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Abstract The thermodynamic properties of propane

clathrate hydrate with cubic structure IV were studied

using a method based on the solid solution theory of van

der Waals and Platteeuw but allows one to take into

account the influence of guest molecules on the host lattice

and guest-guest interactions. The free energies, equations

of state, and chemical potentials of this hydrate were

estimated using this approach. The proposed theory was

used for construction of ‘‘guest gas–hydrate–ice Ih’’ equi-

librium curves of propane hydrates. It was found that the

water framework of structure IV was dynamically stable

and that the fully C3H8 filled structure was thermody-

namically stable in the region of pressure from 43 to

50 MPa as compared with the hexagonal ice. The forma-

tion pressure of propane hydrate with structure IV is higher

than that of propane hydrate with cubic structure II.

However, a structural transformation from structure II to

IV of propane hydrate was estimated under a pressure of

78 MPa at 290 K.

Keywords Thermodynamic stability � sIV clathrate

hydrate � C3H8 � Lattice dynamics

Introduction

Clathrate hydrate is a special class of inclusion compounds

consisting of water and guest molecules, which form a

variety of hydrogen-bonded structures. Under certain ther-

modynamic conditions, water molecules arrange them-

selves in a cage-like structure around guest molecules and

form a crystalline solid with physical and chemical prop-

erties that are different from those of ice [1]. Despite the

fact that clathrate hydrate was discovered more than

200 years ago, interest in these structures has considerably

grown with the discovery of large amounts of natural gas

hydrates under conditions of high pressure and low tem-

perature in the permafrost regions or below the ocean floor.

At present, most of the recognized gas hydrates have one of

three well-known types of structures: cubic structures I (sI)

and II (sII) [2–4] and a hexagonal structure (sH) [5, 6]. It

has also been proved that gas hydrates are sensitive to

pressure variation due to relatively weak binding energy

between water molecules; hence, the friable packing of the

host framework. The sequential change of the hydrate

phase in different gas–water system is observed when the

pressure is increased up to 1.5 GPa [7, 8].

Recently, interest in these compounds has significantly

risen after the realization of the hydrogen sII hydrate with

high hydrogen content [9], which has been hypothesized

several years earlier [10]. The estimated value of hydrogen

stored in sII hydrate was 5.3 wt%, which exceeded the

2005 DOE hydrogen storage targets [11]. Subsequently,

many experimental and theoretical studies of hydrogen

hydrates using different methods were carried out, the most

significant achievements having been summarized in recent

reviews [12, 13]. A significant part of the works concen-

trated on accurate estimation of the hydrogen capacity of

the sII hydrate and under what conditions the maximum
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capacity can be achieved. The sII structure has two types of

cavities classified as small (512) and large (51264) cages.

The possibility of fourfold filling of large cages and two-

fold filling of small cages by hydrogen molecules proposed

by Mao et al. [9] has been analyzed in detail by several

groups [13]. Neutron diffraction studies of the composition

of sII hydrogen hydrate have been performed [14]. The

occupancy of large cavities by four hydrogen molecules

was confirmed but only the single occupancy of the small

cavity was found at low temperature and high pressure

(*200 MPa), which was recently confirmed by other

methods [13]. This has resulted in the hydrogen storage

capacity reduction of sII hydrate up to 3.77 wt%. Other

studies have focused on the formation of hydrogen hydrates

at lower pressure because pure hydrogen sII hydrate can be

formed only at high pressure. Thus, it has been found that

the introduction of the tetrahydrofuran (THF) molecules

into the hydrogen–water system significantly reduces the

hydrate formation pressure [15, 16]. Moreover, after low

pressure formation of binary THF ? hydrogen hydrate, it

is possible to realize hydrogen storage of around 4 wt% at

low THF concentrations by increasing pressure due to the

‘‘composition tuning mechanism’’ proposed by Lee et al.

[16] and recently confirmed by another group [17] who

reported a smaller H2 storage amount, i.e., 3.4 wt%.

Despite numerous experimental and theoretical investi-

gations [13], the problem of the possible existence of

hydrates with hydrogen content exceeding that in the

hydrogen sII hydrates and hence comparable with the revised

2015 DOE target of 5.5 wt% is still remains. In addition to the

most common sI, sII and sH structures, there is another set of

structures proposed by Jeffery [18]. Most of these structures

have been experimentally verified and among of them there

is cubic clathrate hydrate IV (sIV) that can be considered as a

structure with an estimated storage capacity exceeding the

2015 DOE target. Structure IV clathrate has a cubic structure

with space group Im3m and lattice parameter a = 7.6 Å

composed of 12 water molecules per unit cell with only one

type of cavity (4668) formed by 24 H2O molecules and an

average of cavity radius equal to 4.29 Å (Fig. 1). However,

this structure has been observed only for hexafluorophoric

acid as a guest with the composition (HPF6�6H2O) [19], and

according to Jeffery’s classification, can be referred to as

ionic clathrates, in which some of the vertex of the polyhe-

dral host lattice can be cationic (or anionic) parts of guest

molecules [18]. Despite of the fact that ionic clathrates

themselves exhibit many peculiar features such as metal ion

encagement, co-host inclusion, or excellent thermal stability

for gas storage [20], it is interesting to consider the possi-

bility to realize similar frameworks based only on water

molecules. To our knowledge, there have been no experimen-

tal reports to date on the realization of true (each vertex of host

polyhedrons is a water oxygen) clathrate hydrate with sIV.

In this work, we analyze the possibility of realizing true

sIV clathrate hydrate using an original approach based on

the statistical model of ideal solid clathrate solutions of van

der Waals–Platteeuw (vdWP) [21] with modifications that

take into account the influence of the guest molecules on

the host lattice as well as the guest–guest interaction in the

description of thermodynamics properties recently

proposed by our group [22]. The curves of the ‘‘guest gas–

hydrate–ice Ih’’ phase equilibrium for propane sIV hydrate

were calculated at various pressures and temperature con-

ditions. Moreover, the structural transformation from

structure II to IV of propane hydrate was estimated in order

to support experimentalists in the practical realization of

true sIV hydrate.

Theory and computational details

The mathematical formalism of the present model for the

general case and in the cases of clathrate hydrates with two

types of cavities with one and two types of guests has been

described in our previous studies [22–24]. The approach is

based on one of the assumptions of the vdWP theory: the

contribution of guest molecules to the free energy is

independent of the mode of occupation of the cavities at a

designated number of guest molecules. This assumption

allows separation of the entropy part of free energy, and in

Fig. 1 Structure of clathrate hydrate IV indicating the unit cell

(a) and the structure of (4668) cage (b). Note that large and small
spheres are oxygen and hydrogen atoms, respectively
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the case of one type of cavities which can be occupied one

type of guest, the expression for the free energy F takes the

following form:

F ¼ F1ðV ; T; ylÞ þ kTNt 1� ylð Þ ln 1� ylð Þ þ yl ln yl½ �;
ð1Þ

where F1 is the part of the free energy at a given

arrangement ylf g of guest molecules in the cavities and the

second term is the entropic part of the free energy arising

from the guest subsystem, yl ¼ Nl=Nt is the fraction of

filled, Nl, to the total number, Nt, of cavities. The free

energy F1ðV ; T; ylÞ of the molecular crystal can be

calculated within the framework of a lattice dynamics

approach [24] and yields

F1ðV ; T ; ylÞ ¼ U þ Fvib; ð2Þ

where U is the potential energy of clathrate hydrate, and

Fvib is the vibrational contribution,

Fvib ¼
1

2

X

jq~

�hxjðq~Þ þ kBT
X

jq~

ln 1� expð��hxjðq~ÞkBTÞ
� �

;

ð3Þ

where xjðq~Þ is the jth frequency of crystal vibration, and q~

is the wave vector.

The equation of state can be found by numerical dif-

ferentiation of free energy:

PðV ; TÞ ¼ � oFðV; T ; ylÞ
oV

� �

0

ð4Þ

The subscript ‘‘0’’ implies constancy of all thermodynamic

parameters except those relative to which the differentia-

tion is performed.

Using these values, the chemical potential, ll, of guest

molecules which are located in cavities can be obtained as

follows:

llðP; T; ylÞ ¼
oFðVðPÞ; T ; ylÞ

oNl

� �

0

¼ ~llðP;T ; ylÞ þ kT ln
yl

1� ylð Þ; ð5Þ

and ~ll can be found using the following approximation:

~llðP; T; ylÞ ¼
oF1ðVðPÞ; T ; ylÞ

oNl

� �

0

ffi F1ðVðPÞ; T;NlÞ � F1ðVðPÞ; T ;Nl � ~NlÞ
~Nl

;

ð6Þ

where ~Nl is number of guest molecules removed from

clathrate hydrate. The chemical potential of the host water

molecules lQ can be calculated using the following

expressions:

lQðP; T; ylÞ ¼
1

NQ

FðVðPÞ; T ; ylÞ þ PVðPÞ � Nlllf g

¼ ~lQðP; T ; ylÞ þ kTmt ln 1� ylð Þ; ð7Þ

~lQðP; T; ylÞ ¼
PVðPÞ

NQ

þ 1

NQ

FðVðPÞ; T; ylÞ

� Nl

NQ

oF1ðVðPÞ; T ; ylÞ
oNl

; ð8Þ

where NQ is number of host molecules.

If the chemical potentials are known, the different phase

equilibria of hydrates can be obtained. The corresponding

equations have been presented in our previous studies [23–

25].

The present formalism was used to calculate the

P(T) equilibrium curves of the ‘‘gas–hydrate–ice Ih’’ phases

for propane sII and sIV hydrates. A single unit cell of sII

hydrate with 136 water molecules and a supercell of sIV

hydrate containing 96 molecules were selected in the

present calculations. In the case of ice Ih, the calculations

were performed using a supercell with 128 water mole-

cules. Additional computational details, such as orientation

of water molecules in hydrates and ice, as well as the

empirical parameters of host–host, host–guest and guest–

guest interactions, can be found elsewhere [25].

Results and discussion

As a first step, the calculations of the free energies of the

sII and sIV hydrates were performed after full structure

optimization of both the host framework and the position of

the propane molecules inside the cavities. Based on these

data, the equation of state P(V) and the Gibbs free energy

U(P, T, {y}) expressed in terms of chemical potentials of

host and guest molecules were determined. It can be seen

from Fig. 2 that without guest molecules, both hydrate

structures are metastable as compared with hexagonal ice.

At zero pressure, the difference between the chemical

potentials of Ih ice and sII hydrate is about 0.7 kJ/mol, and

in the case of sIV hydrate, this difference is nearly four

times larger and becomes equal to be 2.62 kJ/mol. Thus,

structure II of hydrate clathrate is more energetically stable

than structure IV. It can also be expected that the hydrate

structure IV is possibly stabilized at higher pressure than

the sII one. It is well known that in Ar, Kr, N2, O2, CH4, Xe

and H2S clathrate hydrates, the guest molecule can occupy

both the small and large cages of the sII structure. However

large molecules, such as C3H8 or THF can only be

accommodated in large cavities. Comparing the average

cavity radius of small 512 cage forming sII hydrate with the

4668 cage of structure IV (3.91 Å \ 4.29 Å), we consider

that a propane molecule can occupy this cage. Fig. 2 also
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shows the effect of the selected guest on the water host

framework. Including the propane molecules in hydrate

cavities, leads to an increase in the difference in the

chemical potentials of Ih ice and hydrate structures. In the

case of sII hydrate, the inclusion of propane slightly

increases the difference in chemical potentials, but a sig-

nificant effect of propane on the chemical potential of

water from the host framework of sIV hydrates has been

found.

The calculated difference is three times larger than the

difference between chemical potentials of the empty host

lattice of hydrate and ice that is commonly used in the

construction of phase diagrams within framework of the

van der Waals and Platteeuw theory [21]. Thus, it is

important to include of both guest–host and guest–guest

interactions in the description of the thermodynamic

properties of clathrates.

In order to reproduce the formation pressure and the

region of the stable phase of hydrate, the entropic terms of

the chemical potentials of host molecules in Eqs. (7) and

(8) related to the guest subsystem need to be considered.

Taking into account the entropic terms of the chemical

potential of the host molecules related to the guest sub-

system, the P–T curve for ‘‘gas phase–ice Ih–hydrate

phase’’ equilibrium of propane hydrate can be constructed.

The intersection of the chemical potential curves of ice Ih

and both hydrate structures has been found (see Fig. 3),

which defines the formation pressure of the propane

hydrates at a given temperature.

The propane sIV hydrate exists in a metastable phase at

low pressure and stabilizes with pressures greater than

P = 43.4 MPa at T = 250 K. It is important to note that

the stabilization of sIV propane clathrate occurs after the

full occupation of cavities by guest molecules as shown in

Fig. 4.

Moreover, at the same temperature, the formation

pressure of propane sII hydrate is equal to 0.3 MPa, which

is significantly smaller than the formation pressure of sIV

hydrates. The calculated P–T curve for ‘‘gas phase–ice

Ih–propane hydrate phase’’ equilibrium in the temperature

region of 250–270 K is displayed in Fig. 5.

Reasonable correlation between the calculated and

experimental [26] curves of the hexagonal ice–sII propane

hydrate phase transformation confirm the validity of the

selected potential used for propane molecules. In the case

of propane sIV hydrate, the formation pressure is signifi-

cantly greater than that of the propane hydrate of structure

II in the calculated temperature region. This can be

explained by several facts. First, the size of the large cavity

Fig. 3 Pressure dependence of the chemical potential of water

molecules at T = 250 K for Ih (solid line), C3H8-sIV hydrates

including (dotted line) and excluding (dash-dotted line) the entropy

term, C3H8-sII hydrates including (dashed line) and excluding (dash-
dot-dotted line) the entropy term

Fig. 4 Degree of filling of sIV by propane at T = 250 K

Fig. 2 Pressure dependence of chemical potentials of ice Ih, sIV and

sII hydrate including and excluding propane at T = 250 K
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in the sII is larger than that of the cavity in the sIV, and

hence the host–guest interaction is less significant. Second,

the sIV hydrate has only one type of cavity, which leads to

closer packing of propane molecules in the host frame-

work, which is energetically unfavorable. Despite the fact

that propane sII hydrate is stabler than the propane IV

hydrate in the pressure region up to 60 MPa (see Fig. 3),

the slope of both curves indicates that at high pressure, a

possible line crossing corresponds to the structure phase

transition in the propane–water system. The sII–sIV phase

transition was estimated at a pressure of about P =

78 MPa and T = 290 K as shown in Fig. 6.

Recently, an sII–sVI structural transformation in

t-BuNH2 hydrates upon pressurization with methane at

0.7 MPa and 283.65 K has been reported [26]. According

to Jeffery’s classification, the sVI can be referred to as

hydrate with cubic structure III [18]. Moreover, as pre-

viously mentioned, the water framework in a true hydrate

can be varied up to 1.5 GPa [7, 8] which is larger than

the proposed pressure for sII–sIV structural transition in

the propane–water system. The obtained results indicate

the possibility of the formation of a true sIV hydrate with

propane as a guest molecule and could serve as guidance

in the design of future experiments in order to confirm or

refute the possibility of formation of propane sIV

hydrate.

The fundamental existence of a host lattice with struc-

ture IV can be also proved by analysis of its dynamic

properties, especially the phonon density of states (VDOS),

the number of vibrational modes in a given frequency

interval, the most widely used and discussed value. The

VDOS of sIV clathrate hydrates with C3H8 and those

without C3H8 were calculated and are compared to those of

ice Ih, the results being shown in Fig. 7. It was found that

the frequencies of water framework as well as enclathrated

propane are positive in the cases of empty and propane-

filled sIV structures. This means that the empty sIV

structure is dynamically stable and propane does not

disrupt the dynamical stability of the host lattice. The

common peculiarity of these plots is a gap of about

250 cm-1 which divides the low- and high-frequency

vibrations of the crystal lattice of both hydrates and ice.

Frequency analysis revealed that the low-frequency region

consists of translation modes of the host as well as trans-

lation and librations modes of propane molecules. The

high-frequency region consists of libration modes of the

water host framework. As compared with hexagonal ice,

several peaks appeared in the 950–1000 cm-1 region,

which indicates that the water framework in sIV hydrates is

less dynamically stable. The propane molecules influence

the vibrations of the host water framework, resulting in

Fig. 5 P–T phase diagram of C3H8–H2O system related to sII

(experimental and theoretical data) and sIV

Fig. 6 sII–sIV phase transition point at T = 290 K

Fig. 7 Phonon density of states of ice Ih, empty sIV and C3H8-sIV

hydrate
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rearrangement of peak intensity in the low-frequency

region.

Since the thermodynamic behavior of the propane–

hydrogen–water system is similar to that of the THF–hydro-

gen–water system [27] as well as the fact that at a low

concentration of THF molecules in gas phase, the 3.4 wt% H2

storage amount can be achieved in binary THF ? hydrogen

hydrate with structure II by increasing pressure [17], the same

scenario can be expected for binary propane ? hydrogen

hydrates. This has been recently confirmed theoretically [24].

Thus, the possible structural transformation in binary pro-

pane ? hydrogen upon pressurization with hydrogen can lead

to formation of sIV hydrates with hydrogen storage capacity

greater than that observed in sII hydrate. This is currently

being investigated and the obtained results will be submitted

for publication in the future.

Conclusion

Based on the present results, it can be concluded that true

sIV hydrate can exist due to its dynamic stability. Propane

molecules are stabilized in this structure and high-pressure

conditions are necessary for the formation of propane sIV

hydrate. Moreover, a structural transformation from struc-

ture II to IV of propane hydrate predicted in this study can

provide necessary information to support experimentalists

in the practical realization of this clathrate hydrate. This

can be considered as the first step of sIV hydrate in

hydrogen storage application.
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