Dt.
t—>00
Figure 13(a),(b) show the comparison of the MSD of

water for the systems with different methane concen-
tration of 0.643, 0.324 and0.081 mol/l, at temperature 270
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Figure 12. Comparison of the H-bond angle (hydrogen—donor—
acceptor) distribution of all H-bonds for the systems at temperature 270
and 300K, with methane concentration of (a) 0.643mol/l; (b)
0.324 mol/l; (¢) 0.081 mol/l.

and 300 K, respectively. The slope of MSD is lower for the
system at temperature 270K, indicating that the water
self-diffusion constant D increases as temperature is
increased. We observed that an increase in the methane
concentration leads to less steep MSD curve, implying less
mobility of water molecules.

4. Conclusions

We have performed molecular dynamics simulations of
water—methane mixtures at various methane concen-
trations and temperatures to investigate the diffusion
coefficients and the structure of the mixtures at constant
NPT ensembles. Our results showed that the methane
concentration has little impact on the structure of water
and the formation of H-bonds between water molecules.
The H-bond numbers, H-bond length and the H-bond
angle are independent of the methane concentration at the
temperatures and densities examined in this study.
However, we also found that the number of H-bonds and
angles are sensitive to the temperature. The rise of
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Figure 13. Comparison of the MSD of water for the systems at
temperature 270 and 300 K, with different methane concentration. (a)
T=270K; (b) T=300K.

temperature produces a decrease in the number and an
increase in the angle of the H-bonds. Enhanced structuring
of the hydration-shell water molecules is indicated by an
increase of the first and second peak in the water oxygen—
oxygen radial distribution function as temperature is
decreased. Self diffusion coefficient of water is sensitive
to the methane concentration and temperature.
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