
HAL Id: hal-00515033
https://hal.science/hal-00515033

Submitted on 4 Sep 2010

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Monte Carlo Study of sII and sH Argon Hydrates with
Multiple Occupancy of Cages

Nikolaos I. Papadimitriou, Ioannis N. Tsimpanogiannis, Aggelos Th.
Papaioannou, Athanassios K. Stubos

To cite this version:
Nikolaos I. Papadimitriou, Ioannis N. Tsimpanogiannis, Aggelos Th. Papaioannou, Athanassios K.
Stubos. Monte Carlo Study of sII and sH Argon Hydrates with Multiple Occupancy of Cages. Molec-
ular Simulation, 2008, 34 (10-15), pp.1311-1320. �10.1080/08927020802101734�. �hal-00515033�

https://hal.science/hal-00515033
https://hal.archives-ouvertes.fr


For Peer Review
 O

nly
 

 
 

 
 

 
 

Monte Carlo Study of sII and sH Argon Hydrates with 
Multiple Occupancy of Cages 

 
 

Journal: Molecular Simulation/Journal of Experimental Nanoscience 

Manuscript ID: GMOS-2008-0035.R1 

Journal: Molecular Simulation 

Date Submitted by the 
Author: 

24-Mar-2008 

Complete List of Authors: Papadimitriou, Nikolaos; National Center for Scientific Research 
DEMOKRITOS, Environmental Research Laboratory 
Tsimpanogiannis, Ioannis; National Center for Scientific Research 
DEMOKRITOS, Environmental Research Laboratory 
Papaioannou, Aggelos; National Technical University of Athens, 

School of Chemical Engineering 
Stubos, Athanassios; National Center for Scientific Research 
DEMOKRITOS, Environmental Research Laboratory 

Keywords: argon clathrate hydrates, multiple occupancy, Monte Carlo 

  
 
 

 

http://mc.manuscriptcentral.com/tandf/jenmol



For Peer Review
 O

nly

 1 

Monte Carlo Study of sII and sH Argon Hydrates 

with Multiple Occupancy of Cages 
 

 
 

N.I. Papadimitriou
1,2,*

, I.N. Tsimpanogiannis
1,++++, A.Th. Papaioannou

2
, A.K. Stubos

1 

 
1 Environmental Research Laboratory, National Center for Scientific Research “Demokritos”, 

Agia Paraskevi 15310, Greece 
2 School of Chemical Engineering, National Technical University of Athens, 

Zografou 15780, Greece 

 
 
 
 

ABSTRACT 

 
A series of Grand Canonical Monte Carlo simulations are performed to investigate the argon 
uptake inside sII and sH argon hydrates at 274 K and pressures up to 700 MPa. Our results 
indicate that the small cavities of the sII argon hydrate, as well as the small and medium cavities 
of the sH hydrate are singly occupied without the observation of any multiple occupancy. On the 
other hand, the large cavities of the sII hydrate are found to be doubly occupied, and the large 
cavities of the sH hydrate are found to be filled with up to five argon molecules. The results from 
our simulations are in very good agreement with the available experimental data concerning cage 
occupancies and with similar results from other types of molecular simulations. 
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1. Introduction 

 
Gas hydrates are ice-like, crystalline, non-stoichiometric materials that belong to the class 

of clathrates (i.e. inclusion compounds). They are composed of a framework of hydrogen-bonded 
water molecules that form cavities (cages) with specific geometry and size, inside which small 
molecules can be encaged (enclathrated) [1]. The stability of hydrates is due to the interactions 
(weak, van der Waals-type interactions) between the lattice of water molecules and the 
enclathrated gas. However, in the absence of the encaged gas, they are not stable.  

Three types of hydrates have been identified based on their crystal structure, known as 
structures sI, sII, and sH. The unit cell of the sI hydrate (cubic Pm3n space group) consists of 46 
water molecules that form two types of cavities: the small, a pentagonal dodecahedron (512), and 
the large that is formed by twelve pentagons and two hexagons (51262). There are two small and 
six large cavities per unit cell of sI hydrate [2]. The unit cell of the sII hydrate (cubic Fd3m space 
group) consists of 136 water molecules that form two types of cavities: the small, a pentagonal 
dodecahedron (512), and the large that is formed by twelve pentagons and four hexagons (51264). 
There are sixteen small and eight large cavities per unit cell of sII hydrate [2]. The unit cell of the 
sH hydrate (hexagonal P6mmm space group) consists of 34 water molecules that form three 
types of cavities: the small, a pentagonal dodecahedron (512), the medium that is formed by three 
tetragons, six pentagons and three hexagons  (435663), and the large that is formed by twelve 
pentagons and eight hexagons (51268). There are three small, two medium, and one large cavity 
per unit cell of sH hydrate [2]. 

Until recently, it has been believed that small guest molecules (van der Waals diameter 
less than 5.9 Å) form sI hydrates, while larger molecules (van der Waals diameter between 5.9 
and 6.9 Å) form sII hydrates. However, recent investigations have shown that some small 
molecules (e.g. N2, O2, Ar, Kr, and H2) form sII hydrates. 

Gas hydrates have been investigated for many years because they are involved in a variety 
of processes [3, 4] of either industrial or scientific/academic interest. Gas hydrates started 
attracting industrial interest when they were identified [5] as the cause of natural-gas pipelines 
blocking. This is a major flow-assurance problem and has a significant safety and economical 
impact. Primary interest in clathrate hydrates arises from their capacity to store large volumes of 
gas (e.g. if all hydrate cages were filled with a guest molecule, one volume of hydrate would 
dissociate to approximately 180 volumes (STP) of gas [4]). Large amounts of methane hydrates 
have been discovered inside oceanic sediments and at permafrost regions, rendering them as 
possible future energy sources [6]. Hydrates have been considered as an alternative material for 
storing and/or transporting energy-carrier gases like methane [7] and hydrogen [8]. Storage in the 
form of hydrate, in oceanic waters, has been proposed as a possible solution to sequestering 
carbon dioxide [9]. 

There had been a long-time consensus among researchers that each cage of the hydrate 
structure can accommodate at most one guest molecule. Furthermore, one of the basic 
assumptions behind the original statistical thermodynamic theory of van der Waals and 
Platteeuw (VDWP) [10] and its subsequent modifications [11-14], is that each cavity can contain 
at most one guest molecule. Recently, however, it has been established that for certain small-
sized gas guests (e.g. N2, O2, Ar, and H2) multiple occupancy of a cage can occur. Note that 
while over 100 different guest molecules are known to form hydrates [15], very few are known 
to be capable to accommodate more than one molecules in a single cage. Therefore, there is a 
need of a generalized theory that can handle multiple filling of cages. Such an effort to 
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incorporate multiple cage occupancy was undertaken by Tanaka et al. [16] and Belosludov et al. 
[17]. 

If hydrates are to be used as gas-storage materials the number of guest gas molecules inside 
the cavities is a crucial factor that would determine the total storage capacity of the hydrate (e.g. 
the storage capacity of hydrogen hydrate is 5.0 wt. % H2 with quadruple occupancy of the large 
cavities and double occupancy of the small cavities, while it drops to 3.9 wt. % H2 with single 
occupancy of the small cavities while retaining quadruple occupancy of the large cavities). 
Therefore, if a single cage is occupied by multiple guest molecules, the storage capacity of the 
hydrate can increase significantly. 

The main interest of this work is argon hydrates. Below 460 MPa, Ar forms a stable sII 
hydrate. For the pressure range between 460 and 770 MPa a transformation occurs resulting in a 
type sH hydrate, while above 770 MPa a tetragonal structure forms [18]. Note, however, that the 
pressure boundaries were the “sII-to-sH” structural transformations occur, are still under 
discussion and different values have been reported [19]. A detailed discussion of this issue is 
beyond the scope of this study. Inerbaev et al. [20] used first-principle and lattice dynamics 
calculations to study the electronic, structural, dynamic and thermodynamic properties of Ar 
hydrate (structures II, H, and tetragonal) considering the effect of multiple-guest molecules in the 
cages. Manakov et al. [21] studied neutron diffraction patterns of argon hydrates at pressures up 
to 1000 MPa and reported the filling of the large cavities of sH structure by five argon atoms. 
Ogienko et al. [18] reported X-ray diffraction patterns of the sH structure argon hydrate at 
different temperatures. Their results confirmed the filling of the large cavities of the sH hydrate 
by five argon atoms. Alavi et al. [22] performed Molecular Dynamics simulations in order to 
study the stability of type sH argon hydrate and reported that the most stable argon hydrate has 
five argon atoms in the large cavities while a single argon atom in the small and medium 
cavities. Other rare gases (e.g. Kr, Xe) were considered as well and the possibility of multiple 
occupancies of them was reported. Tanaka et al. [16] extended the VDWP theory to 
accommodate double occupancy of a single cage. They developed a methodology to calculate the 
free energy of multiple cage occupancy and predicted that for the case of sII argon hydrate 
double occupancy dominates over single occupancy of the large cages at pressures above about 
300 MPa. Itoh et al. [23] conducted Molecular Dynamics calculations in order to investigate the 
structure and dynamics of doubly occupied sII Ar hydrate. They reported that the total energy 
and pressure of the system increased significantly when the large cages were doubly occupied. 

Additional studies that consider the case of multiple occupancy include, among others, the 
experimental [24-26] and the theoretical [27-29] works for nitrogen, the experimental [30, 31] 
and the theoretical [32-37] works for hydrogen, and the theoretical work for carbon dioxide [38]. 

The main objective of this work is to conduct molecular simulations on sII and sH argon 
hydrates in order to calculate cage occupancies as a function of pressure with the Grand 
Canonical Monte Carlo (GCMC) approach. The simulations are carried out using the software 
package Accelrys Material Studio®. Our results are in good agreement with the experimental 
and theoretical findings reported earlier. Therefore, we demonstrate the capabilities of the 
aforementioned software as a first step of an ongoing research on gas storage in hydrates. In the 
future additional guest gases of significant interest such as nitrogen and hydrogen are going to be 
considered. 
 

 

 

 

Page 3 of 23

http://mc.manuscriptcentral.com/tandf/jenmol

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review
 O

nly

 4 

2. Simulation details 

 

2.1 GCMC approach 

In this work, we have followed the traditional approach of GCMC proposed by Metropolis 
et al. [39]. A detailed description of this type of simulation is given by Allen and Tildesley [40]. 
In general, during a Monte Carlo simulation, the ensemble of all possible microstates of a system 
is sampled in order to calculate average values of the macroscopic properties. By constructing a 
Markov chain of microstates of the systems, only those microstates with an important 
contribution to the average properties are sampled. In a GCMC run, this is carried out in the 
following way [40]: Starting from an initial configuration of the system (initial number and 
positions of molecules), using a random number generator, a trial “move” is carried out. This 
“move” could be the creation or destruction of a molecule or its displacement by random 
distance. In our case, this applies only to the gas molecules while water molecules are kept fixed. 
The total potential energy of the new configuration is calculated. Based on this energy difference 
and the gas fugacity, the probability value of the acceptance of the new configuration is 
calculated using the following Equations: 
In case of the creation of a molecule: 
 

 exp( )
( 1)m n

m

fV U

kT N kT
ρ

→

∆
= −

−
 (1) 

 
In case of the destruction of a molecule: 
 

 exp( )m
m n

kTN U

fV kT
ρ

→

∆
= −  (2) 

 
In case of the displacement of a molecule: 
 

 exp( )m n

U

kT
ρ

→

∆
= −  (3) 

 
where, ρm→n is the probability of “moving” from the old configuration m to the new configuration 
n, f the gas fugacity, V the volume of the simulation box, k is the Boltzmann constant, T the 
temperature, Nm the number of gas molecules in the old configuration and ∆U = Un-Um is the 
total potential energy difference between the new and the old configuration. 

Then, a random number between 0 and 1 is created and compared with the probability 
value calculated above. If the random number is lower than the probability, the new 
configuration is accepted, otherwise it is rejected and the old configuration is the new microstate 
of the system. In case the probability value is higher or equal to unity, the new configuration is 
directly accepted. After a large number of such steps, the average properties of the system can be 
calculated [40]. In a GCMC simulation, the µVT statistical ensemble is sampled, which means 
that the chemical potential µ (or equally the fugacity f), the volume V of simulation box and the 
temperature T are constant during the simulation but the number of gas molecules can vary. 
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2.2 Hydrate structure 

Grand Canonical Monte Carlo simulations were performed for sII and sH hydrates of argon 
that were identified to exhibit multiple occupancies of the large cages of the hydrate crystal [18-
23]. All runs were carried out with a lattice parameter of 17.1423 Å [41]. The lattice parameter 
was kept constant for the entire pressure range considered in this study. Three-dimensional 
periodic boundary conditions were applied. The oxygen-atom positions for the host lattice were 
taken from the X-ray diffraction measurements of Yousuf et al. [41]. For the selection of proton 
configuration the “ice rules” (Bernal-Fowler ice rules [42]) have been obeyed and the proton 
configuration with the minimum total dipole moment was selected. 

All simulations were conducted using eight unit cells for the case of sH argon hydrate (2 
along each x-, y-, and z-axis). Therefore, the simulations domain included a total of 24 small, 16 
medium, and 8 large cavities that incorporated 272 water molecules. On the other hand, for the 
case of sII argon hydrate the bulk of the results was obtained using one unit cell that included a 
total of 16 small, and 6 large cavities that incorporated 136 water molecules. Additional 
discussion regarding the effect of the size of the simulation domain is presented at the results 
section. Figure 1 shows the crystal structure of a single unit cell of sII hydrate, while Figure 2 
shows the corresponding structure of four unit cells of the sH hydrate (both figures show the 
empty host lattices). 
 
 
2.3 Water and argon models 

Water molecules are simulated using the Extended Simple Point Charge model (SPC/E) 
[43]. This model was initially fitted using data of several properties of liquid water [43] and it 
has been shown that it can accurately describe many features of water and its mixtures [22]. 
Comparatively to other suggested models (e.g. TIP4P, TIP5P), SPC/E was proven to offer 
sufficient accuracy at a significantly lower computational cost [44]. This model has been 
previously used for various types of molecular simulations on gas hydrates [22, 27-29, 33-35, 37, 
38] and it is the most widely used water model for simulations on the specific material. An 
extended discussion about the efficiency of several water models in predicting hydrate stability is 
given by Frankcombe and Kroes [45]. The SPC/E model describes van der Waals interactions 
through a Lennard-Jones potential function and electrostatic interactions through a Coulombic 
term with a positive charge (qH) placed on each hydrogen atom and a double negative charge (-
2qH) on the oxygen atom. Values of the parameters for the SPC/E model are given as follows: σ 
= 3.166 Å, ε = 0.650 kJ/mol, and qH=+0.4238 (electron charge). The O-H bond length is taken as 
1.00 Å. The H-O-H angle varies in the range 105o and 120o depending on which type of polygon 
the water molecule lies on. 

Interactions between argon molecules are also described by the Lennard-Jones potential. 
Electrostatic interactions are ignored for the case of argon due its spherical and non polar nature. 
There is consensus in the literature [10, 17, 46] about the Lennard-Jones parameters for argon. 
This is an additional reason for our selection of argon to study multiple occupancy of cages. The 
Lennard-Jones parameters for argon proposed by van der Waals and Platteeuw [10] are used in 
this study (σ = 3.408 Å and ε = 0.9960 kJ/mol). Parameters for the interaction between argon and 
water molecules are calculated using the Lorenz-Berthelot combining rules [47]. A cutoff 
distance of 20 Å was applied (to both physical and electrostatic interactions). 
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2.4 GCMC runs 

Each GCMC run consists of 107 steps randomly chosen among creation, destruction and 
translation with equal probabilities (33.3 %). The maximum translational displacement is set to 1 
Å which gives a reasonable acceptance ratio [40]. The first 2,500,000 steps of each run are not 
considered for the calculation of the average properties (equilibration stage). All these simulation 
parameters are easily defined through the Accelrys Materials Visualizer® interface. Finally, 
300,000 configurations are sampled (1 out every 25) and each gas molecule is assigned to its 
nearest center of cavity. At the end of the simulation, the average occupancy of every cavity is 
calculated and finally, occupancies are averaged separately for the small and large cavities, as it 
was observed that no cavity presented a different occupancy trend relatively to the other cavities 
of the same type. In this way, the occupancy ratio can be calculated, defined as the fraction of 
cavities occupied by 0-3 gas molecules for sII argon hydrate, and 0-6 gas molecules for sH argon 
hydrate.  

 
 
2.5 Fugacity calculation 

 Since simulations are performed at pressures as high as 650 MPa, an accurate calculation 
of the gas fugacity is required. For this reason the Soave-Redlich-Kwong (SRK) Equation of 
State is used with critical constants for argon taken from [48]. Details about the formulation of 
the SRK EoS and the fugacity calculation can be found in [47]. To examine the accuracy of this 
equation, especially at high pressures, the calculated values of the compressibility factor z, for 
argon, are compared with those provided by NIST [49]. As shown in Figure 3 there is very good 
agreement between the reported and calculated values of compressibility factor z. From the same 
Figure, it becomes obvious that argon presents deviations from the ideal gas behaviour at 
pressures above 50 MPa (e.g. z = 1.17 at 50 MPa).  
 
 
3. Results and discussion 

 
Figure 4 presents the “adsorption isotherms” of argon in type sII and sH hydrates, i.e. the 

number of argon molecules encaged per unit cell of the hydrate crystal as a function of pressure.  
For the case of sII argon hydrate, if all cavities were occupied by one molecule (at most) 

the isotherm should present a Langmuir trend with a plateau at 24 molecules per unit cell (totally 
16 molecules in the small cavities and 8 in the large ones). However, the curve shows a 
Langmuir-type behaviour only at relatively low pressures (below 100 MPa). At higher pressures, 
the argon content exceeds the limit of 24 molecules per unit cell and continues to linearly 
increase. At the maximum pressure tested (650 MPa), argon content reaches 32 argon molecules 
per unit cell (34.3 wt. %). This finding implies that some cavities are occupied by more than one 
molecule.  

Similarly, for the case of type sH argon hydrate, if all cavities were occupied by one 
molecule (at most) the isotherm should present a Langmuir trend with a plateau at 6 molecules 
per unit cell, i.e. 3 molecules in the small cavities, 2 molecules in the medium cavities and 1 in 
the large ones. At all pressures examined, the argon content exceeds the limit of 6 molecules per 
unit cell and continues to increase slowly. At the maximum pressure tested (650 MPa), argon 
content reaches 10 argon molecules per unit cell (34.0 wt. %).  
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For these reasons, the occupancy of each type of cavity has been examined in further detail 
in order to identify where the guest argon molecules are located. 
 
 
3.1 sII argon hydrate 

The results (at 274 K) are shown in Figure 5a for the small cavities and Figure 5b for the 
large cavities. The small cavities are occupied by a single molecule with no occurrences of 
double occupancy observed. On the other hand, almost all the large cavities are filled even at 
relatively low pressures (90 % filled at 20 MPa). Then, the fraction of singly occupied cavities 
increases slightly with pressure until it reaches a maximum of 98.3 % at 80 MPa. As pressure 
increases further (above 80 MPa), doubly occupied large cavities are observed, however, their 
frequency remains rather low (less than 5 %) up to approximately 200 MPa. At even higher 
pressures, double occupancy becomes more pronounced and it eventually becomes dominant 
above 440 MPa. At pressures as high as 650 MPa more than 98 % of the large cavities are 
doubly occupied. No cavities with more than two gas molecules were observed in the entire 
pressure range considered. Our finding of single occupancy of the small cavities and double 
occupancy of the large cavities at high pressures is consistent with the theoretical work of 
Inerbaev et al. [20]. 

Tanaka et al. [16] reported that when the argon gas is treated as a “realistic” gas, the cross-
over value where the double occupancy of large cavities becomes dominant over single 
occupancy is about 300 MPa. On the other hand, if the argon gas is treated as an “ideal” gas, the 
cross-over value is about 1000 MPa. Possible explanations for this difference in the cross-over 
value between our work and Tanaka et al. [16] include the use of different EoS for the 
description of the argon gas phase and the description of the water-water intermolecular 
interactions by the TIP4P model in the work of Tanaka et al. [16]. 

 In order to examine the effect of the size of the simulation domain used for the sII 
hydrate, additional runs were performed where the simulation domain was increased to 
incorporate eight unit cells (2 along each axis). Simulations were conducted for three different 
pressures (50, 100, and 200 MPa) at 274 K. As shown in Figures 5a, 5b, the results from the 
eight unit cells (depicted with solid diamonds) are essentially identical with those obtained with 
one unit cell. Therefore, the use of only one unit cell is well justified since at considerably lower 
computational cost it yields almost exactly the same results as the simulations with eight unit 
cells. Obviously, the large number of steps (107) during each GCMC run partly compensates for 
the small size of the simulation box. Recall that for the sII hydrate each unit cell includes a total 
of 16 small, and 8 large cavities. 

The results from the above simulations can be utilized to calculate the Langmuir constants 
of argon. For the singly occupied small cavities, the dependence of the argon content in the 
hydrate as a function of the gas fugacity can be described by a simple Langmuir equation, as 
initially proposed by VDWP [10]: 

 

 
fC

fC
y

S

S
S

⋅+

⋅
=
1

 (4) 

 
where: 
yS : fraction of singly occupied small cavities 
CS : Langmuir constant for singly occupied small cavities (MPa-1) 
f : gas fugacity (MPa) 
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For the large cages, a more advanced set of equations that account for double occupancy was 
proposed by Kuhs et al. [24], and Chazallon and Kuhs [25]: 
 

 
2

211

1
1 1 fCCfC

fC
y

LLL

L
L

⋅⋅+⋅+

⋅
=  (5) 

 
 fCyy LLL ⋅⋅= 212  (6) 

 
where: 
yL1 : fraction of singly occupied large cavities 
yL2 : fraction of doubly occupied large cavities 
CL1 : Langmuir constant for singly occupied large cavities (MPa-1) 
CL2 : Langmuir constant for doubly occupied large cavities (MPa-1) 

 
The equations above are fitted to the results from the simulations, using the least square 
procedure and the calculated values of the fitted parameters CS, CL1 and CL2 are as follows: 
CS=0.549 MPa-1, CL1=1.234 MPa-1, and CL2=1.129×10

-4 MPa-1. An excellent fitting was achieved 
for all three types of cavities (small, singly and doubly occupied large cavities), over the entire 
fugacity range, as shown in Figures 6 and 7. 

In energy terms, the isosteric heat of “argon adsorption”, which, in fact, represents the 
energy difference between empty and filled hydrate ranged from 13.3 to16.7 kJ/mol. This value 
corresponds to “physical adsorption” of argon and confirms the rather weak physical interaction 
between the argon molecules and the lattice of water molecules. 

The Accelrys Materials Studio® software enables the visualization of the Monte Carlo 
simulation results offering a comprehensive insight into the nanostructure of hydrates. For 
instance, Figure 8 presents the “argon density” profile within the small and large cavities of the 
hydrate crystal. Red areas represent higher “argon density”, i.e. higher probability of finding an 
argon molecule there. It becomes obvious that argon accumulates in the center of the small 
cavities. On the other hand, the doubly occupied large cavities do not present the highest argon 
density at their centers but around a spherical shell with diameter of about 3.2 Å. This happens 
because two argon molecules tend to be placed at symmetric positions relatively to the center. 

Figure 9 illustrates the exact positions of the argon molecules in the two types of cavities of 
the sII argon hydrate. These snapshots are taken from the lowest energy configuration among all 
configurations sampled during the Monte Carlo simulation. 
 
 
3.2 sH argon hydrate 

As mentioned in an earlier section, it has been experimentally shown that approximately 
above 460 MPa argon forms a type sH hydrate. This type of hydrate consists of cavities with 
three different sizes: small, medium and large. The large cavities of the sH hydrate are larger 
relatively to the large cavities of the other hydrate types (sI and sII). Their mean diameter (11.4 
Å) is three times the Van der Waals diameter of argon (3.8 Å) and consequently one should 
expect that more than two molecules could be encaged in this cavity. The resulting occupancy 
obtained from the GCMC simulations of each type of cavity has been examined in detail for the 
sH argon hydrate as well. All small and medium cavities were found to be singly occupied. The 

Page 8 of 23

http://mc.manuscriptcentral.com/tandf/jenmol

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review
 O

nly

 9 

interesting result concerns the large cavities where up to five molecules were found to be 
encaged. The resulting occupancies as a function of pressure for the large cavities are shown in 
Figure 10. At 490 MPa, 85.5 % of the large cavities are occupied by five molecules, 14.3 % by 
four molecules and only 0.2 % by three. At the maximum pressure of our simulations (650 MPa) 
the corresponding percentages are: 98 % by five molecules, 2 % by four and no cavity was found 
to be occupied by three molecules or less. Interestingly, almost no cavities occupied by six or 
more molecules were observed (their fraction remained lower than 0.02 % even at 650 MPa). It 
can be concluded that this cavity cannot host more than five argon molecules because the energy 
difference induced by the insertion of one additional molecule is too high. This qualitative 
finding agrees with the results from Molecular Dynamics simulations of Alavi et al. [22]. Our 
GCMC results regarding the number of the enclathrated argon molecules in each type of cavity 
are in very good agreement with the available experimental data [18, 21]. In specific, we 
estimate that the composition of the sH hydrate, at 760 MPa, is Ar·3.4H2O (all large cavities 
occupied by five Ar molecules) which is exactly the same with the measurements of Manakov et 
al. [21] while Inerbaev et al. reported a slightly higher Ar content in the hydrate (Ar·3.27H2O). 
Both these experimental works have confirmed the single occupancy of small and medium 
cavities of the sH hydrate by Ar molecules. 

Figure 11 illustrates the exact positions of the argon molecules in the medium and large 
cavities of the sH argon hydrate (snapshots are taken from the lowest energy configuration 
among all the configurations sampled during the Monte Carlo simulation). It seems that the five 
Ar molecules in the large cavity, reside on the corners of a trigonal bipyramid with two of them 
close to the hexagonal faces of the cavity. 
 
 
4. Conclusions 

  
We have performed a series of Grand Canonical Monte Carlo simulations to investigate 

the argon uptake inside type sII and sH argon hydrates. We considered pressures up to 650 MPa 
and a temperature of 274 K. The simulations were performed using the Accelrys Materials 
Studio® software package. Our results indicate that the small cavities of the sII argon hydrate, as 
well as the small and medium cavities of the sH argon hydrate are singly occupied without the 
observation of any multiple occupancy. On the other hand, the large cavities of the sII argon 
hydrate are found to be doubly occupied, and the large cavities of the sH argon hydrate are 
observed to be filled with up to five argon molecules. The results from our molecular simulations 
are in very good agreement with previously reported experimental and theoretical works. This 
agreement was reached using parameters reported in literature without any tuning of their values. 
The obtained results prove the validity of the methodology and the potential of Accelrys 
Materials Studio® software to perform simulations for gas storage in such kind of materials. 
Based on this fact, we are currently investigating other gases of significant interest including 
hydrogen and nitrogen. 
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Figure 1. Crystal structure of a single unit cell of sII hydrate (viewed along one of its edges). The 
host lattice is shown empty.  Red spheres denote the positions of the oxygen atoms of the water 

molecules and white rods denote the hydrogen atoms of the water molecules.    
82x64mm (200 x 200 DPI)  

 

Page 13 of 23

http://mc.manuscriptcentral.com/tandf/jenmol

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review
 O

nly

 
  

 

 

Figure 2. Crystal structure of four unit cells of sH hydrate (viewed along the z crystallographic axis). 
The host lattice is shown empty.  Red spheres denote the positions of the oxygen atoms of the 

water molecules and white rods denote the hydrogen atoms of the water molecules.  
82x64mm (200 x 200 DPI)  
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Figure 3. Comparison between the reported (NIST) and calculated (SRK EoS) values for the 
compressibility factor of argon at 274 K.  
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Figure 4. Â� Adsorption isothermsÂ�  at 274 K for sII (denoted with circles) and sH (denoted with 
triangles) hydrates. The dashed horizontal lines denote the special case when all cavities are singly 

occupied. Solid lines connecting the data points are guides to the eye only.  
56x38mm (600 x 600 DPI)  
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Figure 5. Occupancy ratio (fraction of cavities occupied by zero (triangles), one (circles) or two 
(squares) argon molecules) as a function of pressure, at 274 K, for the sII argon hydrate. Results 
are for (a) small cavities, and (b) large cavities. Empty symbols denote results obtained from eight 
unit cells, while filled symbols denote results obtained from one unit cell. Solid lines connecting the 

data points are guides to the eye only.  
63x22mm (600 x 600 DPI)  

 

Page 17 of 23

http://mc.manuscriptcentral.com/tandf/jenmol

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review
 O

nly

 
  

 

 

Figure 6. Fraction of (singly) occupied small cavities of sII hydrate as a function of pressure, at 274 
K. Circles denote the results from the GCMC simulations and solid lines have been derived from 

fitting to a Langmuir-type equation.  
61x46mm (600 x 600 DPI)  
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Figure 7. Fraction of: (a) singly occupied, and (b) doubly occupied large cavities of the sII hydrate 
as a function of pressure, at 274 K. Circles denote the results from the GCMC simulations and solid 
lines have been derived from fitting to a two-parameter model [24, 25]. Embedded plots illustrate 

the efficiency of the fitting at low pressures.  
74x31mm (600 x 600 DPI)  
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Figure 8. Visualized results of a GCMC run illustrating Â� argon densityÂ�  on a cross section of an 
sII hydrate passing through the centers of (a) the small cavities, and (b) the large cavities. Red 

areas represent higher densities.  
177x57mm (200 x 200 DPI)  
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Figure 9. Snapshot of the configuration of the argon molecules inside a doubly occupied large cavity 
(left) and a singly occupied small (right) cavity of sII hydrate.  
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Figure 10. Occupancy ratio of the large cavities as a function of pressure for the sH argon hydrate, 
at 274 K: The data points denote cavities occupied by: three (triangles), four (circles) or five 

(squares) Ar molecules. Solid lines are guides to the eye only.  
55x37mm (600 x 600 DPI)  
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Figure 11. Snapshots of the configuration of argon molecules inside the cavities of sH hydrate: (a) 
Medium cavity with single occupancy, (b) large cavity with four argon molecules, and (c) large 

cavity with five argon molecules.  
82x216mm (200 x 200 DPI)  
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