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Mechanisms of structural stabilization of sI hydrates by CH4, H2S, H2, N2, Ar, Kr, Xe, CO2, C2H6, C3H6 gas 

molecules are studied by the density functional method. It is shown that the hydrate D- and T-cages are 

deformed and their radii are changed (up to –0.23%) upon the introduction of guest gas molecules. Binding 

energies of the gases in the D- and T-cages are calculated. It is established that molecules with diameters 

d < 5 Å and d > 5 Å stabilize better D- and T-cages, respectively. Two groups of gases can be distinguished, 

depending on the binding energy dependence on the molecule's mass: molecular gases (dEb/dM ∈  

(–0.008; –0.006) eV⋅mol/g) and atomic gases (dEb/dM ∈ (–0.002; –0.0015) eV⋅mol/g). It is shown that the 

orientation of extended CO2, C2H6, and C3H6 molecules along the long axis of the T-cage is most 

energetically favorable. Densities of electronic states N(E) are calculated for the unfilled sI hydrate and for 

sI hydrates containing CH4 and CO2. It is shown that the presence of a guest molecule decreases the energy 

of the electronic subsystem and increases the hydrate's stability. 

DOI: 10.1134/S0022476623040066 
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INTRODUCTION 

Highly interesting compounds, gas hydrates, are formed on Earth in permafrost zones, on ocean shelves, under 

conditions of low temperatures, high pressures, presence of water, and sufficient concentration of low molecular gases [1]. 

The hydrates are a crystal lattice of water molecules with cages of various shapes. Upon the nucleation of hydrates, gases 

molecules with a diameter of 4-7 Å can be incorporated into the water clusters. Hydrates containing natural gases (CH4, 

C2H6, C3H8) are of particular interest as potential new sources of hydrocarbon energy [2]. Most hydrates existing in nature 

have the sI crystal structure containing two types of cages, D and T (Fig. 1). According to various estimates, the Earth's 

interior contains at least 1016 m3 of natural gas in the form of hydrates. These huge reserves are not only an economically 

useful resource, but also a cause for concern, because some part of gas from hydrates can be released into the atmosphere as  

a result of natural disasters such as earthquakes or volcanic eruptions and lead to irreversible climatic changes. Besides, the 

gas industry is concerned about the problem of hydrate formation in gas pipelines and wells [1, 3]. The hydrates are 

accumulated on pipe walls, plug them up and reduce the efficiency of production. One factor increasing the interest in  
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Fig. 1. D- and T-cages of hydrates. The nodes are oxygen atoms, the 
edges are formed by hydrogen bonds (mn - n faces with m edges). 

 

clathrate systems is their ability to contain large gas volumes. For example, 1 m3 of hydrate can contain up to 160 m3 of 

methane [4]; therefore, these substances can be used for the storage and transportation of gases such as hydrogen [5]. 

Thermodynamic properties, phase diagrams, equations of state, structural and mechanical properties of hydrates 

have been quite well studied experimentally and theoretically; the key studies in this field were reported in [6-14]. The 

authors of [15] proposed an original thermodynamic model of clathrate compounds to study stability regions of crystalline 

phases in water–hydrogen system, including hydrates. Numerous works have been devoted to the study of hydrate nucleation 

processes. [16-20]. It was shown that a system consisting of water and gas in sufficient concentration passed through a series 

of amorphous states resulting in small water clusters in the form of rings and cups, which combine into molecular cages 

capturing gas molecules. The authors of [21] studied the rearrangement of a hydrogen bond network of liquid water into the 

crystal lattice of methane hydrate and showed that hydrate nucleation can proceed simultaneously in the entire solution 

volume. 

The lack of accurate first-principle studies of electronic and energy features of hydrates becomes obvious against the 

background of the study of structural, thermophysical, and kinetic properties of clathrate systems. In particular, there is lack 

of studies of the mechanisms of stabilization of hydrates by guest molecules and the effect of gas molecules on the 

surrounding water framework in terms of electronic states. To date, few first-principle studies of hydrate systems taking into 

account electronic degrees of freedom have been reported. Thus, the authors of [22] calculated binding energies for H2, CH4, 

CO, CO2 gases as part of the sI hydrate and obtained densities of electronic states N(E) for molecules forming the D-cage in 

the presence and in the absence of guest gas molecules. The authors of [23] obtained and analyzed components of the density 

of electronic states N(E) and dielectric functions of the sI methane hydrate for three cases: both cages filled; no methane in 

the D-cage; no methane in the T-cage. It was shown that the absence of methane in the small D-cage has little effect on the 

crystal structure, while its in the large T-cage causes significant deformation of the crystal lattice and decreases the stability 

of the hydrate. In [24], the density functional theory was applied to study the stability of T- and H-type water cages 

containing 18 alkane compounds, including methane, ethane, and cyclopropane. In [25], various DFT functionals were used 

to calculate binding energies and the energies of deformation of D-, T-, and H-cages with incorporated sulfur-containing 

(H2S, CS2) and nitrogen-containing (N2, NO, NH3) molecules. The authors of [26, 27] reported a DFT simulation of the sI 

hydrate lattice and obtained the density of electronic states N(E) and the band structure E(k) for this type of hydrate. 

The purpose of this work is to study the influence of incorporated gases H2, N2, Ar, Kr, Xe, CO2, H2S, CH4, C2H6, 

C3H6 on molecular cages of clathrate hydrates and to reveal the mechanisms of stabilization of clathrate systems by guest 

molecules. To this aim, we conducted a DFT simulation of clathrate sI systems containing these gases, calculated binding 

energies of gas molecules in D- and T-type cages, estimated the deformation of the cages in the presence of various guest 

molecules, calculated and analyzed the densities of electronic states N(E) of the water lattice in the presence and in the 

absence of gas molecules. 
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STRUCTURE OF sI HYDRATES 

Clathrate hydrates contain several standard types of water cages whose combinations provide the structural diversity 

of these crystalline nonstoichiometric compounds [28-32]. The type of resulting hydrate is affected by external thermobaric 

conditions and characteristics of the hydrate-forming molecule. The cubic sI structure (Fig. 2) is most interesting, since it is 

most common met in nature, and hydrates of methane and ethane (potential sources of fuel) have the sI structure. The sI unit 

cell is a framework of 46 water molecules and consists of two D-cages (r ≈ 3.9 Å) and six T-cages (r ≈ 4.4 Å) (Fig. 1). 

Cages in clathrate hydrates are polyhedrons with oxygen atoms at the vertices “bonded” to each other due to the 

ability of water molecules to form hydrogen bonding, a particularly strong type of intermolecular bonding [33-35]. It was 

determined that the lattice parameter for the sI structure is equal to 12.03 Å [36]. The authors of the study calculated lattice 

parameters of sI, sII, and sH hydrates by the Monte Carlo method using the Bernal–Fowler rules [37]. The composition of 

hydrates is variable and depends on the cage occupancies. In the general case, it is described by the formula M⋅n⋅H2O, where 

M is a gas molecule; n is the average number of water molecules per gas molecule (hydrate number). Small gas molecules 

(less than 5 Å in diameter) in the composition of the sI hydrate, are characterized by the hydration number n ≈ 6, meaning 

that almost all cages are filled. For gases with large molecules (more that 5 Å in diameter), the hydrate number is n ≈ 7.7, 

meaning that only large T-cages are filled. Gases CH4, H2S, CO2, C2H6, C3H6 form the sI structure, while gases H2, N2, Ar, 

Kr usually form the sII structure; and D-cages are filled in both cases. Under high pressures, sII hydrates can transform into 

the sI phase [6]. Taking into account the data on the occupancy of hydrates presented in [6-14], we conducted DFT 

calculations of unit cells of the sI hydrate containing CH4, H2S, H2, N2, Ar, Kr, Xe gas in D- and T-cages and CO2, C2H6, 

C3H6 gases in T-cages. 

COMPUTATIONAL DETAILS 

The ab initio calculations were conducted using the specialized VASP package within the density functional (DFT) 

method [38-41]. In this method, transition is made from the wave functions to the electron density (1), and then a system of 

Kohn–Sham equations (2) is solved while taking into account the effective one-electron self-consistent potential (3): 

2
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Fig. 2. Crystal lattice of the sI methane hydrate: oxygen (blue balls), carbon (green balls), hydrogen (red 
balls) (see the electronic version). 
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In the present study, we used the PBE exchange-correlation functional in the generalized gradient approximation 

(GGA) [42]; this functional takes into account the inhomogeneity of electron density distribution and is more accurate than 

the standard local density approximation (LDA) [39]. As a non-local correlation effect, the van der Waals interaction (that 

should occur between the clathrate water lattice and the guest molecule) is indirectly taken into account in GGA-based 

potentials in the exchange-correlation energy Exc[n(r)] [43]. Note that powerful functionals such as VdW-DF directly taking 

into account the Van der Waals interaction have already been developed [44]. The ion-electron interaction was calculated 

with the PAW potential [45]. The basis set consisted of plane waves with energies less than 345 eV. The simulation was 

conducted for the system's ground state using periodic boundary conditions. After placing gas molecules in water cages,  

an optimization procedure was performed using the RMM-DIIS algorithm [46] to achieve an energy convergence of 10–4 eV. 

The following hydrate systems were simulated: sI cell with empty molecular cages, sI cell with gas in the D-cage, sI cell with 

gas in the T-cage. The guest molecules were the following compounds that are most often met in gas hydrates: CH4, H2S, H2, 

N2, Ar, Kr, Xe, CO2, C2H6, C3H6. 

EFFECT OF GUEST MOLECULES ON THE CAGE GEOMETRY 

Analysis of the geometry of unfilled sI lattices and sI lattices with guest gases showed that gases in the hydrate 

crystal lattice cause deformation of D- and T-cages (Fig. 1). We calculated the changes that distances from the center of  

a cage to its vertices undergo upon the introduction of various gas molecules. Fig. 3 shows relative changes of Δr radii for 

each node of D- and T-cages filled with different gases. Table 1 lists average changes of Δr radii of D- and T-cages. 

According to the data presented in Fig. 3 and Table 1, the presence of gas in the clathrate lattice most often 

decreases the volume of cages due to the interaction between the atoms of the surrounding cage and the central gas molecule. 

The intermolecular interaction between gas and water molecules of the surrounding cage increases the stability and the 

thermodynamic stability of the hydrate, while the unfilled clathrate lattice is metastable. In the case of a hydrogen molecule 

in a D-cage, the cage radius increases slightly by +0.06%. This may indicate that one hydrogen molecule cannot completely 

stabilize the D-cage. According to the results of [47], clusters of 2-4 hydrogen molecules can be introduced into the cages to 

stabilize natural gas hydrates. Large CH4, H2S, and Kr molecules most strongly affect D-cages, while the influence of H2, N2,  

 

 

Fig. 3. Relative changes in distance Δr from the center to the nodes of cages D (a) and T (b) upon the 
introduction of different gases. 
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TABLE 1. Average Changes of Cages Radii (Δr, %) of the sI Hydrate in the Presence of Various Guest Molecules 

Gas 
Cage 

D T 

CH4 –0.23 –0.14 

H2S –0.13 –0.17 

H2 +0.06 –0.05 

N2 –0.06 –0.11 

Ar –0.04 –0.10 

Kr –0.23 –0.13 

Xe +0.00 –0.10 

CO2 – –0.16 

C2H6 – –0.13 

C3H6 – –0.11 
 

Ar, and Xe molecules on the D-cage radius does not exceed –0.06%. All the considered gases reduce the T-cage radius by  

–0.10…–0.17%, only the influence of hydrogen does not exceed –0.05%. In [25], relative changes of D- and T-cages radii 

upon the introduction of N2 molecules were –0.12% and –0.57%. The values obtained in the present work are –0.06% and  

–0.11%. Changes in the radii of D- and T-cages upon the introduction of H2S were found equal to +0.12% and +0.91% [25]. 

The values obtained in the present work are –0.13% and –0.17%. Thus, aqueous cages of hydrates deform and "adjust" to the 

guest molecule. The interaction between water and gas molecules in the cage stabilizes water cells and prevents them from 

collapsing. To estimate the stabilization value quantitatively, we calculated binding energies between the gas molecule and 

the surrounding water framework. 

BINDING ENERGY OF GASES IN HYDRATE CAGES 

To calculate the binding energy of gas molecules in water cages (Eb) by the DFT method, the following quantities 

were found: total energy of an unfilled hydrate cell sI (Ec), total energy of the hydrate cell sI with various guest gases in D- 

and T-cages (Ecm), and energy of a free gas molecule (Em). Then the binding energy was determined as: 

.

b cm c m
E E E E= − −        (4) 

For small CH4, H2S, H2, N2, Ar, Kr, Xe molecules, the binding energy in small D-cages is higher than that in large 

T-cages. Consequently, these gases stabilize better small cages. At the same time, larger CO2, C2H6, C3H6 molecules better 

stabilize large T-cages. The binding energies calculated in the present work for CH4, C2H6, C3H6 molecules in T-cages  

(–0.216 eV, –0.402 eV and –0.500 eV) (Table 2) agree well with values –0.244 eV, –0.375 eV, and –0.596 eV reported in 

[24]. The authors of [22] obtained binding energies of CO2 and CH4 gases in the D-cage: –2.36 eV and –0.58 eV, 

respectively. They differ from our calculations (–0.220 eV for CO2 and –0.323 eV for CH4), and the reason of these 

differences is probably due to the fact that the authors of [22] used the lattice parameter equal to 11.62 Å and assumed fixed 

environment in optimization calculations, while we used the value 12.03 Å from work [36] and taking into account the 

dynamics of all ions. 

It is interesting how the binding energy depends on the masses and sizes of gas molecules and on their orientation 

relative to the water cell. Fig. 4 shows the binding energy as a function of the size of the hydrate-forming molecule; as can be 

seen, the binding energy increases together with the molecular diameter. The dependence of binding energy in aqueous cages 

on the weight of gas molecules (Fig. 5) shows that the binding energy increases with increasing molecular weight in a close 

to linear mode. Gases are divided into two groups according to the nature of the dependence of their binding energy in cages 

on the molecular mass: molecular ones and atomic ones (Fig. 5). For the first group, the coefficient of linear dependence is 

dEb/dM ∈ (–0.008; –0.006) eV⋅mol/g. For the second group formed by inert gases, dEb/dM ∈ (–0.002; –0.0015) eV⋅mol/g. 
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TABLE 2. Binding Energies of Gases in D- and T-Cages of the sI Hydrate. The Arrows Show Longitudinal  
and Transverse Orientations of Gas Molecules Relative to the Long Axis of the T-Cage 

Gas Cage Eb, eV 

CH4 D –0.323 

CH4 T –0.216 

H2S D –0.481 

H2S T –0.352 

H2 D –0.222 

H2 T –0.134 

N2 D –0.167 

N2 T –0.124 

Ar D –0.202 

Ar T –0.116 

Kr D –0.293 

Kr T –0.193 

Xe D –0.374 

Xe T –0.252 

CO2 T(→) –0.214 

CO2 T(↑) –0.220 

C2H6 T(→) –0.373 

C2H6 T(↑) –0.402 

C3H6 T(→) –0.490 

C3H6 T(↑) –0.500 
 

 

Fig. 4. Binding energies in D (a) and T (b) cages as functions of the gas molecule diameter. 
 
The energy of interaction of a gas molecule with the water framework also depends on the molecule's orientation 

relative to the cage. This effect is quite small for a spherically symmetrical D-cage and is more pronounced for an ellipsoid  

T-cage. The T-cage is not spherical and is flattened from the sides of hexagonal faces (Fig. 6). As a result, various 

orientations of extended molecules such as CO2, C2H6, C3H6 are characterized by different energies of interaction with the  
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Fig. 5. Binding energies in D (a) and T (b) cages as functions of the gas molecular weight. 
 

 

Fig. 6. Various orientations of non-spherical molecules CO2, C2H6, and C3H6 in the hydrate T-cage and the 
corresponding binding energies Eb. 

 

surrounding framework, as was confirmed by calculations. The orientation of CO2 in the T-cage along the long axis а is 

energetically more favorable (by 0.006 eV or ≈3% of the binding energy) than along the short axis b. The orientation of C2H6 

in the T-cage along the long axis а is more favorable by 0.03 eV (≈8% of the binding energy), and the orientation of C3H6 in 

the T-cage along the long axis a is more favorable by 0.01 eV (≈2% of the binding energy). 

DENSITY OF ELECTRONIC STATES 

The influence of guest gas molecules on the stability of sI hydrates was also studied by analysing the density of 

electronic states N(E). Fig. 7 shows the N(E) spectra of sI hydrates filled with methane and carbon dioxide and, for 

comparison, the N(E) spectra of the unfilled sI lattice. The Fermi level corresponds to 0 eV. In the presence of CH4 and CO2 

molecules, the electron density spectra contain characteristic peaks of p-electrons of carbon at –1.9 eV. The intensity of this 

peak for the methane hydrate is higher than that for the carbon dioxide hydrate, since the sI unit cell can encompass 8 CH4 

molecules and only 6 CO2 molecules. Apparently, the peaks at –9 eV on the plot in Fig. 7а are related to the s-electrons of 

hydrogen of the methane molecules, while peaks at –5.5 eV in Fig. 7b correspond to the oxygen atoms of carbon dioxide. The 

band gap calculated for all the considered gases was found equal to ≈5.2 eV, meaning that the substance exhibits pronounced  
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Fig. 7. Densities of electronic states N(E) of unfilled hydrate sI, methane hydrate sI (a), and carbon dioxide 
hydrate (b). 

 

dielectric properties. Besides, the band gap varies insignificantly depending on the hydrate-forming molecule. In both 

considered hydrates, the electron density is slightly shifted towards low energies when the cages contain gas molecules. This 

indicates that the electronic subsystem of the crystal structure occurs in a state with a lower energy. The presence of a gas 

molecule in the water framework increases the hydrate stability by reducing the total energy of the crystal. Despite the shift, 

the shape of the electron density distribution N(E) of atoms constituting the water framework almost does not change. 

CONCLUSIONS 

In this work, stabilization of D- and T-cages of the sI-type gas hydrate by molecules of various gases was studied 

(CH4, H2S, H2, N2, Ar, Kr, Xe, CO2, C2H6, C3H6). The influence of gas molecules on the geometry, binding energy, and 

density of electronic states of the hydrate crystal was considered using ab initio simulations. First, it was shown that guest gas 

molecules deform the cages and change their volumes. The guest molecule stabilizes the water cell and prevents it from 

collapsing. For the considered gases, the cage radius decrease from 0.04% to 0.23%. Second, we calculated the binding 

energies of hydrate-forming molecules in the D- and T-cages of the sI hydrate. It was found that molecules with a small 

diameter (d < 5 Å) better stabilize D-cages, while larger CO2, C2H6, and C3H6 molecules with d < 5 Å better stabilize large  

T-cages. Third, we considered the dependence of the binding energy of gas molecules in the D- and T-cages on the mass, 

size, and orientation of the molecules. The binding energy increases with increasing molecular diameter. The binding energy 

also increases with increasing molecular weight in a close to linear mode. All gases can be conditionally referred to as 

molecular or atomic, depending on the type of their binding energy versus mass dependence. It was shown that different 

orientations of extended CO2, C2H6, and C3H6 molecules in the non-spherical T-cage can be characterized by different 

binding energies, and the orientation of these molecules along the long axis is most preferable. Fourth, we obtained the 

density of electronic states N(E) for the unfilled sI hydrate and for sI hydrates containing methane and carbon dioxide. It was 

found that the electron density of the hydrate is slightly shifted towards low energies in the presence of a guest molecule in 

the cage, indicating that the energy of the electronic subsystem decreases. 
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