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Molecular simulation of cage occupancy and selectivity of binary THF–H2 sII hydrate

Dong-Hyuk Chun1 and Tai-Yong Lee*

Department of Chemical and Biomolecular Engineering, Korea Advanced Institute of Science and Technology, Daejeon, South Korea

(Received 19 June 2008; final version received 25 June 2008 )

The hydrogen capacity of the binary THF–H2 sII hydrate is determined by the cage occupancy and by the selectivity of
guest molecules. Grand canonical Monte Carlo (GCMC) simulation is used to study the cage occupancy and selectivity of
guest molecules from the equilibrium configuration of the binary sII hydrate. The cage framework is regarded as a rigid body
and the number of guest molecules is varied to preserve the grand canonical ensemble. The occupancy and selectivity were
investigated at a temperature of 270 K for pressures ranging from 0.1 to 200 MPa. It was found that most large cages select
THF as guest molecules while small cages include only hydrogen molecules. Multiple occupancy of hydrogen, up to four
molecules in large cages and two molecules in small cages, was found as the pressure increases. GCMC results show that the
hydrogen capacity is approximately 1.1 wt% at 200 MPa.

Keywords: binary sII hydrate; hydrogen; tetrahydrofuran; cage occupancy; selectivity; GCMC

1. Introduction

Clathrate hydrate denotes a class of solid compounds

which consist of water and guest molecules. Water

molecules make up the host cage structure from hydrogen

bonds, and the clathrate constructed by cages is stabilised

by the inclusion of guest molecules such as low molecular

weight gases or volatile liquids. This can contain a large

amount of gas and can be separated easily into water and

guest molecules as these molecules are combined via

physical rather than chemical bonds. For these reasons,

clathrate hydrate has been proposed as a storage medium

for a variety of gases.

Mao et al. [1] demonstrated multiple occupancies of sII

hydrogen hydrates in 2002. They suggested that two

hydrogen molecules and four hydrogen molecules could

enter small cages and large cages, respectively, in which

sII hydrates were theoretically able to store 5 wt% of

hydrogen. The possibility of sII hydrates for hydrogen

storage has been studied since [2–6]. However, it is

difficult for sII hydrates to be used commercially for

hydrogen storage, as pure hydrogen hydrates are formed at

an extreme pressure typically greater than 200 MPa. Lee

et al. [7], in 2005, offered a new synthesizing method for

sII hydrates that was able to decrease the formation

pressure through the use of tetrahydrofuran (THF) in the

hydrate formation process. Their results suggested that

binary THF–H2 sII hydrates can be formed at modest

pressure and that they are able to store up to 4 wt% of

hydrogen at 12 MPa by tuning the amount of THF. There

have been successive studies to support these results, such

as molecular dynamics simulation [8] or the van der Waals

and Platteeuw (vdWP) theory [9] for THF–H2 binary

hydrates. However, experiments using high resolution

neutron diffraction [10] only showed single occupancy in

small cages of binary hydrates at a formation pressure of

70 MPa. Similar results were reported by experiments

using gas release measurements [11]. The hydrogen

capacity of binary sII hydrates remains in dispute.

In this work, Monte Carlo simulations are performed

under a grand-canonical ensemble to study the hydrogen

capacity as determined by the cage occupancy and the

selectivity of guest molecules. Grand-canonical Monte

Carlo (GCMC) simulation is a representative method that

is widely used for adsorption problems. It allows

consideration of the formation of sII hydrate as adsorption

phenomena. Hence, guest molecules are regarded as

adsorbates and water cages are regarded as adsorbents.

The equilibrium state is obtained from GCMC at 270 K

under pressure variances, and cage occupancy and

selectivity are studied using an equilibrium configuration.

Molecular models and the GCMC methods as applied here

are explained in the next section in detail.

2. Molecular simulations

2.1 Molecular models and interaction energy

Molecular simulations were performed for sII clathrate

hydrates. The simulation system consisted of eight unit

cells of the sII hydrate, which each unit cell consisting of

H2O, THF and H2 molecules. Initially, oxygen atoms in

water molecules were located at the Fd3m cubic structure.

The size and structural configuration of the sII hydratewere

determined by data proposed by Mak and McMullan [12].
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The cage structure of the sII hydrate was obtained after

several million of Monte Carlo iterations. The cage

framework connected by hydrogen bonds between water

molecules formed through the rotating and displacing

activities of the Monte Carlo simulation. The configuration

of the guest molecules was determined via GCMC on the

assumption that the cage framework has a rigid body. This

assumption is feasible given that the hydrogen bonding

strength, which forms a cage framework, is much larger

compared to the van der Waals bonding strength between

the guest molecule and the host molecules forming the cage

framework. The intermolecular interaction energy was

calculated using the Lennard-Jones potential for van der

Waals interactions and the Coulombic potential for

electrostatic interactions. The interaction energy between

two component, i and j, is given by

Uij ¼
X
l[i

X
m[j

qilqjm

4p1oril jm
þ 41ij

sij

rij

� �12

2
sij

rij

� �6
" #

; ð1Þ

where qil is the charge of atom l in molecule i, 1o is the

vacuum permittivity, rij is the distance between sites i and j,

and 1ij and sij are the Lennard-Jones parameters. Every

molecule used in the simulation is regarded as a rigid body,

as intramolecular interactions are not important in the

current work.

The interaction parameters of water are referred to an

extended simple point-charge (SPC/E) model. Water

molecules have three-site partial charges located directly

on the oxygen and hydrogen atoms in the SPC/E model

[13]. Hydrogen molecules are considered to have three-

site partial charges located on the hydrogen atoms and the

centre of mass so that the point-charges are calculated

accurately. Silvera–Goldman interaction parameters [8]

are used for hydrogen. The interaction parameters and the

geometry of water and hydrogen are shown in Table 1.

The twist form of THF, known as the most stable form, is

used in the simulation. Using the Gaussian 03 program

suite [14], the structure of THF was optimised and the

electrostatic interaction parameters were obtained [8].

The van der Waals interaction parameters were obtained

from the general AMBER force field [15]. The interaction

parameters and geometry of THF are shown in Table 2.

Long-range interaction of the electrostatic term, URF,

was corrected by adding a reaction field term [16] and

expressed by following equation:

URF ¼
qilqjm

4p1o

1RF 2 1

21RF þ 1

r2ij

r3cutoff
; ð2Þ

where 1RF is a prior estimate of the static dielectric constant

and rcutoff is the cut-off distance. The Lorentz–Berthelot

Table 1. Interaction parameters and structure of water and hydrogen utilised in the GCMC simulations.

Molecule Atom q (e) s (nm) 1 (kJ/mol) Geometry

Water O 20.8476 0.3166 0.6502 OZH ¼ 1.0 A
H 0.4238 – 0 HZOZH ¼ 109.47o

Hydrogen HCM 20.9864 0.3038 0.2852 HZH ¼ 0.7414 A
H 0.4932 – 0

Note: The SPC/E potential model [13] is used for water and the Silvera–Goldman interaction parameters [8] are used for hydrogen.

Table 2. Interaction parameters and coordinates of THF utilised in the GCMC simulations.

Coordinates (A)

Atom q (e) s (nm) 1 (kJ/mol) x y z

O 20.492219 0.3 0.7113 0 0 0
C1 0.259687 0.34 0.4577 1.169407 0.825076 20.12281
C2 20.006023 0.34 0.4577 0.729561 2.250276 0.228417
C3 20.01543 0.34 0.4577 20.738753 2.245646 20.22141
C4 0.274293 0.34 0.4577 21.170072 0.82076 0.13871
H1 20.011396 0.2471 0.0657 1.942039 0.433969 0.544202
H2 20.006238 0.2471 0.0657 1.541117 0.766226 21.15392
H3 20.01616 0.2645 0.0657 1.333678 3.010977 20.27008
H4 0.025872 0.2645 0.0657 0.796043 2.41653 1.307841
H5 0.027908 0.2645 0.0657 20.806626 2.404382 21.30189
H6 20.015166 0.2645 0.0657 21.346254 3.006443 0.272869
H7 20.014974 0.2471 0.0657 21.950003 0.42455 20.51644
H8 20.010155 0.2471 0.0657 21.527741 0.764462 1.175202

Note: The structure and electrostatic interaction parameters of THF are obtained from Gaussian 03 [14] and the Lennard-Jones potential parameters are obtained from the general
AMBER force field [15].
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mixing rule [17] is used for the interaction between two

molecules and expressed by following equation:

s12 ¼
s1 þ s2

2
; 112 ¼

ffiffiffiffiffiffiffiffiffi
1112

p
: ð3Þ

2.2 Calculation of chemical potentials for guest
molecules

The chemical potential is the most important parameter in

GCMC simulation. A precise value of the chemical

potential gives the accurate results about cage occupancy

and selectivity. The chemical potential can be obtained via

the distribution-function theory of equilibrium fluids. In this

theory, there are three basic assumptions [18]: classical

statistical mechanics can be used for the translational

partition function; the interamolecular interactions are

independent of the intermolecular interactions; and

intermolecular potentials are pairwise additive, that is,

U ¼
X
i

X
j

fðrijÞ; ð4Þ

where f is a pair-potential energy function.

The aforementioned assumptions are applicable to the

current simulation system. In distribution-function theory,

the equation of state under these assumptions is expressed

by

PV ¼ NkBT 2
2p

3

N 2

V

ð1
0

df

dr
gðrÞr 3dr; ð5Þ

where kB is a Boltzmann constant and g(r) is a radial

distribution function. The residual chemical potential is

written as

m r ¼
2p

3

›

›N
N 2

ðV
1

dV 0

V 0 2

ð1
0

df

dr
gðrÞr 3dr

� �� �
T ;V

: ð6Þ

Finally, the chemical potential can be represented by [19],

m ¼ kBT ln r
h2

2pmkBT

� �3
2

21

2
4

3
5

þ

ðr
0

P2 r0kBT
� 	 dr0

r 0 2
þ

P

r
; ð7Þ

wherem is the mass, h denotes Plank’s constant and r is the

number density ( ¼ N/V). The first term of Equation (7) is

the ideal chemical potential and the following terms are the

residual chemical potential obtained from Equations (5)

and (6). The densities of hydrogen andTHF are obtained for

various pressures using isothermal– isobaric MC.

The chemical potentials of hydrogen and THF are

calculated by means of numerical integration with the

relationship between the pressure and the density from

Equation (7).

2.3 Monte Carlo simulation of the sII hydrate cage
occupancy for multi-component guest molecules

The chemical potential, temperature and volume were fixed

in GCMC method. In an equilibrium state, the chemical

potentials of guest molecules are identical to those of their

bulk fluid. Therefore, the number of adsorbates is changed

to maintain the chemical potential of the bulk fluid which is

determined at a given temperature and pressure.

The conventional GCMC method has three types of

moves: displacement, insertion and deletion. The related

acceptance probabilities are as follows:

Aðr ! r 0Þ ¼ exp 2
ðUðr 0Þ2 UðrÞÞ

kBT

� �
; ð8Þ

AðN!Nþ1Þ¼
V

L3ðNþ1Þ
exp

½m2ðUNþ12UNÞ�

kBT

� �
; ð9Þ

AðN!N21Þ¼
L3N

V
exp 2

½mþðUN212UNÞ�

kBT

� �
: ð10Þ

Here, L is the thermal de Broglie wavelength. The current

system has two types of guest molecules, THF and H2. In the

case of an adsorbing mixture, an additional type of move is

used for the efficiency of the calculations. It is an exchange

term and its acceptance probability is determined by [20]

Aði! jÞ¼
L3

i

L3
j

Ni

Njþ1
exp

½mj2mi2ðUj2UiÞ�

kBT

� �
: ð11Þ

Through the iterative GCMC moves introduced above, the

sII hydrate system could achieve an equilibrium state.

The number of guest molecules (H2 and THF) is

controlled by insertions and deletions. In the conventional

GCMC method, insertions of molecules are uniformly

attempted in the entire system. However, the spaces of a

cage framework are fixed in the system, so the acceptance

probabilities of insertions decrease remarkably due to these

Figure 1. Simulation overview. GCMC is carried out with input
variables and the chemical potentials of the guest molecules.
Equilibrium states obtained from the GCMC describe the cage
occupancy and selectivity of the guest molecules.
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inaccessible spaces. To improve the efficiency of the

GCMC simulation, a biased GCMC technique was applied

in the present simulation [21]. In this method, the total

volume was substituted for the accessible volume, Vacc.

To calculate Vacc, the total volume was discretised into

elementary volumes and a guest molecule was placed at

the centre of each elementary volume. The interaction

energy between a guest molecule and a cage framework

was then calculated. The elementary volume, which has

interaction energy lower than 105 kB in this work, was

selected as a member of the accessible volume. Two values

of Vacc should be calculated for H2 and THF in the

simulation. Insertions of guest molecules are only

attempted at the centre of selected elementary volumes,

and the acceptance probabilities for insertions and

deletions are modified by replacing V with Vacc.

The simulation procedure followed the order illus-

trated in Figure 1. Interaction parameters, initial

configurations, temperature and the pressure are given in

the input step. GCMC simulation was carried out for guest

molecules with the chemical potentials calculated and

variables inputted. Finally, the cage occupancy and

selectivity of the guest molecules were determined from

Figure 2. Formation of a small cage: (a) initial configuration of
water molecules; (b) cage structure formed by the hydrogen-
bonded water network. Water molecules randomly oriented form
a cage framework through Monte Carlo simulation. Dashed lines
denote the hydrogen bonds between water molecules.

Figure 3. Formation of a large cage: (a) initial configuration of
water molecules; (b) cage structure formed by the hydrogen-
bonded water network.
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the equilibrium configuration of the binary sII hydrates

obtained through the GCMC simulations.

Periodic boundary conditions were used to imitate an

infinite number of molecules and to remove surface

effects. Neighbour lists were created in order to reduce the

computational load. They were updated at the interval of

an appropriate iteration span.

3. Results and discussion

The cage structure of sII hydrate was obtained via the

displacing and rotating moves in the Monte Carlo

simulation. Water molecules initially positioned at Fd3m

structure points with random directions (Figures 2(a) and

3(a)) were formed into cage structure with hydrogen bonds

(Figures 2(b) and 3(b)). The potential energy converged on

a stable value as the hydrogen bonds between the water

molecules formed during the simulation. The change in the

potential energy is shown in Figure 4.

The relationship between the pressures and densities of

pure guest molecules were obtained by isothermal–

isobaric MC, and the chemical potentials were calculated

using Equation (7). Figure 5 shows that the chemical

potentials calculated from the simulation data are

remarkably consistent with those calculated from exper-

imental PVT data [22,23].

Figure 4. Change in the potential energy while the cage
structure is constructed. The potential energy decreases as the
water molecules form cage structures with hydrogen bonds.

Figure 5. Chemical potentials of guest molecules. The solid
line and the þ symbols denote the chemical potentials of
hydrogen. The dashed line and the £ symbols denote the
chemical potentials of THF. The chemical potential of each guest
molecule is calculated from the Equation (7) with PVT data
obtained from the GCMC simulations and experiments.

Figure 6. The configuration of hydrogen molecules in a small
cage: (a) single occupancy of hydrogen in a small cage; (b)
double occupancy of hydrogen in a small cage. The snapshots are
obtained from GCMC simulation. The hydrogen molecules are
located in the cage.
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GCMC simulations were carried out at T ¼ 270 K at

pressures ranging from 0.1 to 200 MPa with the rigid cage

framework and the chemical potentials of the guest

molecules. The equilibrium state of the guest molecules

was obtained at given temperature and pressures. The cage

occupancy and selectivity of the guest molecules were

obtained from the configuration of the guest molecules at

an equilibrium state. Figures 6 and 7, respectively,

illustrate the observed forms of hydrogen molecules in

small and large cages through simulation.

The cage occupancy obtained via GCMC was

compared with the Langmuir adsorption isotherm [11] in

the vdWP theory, as expressed by the following equation:

uji ¼
CjiðTÞf iðT ;PÞ

1þ
P
k

CjkðTÞf kðT ;PÞ
: ð12Þ

In this equation, fi is the fugacity of component i, and Cji is

the Langmuir constant of component i in cage j.

The Langmuir constant is expressed by

CjiðTÞ ¼
1

kT

ð
Vcell

exp 2U=kT

 �

dV ; ð13Þ

where Vcell is the free volume in cage j and U is the

potential energy between the guest molecule i and the cage

framework. These values are calculated during the MC

process [24]. Clarge,THF is approximately six orders of

magnitude larger than Clarge,H2. CTHF,small is close to zero

due to the high positive potential energy. The fugacity of

hydrogen can be obtained from the PVT relationship [25].

As THF is soluble in water, the fugacity of THF can

Figure 7. The configuration of hydrogen molecules in a large cage: (a) single occupancy of hydrogen in a large cage; (b) double
occupancy of hydrogen in a large cage; (c) triple occupancy of hydrogen in a large cage; and (d) quadruple occupancy of hydrogen in a
large cage.
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be calculated by [25]

f i ¼ xigif
Sat
i PSat

i exp
1

RT

ðP
PSat
i

vidP

" #
; ð14Þ

where xi is the composition of the aqueous liquid phase, gi
is the activity coefficient, fi

Sat is the fugacity coefficient,

Pi
Sat is the saturated pressure and vi is the molar volume.

The saturated pressure is calculated from the Korean

thermo physical properties data bank equation [26], and

the activity coefficients are calculated from a UNIQUAC

model [27]. The results are shown in Figure 8. In addition,

the single occupancy of hydrogen in small cages is

compared with the result of Katsumasa et al. [19], which

relates to the GCMC simulation of pure hydrogen hydrate

at 273K. The GCMC results show a similar tendency in

terms of pressure dependence with the Langmuir isotherm

for pressures ranging 0.1 to 200MPa and with Katsumasa’s

simulation results for pressures ranging 100 to 200MPa.

The hydrogen storage capacity is plotted in Figure 9.

The amount of hydrogen increases to 1.1 wt% as the

pressure increases. The GCMC results were compared

with the gas release experimental data [11], NMR [11] and

Langmuir isotherm. The simulation results were found to

be in good agreement with the NMR data.

Figures 10 and 11 show the specific occupancy and

selectivity of guest molecules in large cages and small

cages, respectively, as the pressure varies. In large cages,

the occupancy of THF is decreased slightly and the

multiple occupancy of hydrogen increases as the pressure

increases. The large cages are capable of containing four

Figure 8. Occupancy of small cages (diamonds) and large cages
(circles, THF; squares, hydrogen) obtained from the GCMC
results. The results are compared with the Langmuir isotherm
(dashed line, hydrogen in small cages; solid and dotted lines,
respectively, THF and hydrogen in large cages) and Katsumasa’s
simulation results [19] (dashed-dotted line). The results of
Katsumasa et al. denote single occupancy of a pure hydrogen
hydrate in small cages at 273 K.

Figure 9. Hydrogen storage capacity in THF–H2 hydrates:
circles denote the results of GCMC; triangles denote the results
of the gas release experiment [11]; squares denote the NMR data
[11]; and the solid line denotes the Langmuir isotherm.

Figure 10. Occupancy and selectivity of guest molecules in
large cages: circles denote THF; squares denote single hydrogen
occupancy; triangles denote double hydrogen occupancy;
diamonds denote triple hydrogen occupancy; and reverse
triangles denote quadruple hydrogen occupancy.

Figure 11. Occupancy in small cages: squares and triangles
denote single and double hydrogen occupancy, respectively.
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hydrogen molecules. However, most large cages select

THF as a guest molecule, and hydrogen molecules only

occupy approximately 10% among the large cages, even at

200 MPa. In small cages, the empty cages have a large

portion at low pressures but most become filled with

hydrogen as the pressure increases. Most small cages are

filled with a single hydrogen molecule, and double

occupancy is scarcely detected. Small cages select only

hydrogen for guest molecules as THF molecules are too

large to be encapsulated in small cages.

4. Conclusions

Binary THF–H2 sII hydrates has been studied via GCMC

simulation for various pressures. The equilibrium

configuration obtained from GCMC provides information

regarding the cage occupancy and selectivity of guest

molecules in sII clathrate hydrates. The results of this

study show that the dominant configuration in binary

THF–H2 hydrates is a single THF molecule in a large cage

and a single hydrogen molecule in a small cage.

Particularly, nearly all large cages have THF with a

guest molecule at a pressure below 100 MPa. Multiple

occupancy of hydrogen comprised a significant portion in

large cages at the high pressure region above 100 MPa;

however, binary hydrates are practically useless at

extremely high pressures. Thus, it can be assumed that

the hydrogen capacity in binary THF–H2 sII hydrates is

highly dependent on the molecules singly occupied in

small cages.

Note

1. Email: cian75@kaist.ac.kr
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