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Abstract 

Studies of the thermodynamic stability of clathrate hydrates of natural gas (mostly methane) 

is important in fields such as offshore gas exploitation and energy storage. Two approaches 

were used to study the effect of unlike dispersion interactions on methane clathrate hydrates: 

grand canonical Monte Carlo simulations (which yield adsorption data directly and can be 

used to infer phase equilibria), and estimation of the heat of dissociation coupled with the 

Clausius-Clapeyron equation (to calculate the phase equilibria, at the expense of providing no 

information about the adsorption behaviour). It was found that the adsorption isotherm 

parameters change monotonically with respect to unlike dispersion interactions, although a 

perfect fit to experimentally-derived values may not be possible, at least using the force fields 

considered in this study. The heat of dissociation changes monotonically due to changes in 

the unlike dispersion interaction, and a best fit value of the Berthelot correction factor is 

achieved.  
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1.  Introduction 

Clathrate hydrates resemble ice, and form from a gas species trapped within a network 

of hydrogen-bonded water molecules. Naturally occurring clathrate hydrates contain 

primarily methane as the guest molecule, and are found in the deep ocean or permafrost [1]. 

Methane hydrates are a major concern in offshore operations [2], as it frequently forms 

blockages in natural gas pipelines [3]. However, methane hydrates are also of interest as an 

energy storage medium due to the relatively low cost of the storage material, which is 

essentially water [4,5]. 

 

The effect of unlike dispersion interactions on adsorption in methane clathrate 

hydrates has not yet been studied in detail, although such a study has recently been 

undertaken for argon clathrate hydrates [6]. The effects of dipole moment, molecular size, 

and other parameters on the stability of clathrate hydrates have been studied by laboratory 

experiments [7,8].  However, such experiments do not allow for full control of molecular 

parameters, which is possible with molecular computations. By varying the molecular 

properties, the physical mechanisms of guest molecule adsorption can be studied directly. 

 

 The standard Lorentz [9] and Berthelot [10] combining rules are commonly used for 

specifying the parameters of unlike Lennard-Jones (LJ) interactions [11] between different 

molecule types [12]. However, their applicability to systems containing nonpolar and polar 

molecules may not be optimal. For instance, gas-water interactions are not well described by 

these combining rules [13]. Extensive discussions on the general use of combining rules can 

be found in the literature [6,13-17], although there is little work with respect to clathrate 

hydrates. The use of the standard Lorentz and Berthelot rules for clathrate hydrate systems 

has only recently been discussed in the literature [18].  

 

 An extensive study was performed recently to determine the effects of the Lorentz 

and Berthelot combining rules on adsorption in argon clathrate hydrates [6]. Changes in the 

Lorentz and Berthelot combining rules resulted in significant changes in adsorption for the sII 

and sH clathrate hydrate structures, due to the size differential between the cages present in 

these structures. The effects were considered to be weak for the sI argon clathrate hydrate. It 
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should also be noted, however, that the LJ parameters of argon were adjusted, and not the 

unlike interactions between argon and water.  

 

 The study focuses on the Berthelot rule, since previous studies [18—20] have shown 

that for spherical (e.g., argon) or approximately spherical molecules (e.g., methane), an 

additional ‘polarizability’ contribution to the guest-water interactions must be considered. 

This is achieved in a computationally expedient way [18] through the introduction of a 

correction factor to the Berthelot rule. The polarizability contribution is purely a 

dispersion/energetic effect, and so the size parameter remains unaffected.  

 

2. Theory and methods 

2.1. Clathrate hydrate phase equilibria 

Phase equilibria of clathrate hydrates are described using the van der Waals-Platteeuw 

theory [21].  The phase equilibrium criterion is the equality of the chemical potential of water 

in the hydrate and liquid phases, each relative to the hypothetical empty hydrate (W
H
 and 

W
L
, respectively). Calculation of each of these terms can be achieved by [22]:  

 

W
H
 = - R ∙ T ∙ ∑j [ νj ln ( 1 - ∑j θij ) ]      (1) 

 

W
L
 = R ∙ T ∙ [∆µ

0
 / ( R ∙ TR ) - TR∫

T
 ∆HW / ( R ∙ T

2
 ) ∙ dT  + 0∫

P
 ∆VW / ( R ∙ T ) ∙ dP   (2) 

 

where the indices i and j refer to the gas species and cavity type, respectively, νj is the ratio of 

water molecules per unit cell to cavity type j, θij is the fractional occupancy of cavity type j 

by gas species i, ∆µ
0
 is W

H
 at TR = 273.15 K and PR = 0 MPa (i.e., the reference state), and 

∆HW and ∆VW are the differences in enthalpy and molar volume, respectively, between liquid 

water and the hypothetical empty hydrate in the reference state. Therefore, once the 

dependence of the fractional occupancy on temperature and pressure is known, phase 

equilibria can be estimated using the above relationships. 

 

The fractional occupancy, θ, is the number of adsorbed methane molecules per unit 

cell divided by the total number of adsorption sites per unit cell, N/NT, and is calculated by 

using the Langmuir adsorption constant C and the fugacity of the gas species f: 

  

θ = C ∙ f / ( 1 + C ∙ f )         (3)  
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Pressure can be substituted for fugacity in eq. (3), since the deviation is not great [23] over 

the range of experimental data [24,25] for methane clathrate hydrates. A temperature 

dependence relationship for the Langmuir adsorption constant [26] was fitted [27] to the 

simulated adsorption isotherms using two parameters A and B: 

 

C = ( A / T ) ∙ exp ( B / T )        (4) 

 

In order to estimate the phase equilibria, eq. (4) can be combined with eqs. (1) through (3). 

 

It was recently found [28,29] that in order to accurately simulate hydrates under 

equilibrium, the water force field should reproduce the experimental value for the melting 

point of ice Ih. However, GCMC simulations assume a priori that the hydrate structure is 

stable under the conditions considered, and moreover, phase equilibrium is not simulated 

directly using GCMC simulations. GCMC simulations only consider the phenomenon of 

adsorption into a stable clathrate lattice, and so can only directly provide information on the 

loading behaviour of clathrate hydrates. Once the loading behaviour is known, the influence 

of pressure and temperature on occupancy can be ascertained. Since van der Waals-Platteeuw 

theory [21] can be used to express the chemical potential of the hydrate phase using the 

occupancy, the dissociation pressure can then be estimated using adsorption isotherms fitted 

to experimental data [30]. Thus, the phase equilibria are inferred using the pressure- and 

temperature-dependence of the occupancies. 

 

By expressing the natural logarithm of the dissociation pressure as a function of the 

reciprocal of temperature, the heat of dissociation (ΔHDiss.) can be related to the slope of the 

dissociation pressure curve by the Clausius-Clapeyron equation [31]: 

 

dlnP / d(1 / T) = - ΔHDiss. / (Z ∙ R)       (5) 

 

where Z is the compressibility factor of methane. Methane was considered as an ideal gas 

when employing eq. (5) in this study, since over the range of experimental temperature and 

pressure values, the deviation from ideality is not significant [23]. In the case of using GCMC 

simulations (the first approach considered in this study), the heat of dissociation can only be 

inferred by examining the effect of adsorption isotherm parameters on the slope of the 
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dissociation pressure curve. In the second approach in this study, the heat of dissociation 

itself was estimated directly by computing the enthalpies of the hydrate phase, gaseous 

methane, and liquid water. These calculated values were subsequently used in the integrated 

form of eq. (5) to determine the dissociation pressure curve. 

 

2.2. Intermolecular interactions 

The LJ potential is frequently used to describe intermolecular interactions [30]. In this 

work, the adsorption isotherms and the heat of dissociation of methane clathrate hydrate were 

studied directly for different values of the unlike LJ well depth, ij. This was achieved 

through application of a binary correction factor, kij, to the Berthelot rule: 

 

ij = kij ∙ (ii ∙ jj)
0.5

         (6) 

 

where ii and jj are for the intermolecular interactions between like LJ sites. The reference 

case is kij = 1.0 (i.e., the Berthelot rule). It should be noted that that εij (and by extension, kij) 

values fitted to data for clathrate hydrate systems are limited in their application to other data 

for bulk systems [33]. Moreover, molecular interaction parameters fitted to clathrate hydrate 

data do not match those obtained by fitting to, for example, second virial coefficient, gas 

viscosity, or molecular beam scattering data [34]. This problem has been discussed in further 

detail and at great length in the literature [35-46]. 

 

It can be noted that the Berthelot rule is a special case of a more general formulation 

by Reed [47] and extended upon by Hudson and McCoubrey [48], which makes use of both 

the molecular size parameters and ionization potentials when calculating ij. The Berthelot 

rule is returned from the Hudson and McCoubrey rule when the two molecules possess 

similar sizes and ionization potentials. Therefore, it is not surprising that the unmodified 

Berthelot rule may be insufficient to describe interactions between methane and water in 

clathrate hydrate systems [49]. 

 

The LJ parameters (ii/kB = 145.27 K and ii = 0.3821 nm) of the united atom (UA) 

methane were calculated [50] from the critical properties [51], and the Simple Point Charge 

(SPC) water force field [52] was chosen since it has successfully been used in describing 

clathrate hydrates (albeit without directly considering phase equilibria) [27,53]. Since the 
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structure-forming properties of water systems obtained from simulations using different force 

fields are similar [54], and since methane force field parameters are not significantly different 

[18], it is expected that trends observed in this study should be similar for other force field 

combinations. Ewald summation [55] was used for the long-range electrostatic interactions 

up to a real space cut-off distance of 1 nm, and the LJ interactions were truncated at 1 nm. 

The force field parameters are shown in Table 1. 

 

2.3. Grand canonical Monte Carlo simulations 

The General Utility Lattice Program (GULP) [56] was employed to perform grand 

canonical Monte Carlo (GCMC) computer simulations [57,58], using the Metropolis scheme 

[59]. The chemical potential values required as input for the grand canonical ensemble 

simulations were estimated using Monte Carlo (MC) simulations via the computer program 

“ms2” [60]. For these simulations, the system consisted of 500 methane molecules and the 

ratio of translation:volume change moves was 98:2 [61]. The system was relaxed for 100 MC 

cycles, followed by equilibration in two stages (using the NVT ensemble for 2∙10
4
 cycles, 

and then the NPT ensemble for 5∙10
4
 cycles). 3∙10

5
 cycles were then used for data 

production, and Widom’s method [62] was employed to estimate the chemical potential using 

2000 test particles in every cycle. This procedure was employed previously in conjunction 

with GCMC simulations [27]. One cycle consists of N moves, where N is the number of 

molecules in the system. 

 

A single GCMC simulation consisted of 10
7
 MC moves (about 1.85∙10

5
 cycles). The 

first 25 % of moves were needed to reach equilibrium, since the number of adsorbed gas 

molecules usually began to plateau after the first 10 % of the simulation. The following types 

of MC moves were considered: translation/rotation, particle creation, and particle destruction. 

The translation/rotation moves mimic the thermal motion of molecules within the clathrate 

hydrate. The creation and destruction moves (which were only allowed for the gas particles) 

were analogues for the adsorption and desorption of gas molecules, respectively. Each type of 

move had an equal probability of occurrence (i.e. 33 %), with translation/rotation moves 

being equally split within their 33 %. For the sake of rigor, the water molecules were allowed 

to move (i.e., undergo translation/rotation). The maximum allowed displacement for the 

translation move was 0.05 nm while no angular limit was set for rotation moves. 
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A 1x1x1 sI crystal unit cell consisting of 46 water molecules (with periodic boundary 

conditions) was used, since previous work done with systems of this size [63,64] showed no 

effects due to finite size or periodicity in GCMC simulations of clathrate hydrate systems. 

The crystal structure was taken from a previous computational study [65]. The unit cell 

parameters for the crystal were: a = b = c = 1.20 nm and  =  =  = 90
 o
 [5].  

 

The thermodynamic conditions considered were T = {273.2 K, 280 K, 300 K} and P 

= {1 MPa, 10 MPa, 60 MPa, 100 MPa}. This ensures that all of the temperature and pressure 

values along the dissociation curve above the ice-point were studied. Gas adsorption was 

described using a linearized form [66] of the Langmuir [67] adsorption isotherm: 

 

(P / N) = (1 / NT) ∙ P + 1 / (C ∙ N)       (7) 

 

where P is the system pressure, N is the number of gas molecules adsorbed per crystal unit 

cell, C is the Langmuir adsorption constant, and NT is the total number of possible adsorption 

sites per crystal unit cell. Thus a plot of (P/N) versus P yields a straight line for an ideal 

Langmuir adsorption isotherm.  

  

The range of kij values considered in the GCMC simulations was {0.80, 0.85, 0.95, 

1.05, 1.07, 1.10, 1.25}. The results for kij = 1.0 were taken from the literature [27]. This range 

includes a ‘best fit’ value of kij = 1.07 obtained from calculations of the excess chemical 

potential of dilute methane in water [18]. It also takes into account any weak effects that kij 

may have on adsorption in methane clathrate hydrate, since a previous study showed no 

significant effects of the unlike dispersion interaction on adsorption over the range 0.8944 < 

kij < 1.0954 [6]. 

 

2.4. Direct estimation of the heat of dissociation 

Considering eq. (5), it is apparent that if a reference state is considered, along with a 

set of specified pressure values (for example), then the temperature corresponding to the 

desired dissociation pressure can be calculated. 

  

In order to make use of eq. (5), MC simulations were performed using the computer 

program “ms2” [59] for the fluid phases, in order to estimate the enthalpies of pure liquid 
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water and gaseous methane at the reference conditions (in this case, P = 2.80 MPa and T = 

273.7 K; the experimental data point closest to the ice point of water). For these MC 

simulations, the parameters were the same as for the simulations used to determine the 

chemical potential of pure methane (see section 2.3), albeit without any use of Widom’s 

method (since it was unnecessary in this case). The same force fields were used as for the 

GCMC simulations. 

  

For the hydrate phase, GULP [56] was used to calculate the solid phase enthalpy for 

each kij value. Since the fluid phases were assumed to be pure, due to the low solubility of 

gaseous methane in water (and low water content of pure methane gas) over the conditions of 

interest [68], fluid phase simulations were only required for kij = 1.0. The starting crystal 

structure was taken from the literature [65], and the structure was optimized to achieve the 

lowest energy at constant pressure, following a procedure used in the literature [69]. 

  

Once energy of the crystal structure had been minimized, the enthalpy H was 

computed using for externally specified pressure P and cell volume V, along with the static 

and vibrational contributions to the internal energy, UStat. and UVib., respectively: 

 

H = UStat. + UVib. + P ∙ V        (8) 

 

The static contribution to the internal energy was calculated from the force field using the 

spatial coordinates of the interaction sites. The vibrational contribution was calculated using 

the vibrational frequencies of the lattice, determined from the Hessian matrix. The vibrational 

frequencies ω were then used to determine UVib. [70]: 

 

UVib. = ∑m ∑k wk ∙ ( 0.5 ∙ ω + h ∙ ω / ( exp(h ∙ ω / (kB ∙ T)) – 1)   (9)  

 

The computation proceeds over m vibrational modes for each point k in reciprocal space, 

using weights wk. The summation shown in eq. (9) is an integration over the phonon density 

of states, with the weights such that their sum is equal to one. To achieve this, the standard 

Monkhorst-Pack scheme was used [71]. h and kB are Planck’s and Boltzmann’s constants, 

respectively. For the crystal calculations, the electrostatic charges were included using the 

Born effective charges [72,73]. It is important to point out that this calculation procedure only 

applies to the solid hydrate phase, and not to the fluid phases (i.e., gaseous methane and 
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liquid water). For the fluid phases, a similar procedure was used as for the estimation of the 

chemical potential of methane gas, as described in section 2.3. 

 

 Once the enthalpies are calculated for the fluid phases and the hydrate crystal, the heat 

of dissociation can be estimated using the following reaction: 

 

5.75 H2O ∙ CH4(S) → CH4(G) + 5.75 H2O(L)      (10) 

 

The hydration number was set to 5.75 since a completely filled methane clathrate hydrate 

crystal (i.e., θ = 1) forms the basis for the solid phase enthalpy calculation (in the fully 

occupied methane clathrate hydrate crystal there are 46 water molecules to 8 methane 

molecules). The heat of dissociation was determined from the differences in enthalpy of the 

combined hydrate phase, the gaseous methane, and liquid water [74]. 

 

 For the approach discussed in this section, kij = {1, 1.01, 1.02, 1.025, 1.028, 1.029 

1.03}. This range was selected based on the results of a previous study, which obtained ‘best 

fit’ values for methane clathrate hydrate of 1.01 < kij < 1.03 [69], depending on whether the 

lattice constant or a perturbation energy term was considered. 

  

3. Results and discussion 

3.1. Grand canonical Monte Carlo simulations 

Changing the unlike dispersion interactions does not significantly change the linearity 

of the adsorption isotherms at any of the temperatures investigated. In all cases, the 

adsorption isotherms are linear (R
2
 > 0.98) when represented in the form of eq. (7), thus 

indicating that the use of a single site Langmuir-type behaviour is reasonable for different 

values of kij. 

 

Averaged over all data points in this study, increasing the unlike dispersion 

interactions resulted in an increased quantity of adsorbed methane relative to the reference 

state of kij = 1.0 (about 2.5 % for kij = 1.10). Fig. 1 shows a plot of the occupancy θ (see eq. 

(3)) as a function of pressure at T = 273.2 K for all values of kij considered in this study (this 

was done to show a representative data set, since the significant statistical uncertainties make 

it difficult to discern trends in the raw data). The results for T = {280, 300} K can be found in 

the supplementary material. There is a weak effect of deviation from the standard Berthelot 
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rule (i.e., kij = 1.0) on the adsorption of methane into the clathrate hydrate lattice, especially 

when the uncertainties in the results of the simulations are considered. This observation 

concurs with results for sI argon clathrate hydrate obtained by GCMC simulations [6].  

 

The adsorption isotherm parameters A and B (see eq. (4)) fitted to the results of the 

GCMC simulations are shown in Table 2. There are monotonic trends with respect to both A 

and B (if the absolute average deviations are considered), which suggest that these 

parameters, instead of the adsorption isotherm simulation data themselves, can be used to 

determine a ‘best fit’ kij to parameters determined by regression with experimental phase 

equilibrium data. A is more strongly influenced by unlike dispersion interactions than B.  

 

It can be noted that sampling larger systems may lead to lower statistical uncertainties 

(this study employed 1x1x1 crystal unit cells). However, GCMC simulations of clathrates 

employing 2x2x2 unit cells [6] still encountered sizeable uncertainties (about 2 %, on 

average, for sI argon clathrate hydrates [6]). This can obscure the presence of any effect of 

changing the unlike dispersion interaction on gas adsorption in methane clathrate hydrates. 

However, when considering the adsorption isotherm parameters A and B, there are monotonic 

trends, which appears to be at odds with the small effect observed for the adsorption 

isotherms themselves. Importantly, the adsorption isotherms were determined directly, 

whereas the parameters A and B were fitted to aggregated sets of adsorption isotherm data, 

and so may more readily capture trends amongst the simulation results as a whole.  

 

It can also be noted here that there are significant differences in the magnitude of the 

effect of kij on A and B. Figs. 2 and 3 clearly illustrate a larger range of possible values for A 

as compared to B over the range of unlike dispersion energies considered in this study. For 

example, increasing the unlike dispersion interaction by 5 % (i.e., kij = 1.05) from the base 

scenario (i.e., kij = 1) produces an increase of 41.9 % in the value of A, whilst resulting in no 

measureable change in B. This shows that there is a large net effect of the unlike dispersion 

interaction on the temperature-dependent adsorption behaviour. 

 

The use of a flexible water lattice in this study, while more rigorous than assuming a 

static crystal structure, results in significantly larger statistical uncertainties (about 4 % on 

average for the quantity of adsorbed methane), due to the possibility of water molecules 

occasionally reducing the accessible volume of the cavities within the clathrate lattice, and 
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thus introducing more uncertainty in the acceptance or rejection of insertion of new methane 

particles as compared to using a rigid lattice. 

 

 An additional point to consider is the solution space of the methane clathrate hydrate 

phase equilibrium calculation. In other words, what sets of A and B values can be fitted to the 

experimental data, and how do these parameters influence the dissociation pressure curve? To 

study this, a linearized form of the dissociation pressure curve was considered: 

 

log10(P) = (slope) ∙ T + (intercept)       (11) 

 

The phase equilibria of methane clathrate hydrates over the range of interest are highly linear 

(R
2
 > 0.99), and so it is possible to describe the dissociation pressure curve well using only 

the slope and intercept of eq. (11). Fig. 2 shows the slopes, and Fig. 3 shows the intercepts of 

the dissociation curves associated with each pair of A and B values. While there are trends in 

terms of B versus A for the parameters fitted to the results of GCMC simulations, it is 

apparent that this trend line would not cut the ‘best’ fit set of (A,B) values and thus it is not 

possible to produce a perfect fit to experimental data. The nearest approach to the 

experimental data (shown by the asterisks in the figures) occurs in the range 1.05 ≤ kij ≤ 1.07, 

which is near the value of kij = 1.07 obtained previously for the methane-water system [18]. 

However, the hyperbolic relationship between A and B can never satisfy both the slope and 

intercept values of the experimental data simultaneously. 

 

 It can be instructive at this point to consider the closest fit kij value obtained thus far 

in comparison to a value calculated via the general formulation by Reed [47] and extended 

upon by Hudson and McCoubrey [48]. This comparison can illustrate the necessity of 

determining a ‘best fit’ value of the correction factor using experimental clathrate hydrate 

data. The unlike dispersion energy calculated via the Hudson and McCoubrey [48] approach 

is: 

 

 εij = [ 2 (Iii Ijj)
0.5

 / (Iii + Ijj) ] [ 2 (σii σjj)
0.5

 / (σii + σjj) ] (εii εjj)
0.5

  (12) 

 

where I is the ionization potential of the species concerned. To determine kij using eq. (12), 

the following relationship is used: 
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 kij = εij
HM

/εij
LB

         (13) 

 

where εij
HM

 and εij
LB

 are the unlike dispersion interactions calculated using the Hudson-

McCoubrey and standard Lorentz-Berthelot approaches, respectively. Using the force field 

parameters in this study, along with ionization potentials from the literature [75,76], kij = 

0.996. This is clearly at odds with a value of 1.05 < kij < 1.07 which produces a fit closest to 

the experimental data. Therefore, it is imperative that fitting be undertaken for clathrate 

hydrate systems using clathrate hydrate data. 

 

 Due to the hyperbolic nature of the trend connecting the values for A and B shown in 

Figs. 2 and 3, a similar intercept to that found in experiments [24,25]is achieved for 0.80 < kij 

< 0.95. However, the slope and intercept of the dissociation pressure curve are not achieved 

simultaneously, and so the calculated phase equilibria cannot match the experimental data. 

With regard to the interval 1.10 < kij < 1.25, the same slope can be achieved as was observed 

for the experimental data, but the intercept does not match the experimental data. In other 

words, A is hyperbolically related to B, and this hyperbole never cuts the slope and intercept 

isolines relating to the experimental data simultaneously, although it cuts one or the other for 

0.80 < kij < 0.95 and 1.10 < kij < 1.25. 

 

 Since the slope of the dissociation pressure curve is related to the heat of dissociation 

(see eq. (5)), any effects of unlike dispersion interactions can also be examined via Fig. 2. For 

the range of kij values in this study, the unlike dispersion interaction does not significantly 

influence the heat of dissociation. This is evidenced by the fact that the hyperbolic trend 

connecting all of the values in Fig. 2 correlates fairly well with the isoline corresponding to a 

slope of approximately 0.072 K
-1

. Therefore, it may not be possible to fit the heat of 

dissociation inferred from the results of GCMC simulations using kij, at least using the force 

fields considered in this study.  

  

The observations regarding the behaviour of the adsorption isotherm parameters can 

be considered in relation to a previous study on the argon clathrate hydrates concerning 

deviations from the Lorentz and Berthelot combining rules [6]. The fact that there are 

monotonic trends in both A and B with respect to kij, coupled with the lack of a similar trend 

in the adsorption of methane into the clathrate hydrate lattice, suggests that the adsorption 

isotherms of the methane clathrate hydrate ‘warp’ around the reference state of kij = 1.0. In 
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other words, for a decrease in the unlike dispersion interaction at lower pressures, less 

adsorption occurred, while at higher pressures, more adsorption occurred (the converse was 

true for the case of increasing the unlike dispersion interaction). Such behaviour was also 

observed for the argon clathrate hydrates [6]. 

 

In addition to gas adsorption, the relationship between the free energy of the hydrate 

and the strength of gas-water interactions relative to the water-water interactions should be 

considered. A thorough study of a variety of hydrates, considering both sI and sII hydrates, 

showed that if the guest species molecules interact too strongly with the water constituting 

the hydrate lattice, the hydrogen-bond networks can be disrupted by gas-water interactions 

[60]. Significantly, the previous study showed that there was a minimum in the residual free 

energy differences between the hydrate systems with respect to the size parameter, σii. In 

other words, if a gas particle was too small or too large, it would disrupt the water-water 

interactions that stabilise the clathrate structure. Similarly, the results of the present study 

show that increasing εij can also disrupt the water-water interactions, as evidenced by the 

decrease in thermodynamic stability shown for kij = 1.10 as compared to kij = 1.05. Therefore, 

while increasing the unlike dispersion interaction can produce a more realistic description of 

the methane clathrate hydrate, this effect can only be achieved up to a point, beyond which 

increasing the gas-water interaction strength will disrupt water-water bonding. 

 

In order to ascertain whether free energy effects play a role in the simulated 

adsorption of methane, additional calculations were done using GULP. Using geometric 

coordinate data from the GCMC simulations, Gibbs free energy calculations were done at T = 

280 K and P = 10 MPa (for the sake of comparison), for kij = {1, 1.05, 1.07, 1.1}. This set of 

temperature and pressure values was selected since it lies above the hydrate dissociation line 

for all values of kij considered in this study. The Gibbs free energy, G, was estimated by first 

determining the Helmholtz free energy, A: 

 

G = A + P ∙ V          (14) 

 

A = U - T∙ S          (15) 

 

where S is the entropy, which was estimated using the vibrational partition function [70], and 

the internal energy U was estimated as before (see section 2.4.). The vibrational contributions 
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are influenced by temperature, whereas the static (or configurational) contributions are purely 

due to spatial distributions. Since the clathrate hydrate systems considered possess similar 

occupancies at T = 280 K and P = 10 MPa (see Fig. A1) and the methane molecules are 

largely located within the centers of the cavities within the sI crystal structure, the 

configurational entropy can be considered as approximately equal for all kij values at these 

conditions. When calculating the Gibbs free energy, the entropy, without temperature effects 

(i.e., at 0 K), is equal to zero for solid materials [77,78].  

 

The results of the free energy calculations are plotted in Fig. 4 near the closest fit 

range observed in Figs. 2 and 3. Free energies were also calculated from spatial coordinates 

obtained from additional GCMC simulations at T = 280 K and P = 10 MPa for kij = {1.06, 

1.08} to further examine this range, and are included in Fig. 4. A linear trend fitted to the data 

shows a slight decrease in the Gibbs free energy with increasing kij, relative to the reference 

case. It should be noted, however, that the uncertainties are large, in relative terms, due to the 

fact that the absolute difference in G is less than 5 kJ∙mol
-1

 over the range of kij values 

considered in this study. Therefore, it is unclear if the unlike dispersion interactions 

significantly influence the stability of methane clathrate hydrates under the conditions 

investigated here. 

 

 The results of the free energy analysis also suggests that, at least at T = 280 K and P = 

10 MPa, increasing the amount of adsorbed methane does not produce a significantly more 

thermodynamically stable sI clathrate hydrate. This suggests that clathrate hydrate stability 

may not be governed solely by the unlike dispersion interaction.  

 

It should be noted that although kij = {0.80, 0.95} was considered in this study, this 

parameter range would not be practical for describing the methane clathrate hydrate system. 

This is due to the fact that decreasing the unlike dispersion interactions would actually result 

in the simulated system deviating further from reality than it already does, since a 

polarizability contribution must be added to the unlike interactions. With respect to the fitted 

adsorption isotherm parameters (see Table 2 and Figs. 2 and 3), however, the trends observed 

continue even when decreasing kij below unity. This must be considered in conjunction with a 

previous analysis of the relative stability of hydrate structures (i.e., sI, sII or sH) with respect 

to the unlike dispersion interaction [74]. Should kij decrease sufficiently, then the most stable 

structure for methane clathrate hydrate can become sII (below a value of about 6.07 kJ.mol
-1
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for εij), which is at odds with current knowledge of methane clathrate hydrate. Therefore, 

while the trends may continue monotonically down to a point below kij = 1, it would not be 

desirable to impose such values for unlike dispersion interactions. 

 

3.2. Direct estimation of the heat of dissociation 

 The results of the calculations described in Section 2.4. for the heat of dissociation for 

various kij values are shown in Fig. 5, and are compared to experimental data obtained by 

calorimetry [79]. There is a monotonic trend for the heat of dissociation in terms of the unlike 

dispersion, which suggests that fitting to experimental data may be achieved. For methane 

clathrate hydrates in particular, a value best matching the calorimetric data is in the range 

1.029 < kij < 1.03. It can also be stated that the unlike dispersion produces a large effect on 

the directly-calculated heat of dissociation. For example, a 3 % change in kij results in a 71.7 

% change in the heat of dissociation (see Fig. 5). Therefore, there can be limitations on this 

approach if the experimental data used as a reference possesses large uncertainties.  

 

 It can also be stated that the ‘best fit’ range obtained using this alternative approach is 

again at odds with a value estimated via ionization potentials using the approach of Reed 

[47], as expanded upon by Hudson and McCoubrey [48]. This serves to emphasize the fact 

that intermolecular potentials fitted to clathrate hydrate data are not generally applicable.  

 

The decrease in the heat of dissociation with increasing kij suggests increasing the 

unlike dispersion interaction reduces the enthalpy difference between the solid phase and the 

weighted sum of the fluid phases (gaseous methane and liquid water). It is also apparent that 

the heat of dissociation becomes increasingly sensitive to changes in the unlike dispersion 

interaction as kij increases, as evidenced by the increasingly negative slope of the curve in 

Fig. 5 for kij > 1.02. In a previous study [69], it was found that increasing kij moderately 

expands the hydrate crystal, and causes the magnitude of the internal energy of the host water 

lattice to increase. It can also be expected that increasing kij increases the internal energy of 

the combined water-methane clathrate hydrate system. Therefore, since the enthalpy consists 

(by definition) of internal energy and volume contributions (provided the pressure is 

constant), it can be expected that increasing the heat of dissociation can be more sensitive to 

changes in the unlike dispersion interaction than either the internal energy or the cell 

constant, which was observed in the present study and in the literature [69]. 
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 The heat of dissociation from Fig. 5 was then used to compute the phase equilibria via 

eq. (5), which are shown in Fig. 6. As expected from the calculated heat of dissociation, the 

phase equilibria show a monotonic trend with respect to kij. It is also apparent that the ‘best 

fit’ value for unlike dispersion interaction obtained by this approach lies in the range 1.029 < 

kij < 1.03, which concurs with the value obtained using the heat of dissociation measured by 

calorimetry. Previously [69], a value of kij = 1.02 was found to best reproduce the 

experimental value of the cell constant, which agrees roughly with the value obtained in the 

present study. 

 

 A significant drawback of directly estimating the heat of dissociation, as opposed to 

employing GCMC simulations to infer phase equilibria of clathrate hydrates, is that the 

occupancy behaviour cannot be computed. At best, Langmuir adsorption isotherm parameters 

can be fitted to the phase equilibria estimated via the Clausius-Clapeyron equation, although 

no details about molecular behaviour can be determined by this approach. Therefore, in order 

to fully study various aspects of clathrate hydrate systems by computational means, it is 

necessary to employ a variety of methodologies. 

 

4. Conclusions 

 Adsorption isotherm parameters were fitted to the results of GCMC simulations for a 

range of kij values. These parameters change monotonically with respect to unlike dispersion 

interactions, although a simultaneous fit to both values regressed from experimental phase 

equilibria is not possible (at least using the force fields considered in this study). The closest 

fit to experimental data (using GCMC simulations) lies in the range 1.05 < kij < 1.07. 

 

The heat of dissociation was estimated directly by computing the enthalpies of the 

fluid phases (pure gaseous methane and pure liquid water), and the enthalpy of the solid 

phase (the methane clathrate hydrate). The unlike dispersion interaction monotonically 

influences the calculated heat of dissociation, as well as the phase equilibria estimated via the 

Clausius-Clapeyron equation. A ‘best fit’ value for kij (using direct estimation of the heat of 

dissociation) was found to be in the range 1.029 < kij < 1.03. 
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Force field 

Non-bonded interactions 

(Lennard-Jones [11])  Charges Bond angle 

 

Bond length 

United atom LJ 

methane [34,35] CH4 / kB = 145.27 K   

 

 CH4 = 0.3821 nm    

SPC water [36] O / kB = 78.21 K qO = -0.82 e (H-O-H) = 109.47 
o rO-H = 0.1 nm 

 O = 0.3166 nm qH = +0.41 e   

 

Table 1. Force field parameters used in this study. 
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kij A / K.MPa
-1

 B / 10
3
 K AAD / % 

1.25 279 0.564 7.9 

1.10 67.0 1.00 4.2 

1.07 58.8 0.993 7.5 

1.05 27.1 1.31 7.9 

1 [27] 19.1 1.31 6.3 

0.95 12.2 1.45 8.5 

0.85 11.2 1.50 6.8 

0.80 9.92 1.50 8.0 

 

Table 2. Fitted adsorption isotherm parameters obtained from GCMC simulations; see eq. 

(3). AAD is the absolute average deviation of fitted adsorption isotherms to GCMC 

simulation results. 
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Fig. 1. Plot of overall fractional occupancy θ (see eq. (6)) versus pressure P for sI methane 

clathrate hydrate at T = 273.2 K. (●) kij = 0.80, (o) kij = 0.85, (▲) kij = 0.95, (■) kij = 1 [27], 

(◄) kij = 1.05, (►) kij = 1.07, (▼) kij = 1.10, (Δ) kij = 1.25. (*) simulated adsorption data 

obtained by Papadimitriou and co-workers [23] at T = 273 K. 
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Fig. 2. Plot of the solution space for the slope of the dissociation pressure curve; see eq. (11). 

(∙∙∙) lines of constant slope (in K
-1

), (*) adsorption isotherm parameters fitted to experimental 

data [24,25]. Adsorption isotherm parameters fitted to GCMC results: (●) kij = 0.80, (o) kij = 

0.85, (▲) kij = 0.95, (■) kij = 1 [27], (◄) kij = 1.05, (►) kij = 1.07, (▼) kij = 1.10, (Δ) kij = 

1.25. 
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Fig. 3. Plot of the solution space for the intercept of the dissociation pressure curve; see eq. 

(11). (∙∙∙) lines of constant intercept (dimensionless), (*) adsorption isotherm parameters fitted 

to experimental data [24,25]. Adsorption isotherm parameters fitted to GCMC results: (●) kij 

= 0.80, (o) kij = 0.85, (▲) kij = 0.95, (■) kij = 1 [27], (◄) kij = 1.05, (►) kij = 1.07, (▼) kij = 

1.10, (Δ) kij = 1.25 
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Fig. 4. Gibbs free energy of the sI methane clathrate hydrate relative to the reference case 

(i.e., kij = 1) for different kij values, at T = 280 K and P = 10 MPa.  
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Fig. 5. Heat of dissociation as a function of kij for methane clathrate hydrate. The solid line 

corresponds to a literature value of about 54.4 kJ.mol
-1

 obtained by calorimetry [79]. 

 

 



28 

 

 
Fig. 6. Phase equilibria of methane clathrate hydrate, estimated by computing the enthalpy of 

the fluid phases and the solid phase, for various kij values: (●) kij = 1, (o) kij = 1.01, (▲) kij = 

1.02, (■) kij = 1.025, (◄) kij = 1.028, (►) kij = 1.029, (▼) kij = 1.03. (*) experimental data 

[24,25]. 
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Supplementary material 

 

 
Fig. A1. Plot of overall fractional occupancy θ (see eq. (6)) versus pressure P for sI methane 

clathrate hydrate at T = 280 K. (●) kij = 0.80, (o) kij = 0.85, (▲) kij = 0.95, (■) kij = 1 [27], 

(◄) kij = 1.05, (►) kij = 1.07, (▼) kij = 1.10, (Δ) kij = 1.25. (*) simulated adsorption data 

obtained by Papadimitriou and co-workers [23] at T = 273 K. 
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Fig. A2. Plot of overall fractional occupancy θ (see eq. (6)) versus pressure P for sI methane 

clathrate hydrate at T = 300 K. (●) kij = 0.80, (o) kij = 0.85, (▲) kij = 0.95, (■) kij = 1 [27], 

(◄) kij = 1.05, (►) kij = 1.07, (▼) kij = 1.10, (Δ) kij = 1.25. (*) simulated adsorption data 

obtained by Papadimitriou and co-workers [23] at T = 273 K. 

 


