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ABSTRACT

We report extensive molecular dynamics simulation results of pure methane and carbon dioxide
hydrates at pressure and temperature conditions that are of interest to various practical applications.
We focus on the calculation of the lattice constants of the two pure hydrates and their dependence on
pressure and temperature. The calculated lattice constants are correlated using second order polyno-
mials which are functions of either temperature or pressure. Finally, the obtained correlations are used
in order to calculate two derivative properties, namely the isothermal compressibility and the isobaric
thermal expansion coefficient. The current simulation results are also compared against reported
experimental measurements and other simulation studies and good agreement is found for the case
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of isothermal compressibility. On the other hand, for the case of isobaric thermal expansion coeffi-
cient good agreement is found only with other simulation studies, while the simulation studies are
in disagreement with experiments, particularly at low temperatures.

1. Introduction

The ability of clathrate hydrates to selectively incorpo-
rate significant amounts of guest molecules inside the
three-dimensional cages formed by hydrogen-bonding
water molecules could be utilised in a number of indus-
trial applications [1,2]. In particular, of major interest
are the storage and transportation of ‘energy-carrier’
(e.g. methane [3,4], hydrogen [5-7]) or environmen-
tally related (e.g. carbon dioxide [8]) gases, and the

separation of gas mixtures [9-11]. In all cases the struc-
tural properties of clathrate hydrates play an important
role. For example, different cage sizes can result in
different degrees of cage-filling, which subsequently
results in different total amount of gas stored inside
the hydrate structure (i.e. storage capacities). Similarly,
change of the structural properties of clathrate hydrates
can have a significant effect on the selectivity of gas
mixture separations.
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Experimental studies of measuring the hydrate lattice
constants have indicated that the size of the hydrate unit
cell, therefore the cage sizes as well, depends both on
pressure and temperature [12-21]. Furthermore, experi-
mental measurements have shown that guests of different
sizes that form a particular hydrate structure can result
in different values for the lattice constant of the particu-
lar hydrate structure [22-24]. Accurate knowledge of the
structural properties of hydrates, therefore, is of critical
importance for either the design of novel processes or
for the thermodynamic description and optimisation of
currently existing ones. Molecular dynamics (MD) sim-
ulations can provide an alternative approach in calculat-
ing structural properties of clathrate hydrates [25]. Such
computational studies [26-31] have reached to conclu-
sions that are similar to those obtained by the experimen-
tal observations.

In recent MD studies, the phase coexistence enve-
lope in the presence of hydrates for the case of pure
methane [32-34] and carbon dioxide [35,36] hydrates
have been calculated. To this purpose, the phase coexis-
tence approach [37] was successfully utilised. It was estab-
lished for the two particular cases of guests that in order
to calculate accurately the hydrate equilibrium pressures,
the following two requirements should be met: (1) the
water model should predict accurately the melting point
of ice, and (2) the combination of the water and guest
molecule models should be able to give accurate guest
solubilities in the aqueous phase. In these calculations,
the TIP4P/Ice [38] and the TIP4P/2005 [39] water mod-
els were used. Also, recent Monte Carlo (MC) simulation
studies [40-42] have used the TIP4P/Ice water model in
order to calculate the methane storage capacities.

The current study is motivated by the need to exam-
ine the accuracy of the calculated lattice constants
(i.e. defined as the length of the edge of the cubic hydrate
unit cell) of pure methane and carbon dioxide hydrates
at pressure and temperature conditions, as well as
water/guest model-combinations, that are relevant to the
aforementioned studies. Therefore, there is no effort here
to identify the optimum combination of water and guest
models that gives accurate lattice constant calculations
with respect to experiments. A detailed study examining
the issue has been reported recently by Ning et al. [43].

The manuscript is organised as follows. At first, we
present the methodology used for the MD calculations
performed. Next, we present initial comparisons with
experimental measurements, followed by the MD results
at the pressure and temperature conditions of interest.
Subsequently, we utilise the MD simulations to calculate
the isothermal compressibility, k7, and the isobaric ther-
mal expansion coefficient, ap. The calculated properties
are compared against experimental measurements when
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available. The isothermal compressibility is an impor-
tant parameter that is encountered during the interpre-
tation of seismic data obtained during the geophysical
surveys that are performed in order to identify natural
hydrate deposits within off-shore oceanic sediments or
on-shore permafrost settings. Finally, we end with the
conclusions.

2. Methodology

Experimental studies for both the methane [44] and car-
bon dioxide [45] hydrates indicate that they adopt the
cubic sI hydrate structure (space group Pm3n) for the
pressure ranges that are relevant to the current study
(i.e. up to 100 MPa for methane and up to 500 MPa for
carbon dioxide). The actual values for pressure where
hydrate structural transitions occur can be found in
the relevant experimental studies [44,45]. A unit cell
of the cubic sI hydrate structure consists of eight cavi-
ties that are formed by a three-dimensional network of
46 hydrogen-bonded water molecules, within which the
methane or carbon dioxide guest molecules reside. In par-
ticular, it consists of two 5'2 cavities and six 5'%6 cavities.
Figure 1(a) depicts a characteristic schematic of a single sI
cubic hydrate unit cell where the lattice constant is clearly
depicted.

In order to conduct the MD simulations, a solid slab
of a2 x 2 x 2 sl hydrate supercell was initially pre-
pared (see also the schematic of Figure 1(b)). The posi-
tions of the oxygen molecules within the unit cell were
obtained from McMullan et al. [46]. The hydrogen atoms
were attached to each oxygen atom in a random orienta-
tion, while respecting the geometry dictated by the cho-
sen water force field. A single guest molecule (methane
or carbon dioxide) was then placed at the centre of each
cage, corresponding to the case of 100% cage occupancy.
Cage occupancy is kept fixed throughout the simulations
and does not vary with pressure or temperature. The unit
cell was then duplicated in the x, y and z dimensions giv-
ing the supercell, which consisted of 368 water molecules
and 64 guest molecules. Finally, a steepest descent energy
minimisation was applied to find the positions of the
hydrogen atoms, while fixing the oxygen atoms in order
to avoid molecular overlap. This approach is an alterna-
tive to the commonly reported dipole moment minimisa-
tion [47], and also results in a structure that respects the
Bernal and Fowler rules [48].

The water molecules were represented using the well-
known TIP4P [49] molecular geometry. The two chosen
force fields for this study were the TIP4P/Ice [38] and
TIP4P/2005 [39], which are both rigid, non-polarisable
models, where a Lennard-Jones interaction site is placed
at the position of the oxygen atom, while positive charges
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(b)

Figure 1. Schematic depicting the characteristic length (green
arrows) that is equal to the lattice constant of sl hydrates: (a) a
single sl cubic hydrate unit cell and (b) the two-dimensional pro-
jection of a 2 x 2 x 2 sl hydrate supercell. Notation used: red
spheres denote oxygen atoms, white spheres denote hydrogen
atoms, blue spheres denote the centre of the 56 cavities and
pink spheres denote the centres of the 5% cavities. The coordi-
nates reported in Ref. [47] are used with the VMD tool for the
visualisation. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of the arti-
cle).

are positioned on the hydrogen atoms. The negative
charge is placed on a virtual site M which lies along the
bisector of the H-O-H angle. The two force fields differ
in the values of the Lennard-Jones parameters, the posi-
tion of M, and the magnitude of the charges. Methane
was modelled using the OPLS-UA [50] force field param-
eters, which represents the methane molecule as a single,
neutral Lennard-Jones sphere. Carbon dioxide was mod-
elled using the rigid, non-polarisable TraPPE [51] force
field, which represents the molecule as a linear chain of
three partially charged Lennard-Jones sites. Parameters
for these force fields are presented in Table 1.

Table 1. Potential parameters of the TIP4P/Ice (water) [38],
TIP4P/2005 (water) [39], OPLS-UA (methane) [50] and TraPPE
(carbon dioxide) [51] models. The Lennard-Jones parameters are
denoted as o (size parameter) and e/kg (energy parameter), with
kg the Boltzmann constant. The charge is denoted as g. The dis-
tance, in A, between atoms A and B is denoted as dag. The angle,
in degrees, formed at a central atom B separating two A atoms is
denoted as ~A-B-A.

Force field Atom o (A) s/kB (K) q(e) Geometry
TIP4P/Ice 0 31668 1061 0.0 doy (&) 0.9572
(water)
H 0.0 0.0 05897 «H-O-H 1045
M 00 00  —11794  dy, R) 01577
TIP4P/2005 0 3.1589 93.2 0.0 dOH R 09572
(water)
H 0.0 0.0 0.5564 ~«H-0-H 104.52
M 00 00  —1128  dy, (A) 01546
OPLS-UA - 373 148.0 - - -
(methane)
TraPPE C 2800 270 0700  deo(R) 116
(carbon
dioxide)
(6] 3.050 79.0 —0.350 ~20-C-0 180

In the current study, the cross-interaction parameters
between methane and water were calculated using the
standard Lorentz-Berthelot (LB) combining rules [52].
For carbon dioxide-water, the cross-interaction distance
parameters were calculated using the standard LB com-
bining rule, while a modification (x) was applied to
the LB cross-interaction energy parameter between the
oxygen of the carbon dioxide and the oxygen of water
(all other cross-interaction energy parameters were cal-
culated with the LB combining rules), that has values of
1.08 and 1.115 for TIP4P/Ice and TIP4P/2005, respec-
tively, as calculated by Costandy et al. [36]. Furthermore,
several tests were conducted using the standard LB com-
bining rules to determine the effect, if any, of the modifi-
cation of the combining rules on the lattice constant pre-
dictions.

All simulations were run in the isothermal-isobaric
(NPT) ensemble using the GROMACS MD simula-
tion package (version 4.6.5) [53-55]. The pressure
and temperature coupling were implemented using the
Berendsen scheme [56] with time constants of 0.5 ps. The
pressure coupling used was anisotropic with the same
compressibility in all three dimensions, such that each
side of the simulation box can fluctuate independently.
The leap-frog integrator scheme was used with a time
step of 2 fs. The long range Coulombic interactions were
handled with the particle mesh Ewald (PME) method
[57]. The Lennard-Jones interactions were calculated
with a cut-off distance of 11 A.

The dependency of the lattice constants on pressure
or temperature was obtained by conducting tempera-
ture scans at all pressures of interest to the study, or by
conducting pressure scans at all temperatures of interest,



respectively. In order to avoid starting from a frozen
system that requires a long equilibration time, the initial
velocities were generated at the highest temperature of
interest at the particular pressure. However, if the highest
temperature was below 280 K, the velocity was generated
at 280 K. After an equilibration period of 1 ns, the system
was cooled at a rate of 1 K per 20 ps until it reached the
highest temperature of interest. The system was allowed a
further 0.5 ns of equilibration, then a 5 ns period for cal-
culation of the average lattice constant. The calculation
was performed every 5 ps in this period, generating 1000
measurements, from which the average lattice constant
was obtained. This procedure was repeated until the
lowest temperature of interest at the given pressure was
reached.

3. Results and discussion

3.1. Pressure and temperature correlation of the MD
data

Of particular interest is the study of the lattice constants
as a function of pressure (at constant temperature) or as a
function of temperature (at constant pressure). Both cases
are considered in the current study for pure methane
and carbon dioxide hydrates. The MD-calculated
lattice constants were fitted with second order polyno-
mials for isothermal and isobaric scans of pressure and
temperature, respectively, as follows:

a(P) = npy + np; - (P/bar) + np; - (P/bar)?,
for T constant (1)

where P is in bar, np,, np, and n,, are constants given in
Tables SI-1 and SI-2 of the Supplemental Information for
methane and carbon dioxide hydrates, respectively, and

a(T) = nro + nr1 - (T/K) + nrs - (T/K)?,
for P constant (2)

where T is in K, n;, ny, and n,, are constants given in
Tables SI-3 and SI-4 of the Supplemental Information for
methane and carbon dioxide hydrates, respectively.

3.2. Comparison with experiments

Initially, we perform a series of comparisons with avail-
able experimental measurements and other reported
MD studies for the cases of pure methane and carbon
dioxide hydrates. Figure 2 shows the dependence of
the MD-calculated methane hydrate lattice constants on
pressure at 271.15 K using the TIP4P/Ice and TIP4P/2005
water force fields. The MD simulations are compared
against the experimental measurements for the lattice
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constants at 271.15 K and pressures in the range
50-1000 bar that were reported by Klapproth et al.
[12] and obtained from crystallographic structure (i.e.
Rietveld-type) full pattern profile refinements. Klapproth
et al. [12] performed a series of neutron and hard-X-ray
synchrotron diffraction experiments. We observe that the
fits provide an excellent description of the MD simula-
tions. Furthermore, the use of TIP4P/2005 water force
field results in better agreement of the MD simulations
with the experimental data when compared with the case
of TIP4P/Ice. In particular, the percentage absolute devia-
tion (% AD) of the lattice constant, a, defined as: %AD =
100 x |“exl;j—xijD |, where superscript ‘exp’ denotes experi-
mental values and superscript ‘MD’ denotes the MD sim-
ulations, is in the range 0.11%-0.15% for the TTP4P/2005,
while it is in the range 0.44%-0.52% for the TIP4P/Ice.

Figure 3 shows the dependence of the MD-calculated
methane hydrate lattice constants on temperature at 1 bar.
We observe that the second order polynomial fits provide
an excellent description of the MD simulation data. We
compare the MD simulations against the experimental
data for the methane hydrate lattice constants reported by
Ogienko et al. [16] and Shpakov et al. [13]. Shown in the
figure are also the experimental data for the deuterated
methane hydrate by Gutt et al. [14]. In addition, MD data
reported by Jiang et al. [29], using the AMOEBA [59] and
COS/G2 [60] polarisable water force fields, and the MD
data reported by Jiang and Jordan [30], using the SPC/E
force field, are shown as well. The use of TIP4P/2005
water force field results in better agreement of the MD
simulations with the experimental data, particularly for
temperatures above 150 K. The issue of temperatures
lower than 150 K will be discussed further, later in this
section. The results for the TIP4P/Ice of the current study
and those by the AMOEBA [59] force field that were
reported by Jiang et al. [29] are in very good agreement
with each other.

The dependence of the MD-calculated methane
hydrate lattice constant on temperature at 30 bar is shown
in Figure SI-1 of the Supplemental Information. Com-
parison is made between the MD simulations of the cur-
rent study, using the TIP4P/2005 water model, the MD
simulations reported by Docherty et al. [28], using the
TIP4P/2005 water model, and the experimental data for
the methane hydrate lattice constants that were reported
by Sun and Duan [61] at 30 bar. Excellent agreement is
found between the two simulation studies. Both MD sim-
ulations underestimate the experimental data by 0.10%-
0.20% (% AD).

The dependence of the calculated carbon dioxide
hydrate lattice constants on temperature at 1 bar is shown
in Figure 4. Two cases of the modification parameters
x are examined for each one of the TIP4P/Ice and
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Figure 2. MD results for methane hydrate lattice constants as a function of pressure at 271.15 K using the TIP4P/Ice (red up triangles) and
TIP4P/2005 (blue down triangles) force fields for water. The red and blue solid lines are linear fits of the MD data for the TIP4P/Ice and
TIP4P/2005 force fields, respectively. The black solid line depicts a fit to the experimentally determined lattice constants (black squares)
at 271.15 K and pressure range by Klapproth et al. [12]. The black circles denote the MD results by Ning et al. [43] using the TIP4P/2005
and OPLS-UA for water and methane, respectively, while the black dashed line denotes the fit of the MD data using the TIP4P/2005 and
TKM-AA [58] models, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of the article).

TIP4P/2005 water models. A value of x = 1 corresponds
to the case of calculating the cross-interactions using the
LB combining rules. The remaining cases correspond
to calculating the cross-interactions using modified LB
combining rules that give accurate predictions for the
carbon dioxide solubilities in the aqueous phase. By
changing the modification parameter, x, we observe a
minimal effect on the calculated values of the hydrate lat-
tice constants. The MD simulations are compared against
the experimental data by Ikeda et al. [17] and Udachin
et al. [19]. For temperatures above 100 K the use of
TIP4P/Ice results in better agreement between the MD
simulations and the experimental measurements. Shown
also in Figure 4 are the MD results by Ning et al. [43]
using TIP4P/2005 force field for water and TraPPE for
carbon dioxide, which are in excellent agreement with the
current simulations. Shown also are the MD simulations
by Jiang and Jordan [30] using the SPC/E force field for
water, while using the Zhang-Duan force field for carbon
dioxide [62,63].

A general observation, obtained from a number of
classical MD simulation studies [29,30,43], is that the
lattice constants have an almost linear dependency on

temperature (at 1 bar), even for very low temperatures
(i.e. less than 150 K). On the other hand, a notice-
able change of the slope is observed for the reported
experimental measurements of lattice constants
[13,16,19,20], for temperatures that are lower than
approximately 150 K. A detailed discussion of the issue
of correcting this behaviour through the use of path inte-
gral Monte Carlo simulations is provided by Vega and
co-workers [64,65]. Also in a recent study, Constandy
et al. [66] presented a correction for the classical MD
simulations that results in obtaining lattice constants
that exhibit the correct dependency on temperature.
Therefore, the issue is not examined any further in the
current study. The particular study [66] also examined
the effect of partial cage occupancy.

3.3. MD calculations

Subsequently, we examine the dependence of the hydrate
lattice constants on pressure and for various temperatures
using the TIP4P/Ice and TIP4P/2005 water force fields. In
particular, for the case of methane hydrate we performed
calculations at 200, 250 and 300 K and pressures up to
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Figure 3. MD-calculated methane hydrate lattice constants as a function of temperature at 1bar using the TIP4P/Ice (red up triangles) and
TIP4P/2005 (blue down triangles) force fields for water. Second order polynomial fits of the MD data are also shown as solid lines for the
case of TIP4P/Ice (red line) and TIP4P/2005 (blue line) force fields for water. Experimental data for the methane hydrate lattice constants
by Ogienko et al. (solid black line) [16] and Shpakov et al. (dashed black line) [13], as well as data for the deuterated methane hydrate by
Gutt et al. (dotted black line) [14] are also shown. Finally, MD data by Jiang et al. [29] using the AMOEBA and COS polarisable force fields
are shown by the black squares and diamonds, respectively, and MD data by Jiang and Jordan [30] using SPC/E are shown by the black
stars. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of the article).

1000 bar. The MD results are shown in Figure 5. There
is a systematic difference between the predictions of the
two force fields for a given temperature and pressure. We
observe that the linear fits provide an excellent descrip-
tion of the MD simulations.

These three temperatures are the ones considered in
the recent MC study of Papadimitriou et al. [40] where
the methane storage capacities of different structures of
hydrates were calculated. Traditionally, such MC studies
[67,68] assume a constant value for the lattice constant,
without considering its variation as a function of pres-
sure. This assumption, usually, has a relatively small effect
on the calculated storage capacities. For example, a 0.6%
change in the lattice constant can result in less than 3%
change in the storage capacity of structure sII H, hydrate
[67]. We observe in Figure 5 that for a particular tempera-
ture the percentage deviation between the maximum and
minimum values that were calculated for the lattice con-
stants is up to 0.20% (200 K), 0.24% (250 K) and 0.28%
(300 K) for the case of TIP4P/Ice. The corresponding val-
ues for TIP4P/2005 are slightly higher: 0.26% (200 K),
0.29% (250 K) and 0.33% (300 K), respectively. On the

other hand, as Hester et al. [20] pointed out a 0.5% change
in the lattice constant can result in more than 15% change
in the predicted hydrate equilibrium pressure (at pres-
sures higher than 100 MPa for methane).

For the case of carbon dioxide, two different tem-
perature and pressure ranges are considered. The first
includes temperatures equal to 200, 240 and 280 K and
pressures up to 300 bar (shown in Figure 6), while the
second includes temperatures equal to 283.15 and
293.15 K and pressures up to 5000 bar (shown in
Figure 7). The motivation behind this particular dis-
tinction is the fact that carbon dioxide has an upper
quadruple point, Q,, at 283.1 K and 45.02 bar (Unruh
and Katz [69]), where four phases are at equilibrium
(H-Ly—V-Lcoy). For temperatures and pressures that
are above those corresponding to Q; the phases at equi-
librium are H-L,,—Lco,. This was also the pressure and
temperature range examined in the recent MD study
of Costandy et al. [36]. Here again, at any temperature
and pressure examined the lattice constant predicted by
TIP4P/Ice is higher than the lattice constant predicted by
TIP4P/2005. We observe in Figure 6 that for a particular
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Figure 4. MD-calculated carbon dioxide hydrate lattice constants as a function of temperature at 1 bar using the TIP4P/Ice (red up trian-
gles) and TIP4P/2005 (blue down triangles) force fields for water for the cases where the cross-interactions are calculated using the LB
combining rules (open symbols) and using the modification parameters x (solid symbols) for the two force fields. Second order polyno-
mial fits of the MD data are also shown for the case of TIP4P/Ice (red lines) and TIP4P/2005 (blue lines) force fields for water. The black
circles denote the MD results by Ning et al. [43] using the TIP4P/2005 and TraPPE for water and carbon dioxide, respectively, while the black
stars denote the MD results by Jiang and Jordan using the SPC/E and the ZD for water and carbon dioxide, respectively. Experimental data
by lkeda et al. (solid black line) [17], Udachin et al. (dashed black line) [19] and Hester et al. (dashed-dotted black line) [20] are also shown.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of the article).

temperature, the percentage deviation between the max-
imum and minimum values that were calculated for the
lattice constants is up to 0.10% for both TIP4P/Ice and
TIP4P/2005 water models (for the pressure range 30-300
bar). On the other hand, in Figure 7 the percentage
deviation between the maximum and minimum values
that were calculated for the lattice constants is up to
1.56% and 1.78% for TIP4P/Ice and TIP4P/2005 water
models, respectively (for the pressure range 200-5000
bar). Essentially, in both cases considered (i.e. Figures 6
and 7) an increase of the deviation that is equal to 0.037%
for every 100 bar increase in pressure was obtained.

3.4. Isothermal compressibility

The isothermal compressibility, «r, of hydrates is an
important parameter that is encountered during the
interpretation of seismic data obtained during the geo-
physical surveys that are performed in order to identify
natural hydrate deposits within off-shore oceanic sedi-
ments or on-shore permafrost settings [70]. In particular,
the bulk modulus [71] of hydrate, which is defined as

the inverse compressibility (i.e. By = é), is an essential
input parameter for the analysis of the obtained logging
data, since solid hydrates contribute as well to the frame
bulk modulus (i.e. the porous matrix saturated with
fluids and crystal hydrate) [72,73].

The isothermal compressibility [43] of hydrates can be
calculated using the following equation for all the tem-

peratures of interest:

1 /0V
wo=—v(%), ©

where Vis the volume of the hydrate unit cell. Earlier MD
studies [43] have used the volume of the unit cell, as calcu-
lated by the MD simulations, in order to fit the calculated
values to second order polynomials as follows:

V(P) = mpy + mp; - (P/bar) + mp, - (P/bar)?,
for T constant (4)

where P is the pressure and, my, mp,and mp, are guest-
specific constants. The particular constants that were
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Figure 5. MD results for methane hydrate lattice constant as a function of pressure at 200 (squares), 250 (circles) and 300 K (triangles)
using the TIP4P/Ice (red) and TIP4P/2005 (blue) force fields for water. Linear fits of the MD data are also shown using solid, dashed and
dotted lines for 200, 250 and 300 K, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of the article).
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Figure 6. MD results for carbon dioxide hydrate lattice constant as a function of pressure at 200 (squares), 240 (circles) and 280 K (triangles)
temperatures using the TIP4P/Ice (red) and TIP4P/2005 (blue) force fields for water. Linear fits of the MD data are also shown using solid,
dashed and dotted lines for 200, 240 and 280 K, respectively. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of the article).
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Figure 7. MD results for carbon dioxide hydrate lattice constant as a function of pressure at 283.15 (solid symbols) and 293.15 K (open
symbols) using the TIP4P/Ice (red) and TIP4P/2005 (blue) force fields for water. Linear fits of the MD data are also shown. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of the article).
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Figure 8. Methane hydrate isothermal compressibility as a function of pressure at 271.15 K using the TIP4P/Ice (red line) and TIP4P/2005
(blue line) force fields for water. The solid green line shows the simulations by Ning et al. [43] using TIP4P/2005.The solid black line depicts
the calculated isothermal compressibility from the lattice constant data provided by Klapproth et al. [12], while the dashed black line shows
the compressibility calculations that are based to the correlation of experimental data for bulk modulus reported by Helgerud et al. [74].
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of the article).
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Figure 9. Methane hydrate isothermal compressibility as a function of pressure at 200 (solid lines), 250 (dashed lines) and 300 K (dotted
lines) temperatures using the TIP4P/Ice (red) and TIP4P/2005 (blue) force fields for water. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of the article).

calculated by the current study are given in Tables SI-5
and SI-6 of the Supplemental Information for methane
and carbon dioxide hydrates, respectively. Therefore,
the isothermal compressibility can be calculated by the
differentiation of Equation (4). Such an approach was
followed in the current study as well.

Figure 8 shows the dependence of the pure methane
hydrate isothermal compressibility on pressure at
271.15 K using the TIP4P/Ice and TIP4P/2005 force
fields for water and the calculated isothermal com-
pressibilities from the lattice constant data provided by
Klapproth et al. [12]. To this purpose, we used a second
degree polynomial to describe the optimum-fit line of the
reported experimental data for the lattice constants. This
approach resulted in an isothermal compressibility that
is essentially independent of pressure. Note, however,
that the experimental data for the lattice constant exhibit
a scatter and the resulting slope of the compressibility
is sensitive to the values of the lattice constants. Shown
also in Figure 8 are the values for the pure methane
hydrate isothermal compressibility that can be calculated
using the experimental correlation for the bulk modulus
that was reported by Helgerud et al. [74]. The authors
performed an extensive series of experiments in the
temperature range (—20 to 15 °C) and pressure range

(30.5-97.7) MPa and correlated their experimental
measurements for the bulk modulus, Br, using a
functional of the type, Br(T, P) = aT + bP + ¢, where
a, b, c are constants [74].

In general, we observe that the simulations using the
TIP4P/2005 water model resulted in obtaining compress-
ibilities that are closer to the experimental results by Klap-
proth et al. [12] and Helgerud et al. [74]. On the other
hand, simulations using the TIP4P/Ice water model pro-
duce a slope for the compressibility (i.e. when plotting k7
vs. P) that is in better agreement with the experimental
data. Note that the difference observed with the data of
Klapproth et al. [12] is due to: (1) the scatter of the exper-
imental data for lattice constants and (2) the increased
sensitivity of the resulting slope of the compressibility
on the scatter of the experimental data. In addition, we
observe very good agreement between the current results
and those reported earlier by Ning et al. [43]. Both MD
simulation studies ([43], and this work) exhibit a trend
that is in good agreement with the experimental data
reported by Helgerud et al. [74].

Figure 9 shows the dependence of the pure methane
hydrate isothermal compressibility on pressure at temper-
atures equal to 200, 250 and 300 K using the TIP4P/Ice
and TIP4P/2005 force fields for water. Such temperature


http://dx.doi.org/10.1080/00268976.2016.1241442
http://dx.doi.org/10.1080/00268976.2016.1241442

2682 (&) J.COSTANDYETAL.

20 — T T T T T T
18 |
16 + |
14 + —
IT'_. 12 B d
®
= 10
J
w
S o8} |
08 T+ 200K, TIPaPIice |
0.4 || ===~ T=240K TIP4P/ice 1
] e T = 280 K, TIP4P/Ice
—— T =200 K, TIP4P/2005
0.2 11 ==n- T = 240 K, TIP4P/2005 H
v T = 280 K, TIP4P/2005

O‘ 0 | | | 1
0 50 100 150 200 250 300

Pressure [bar]
Figure 10. Carbon dioxide hydrate isothermal compressibility as a function of pressure at 200 (solid lines), 240 (dashed lines) and 280 K

(dotted lines) temperatures using the TIP4P/Ice (red) and TIP4P/2005 (blue) force fields for water. (For interpretation of the references to
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Figure 12. Methane hydrate thermal expansion coefficient as a function of temperature at 1 bar using the TIP4P/Ice (blue) and TIP4P/2005
(red) force fields for water. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
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Comparison between the current simulations (blue solid line) with the simulations by Docherty et al. [28], and the experimental data by
Sun and Duan [61]. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of the
article).



2684 J. COSTANDY ET AL.

35 | T . .
30 il
25r 1
I¥. 20 .
o
3
o 15F |
- -
// lkeda et af. Exp. Data
// ====Udachin et al. Exp. Data
101 ’,a‘ -==+Hester et al. Exp. Data I
’/’ Ning et al. MD - TIP4P/2005
,/' — This work - TIP4P/Ice, y=1.08
05r -~ -=== This work - TIP4P/lce, z=1.00 ||
g = This work - TIP4P/2005, y= 1.115
-===This work - TIP4P/2005, = 1.00
OO | 1 T T
50 100 150 200 250

Temperature [K]

Figure 14. Carbon dioxide hydrate thermal expansion coefficient as a function of temperature at 1 bar using the TIP4P/Ice (red) and
TIP4P/2005 (blue) force fields for water for the cases where the cross-interactions are calculated using the LB combining rules (dashed
lines) and using the modification parameters x (solid lines) for the two force fields. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of the article).

and pressure conditions have been of interest to recent gas
storage studies [40] with MC simulations. The following
general observations can be made:

e For a fixed temperature the compressibility
decreases as the pressure increases.

e For a fixed pressure the compressibility increases as
the temperature increases.

® The use of TIP4P/2005 water model results in higher
compressibility for the same P, T conditions.

Figure 10 shows the dependence of the carbon dioxide
hydrate isothermal compressibility on pressure (up to 300
bar) at three different temperatures (200, 240 and 280 K)
using the TIP4P/Ice and TIP4P/2005 water force fields,
while Figure 11 shows the dependence of the carbon
dioxide hydrate isothermal compressibility on pressure
(up to 5000 bar) at two different temperatures (283.15 and
293.15 K) using the same water force fields. P, T condi-
tions of Figure 10 are below the upper quadruple point,
while conditions of Figure 11 correspond to above the
upper quadruple point. Such conditions were the focus of
recent MD studies [35,36] that examined the three-phase
coexistence of the CO,-H,O system. The general obser-
vations that were reported earlier for methane hydrate
hold for the case of carbon dioxide hydrate as well.

3.5. Isobaric thermal expansion coefficient

The isobaric thermal expansion coefficient, ap, can be
calculated using the following equation for all pressures

of interest:
1/0V
ap=—\|—= (5)
V\oT /,

Similarly to the case of isothermal compressibility, the
volume of the unit cell has been fitted during earlier stud-
ies [43] with second order polynomials as follows:

VA(T) = mpy 4 myy - (T/K)
+my, - (T/K)?, for P constant (6)

where T is in Kand m,, m, and m, are constants. The
particular constants that were calculated by the current
study are given in Tables SI-7 and SI-8 of the Supplemen-
tal Information for methane and carbon dioxide hydrates,
respectively.

Alternatively, the thermal expansion coefficient, ap,
could be calculated using the following equation for all
pressures of interest with appropriate differentiation of
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Equation (2):

3( da
o =3(5), 7

For Equation (7), we have also assumed that the volume of
the unit cell and the lattice constants are related through:
V=a.

Figure 12 shows the dependence of the pure methane
hydrate thermal expansion coeflicient on temperature at
1 bar using the TIP4P/Ice and TIP4P/2005 force fields
for water, while Figure 13 shows the dependence of the
methane hydrate thermal expansion coefficient on tem-
perature at 30 bar using the TIP4P/2005 force field for
water. We observe in Figure 13 that our MD simulations
result in a similar slope, as the earlier simulation study of
Docherty et al. [28]. On the other hand, however, our MD
simulations are in worse agreement with experiments,
compared to the earlier studies [28].

Figure 14 shows the dependence of the pure carbon
dioxide hydrate thermal expansion coefficient on temper-
ature at 1 bar using both water force fields for the cases
where the cross-interactions are calculated using the LB
combining rules with or without a modification parame-
ters . It is evident from Figure 12 through Figure 14 that
the particular water models that were examined are not
capable of capturing the correct behaviour of the isobaric
thermal expansion coefficient at low temperatures. In
particular, the calculated thermal expansion coefficients
do not approach the value of zero as the temperature
approaches 0 K. This behaviour is a direct consequence
of the fact that the models cannot describe accurately
the true behaviour of the lattice constants that approach
asymptotically a constant value at low T’s, as discussed
earlier in Section 3.2 (see also Figures 3 and 4). This is
an inherent deficiency of the particular water models. A
detailed discussion on the issue, and a simple methodol-
ogy to rectify the problem, has been presented recently by
Costandy et al. [66].

4, Conclusions

Pure methane and carbon dioxide hydrates were simu-
lated using MD simulations. Simple polynomials were
used in order to fit the obtained lattice constants. Subse-
quently, derivative structural properties were calculated
by differentiation of the obtained polynomials. In par-
ticular, the isothermal compressibilities and the isobaric
thermal expansion coefficients were calculated and
compared to reported experimentally measured and
numerically calculated values. The calculated isothermal
compressibilities exhibit behaviour that is similar to
previously reported experimental and computational
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studies. On the other hand, the calculated isobaric
thermal expansion coeflicients are in agreement with
other computational studies, while failing to capture the
experimental behaviour at low temperatures.
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Table SI-1. Fitting parameters for the linear fits of the lattice constant of the methane hydrate
as a function of pressure data at different temperatures using both the TIP4P/Ice and

TIP4P/2005 force fields (Np, =0).

Guest H,0 model X T (K) Neg Npy (x10°) R’
CH,4 TIP4P/2005 1.00 200 1.18963 -3.50176 0.99781
CH,4 TIP4P/2005 1.00 250 1.19461 -3.90764 0.99919
CH,4 TIP4P/2005 1.00 271.15 1.19693 -4.08208 0.99828
CH, TIP4P/2005 1.00 300 1.20034 -4.49008 0.99750
CH,4 TIP4P/Ice 1.00 200 1.19445 -2.94492 0.98968
CH,4 TIP4P/Ice 1.00 250 1.19882 -3.32002 0.99323
CH, TIP4P/Ice 1.00 271.15 1.20088 -3.72823 0.99468
CH,4 TIP4P/Ice 1.00 300 1.20369 -3.79672 0.99625

Table SI-2. Fitting parameters for the linear fits of the lattice constant of the carbon dioxide
hydrate as a function of pressure data at different temperatures using both the TIP4P/Ice and

TIP4P/2005 force fields (Np, =0).

Guest H,0 model X T (K) Npy Npy (x10°) R’
Cco, TIP4P/2005 1.115 200 1.19026 -3.54289 0.95653
Cco, TIP4P/2005 1.115 240 1.19509 -3.44583 0.94229
CO, TIP4P/2005 1.115 280 1.20048 -4.29550 0.98273
Cco, TIP4P/2005 1.115 283.15 1.20045 -4,18650 0.99936
CO, TIP4P/2005 1.115 293.15 1.20219 -4.39968 0.99920
Co, TIP4P/Ice 1.08 200 1.19506 -4.42168 0.78947
Cco, TIP4P/Ice 1.08 240 1.19924 -4,55842 0.83394
Co, TIP4P/Ice 1.08 280 1.20380 -5.29253 0.73601
Co, TIP4P/Ice 1.08 283.15 1.20352 -3.81344 0.99615
Co, TIP4P/Ice 1.08 293.15 1.20504 -3.94382 0.99977




Table SI-3. Fitting parameters for the second order polynomialfits of the lattice constant of the
methane hydrate as a function of temperature data at different pressures using both the
TIP4P/Ice and TIP4P/2005 force fields.

Guest H,0 model X P (bar) Nro N, (x10°) | Ny, (x10%) R’
CH,4 TIP4P/2005 1.00 1 1.17455 5.38189 10.97836 | 0.99970
CH, TIP4P/2005 1.00 30 1.17483 | 4.78971 | 12.34286 | 0.99971
CH,4 TIP4P/Ice 1.00 1 1.18153 5.38243 8.04777 | 0.99989

Table SI-4. Fitting parameters for the second order polynomialfits of the lattice constant of the
carbon dioxide hydrate as a function of temperature data at 1 bar using both the TIP4P/Ice and
TIP4P/2005 force fields, and both the LB and modified combining rules.

Guest H,0 model X P (bar) N Ny, (x10%) | Ny, (x10°%) id
CO, TIP4P/2005 1.115 1 1.16944 8.17946 9.11285 | 0.99997
CO, TIP4P/2005 1.00 1 1.16971 8.92358 5.88934 | 0.99993
Co, TIP4P/Ice 1.08 1 1.17603 | 7.76451 6.37351 | 0.99999
co, TIP4P/Ice 1.00 1 1.17540 | 7.74751 6.13948 | 0.99992




Table SI-5. Optimum parameters for the second order polynomial fits of the unit cell volume of
the methane hydrate as a function of pressure at different temperatures using both the
TIP4P/Ice and TIP4P/2005 force fields.

Guest | H,0 model X T (K) Meg Mp, (x207) | My, (x20™) R
CH, TIPAP/2005 1.00 200 1.68366 | -1.51518 3.02215 0.99784
CH, TIP4P/2005 1.00 250 1.70494 | -1.72617 5.38005 0.99924
CH, TIP4AP/2005 1.00 271.15 | 1.71508 | -1.87798 10.88849 | 0.99846
CH, TIPAP/2005 1.00 300 1.72964 | -2.02664 8.52530 0.99762
CH, TIPAP/Ice 1.00 200 1.70463 | -1.46217 17.11485 | 0.99056
CH, TIP4P/Ice 1.00 250 1.72346 | -1.65958 19.40441 | 0.99411
CH, TIP4P/Ice 1.00 271.15 | 1.73187 | -1.64619 3.45942 0.99471
CH, TIP4P/Ice 1.00 300 1.74409 | -1.69004 4.13161 0.99627

Table SI-6. Optimum parameters for the second order polynomial fits of the unit cell volume of
the carbon dioxide hydrate as a function of pressure at different temperatures using both the
TIP4P/Ice and TIP4P/2005 force fields.

Guest | H,0 model X T (K) Meg Mp, (x10°) | My, (x1079) R

CO, TIP4P/2005 1.115 200 1.68641 -1.74015 70.65934 | 0.95767

CO, TIP4P/2005 1.115 240 1.70690 -1.53810 20.97980 | 0.94239

CO, TIP4P/2005 1.115 280 1.73009 -1.89854 13.06795 | 0.98276

CO, TIPAP/2005 1.115 283.15 | 1.73079 -1.94157 3.25777 | 0.99974

CO, TIP4P/2005 1.115 293.15 | 1.73856 | -2.07354 4.00846 | 0.99971

CO, TIP4P/Ice 1.08 200 1.70721 -2.64102 | 226.91375 | 0.79607
CO, TIP4P/Ice 1.08 240 1.72527 -2.85618 | 270.24454 | 0.84307
CO, TIP4P/Ice 1.08 280 1.74554 -4.10214 | 546.82672 | 0.76023

CO, TIP4P/Ice 1.08 283.15 | 1.74529 -1.96851 6.74486 | 0.99855

CO, TIP4P/Ice 1.08 293.15 | 1.75028 -1.78158 1.82832 | 0.99987




Table SI-7. Optimum parameters for the second order polynomial fits of the unit cell volume of
the methane hydrate as a function of temperature at different pressures using both the
TIP4P/Ice and TIP4P/2005 force fields.

Guest | H,0 model X P (bar) M, m,, (x20%) | m., (x107) R’
CH,4 TIP4P/2005 1.00 1 1.62063 2.16524 4.99667 0.99965
CH,4 TIP4P/2005 1.00 30 1.62242 1.86985 5.64513 0.99971
CH,4 TIP4P/Ice 1.00 1 1.64960 2.21375 3.70847 0.99987

Table SI-8. Optimum parameters for the second order polynomial fits of the unit cell volume of

the carbon dioxide hydrate as a function of temperature at 1 bar using both the TIP4P/Ice and
TIP4P/2005 force fields.

Guest H,0 model X P (bar) m, my, (x10%) | m,, (x107) ['4
Cco, TIP4P/2005 1.115 1 1.59936 | 3.33889 4.16696 0.99996
Co, TIP4P/2005 1.00 1 1.60044 | 3.65120 2.82917 0.99993
Cco, TIP4P/Ice 1.08 1 1.62651 | 3.21073 2.98229 0.99999
CO, TIP4P/Ice 1.00 1 1.62391 3.20161 2.87188 0.99992
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FIGURE SI-1. Dependence of the MD-calculated methane hydrate lattice constants on
temperature at 30 bar using the TIP4P/2005 (blue down triangles) force field for water. A
second order polynomial fit of the MD data is also shown (blue line). The solid black line
denotes the experimental data for the methane hydrate lattice constants by Sun and Duan [61]
at 30 bar.The black squares denote the MD data using the TIP4P/2005 force field by Docherty
etal. [28].
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