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Gas mixtures of methane and ethane form structure II clathrate hydrates despite the fact that each
of pure methane and pure ethane gases forms the structure I hydrate. Optimization of the interaction
potential parameters for methane and ethane is attempted so as to reproduce the dissociation
pressures of each simple hydrate containing either methane or ethane alone. An account for the
structural transitions between type I and type II hydrates upon changing the mole fraction of the gas
mixture is given on the basis of the van der Waals and Platteeuw theory with these optimized
potentials. Cage occupancies of the two kinds of hydrates are also calculated as functions of the
mole fraction at the dissociation pressure and at a fixed pressure well above the dissociation
pressure. ©2005 American Institute of Physics. fDOI: 10.1063/1.1850904g

I. INTRODUCTION

A gas hydrate consists of guest molecules and host water
molecules forming a hydrogen bonded network whose con-
stituents are planar pentagonal and hexagonal rings only.
Two common forms of clathrate hydrates are called structure
I and structure II.1,2 Another crystalline form called structure
H, which was found more recently, falls into a category of
mixed hydrates, which contain more than one guest species.3

The clathrate hydrate is thermodynamically stable only when
guest molecules are encapsulated in the host cages. The
guest-host interactions, though much weaker than the hydro-
gen bonds of the host lattice, play a crucial role for clathrate
hydrates to be stabilized. The thermodynamic stability of the
clathrate hydrates has long been explained by the van der
Waals and PlatteeuwsvdWPd theory.4 This has been the only
rigorous statistical mechanical theory to account for the sta-
bility of clathrate hydrates and has been widely used to pre-
dict phase behavior of many hydrates. However, the theory
requires some empirical parameters for all practical
purposes.1,2 When applied directly, with a simple free energy
evaluation method, to estimation of clathrate hydrate stabil-
ity for large guest species, it leads to an incorrect phase
diagram due to its built-in assumptions that are invalid for
host lattices occupied with large guests.

We proposed a method to calculate the free energy of
clathrate hydrates encaging molecules comparable in size to
the vacant space of the larger cages5 and of hydrates in
which both larger and smaller cages are occupied by a single
guest species.6 The fixed lattice approximation, the most se-
rious shortcoming in the original vdWP theory, was removed
by introducing the modulation of the phonon frequencies of
the host molecules. Thus, more accurate evaluation of the
dissociation pressure was made possible, which requires only
intermolecular interactions but no other empirical param-
eters. It was revealed that the modulation of the frequencies

lifts the free energy and thereby destabilizes the clathrate
hydrates encaging large guest molecules such as propane.5,6

The free energy calculation was further sophisticated in order
to treat clathrate hydrates encaging nonspherical guest such
as propane and ethane.7 The free energy associated with the
rotational degrees of freedom of the guest molecules was
evaluated as a perturbation from the spherical guest. How-
ever, evaluation of the anharmonic free energy by the ther-
modynamic integration demands a large amount of CPU
time. It is therefore desirable for the free energy calculation,
whenever possible, to employ aneffective spherical potential
for a nonspherical guest that incorporates all the contribu-
tions from the anisotropy of the guest.

It is well known that both pure methane and pure ethane
form the clathrate hydrate structure I, i.e., the eachsimple
hydrate, which contains only one guest species, is type I.
However it was found that temperature dependence of the
dissociation pressure of a mixed hydrate formed by methane
mixed with a small amount of ethane did not fit well to the
prediction assuming structure I,8 which naturally suggested a
transition from structure I to II.9 Convincing evidences have
been reported recently that the gas mixture of methane and
ethane stabilizes structure II rather than structure I.10,11 The
transition has been accounted for by minimizing the relevant
Gibbs free energy of model systems with parameters opti-
mized to reproduce thermodynamic properties of clathrate
hydrates.12,13Here, we show that the structural transition can
be accounted for on the basis of the vdWP theory with the
free energy of cage occupancy evaluated from intermolecular
interactions only. Our method treats a clathrate hydrate of a
gas mixture as an open system with respect to the guest
species and therefore is a more advantageous way to exam-
ine its thermodynamic stability and cage occupancy.

We first obtain sets of the potential parameters for meth-
ane and those for ethane, each optimized for reproducing the
observed dissociation pressure of each simple hydrate. It is
essential that these optimized potential parameters, whenadElectronic mail: htanakaa@cc.okayama-u.ac.jp
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employed for the free energy calculation based on the vdWP
theory, always give rise to structure I being more stable than
structure II for each simple hydrate. Second, we examine
whether or not structure II becomes more stable than struc-
ture I in some range of the mole fraction of ethane when they
are in equilibrium with a methane+ethane gas mixture.
Third, the cage occupancies are calculated with the sets of
the potential parameters at dissociation pressure and at
higher constant pressure.

II. MODEL AND METHOD

A. Intermolecular interaction

The water-water intermolecular interaction is described
by the TIP4P potential.14 This is one of the most frequently
used potentials for water because of its ability to reproduce
many important properties of pure water within the frame-
work of pair potential. The TIP4P model consists of four
interaction sites: a positive chargeqH on each of two hydro-
gen atoms, a negative charges−2qHd on the bisector of two
OH bonds, and a soft core interaction between oxygen at-
oms. The methane-methane and the ethane-ethane interac-
tions are both described by the Lennard–JonessLJd potential,
which is spherical. For each species, we determine its LJ
energy and size parameters that give the observed dissocia-
tion pressure of the simple hydrate of that species at 263.15
K. The set of such two parameters is not unique, i.e., it is not
a single point but forms a curve in the parameter space. The
range of the LJ size parameter thus determined is from 0.37
to 0.39 nm for methane and from 0.44 to 0.46 nm for ethane.
Adoption of the LJ potential for methane and ethane means
that rotational motions of the two guest species are not con-
sidered. In general, this is a reasonable approximation for
methane, for its anisotropy is very small. For ethane, how-
ever, the LJ potential with an optimized set of parameters
should be regarded as an effective potential for the simple
and mixed hydrates of ethane. Some remarks will be given
on this effective potential. The water-guest intermolecular
interaction is taken to be the LJ potential between the oxygen
site of the TIP4P water and the center of each guest mol-
ecule, with the parameter set given by the Lorentz–Berthelot
mixing rule from that of the oxygen siteseOO

=0.6487 kJ mol−1 and sOO=0.3154 nmd and that of the
guest. The interaction potentials for all pairs of molecules are
truncated smoothly at 0.8655 nm as was done in the previous
calculation.5

B. The vdWP theory

The vdWP theory is applicable to any sort of hydrate,
either type I or II and either simple or mixed. It is assumed in
the vdWP theory that first the cage structure is not distorted
by the incorporation of guest molecules, second a guest mol-
ecule inside a cage moves in the force field of water mol-
ecules fixed at lattice sites and there is no coupling between
host and guest molecular motions. Here, we describe only an
essential part of it for convenience of the later discussion.
Let us consider a clathrate hydrate which containsNw water
molecules,Nl larger cages, andNs smaller cages.sOnceNw

and the structure are given,Nl and Ns are determined auto-
matically for each structure.d The corresponding grand parti-
tion functionJ is written as

J = exps− bAw
0dF1 + o

j

exphbsm j − f j
sdjGNs

3 F1 + o
j

exphbsm j − f j
l djGNl , s1d

wherem j stands for the chemical potential of guest species
j , f j is its free energy of cage occupancy with respect to
either a larger cagesld or a smaller cagessd at temperature
T, Aw

0 is the free energy of the empty hydrate, andb is 1/kBT
with Boltzmann’s constantkB. The free energy of cage occu-
pancy has mostly been treated as input parameters. One of us
showed that the free energy of cage occupancyf j can be
calculated for hydrates encaging smaller guests such as argon
and methane with an assumption that all the host vibrational
modes are independent of the presence of guest molecules.
This assumption leads to the following expression off j:

exps− bf jd = s2pmjkBT/h2d3/2E
vcage

expf− bwsr dgdr , s2d

whereh is Planck’s constant,mj is molecular mass of guest
j , wsr d is the interaction potential between the guest mol-
ecule atr and all the water molecules with fixed configura-
tion, and the integration spans the entire volume of the single
cagevcage.

Cage occupancyyi for guesti is given by

yi ;
kNil

sNl + Nsd
= sNl + Nsd−1 ] lnJ/]sbmid

=
Ns

sNl + Nsd
expfbsmi − f i

sdg

3F1 + o
j

exphbsm j − f j
sdjG−1

+
Nl

sNl + Nsd

3expfbsmi − f i
ldgF1 + o

j

exphbsm j − f j
l djG−1

, s3d

wherekNil is the mean number of cages occupied by guest
speciesi. The chemical potentialmc of water in the hydrate is
given by

mc = − kBT ] lnJ/]Nw = mc
0 − kBTXaslnH1

+ o
j

expfbsm j − f j
sdgJ + allnH1 + o

j

3expfbsm j − f j
l dgJC , s4d

wheremc
0 is the chemical potential of water in the hypotheti-

cal empty hydrate andal andas are the ratios of the numbers
of the larger and smaller cages to the number of water mol-
ecules, respectively. Equationss1d–s4d describe the essential
part of the vdWP theory.
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C. Free energies of ice and empty clathrate hydrates

The equilibrium condition between ice and clathrate hy-
drate is given by

mi = mc, s5d

wheremi and mc denote the chemical potentials of ice and
clathrate hydrate. By subtracting the chemical potentialmc

0 of
the corresponding hypothetical empty clathrate hydrate from
both sides of Eq.s5d,

mi − mc
0 = mc − mc

0. s6d

The left-hand side of the above equation is calculated assum-
ing that the free energy is expressed by the sum of the po-
tential energy of a given system at mechanically equilibrium
positions of molecules, the harmonic vibrational free energy,
the anharmonic vibrational free energy, and the residual en-
tropy term, the last of which is common to all the proton-
disordered ice forms. It is advantageous to calculate the
chemical potentials relative to that of the empty hydratefEq.
s6dg instead of the absolute chemical potentialsfEq. s5dg be-
cause, on both sides of Eq.s6d, the residual entropy terms
cancel out exactly and the difference in the anharmonic vi-
brational free energy terms is expected to be negligible, al-
though each contribution may not be so small. We generate
100 proton-disordered structures for each of clathrate hydrate
I and II and for ice Ih. The chemical potentials of clathrate
hydrate I and II and that of ice Ih are calculated according to
the above mentioned way and the differencesDm’s between
ice and empty hydrate are tabulated in Table I. The chemical
potential of empty hydrate II is always lower than that of
empty hydrate I, which is expected from the preferential for-
mation of structure II for argon and other smaller molecules.

III. INFERENCES FROM EXPERIMENTAL
OBSERVATIONS

It would be worthwhile here to summarize the experi-
mental facts that are relevant to the structural transition of
the methane+ethane system and what we can learn from
them.

s1d The structure II is more stable than the structure I
when the guests are very small molecules such as argon,
krypton, and nitrogen.15

s2d A methane molecule is encaged in both larger and
smaller cages of the structure I.2

s3d An ethane molecule is encapsulated in only larger
cages of the structure I except for a small amount in smaller
cages near the dissociation pressure.16

The individual observations lead naturally to the follow-
ing inferences.

s1d The free energy of cage occupancy for smaller guest
molecules is rather insensitive to the type of the cage. In the
previous work, we calculated the free energy for argon using
the most reliable intermolecular interaction, which is listed in
Table II.6 Even if we choose a different intermolecular inter-
action, we obtain a similar tendency. This fact together with
the preferential formation of the structure II hydrate neces-
sarily indicates that the chemical potential of the empty
structure II hydrate is lower than that of the empty structure
I hydrate at an ambient pressure and temperature. Although
there are some exceptions,2 this view is supported by experi-
ments tabulated in Ref. 2.

s2d The free energy difference,fs− f l becomes larger
with increasing guest size. A methane molecule is small
enough to be accommodated in any type of cage but large
enough to have fairly different free energy values for differ-
ent types of cages as shown in Table II for each structure.
The free energy of cage occupancy in the larger cage is lower
than that in the smaller cage for both structure I and structure
II. However, al sratio of the number of larger cages to the
number of water moleculesd for structure Is6/46d is much
larger thanal for structure II s8/136d. Thus, structure I is
more stabilized by accommodating a large number of the
larger cages. The free energies of cage occupancy for struc-
ture II are lower than the corresponding those for structure I.
The preferential formation of structure I may occur under the
subtle balance between the largeral and the less stable
empty hydrate of structure I as realized in methane hydrate.

s3d Only larger cages can accommodate very large guest
molecules such as ethane. Such guests prefer structure I to
structure II sinceal for structure I is much larger than that
for structure II.

The above inferences conduct to the following specula-
tion on the mixed hydrate. If a small amount of ethane is
mixed with a methane gas, ethane molecules occupy the
larger cages exclusively while methane molecules can oc-
cupy both the smaller and larger cages. That is, both types of
cages can be potentially occupied unlike in the case of the
simple hydrate of ethane. The free energy of such hydrates
would be lower than that of the simple hydrate of ethane.
Under the methane-rich condition, structure II is more favor-
able because the chemical potential of empty structure II

TABLE I. Chemical potentialmc
0 of empty hydrate and chemical potential

difference Dm between ice and empty hydrate for structures I and II at
263.15 K, where the anharmonic free energy and the residual entropy terms
are omitted.

kJ mol−1 Structure I Structure II

mc
0 −47.93 −48.03

Dm −0.834 −0.732

TABLE II. Potential energyu at structures of minimum potential energy and
free energyf of cage occupancy at 273.15 KsRef. 6d. Those free energy and
the potential energy are calculated for larger and smaller cage occupancies,
denoted by superscriptsl ands, respectively.

kJ mol−1 Methane in hydrate I Methane in hydrate II

us −22.13 −27.72
ul −20.26 −16.67
fs −27.83 −28.13
f l −30.30 −31.19

Argon in hydrate I Argon in hydrate II

us −17.01 −17.61
ul −14.25 −11.43
fs −28.73 −28.97
f l −29.77 −30.48
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hydrate is lower than that of empty structure I hydrate. This
is also supported by our direct calculation of the chemical
potential of the empty hydrates relative to that of ice as
shown in Table I. Under ethane-rich condition, on the con-
trary, structure I becomes more favorable. This is because the
proportion of larger cages, which are available for ethane
molecules, is much larger in structure I than in structure II.

IV. RESULTS AND DISCUSSION

We determine the LJ parameters for each guest species
that reproduce the dissociation pressure of simple clathrate
hydrate of that species. Ref. 2 accumulates a huge number of
data on dissociation pressure. A simple interpolation pro-
vides a way to estimate the dissociation pressure at a given
temperature. Conversely, once the dissociation pressurepd is
given as listed in Table III, the LJ parameters of a guest is
determined. Since there are two parameterse and s to be
fitted and a single datumpd to fit, the optimized LJ param-
eters are not determined uniquely but their relation is deter-
mined, e.g.,e is determined as a function ofs. For both
ethane and methane, the LJ parameters are fitted to the dis-
sociation pressure of structure I hydrate atT=263.15 K. The
free energy of cage occupancy in structure II is calculated
using the parameter set thus obtained. It is revealed that, for

both methane and ethane, structure I simple hydrate is al-
ways more stable than structure II within the parameter space
we have examined.

The energy parameter thus obtained is plotted against the
size parameter in Fig. 1 for methane and Fig. 2 for ethane.
Note that the region above the curve of the optimized param-
eter set in Fig. 1 and that in Fig. 2 give rise to the free energy
lower than the value to fit. The energy parameter decreases
with increasing the size parameter for methane whereas the
reverse holds for ethane. The figure contrasts the role of
vacant volume in the larger cage for the two guest species.
To account for the difference, the potential energywsrd of a
guest molecule in a larger cagesinteracting with surrounding
water molecules fixed to the lattice sitesd is calculated as a
function of radial distancer from the center of the cage,
which is the average over all the directions. Figure 3 shows
the potential energy curvessolid lined for each guest species
obtained from an optimized parameter setss=0.38 nm and
e=1.3 kJ mol−1 for methane and s=0.45 nm and e

FIG. 1. Appropriate energy parameter for methane against size parameter at
263.15 K.

TABLE III. Free energyf of cage occupancy at 263.15 K calculated by
optimized LJ parameterss ande which can reproduce dissociation pressure
pd ss , e, andpd are also listed hered. Superscriptss and l stand for smaller
and larger cages, and subscripts, I and II, stand for hydrate I and hydrate II.
Linear ethane molecule means a rigid rotor composed two LJ interaction
site.

Methane Ethane Ethaneslineard

pd sMPad 1.84 0.306 …
s snmd 0.3850 0.4520 0.3775
e skJ mol−1d 1.277 1.736 1.720
f I
s skJ mol−1d −27.38 … …

f I
l skJ mol−1d −30.47 −37.48 −37.62

f II
s skJ mol−1d −27.43 … …

f II
l skJ mol−1d −31.34 −41.76 …

FIG. 2. Appropriate energy parameter for ethane against size parameter at
263.15 K.

FIG. 3. Potential energy curves of methane and ethane molecules for the
optimized size parameterss=0.38 nm for methane,s=0.45 nm for ethaned
as a function of radial distancer from the center of the larger cagessolid
lined. The dotted and dot-dashed lines are corresponding to those for larger
and smaller size parametersss±0.01 nmd, respectively. The three potential
energy curves are calculated with the same energy parameterse
=1.3 kJ mol−1 for methane,e=1.7 kJ mol−1 for ethaned.
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=1.7 kJ mol−1 for ethaned. The others show the potential en-
ergy curves for the optimizeds±0.01 nm with the common
energy parameter. Both the potential energy curves are
monotonically increasing functions ofr. The potential curve
for methane is fairly flat around the center, indicating that a
methane molecule can move around a wide space. This rela-
tively large region of lower energy seems to contribute to
lowering the free energy of cage occupancy. The curves ob-
tained from three size parameterss0.37–0.39 nmd show that
the potential energy becomes lower as the size parameter
increases in the region from the center tor =0.09 nm. Be-
cause this region is wide for methane, the free energy is
lowered with increasing the size parameter if the energy pa-
rameter is fixed. This explains why the curve of the opti-
mized parameter set has a negative slope as shown in Fig. 1.
On the other hand, the potential energy of ethane exhibits a
quadratic character that confines an ethane molecule in a
relatively small space. It is shown by the curves obtained
from three size parameterss0.44, 0.45, 0.46 nmd that the
potential energy near the center of the cage is lowered as the
size parameter increases as found for methane. However, this
tendency is limited to a very small region from the center to
r =0.04 nm, where the energy is still low, and the reverse
holds for the outer region. The difference in the energy is
intensified with increasing the distance from the crossover
point. This character of the potential energy curve for ethane
gives rise to increase in free energy with increasing the size
parameter if the energy parameter is fixed, and therefore ex-
plains why the slope of the optimized parameter curve is
positive as shown in Fig. 2. This completes the explanation
of the difference between Figs. 1 and 2.

Table III lists a set of the free energies of cage occu-
pancy calculated from the optimized LJ parameters for struc-
ture I and II at 263.15 Ksthese are optimized not only for the
simple hydrates but also for the mixed hydrates as shown
belowd. The size parameter for ethane is fairly large com-
pared to that given in a classical textbook.17 This is justified
by considering oblate shape of the larger cage in clathrate
structure I and anisotropic nature of an ethane molecule. If a
two-site model of ethane is adopted,18 a reasonable value for
the free energy as that in Table III would be obtained without
invoking the fitting. Figure 4 shows to what extent structure
I hydrate encaging methane is stabilized compared to struc-
ture II by plotting both sides of Eq.s6d against gas pressure.
The left-hand side of Eq.s6d is constant with a good approxi-
mation while the right-hand side is heavily dependent on the
gas pressure. The intersection gives a dissociation pressure.
Although the difference,mi −mc

0 is not preferable to forma-
tion of structure I compared to structure II, the slope ofmc

−mc
0 for structure I is steeper than that for structure II, which

gives rise to the lower dissociation pressure of structure I.
This is true for the methane hydrate with the parameters
examined here.

With those LJ parameters, we examine whether or not
structural transitions take place at 263.15 K. Now we con-
sider a three-component systemswater+ethane+methaned at
four-phase equilibrium where an ice phase, a methane
+ethane gas mixture, and the two types of clathrate hydrates
coexist. As Gibbs’s phase rule tells ussF=2+C−P, where

F , C, andP stand for the number of degree of freedom, the
number of components, and the number of phases in the
systemd, we are left withF=2+3−4=1.Since the tempera-
ture is fixed, the composition of the gas mixture is deter-
mined uniquely. Thus, once the temperature is given, the four
phases can coexist only at a unique composition of the sys-
tem, not in a finite range of composition. This equilibrium
condition is derived from the vdWP theory alone. The two
sets of the LJ parameters shown in Figs. 1 and 2 are subject
to further optimization in order to reproduce the structural
transitions. Since the optimized LJ parameter set for each
guest species has one degree of freedom, the two sets of such
parameters have two degrees of freedom. So we first calcu-
late the dissociation pressures of structure I and II mixed
hydrates over the two-dimensional optimized parameter
space, varying the methane mole fraction of the gas mixture.
The structure with lower dissociation pressure is more stable
at a given condition. For each given LJ parameter set, the
structural transitionsi.e., the four-phase equilibriumd is ob-
served if the two dissociation pressures of structures I and II
become equal at some mole fraction of methane. Such mole
fraction is found for a wide range of the two-dimensional
optimized parameter space. In Fig. 5, we show the methane
mole fraction at which the structural transition occurs at
263.15 Ksor the mole fraction at four-phase equilibriumd as
a function of the size parameters of methane and ethane.
There are two surfaces in the three-dimensional space, which
indicates the structural transition occurs twice as the methane
mole fraction is increased from 0 to 1. The structure II clath-
rate hydrate is the stable phase in the space between the two
surfaces and the structure I is more stable elsewhere. Now
we can further optimize the LJ parameter sets for the two
guest species such that they give the experimentally ob-
served composition range, 78%–98%, in which structure II
forms at 263.2 K.13 Given in Table III are the free energies
obtained from those doubly optimized LJ parameters. The
free energy of larger cage occupancy for structure II is lower
than that for structure I for both guest species. But the dif-
ference is more prominent in the case of ethane, which is the

FIG. 4. The chemical potential changes due to the incorporation of methane
molecules for hydrate Isthick lined and II sthin lined as a function of the
coexistence pressure at 263.15 K. The dotted line shows the chemical po-
tential difference between ice and empty hydrate Isbelow, thickd and II
sabove, thind.
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dominant factor for inducing the transition from structure I to
structure II together with the difference in relative number of
the larger cages to the smaller cages. Figure 6 shows occu-
pancy of methane and ethane along the dissociation pressure
at 263.15 K. Two discontinuities in each occupancy are
caused by the structural transition. The figure also shows that
each guest does not fully occupy the cages of clathrate hy-
drate at any mole fraction of methane. The mean cage occu-
pancies averaged over the mole fraction for structures I and
II are about 76% and 71%, respectively. The transition to
structure II does not necessarily gives rise to larger cage
occupancy. Thus, the most dominant contribution to the sta-
bility of structure II is higher stability in its empty state
sTable Id. We also show cage occupancy in Fig. 7 at a fixed
pressure, 10 MPa, which is far higher than the dissociation

pressure. Under this high pressure, the chemical potential of
water mc given by Eq. s4d determines which is the more
stable structure of clathrate hydrate. As seen from Fig. 7, a
methane+ethane gas mixture almost fully occupies the cages
of either structure I or II; the mean cage occupancies of
structure I and II are about 95%. The structural transition
from I to II occurs in higher methane mole fraction at 10
MPa compared with the case around the dissociation pres-
sure although this feature is slightly different from the pre-
vious work.19 Comparing the results at 10 MPasFig. 7d with
those at the dissociation pressuresFig. 6d, we note that cage
occupancy of each guest increases with increasing gas pres-
sure except for that of ethane in the structure II hydrate,
which hardly increases with increasing pressure because al-
most all the available cages are already occupied by ethane

FIG. 5. Methane mole fraction for the
occurrence of structural transition
against both methane and ethane size
parameters at 263.15 K.

FIG. 6. Occupancy of cages for methanessolid lined and ethanesdotted lined
as a function of methane mole fraction at dissociation pressure and at
263.15 K.

FIG. 7. Occupancy of cages for methanessolid lined and ethanesdotted lined
as a function of methane mole fraction at constant pressure, 10 MPa and at
263.15 K.
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molecules at the dissociation pressure. Hence it follows that
the structure II hydrate cannot gain a significant amount of
the extrasnegatived free energy of larger cage occupancy
with increasing ethane gas pressure. This explains why the
lower limit of the methane mole fraction for structure II hy-
drate is much higher at 10 MPa than at the dissociation pres-
sure.

V. CONCLUSIONS

The appropriate LJ parameters are so determined as to
reproduce the dissociation pressure for simple clathrates,
which contain only a single component of guest species, ei-
ther methane or ethane. With those appropriately chosen LJ
parameters, we examine stability of structure I and II hy-
drates over the entire range of the mole fraction. Many pa-
rameter sets reproduce the expected structural transitions in a
certain range of methane and ethane composition. We choose
among many the two parameter sets that reproduces the com-
positions of the phase transitions experimentally observed. In
this way, the LJ parameter sets for methane and ethane are
doubly optimized. The structural transition for the mixed
clathrate hydrate is accounted for by only the intermolecular
interactions, which are deduced from the simple clathrate
hydrates of methane and ethane.

There are three important factors to explain which form,
structure I or II, of the methane+ethane mixed hydrate is
more stable. First empty structure II hydrate takes the lower
chemical potential value than empty structure I hydrate, sec-
ond the ratio of the number of larger cages to the number of
water molecules for structure I is much larger than that for
structure II, third the free energy of larger cage occupancy
for structure II is lower than that for structure I in the both
cases of methane and ethane. The first and third factors con-
tribute to stabilizing structure II hydrate, while the second
one contributes to stabilizing structure I hydrate. The prefer-
ential structure at a given condition is determined by compe-
tition among these three factors.

The seemingly gradual transformation from structure I to
II with increasing the ethane mole fraction observed by
experiments12,13needs to be examined carefully. Coexistence
of four phases in a certain range of the mole fraction of the

gas mixture should be due to a kinetic factor, because it
violates the Gibbs phase rule and therefore cannot be a true
equilibrium state. Such observation, however, may be helpful
to provide some information on the role of guest species to
stabilize cage structure.

ACKNOWLEDGMENTS

This work was supported by grant-in-aid from JSPS and
Ministry of Education in Japan, by Okayama Foundation for
Science and Technology, and by NAREGI nanoscience
project. The authors are grateful to M. Horino for some help
in the early stage of the present study.

1D. W. Davidson, inWater—A Comprehensive Treatise, edited by F. Franks
sPlenum, New York, 1973d, Vol. 2.

2E. D. Sloan,Clathrate Hydrates of Natural Gases, 2nd ed.sMarcel Dek-
ker, New York, 1998d.

3J. A. Ripmeester, J. S. Tse, C. I. Ratcliffe, and B. M. Powell, Nature
sLondond 325, 135 s1987d.

4J. H. van der Waals and J. C. Platteeuw, Adv. Chem. Phys.,2, 1 s1959d.
5H. Tanaka and K. Kiyohara, J. Chem. Phys.98, 4098s1993d.
6H. Tanaka and K. Kiyohara, J. Chem. Phys.98, 8110s1993d.
7H. Tanaka, J. Chem. Phys.101, 10833s1994d.
8G. D. Holder and J. H. Hand, AIChE J.28, 440 s1982d.
9E. M. Hendriks, B. Edmonds, R. A. S. Moorwood, and R. Szezepanks,
Fluid Phase Equilib.117, 193 s1996d.

10S. Subramanian, R. A. Kini, S. F. Dec, and E. D. Sloan, Chem. Eng. Sci.
55, 1981s2000d.

11S. Takeya, Y. Kamata, T. Uchida, J. Nagao, T. Ebinuma, H. Narita, A.
Hori, and T. Hondoh, Can. J. Phys.81, 479 s2003d.

12A. L. Ballard and E. D. Sloan, Chem. Eng. Sci.,55, 5773s2000d.
13T. Uchida, S. Takeya, Y. Kamataet al., J. Phys. Chem. B106, 12426

s2002d.
14W. L. Jorgensen, J. Chandrasekhar, J. D. Madura, R. W. Impey, and M. L.

Klein, J. Chem. Phys.79, 926 s1983d.
15D. W. Davidson, Y. P. Handa, C. I. Ratcliffe, J. S. Tse, and B. M. Powell,

NaturesLondond 311, 142 s1984d.
16We calculate the free energy of cage occupancy by ethane in the smaller

cage of structure I. It is about −15 kJ mol−1, which is much higher than
that in the larger cage, −37 kJ mol−1. Therefore, the probability for an
ethane molecule to be encaged in the smaller cage is extremely low when
the pressure is close to the dissociation pressure.

17J. O. Hirschfelder, C. F. Curtiss, and R. B. Bird,Molecular Theory of
Gases and LiquidssWiley, New York, 1954d.

18W. L. Jorgensen, J. D. Madura, and C. J. Swenson, J. Am. Chem. Soc.
106, 6638s1984d.

19S. Subramanian, A. L. Ballard, R. A. Kini, S. F. Dec, and E. D. Sloan,
Chem. Eng. Sci.55, 5763s2000d.

074503-7 Stability of clathrate hydrates J. Chem. Phys. 122, 074503 ~2005!

Downloaded 01 Nov 2005 to 150.46.100.222. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp


