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Abstract 

The elastic and acoustic properties of several sII gas hydrates with hydrocarbon guests (methane, 

ethane, propane, and isobutane) were investigated and quantified using density functional theory. 

The shear modulus of ethane-methane hydrates was found to be the highest among all investigated 

hydrates. Simple (single-guest) hydrates were found to be less resistant to shear stresses than mixed 

(double-guest) hydrates. In fact, the shear properties (i.e. shear modulus and shear wave velocity) 

were shown to be closely related to the level of anisotropy in the hydrate crystal lattice, which 

itself was a function of guest size. A linearly decreasing relationship between the compressional 

wave velocity and the molecular weight of the guest was also presented. The hydrate crystal 

structure was analyzed at the atomistic level during triaxial compression and extension. The main 

findings were that the ultimate tensile strength decreases with guest size, the large cages are more 

compressible than the small cages, and the bond lengths (H-bonds and O-H bonds) exhibit opposite 

behaviour (i.e. when one lengthens the other shortens), as observed in other hydrogen-bonded 

systems. The reported properties, structure-property relations, and molecular understanding 

provide a foundation for the evolving fundamental understanding and technological advances of 

these materials.  
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Introduction 

Gas hydrates, or clathrate hydrates, are solid crystalline inclusion compounds that consist 

of small gas molecules, or volatile liquids, trapped inside a water matrix.1-2 The host lattice 

structure is made up of hydrogen-bonded water molecules that form cage-like structures, in 

which the guest molecules are enclosed, interacting with the host through van der Waals forces. 

Natural gas hydrates can be found throughout the world in ocean floor deposits and in permafrost 

regions that in total result in a greater energy potential than all other available hydrocarbons, 

while also being a cleaner source of energy.2-4 Therefore, it is no surprise that gas hydrates are 

considered a promising future source of energy. Gas hydrates are also of great concern to the oil 

and gas industry because of their propensity to accumulate and form blockages in pipelines5, 

where temperature and pressure conditions are thermodynamically favorable for hydrate 

formation. Other important gas hydrate research areas include carbon dioxide sequestration6-7, 

natural gas transportation and storage8, geological hazards9, and climate change10.  

 

Three common forms of gas hydrates exist: structure I (sI), structure II (sII), and structure 

H (sH). The factors that determine the type of hydrate structure that forms are the temperature 

and pressure conditions, and the size of the guest molecule in the presence of water.2 In nature, 

the most common hydrates found are methane sI hydrates, however sII gas hydrates, from 

thermogenic origins, have also been found11-12. Therefore, even though sI gas hydrates have 

received much more attention, sII gas hydrates are still of great significance, especially since 

they can also form in man-made structures like oil and gas pipelines, due to the presence of 

larger hydrocarbons like propane and isobutane. For the successful implementation of any large-

scale applications involving gas hydrates, such as the ones previously mentioned, the material 

properties of gas hydrates are of fundamental importance. The acoustic properties, for example, 

are necessary for detecting the presence of gas hydrates, whether in natural deposits or in 

pipelines, and for estimating hydrate composition from seismic data13-14. The lack of data on pure 

gas hydrate properties has led to poorly understood hydrate-bearing sediment mechanical 

behaviour.15 Therefore, even in instances where accurate knowledge of hydrate-bearing 

sediments is the ultimate goal, there is clearly still a need to characterize the material properties 

of pure gas hydrates, since they are so strongly linked to one another.15 
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Few studies have been performed on sII gas hydrate material properties from 

hydrocarbon formers, such as methane, ethane, propane, and isobutane.16-17 In fact, as far as the 

authors could find, only one experimental study14 exists on the elastic and acoustic properties of 

sII gas hydrates with hydrocarbon guests. However, only ethane-methane sII hydrates were 

considered in that study. Although other relevant wave speed data18-20 and elastic constants21 

have been presented in the literature, the current sII gas hydrate property database remains very 

limited15, and in some cases measurements were affected by residual water and gas19, or by ice20, 

explaining the large discrepancy in values. Furthermore, only one other first-principles 

theoretical study22 exists on the mechanical and thermal properties of sII gas hydrates. First-

principles modelling has been successfully implemented in many previous gas hydrate studies.23-

28 These methods provide the benefit of a thoroughly controlled environment, eliminating 

impurities and structural defects, where an in-depth investigation into the properties and structure 

of gas hydrates at the atomistic scale is facilitated. The goal of this paper is to fill the 

aforementioned gaps in hydrate literature by presenting the elastic and acoustic properties of 

several sII gas hydrates from hydrocarbon formers (i.e. methane, ethane, propane, and 

isobutane), using first-principles simulations. The effect of guest size on these properties and on 

the host crystal lattice structure was also investigated, in compression and in tension, relating 

molecular level characteristics to macroscopic properties, of relevance to fundamental crystal 

physics as well as technological applications.  

Methodology 
Computational method 

Computations were performed using the Spanish Initiative for Electronic Simulations 

with Thousands of Atoms (SIESTA) code which implements density functional theory (DFT). 

The revised Perdew-Burke-Ernzerhof (revPBE)29 exchange-correlation (XC) functional was used 

in all simulations. This generalized gradient approximation (GGA) XC functional was chosen 

based on our previous work23, 30, where the performance of several XC functionals were 

evaluated for gas hydrates. Although GGA functionals do not incorporate long-range van der 

Waals interactions, in our previous work23 it was shown for sI methane hydrates that no 
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improvement in the accuracy of the calculated elastic properties compared to experimental 

results was observed when taking into account these weaker interactions, such as using the DFT-

D2 method31. However, the DFT-D2 method does have its downsides31-32, and the use of newer 

van der Waals XC functionals may still have significant value in certain cases33. Double-zeta 

polarized basis sets and norm-conserving Troullier-Martins pseudopotentials were used. Other 

noteworthy simulation parameters used were an orbital energy shift of 50 meV, an energy mesh 

cut-off of 800 Ry, a k-grid cut-off of 10 Å, and a force tolerance of 5 meV/Å. 

 

Structure II gas hydrates are cubic crystals with a unit cell lattice consisting of 136 water 

molecules, also known as the host, that make up 8 large cages, also referred to as the 51264 cage 

(hexadecahedron) and 16 small cages, also referred to as the 512 cage (pentagonal 

dodecahedron), shown in Figure 1. Trapped inside these cages, gas molecules, also known as the 

guest, can be found. Due to the high computational cost of DFT and the large number of atoms in 

the unit cell of sII gas hydrates (i.e. at least 408 atoms), simulations are performed on only a 

single unit cell lattice with periodic boundary conditions. An initial sII host structure was created 

using the coordinates provided by Takeuchi et al.34 based on X-ray diffraction results and 

Bernal-Fowler ice rules. Guest molecules were then placed at the center of the cages, and 

structure relaxation simulations were performed in order to get the equilibrium structure. Three 

different types of sII gas hydrates were investigated: empty hydrate, single-guest hydrates 

(propane and isobutane) also known as simple hydrates, and double-guest hydrates (ethane-

methane and propane-methane) also known as mixed hydrates. The sII empty hydrate had no 

guest, and its equilibrium structure can be seen in Figure 1. The simple hydrates had empty small 

cages, and 100% large cage occupancy. The mixed hydrates had 100% cage occupancy, where 

the larger guest occupied the large cages and the smaller guest occupied the small cages. 

Simulating sII empty gas hydrates is not only a great tool for comparison in order to elucidate the 

role of the guest-host interactions in hydrate material properties, but empty sII hydrates are no 

longer purely hypothetical, as they have recently been synthesized experimentally35. 
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Figure 1. The small 512 cage, the large 51264 cage, and the equilibrium unit cell lattice of sII 

empty gas hydrate. 

 

Calculation of elastic constants 

Since sII gas hydrates are cubic crystals, they have three independent second-order elastic 

constants: c11, c12, and c44. The elastic constants were calculated using the energy approach as 

discussed by Stadler et al.36 and Jamal et al.37. In this method, three independent strains ε(δ) must 

be applied to the unit cell, since there are three independent elastic constants. Each given strain 

will cause a change in total system energy. This change in energy from the unstrained system can 

be expressed in a Taylor series as a function of the elastic strain, presented in equation 1. 

 

∆𝐸 = 	
𝑉&
2 𝑐)*𝜀)

,

*-.

,

)-.

𝜀* + 𝑂 𝜀)1 																																																			(1) 

 

where ∆𝐸 is the change in energy due to the strain vector ‘𝜀’, which in Voigt notation is 𝜀 =

(𝜀., 𝜀6, 𝜀1, 𝜀7, 𝜀8, 𝜀,), 𝑐)* are the elastic constants, and 𝑉& is the equilibrium volume. The three 

sets of strains used in this analysis were a volume-conserving tetragonal strain 𝜀. =

𝛿,−𝛿, ;<

.=;<
, 0,0,0 , a [110] strain	𝜀6 = 𝛿, 𝛿, 0,0,0,0 , and a [111] shear strain 𝜀1 =

0,0,0, 𝛿, 𝛿, 𝛿 . These three strains, when inserted into Equation 1, result in three different 

energy-strain equations, Equation 2, 3, and 4, respectively: 
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∆𝐸 = 	𝑉& 𝑐.. − 𝑐.6 𝛿6 + 𝑂 𝛿7 																																																	(2) 

 

∆𝐸 = 	𝑉& 𝑐.. + 𝑐.6 𝛿6 + 𝑂 𝛿6 																																																	(3) 

 

∆𝐸 = 	
3𝑉&
2 𝑐77𝛿6 + 𝑂 𝛿6 																																																							(4) 

 

Finally, for each independent strain ε(δ), the change in system energy was plotted versus 

the strain 𝛿, and a polynomial in 𝛿 was fit to the data. The second order coefficient of each fitted 

polynomial is set equal to the coefficient of the corresponding energy-strain equation, and the 

elastic constants are then solved. It should be noted that these elastic constants describe the 

elastic behaviour of a single gas hydrate crystal. However, the Voigt-Reuss-Hill approximation, 

describing the elastic properties of polycrystalline solids from monocrystalline elastic constants, 

were used to calculate the bulk modulus and the shear modulus of polycrystalline sII gas 

hydrates.38 Furthermore, elastic relations for isotropic solids were then used to calculate other 

elastic and acoustic properties such as Young’s modulus, Poisson’s ratio, compressional and 

shear wave velocities. The equations used to calculate these material properties are presented in 

the Supporting Information.  

Results and Discussion 
Elastic constants and properties 

The second-order elastic constants resulting from the energy-strain analysis described in 

the previous section are presented in Table 1, along with relevant literature values. An example 

of the data for sII empty hydrate used to calculate these elastic constants can be found in the 

Supporting Information, in graphical format (Figure S1). A set of three similar graphs was 

obtained for each sII gas hydrate. 

 

Table 1. Second-order elastic constants of sII gas hydrates monocrystals, with relevant available 

literature data. 
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 Empty Propane Isobutane Ethane-
methane 

Propane-
methane 

c11 (GPa) 19.3 16.2 14.9 16.9 15.7, 15.3a 
c12 (GPa) 8.0 8.6 7.2 6.1 6.9, 7.0a 
c44 (GPa) 5.7 4.8 4.7 6.1 5.3, 4.6a 
Zener anisotropy 
factor Az 

1.01 1.25 1.23 1.13 1.20 

Every anisotropy 
factor Ae 

-0.01 -0.16 -0.18 -0.13 -0.17 
a Huo et al. (2011), Ref. 22 

 

The elastic constants in Table 1 are in good agreement with data available in the 

literature, namely for propane-methane hydrates both theoretical22 and experimental21. There is a 

small difference in the c44 elastic constant, which represents shear in the 100 plane. The 

discrepancies in elastic constants could be attributed to the fact that we used norm-conserving 

pseudopotentials while Huo et al.22 used ultrasoft pseudopotentials. From Table 1, it can be seen 

that the c11 and c44 elastic constants generally decrease with increasing guest size. However, 

unlike for the c11 elastic constant, the addition of a guest in the small cage increases the c44 

constant. The ethane-methane sII hydrate does not follow this trend, and appears to have unique 

shear properties (i.e. c44 is the highest, even more so than for the empty hydrate). In fact, when 

comparing the sII elastic constants to sI methane hydrate elastic constants calculated from a 

similar theoretical method (c11=18.1, c12=5.7, and c44=6.2)23, ethane-methane sII hydrates stand 

out as being the most similar. This is somewhat unsurprising as the guest molecules are the most 

similar.  

 

For a perfectly isotropic cubic crystal, the Zener anisotropy factor (Az) is equal to one 

and the Every anisotropy factor (Ae) is equal to zero.38 These two quantities cannot be made a 

function of one another, and can therefore both serve as measures of anisotropy.38 Empty sII 

hydrates are almost perfectly isotropic as Az≈1 and Ae≈0. The sII hydrates begin to deviate from 

a perfect isotropic cubic structure as guest size increases. In other words, the sII gas hydrates 

become more anisotropic, as indicated by an increase in the Zener anisotropy factor Az and a 

decrease in the Every anisotropy factor Ae. The relationship between Ae and large cage guest 

diameter can be seen in Figure 2. However, the five sII gas hydrates under investigation are all 
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still nearly isotropic, since 1.00<Az<1.25 and -0.18<Ae<0. The same observation regarding the 

nearly isotropic nature of gas hydrates was also made by Shimizu et al.39 and Sasaki et al.21  

 

 
Figure 2. The Every anisotropy factor (Ae) as a function of large cage guest diameter for sII gas 

hydrates (Note: guest diameters taken from Sloan and Koh 20072). 

 

The importance of Figure 2 is in the trend that can be observed, which shows that crystal 

lattice anisotropy increases as guest size increases, and not necessarily from the equation of the 

line. It should be noted that the difference between guest size in the large cage and small cage 

will also have an impact on anisotropy. For example, methane sI hydrates were found to have 

Ae≈0 with 100% cage occupancy23, even though a methane molecule is 4.36 Å in diameter2. 

Therefore, it could be expected that sII gas hydrates with 100% cage occupancy of a guest with a 

similar or smaller size than methane (e.g. hydrogen, oxygen, nitrogen) would have a similar 

measure of anisotropy as the sII empty hydrate, not necessarily indicative of the size of the 

molecule. One may need to take into account not only the size of the guest and the size 

difference between the guests in each type of cage, but also the guest-to-cage ratio.  

 

A summary of the polycrystalline mechanical properties for the sII gas hydrates under 

investigation can be found in Table 2, along with relevant values from the literature. As 

mentioned above, very little data currently exists on the elastic properties of sII gas hydrates, 
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however in the instances where data is available14, 22, the results are in good agreement with our 

work. 

 

Table 2. Polycrystalline mechanical properties of sII gas hydrates, with relevant available 

literature values. 

 Empty Propane Isobutane Ethane-
methane 

Propane-
methane 

Lattice constant a0 (Å) 16.85 17.09 17.28 17.21 17.33, 17.72a 
Bulk modulus B0 
(GPa) 

11.75 11.14 9.76 9.70, 8.51b 9.84, 9.76a 

Shear modulus G 
(GPa) 

5.68 4.36 4.34 5.79, 3.68b 4.89, 4.43a 

Young’s modulus E 
(GPa) 

14.67 11.57 11.33 14.48, 13.41b 12.58, 11.55a 

Compressional wave 
velocity Vp (km/s) 

4.767 
4.263, 
3.698c 4.070 4.258, 3.822b 4.093, 4.141a 

Shear wave velocity 
Vs (km/s) 

2.584 2.162 2.150 2.455, 2.001b 2.237, 2.203a 

Poisson ratio 𝜈 0.292 0.327 0.306 0.251, 0.311b 0.287, 0.303a 
Density ρ (Kg/m3) 850.3 932.9 938.4 960.8, 917b 976.1, 910.0a 

a Huo et al. 2011, Ref. 22 
b Helgerud et al. 2009, Ref. 14 
c Kiefte et al. 1985, Ref. 18 

 

The mechanical properties of propane-methane hydrate presented in Table 2 correspond 

very well to the theoretical results obtained by Huo et al.22 for the same sII hydrate structure. The 

small difference in the shear and Young’s moduli for the polycrystalline propane-methane 

hydrate can be attributed to the difference in the elastic constant c44, as previously discussed. 

When compared to experimental results, in the case of ethane-methane sII hydrates14, the 

polycrystalline material properties are similar, but larger differences can be observed. Likewise, 

the compressional wave speed of 4.263km/s found for propane hydrates is larger than the value 

of 3.698 km/s found by Kiefte et al.18. This can be attributed to differences in temperature and 

pressure conditions. It should be noted that first-principles calculations are performed at a 

temperature of 0 K and a pressure of 0 GPa, analogous to atmospheric pressure, while the 

experimental results for ethane-methane sII hydrate were obtained at a temperature of 273 K and 
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a pressure of 30.5 MPa. The elastic properties of sII gas hydrates (i.e. elastic moduli, and wave 

velocities) have been shown to decrease with increasing temperature.14, 40 Therefore, we would 

expect systematically higher values at a temperature of 0 K. An exception to this rule was 

recently reported by Jia et al.41 for carbon dioxide sI hydrates where the shear modulus and 

Young’s modulus were found to decrease with increasing temperature. However, this is 

anomalous behaviour for crystalline materials, which in general lose their rigidity as temperature 

increases, and exhibit softening of the crystal lattice until it transforms into a liquid.41 The sII gas 

hydrates investigated in this work therefore appear to exhibit normal crystalline behaviour. 

Furthermore, Helgerud et al.14 reported a 94% cage occupancy for their experimentally 

synthesized ethane-methane hydrates while the nature of our simulations requires a cage 

occupancy of 100%, which can also cause differences in mechanical properties2, 42. Another 

point worth mentioning is that the ethane-methane mixed hydrate simulated in this work was 

assumed to have 100% large cage occupancy of ethane. However, in reality methane can also 

occupy the large cages. This could change the calculated mechanical properties, such as crystal 

anisotropy, shear modulus, and shear wave velocity, among possible others (i.e. as a result of 

methane occupying some of the large cages as well as all the small cages, crystal anisotropy 

could decrease, and shear wave velocity could increase). Therefore, the assumption of 100% 

occupancy of large cages by ethane can also lead to slight differences in material properties 

between theoretically and experimentally investigated ethane-methane hydrates. Molecular 

dynamics could be a great tool to study this effect as it can handle much larger systems than 

DFT, and would therefore be more feasible to study mixed hydrates with varying large cage 

occupancy. In DFT, the system is too small to introduce enough randomness into the structure. 

 

Compared to our previous work on sII gas hydrates30, where we used the equation of state 

approach to calculate the equilibrium volume and the bulk modulus, the results are extremely 

similar, validating the consistency between the two different methods. This similarity between 

methods was also found for sI hydrates.23 However, for the propane guest molecule, the bulk 

modulus is slightly different depending on the approach. We hypothesize this to be because of 

the larger internal stresses found in the propane hydrate and the propane-methane hydrate, where 

the equilibrium lattice angles deviate the most from the perfect 90° cubic angles, out of the five 

sII hydrates considered in this work. Although the butane molecule is larger, it has a more 
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spherical shape than the propane molecule, and may affect the hydrate cubic lattice in a more 

isotropic manner. As was shown earlier in this section for the elastic constants, the 

polycrystalline properties of sI methane hydrates23 most resemble the properties of ethane-

methane sII hydrates, which again is unsurprising due to the similarities in their compositions. 

Furthermore, the experimental polycrystalline elastic properties found by Helgerud et al.14 are 

also extremely similar for methane sI hydrates and ethane-methane sII hydrates, further 

validating the trend we have observed using first-principles theoretical modelling.  

 

While isobutane hydrates are more compressible than propane hydrates (i.e. lower bulk 

modulus, as seen in Table 2), they appear to have the same shear properties. In fact, simple sII 

gas hydrates are significantly easier to shear as indicated by their lower shear modulus. On the 

other hand, mixed sII hydrates with guests of similar size have a higher shear modulus (as long 

as they are relatively small), as is the case for ethane-methane hydrate. This interesting result 

arises due to the difference in size between the guests in each cage, which could mean that the 

shear modulus is also tied to the level of anisotropy in the crystal lattice. Therefore, mixed 

hydrates should be able to resist shear stresses more effectively than simple hydrates, which is 

analogous to analyzing cage occupancy. This is true for sI methane hydrates, with 100% 

occupancy, which were found to have a shear modulus of 6.23 GPa23, using ab initio modeling, 

greater than any of the values for the hydrates investigated in this work. Sasaki et al.21 also came 

to the conclusion that methane sI hydrates have a greater shear strength than propane-methane 

hydrates. The size and shape of the guest molecule have to be considered as well. For example, 

carbon dioxide is a larger molecule than methane, resulting in a larger guest-to-cage ratio, and 

has a linear shape. As a result, carbon dioxide sI hydrates have a significantly lower shear 

modulus (3.98 GPa), and are less isotropic, than sI methane hydrates23, even though both 

hydrates had 100% occupancy. 

 

It is clear from the results in Table 2 that the size of the guest molecules and the type of 

hydrate (simple versus mixed) have an effect on the material properties of sII gas hydrates. An in 

depth analysis of this effect on the bulk modulus was performed in our previous work30, where 

hydrogen-bond density and bulk modulus were found to be linearly correlated. This size effect 
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also becomes noticeable when analyzing the compressional wave velocities, which is the focus 

of the next section. 

 

Wave Velocities 

Kiefte et al.18 found that the compressional wave velocity of gas hydrates increases as the 

molecular weight of the guest decreases. Helgerud et al.14 later developed this observation into a 

relationship, shown in Equation 5, between the compressional wave velocity in gas hydrates and 

the square root of the molecular weight of the guest molecule at 0°C: 

 

𝑉B = 4019 − 46.59 𝑚HIJKL																																																									 5  

 

where Vp is in m⋅s-1 and mguest is in g⋅mol-1. Similarly, from Table 2 this relationship is also 

evident, illustrated in Figure 3, where compressional wave velocity is shown to be a function of 

the average molecular weight of the guest in each cage in the sII gas hydrates investigated in this 

work. 

  

 
Figure 3. Relationship between the compressional wave velocity in sII gas hydrates and the 

average molecular weight (in g·mol-1) of the guest molecule in each cage. 
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While the slope and intercept differ from the equation presented by Helgerud et al.14 due 

to temperature effects, as can be seen in Equation 6, the general form of the relationship still 

holds: 

 

𝑉B = 4765.4 − 133.58 𝑚HIJKL																																																									 6  

 

where Vp is in m⋅s-1 and mguest is in g⋅mol-1. It should be noted that the relationship presented by 

Helgerud et al.14 from the results of longitudinal acoustic velocities for sII gas hydrates by Kiefte 

et al.18 was developed based on simple hydrates only: propane, THF, Freon-11, and sulfur 

hexafluoride. In this work, we present the acoustic velocities of both simple and mixed hydrates. 

When attempting the same analysis with shear wave velocities, the relationship is not as obvious 

or compelling, as can be seen in Figure 4. As previously mentioned, shear properties are highly 

dependent on cage occupancy (i.e. simple hydrate, where 8/24 cages are occupied, versus mixed 

hydrate, where all cages are occupied). 

 

 
Figure 4. Relationship between the shear wave velocity in sII gas hydrates and the average 

molecular weight (in g·mol-1) of the guest molecule in each cage. 

 

Furthermore, in the previous section, we argued that the level of anisotropy in the hydrate 

crystal has a significant effect on its shear properties (i.e. shear modulus). Therefore, it follows 
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that the shear wave velocity could also depend on the anisotropy of the crystal lattice. This 

dependence is confirmed in Figure 5. 

 

 
Figure 5. The effect of crystal lattice anisotropy on the shear wave velocity of sII gas hydrates. 

 

Hydrate Atomic Structure 

Now that we have analyzed the effect of the guest molecules trapped in the gas hydrate 

lattice on the monocrystalline and polycrystalline properties, we also wanted to analyze their 

effect on the atomic structure under tensile and compressional stresses in terms of bond lengths 

and bond angles. This can give us more insight into the structural strengths and weaknesses of 

each individual sII gas hydrate, as well as in comparison to sI gas hydrates and ice.  

 

We found that the maximum tensile stress before hydrogen-bond breakage, signifying the 

onset of the collapse of the crystal lattice, is different depending on the guest in sII hydrates. An 

example of this maximum stress can be seen in Figure 6a-c for propane hydrates where the bond 

lengths eventually reach a vertical asymptote at a certain stress. These three figures illustrate the 

effect of hydrostatic compression and extension on the average bond lengths in propane hydrates, 

with error bars representing the total spread of values in the unit cell. The total spread of values 

for the hydrogen bonds and the O-O distances increases significantly as the hydrate’s maximum 

tensile strength is approached, because some of the weaker hydrogen bonds become subjected to 
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stresses which are near to or beyond their maximum strength, and therefore lengthen 

significantly upon even the smallest increase in tensile stress.  

 

 
Figure 6. Average bond lengths in propane sII hydrate under triaxial stress, with error bars 

representing the total spread of values: a) O-O distance, b) hydrogen bond length, and c) 

covalent O-H bond length. 

 

The bond lengths of all other sII gas hydrates considered in this work are presented in 

Figure S2 in the Supporting Information. The maximum tensile stress, or ultimate tensile 
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strength, for the sII gas hydrates under investigation is shown in Table 3. From this analysis, it 

can be seen that empty sII hydrates are capable of withstanding the greatest tensile stresses, 

identical to the conclusion made for sI hydrates24. Upon compression, however, the repulsive 

effect of the guest molecules allows the lattice structure to withstand much higher compressional 

stresses, which is not the case in empty sII hydrates. A high compressional strength combined 

with a weak tensile strength reveals the brittle nature of gas hydrates.24 

 

Table 3. The molecular structure of sII gas hydrates at their ultimate tensile strength. 

sII hydrate 
guest 

Tensile 
strength (GPa) 

Lattice 
constant (Å) 

Average H-bond 
length (Å) 

Average O-H 
bond length 

(Å) 
Ethane-
methane 

1.10 19.0 2.063 0.991 

Propane-
methane 

1.02 18.9 2.045 0.992 

Empty 1.26 18.8 2.026 0.993 
Propane 1.13 18.7 2.009 0.994 
Isobutane 0.98 18.5 1.976 0.995 

 

The empty sII hydrate unit cell lattice, at its ultimate tensile strength, can be visualized in 

Figure 7, where a further increase in triaxial tensile stress starts to break the hydrogen bonds of 

the large cages. Therefore, the large cages appear to be less resistant to tensile stresses than the 

small cages. An identical observation was made for the four other sII hydrates under 

investigation. 

 

 
Figure 7. Empty sII hydrate unit cell under triaxial tension at its ultimate tensile strength: a) 

before lattice destabilization and b) after lattice destabilization due to hydrogen bond breakage. 
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The difference in ideal tensile strengths seen in Table 3 would suggest that the hydrogen 

bonds in a hydrate with a smaller guest (e.g. propane) are stronger than the hydrogen bonds in a 

hydrate with a larger guest (e.g. isobutane), because it takes more force to pull them apart. This 

is also validated by the differences in their bulk moduli (11.14 GPa for propane hydrate versus 

9.76 GPa for isobutane hydrate) and in their Young’s moduli (11.57 GPa for propane hydrate 

versus 11.33 GPa for isobutane hydrate). Again, this could be due to the repulsive effect of the 

guest molecule on the surrounding cage of hydrogen-bonded water molecules. Therefore, in 

tension, the repulsive effect of the guest causes a weakening of the lattice structure, while in 

compression, it causes a strengthening of the lattice structure. However, the lattice constants at 

which the sII hydrates break upon extension and cause lattice destabilization follow a slightly 

different trend than the ultimate tensile strengths, and are shown in Table 3. This trend is also 

reflected in the average hydrogen-bond length at the ultimate tensile strength, seen in Table 3. It 

can be seen that having a guest in the small cage (e.g. methane) can increase the stability of the 

hydrate crystal and allow for a greater average H-bond length and lattice volume, at the ultimate 

tensile strength. Therefore, both tensile strength and maximum volume depend on the properties 

of the H-bond (i.e. how much it can stretch and elongate without breaking), however the 

maximum volume also depends on the stabilizing effect of the guest molecules, while the 

ultimate tensile strength is purely a function of guest size. The stabilizing effect of the guest 

molecule will depend on guest size, because of the interplay between repulsive and attractive van 

der Waals forces.  

 

Having a larger guest in the large cage leads to a greater destabilization of the hydrate 

structure in tension and causes a shorter H-bond length at the ultimate tensile strength. Since 

there are 16 small cages and only 8 large cages in the unit lattice, the guests in the small cages 

have a greater influence, as can be seen by the fact that propane-methane and ethane-methane 

hydrates are stable at a larger volume than the empty hydrate. Further evidence of this can be 

seen in Figure 8a, where the size of the small cages, as the sII gas hydrates reach their ultimate 

tensile strength, follows the same trend as in Table 3, while the size of the large cages follows 

the opposite trend, shown in Figure 8b. This means that ethane-methane hydrates have the 

smallest difference in cage size (large cage versus small cage), while isobutane hydrates have the 
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largest difference in cage size, helping to further explain the differences in their shear properties 

presented earlier.  

 

 

 
Figure 8. The relationship between cage radius and lattice size of sII gas hydrates: a) small cages 

and b) large cages. 

 

Furthermore, Figure 8 shows a linear relationship between the radii of the cages and the 

lattice size. This observation validates the assumption that the cage radii are a linear function of 

the lattice constant made by Ballard et al.43 in an attempt to improve upon the van der Waals-

Platteeuw thermodynamic model for gas hydrate formation prediction. However, the slope of the 
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line depends on the size of the guest, and the type of cage. For one, the large cages in any given 

sII hydrate are more sensitive to changes in pressure than the small cages, as seen by the larger 

slopes in Figure 8b, which means they are more compressible. Izquierdo-Ruiz et al.28 and 

Klapproth et al.44 came to the same conclusion regarding the compressibility of the two types of 

cages in carbon dioxide and methane sI hydrates, respectively: the large cages (62512) are more 

compressible than the smaller ones (512), and with an increase in pressure comes an increase in 

the ratio of small cage volume to large cage volume. When one type of cage is most sensitive to 

the presence of a guest molecule, it follows that the other type is least sensitive, and vice versa, 

as suggested by the opposite trends in slopes for the five sII gas hydrates in Figures 8a-b. The 

equilibrium cage radii are in good agreement with available data in the literature. For example, 

Kumar et al.45 found an empty 512 cage to be 3.85 Å in radius, and Sloan et al.2 presented a value 

of 3.91 Å for the sII small cage and 4.73 Å for the large cage, while our results are 3.79 – 3.92 Å 

for the small cage and 4.54 – 4.71 Å for the large cage depending on the type of guest. 

 

Going back to Figures 6a-b, it can be seen that as the system is isotropically compressed 

the O-O distances and the hydrogen bond lengths decrease, respectively. However, in Figure 6c, 

it can be seen that the O-H covalent bond lengths increase with increasing pressure. This is 

somewhat different to what was observed in our previous work24 for uniaxial compression of sI 

methane hydrates, where the O-O distances and hydrogen bond lengths initially decrease upon 

compression, however with further compression the bond lengths reach a minimum and begin to 

increase. Likewise, the covalent bond lengths increase upon compression eventually reaching a 

maximum and then begin to decrease upon further uniaxial compression of sI methane hydrates. 

On the other hand, no significant difference was observable in the structural changes whether the 

gas hydrate lattice was subjected to uniaxial or triaxial tensile stress. The overall recurring theme 

is that the H-bond and the O-H covalent bond lengths change in opposite directions (see Figure 

S2 in the Supporting Information). In fact, it is well known that in hydrogen bonding systems, as 

the hydrogen bond length decreases (and as the total O-O distance decreases) the covalent bond 

length increases.46-49 As the system is being compressed, the O-O distance inevitably decreases, 

as the hydrogen-bonded water molecules are forced closer together. Since the hydrogen bond is 

weaker, and therefore more compressible than the covalent bond, this causes the hydrogen bond 

to decrease in length as pressure increases. As the hydrogen bond decreases in length, it becomes 
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stronger, and consequently has a stronger pull on the covalently bound hydrogen atom. This then 

causes the covalent bond to weaken and therefore lengthen.  

 

In Figure 9, it can be seen that as compressive stress increases, the difference in length 

between the H-bond and the O-H bond decreases. Theoretically, this could continue as pressure 

is increased until both bonds reach equal length, provided that the hydrate lattice remains stable. 

Also known as length symmetrisation, or hydrogen bond symmetrisation, this phenomenon was 

hypothesized in 197250 and experimentally confirmed in 199851 for ice under 60 GPa of pressure 

at 100 K.  

 

 
Figure 9. Length symmetrisation in propane sII hydrate under triaxial stress (i.e. both bonds tend 

towards equal length under increasing compressive stress). 

 

A more compelling depiction of length symmetrisation can be seen in Figure 10, where 

the dependence of each individual average bond length is shown as a function of the overall O-O 

average distance for isobutane hydrate. The trend observed in Figure 10 is extremely similar to 

that observed by Goryainov et al.49 showing the theoretical dependences of the O-H and H-bond 

lengths on the total O-O distance as well as experimental data of crystals52-53. The figure 

presented by Goryainov et al.49 also shows the two bond lengths meeting at an O-O distance of 

2.4 Å, where each bond would be 1.2 Å in length. Although Figure 10 seems likely to 

corroborate this observation, the isobutane hydrate lattice was no longer stable at an O-O 
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distance below 2.5 Å. The lattice became too compressed and had to rearrange by breaking 

bonds and reordering. The same behaviour was observed for all other sII gas hydrates under 

investigation (see Figure S3 in the Supporting Information). Therefore, although length 

symmetrisation could theoretically also occur for sII gas hydrates, there would inevitably be a 

change in lattice configuration, and the lattice structure would no longer be typical of structure II 

gas hydrates. 

 

 
Figure 10. The dependence of the average hydrogen bond and covalent bond lengths on the 

average O-O distance in sII isobutane hydrate.  

 

Figure 11 illustrates the average O-O-O angles in sII gas hydrates, upon isotropic 

compression and extension, with error bars representing the total spread of O-O-O angles in the 

unit cell. The sII hydrate structure does not vary significantly from the ideal tetrahedral 

arrangement of 109.5° throughout the entire range of compressional and tensile stresses, as seen 

in sI methane hydrates, but unlike ice Ih24. This means that the lattice of ice Ih is better suited to 

adapting to applied stresses, by slightly reorganizing its internal structure without mechanical 

failure. However, both sI24 and sII structures remain rigid and virtually unchanged, suggesting 

they will likely be unable to withstand the same stresses without sudden structural failure. We 

found that the propane hydrate deviates by 0.004% and 0.12% from its equilibrium average bond 

angles under tension and compression, respectively, while ice Ih deviates by 0.25% under 

tension, and 1.38% under compression24. That change in bond angles is over 60 times greater 
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under tension, and over 10 times greater under compression for ice Ih than for propane hydrates, 

demonstrating the rigidity of the hydrate structure.  

 

 

 
Figure 11. Average O-O-O angles in sII propane hydrate under triaxial stress, with error bars 

representing the total spread of O-O-O angles in the unit cell. 

 

Although the average O-O-O angles in sII gas hydrates do not vary significantly from 

109.5˚, it should be noted that two different categories of O-O-O angles exist: pentagonal face 

angles and hexagonal face angles. This explains why gas hydrates have a greater variability in 

bond angles than ice Ih24, and also why the total spread of values shown by the error bars in 

Figure 11 is so large. Upon compression, the spread becomes even larger, because the cages 

begin to warp causing some O-O-O angles near the maximum value to increase and others near 

the minimum value to decrease. Figure 12 illustrates the O-O-O angles in sII propane hydrates in 

their respective category, with error bars representing the total spread of O-O-O angles in the 

unit cell. A perfect pentagonal angle is 108˚, and a perfect hexagonal angle is 120˚. As can be 

seen in Figure 12, the average O-O-O angles in sII propane hydrates do not vary from their 

respective ideal angles upon isotropic compression and extension. However, the variability 

within each category increases not only with increasing compressive stress, but also with 

increasing guest size (see Figure S4 in the Supporting Information).  
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Figure 12. O-O-O bond angles in sII propane hydrate under triaxial stress, with error bars 

representing the total spread of O-O-O angles in the unit cell. 

 

A summary of the bond lengths and angles under zero stress for all sII gas hydrates under 

investigation can be found in Table 4, in order to analyze the effect of guest size. With an 

increase in guest size comes an increase in the O-O distance as well as in the H-bond length, but 

a decrease in the O-H covalent bond length. The empty sII O-O distance of 2.716 Å corresponds 

well to the average value of 2.72 Å found by Kumar et al.45 for the empty dodecahedral water 

cage. Our average equilibrium bond lengths and angles for sII hydrates are also in agreement 

with other theoretical and experimental results for sI hydrates and ice Ih24, 28, 54. While neither the 

pentagonal face angles nor the hexagonal face angles in sII gas hydrates deviate significantly 

from the ideal arrangement, regardless of guest size, there is slightly more change in the angles 

of the hexagonal faces. Therefore, the hexagonal faces, and by extension the large cages, appear 

to be more compliant, and it is likely that they would be the first to rearrange upon added stress. 

This observation is also corroborated by the fact that the large cage radii are more sensitive to 

changes in pressure and that the hydrogen bonds of the large cages are the first to break upon 

added triaxial tensile stress beyond the hydrates’ ultimate tensile strength, as mentioned 

previously. It is no coincidence that the small cage (i.e. the pentagonal dodecahedron) is the only 

cage found in all three of the most common structures of gas hydrates (i.e. sI, sII, and sH). 
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Table 4. Average equilibrium bond lengths (Å) and angles (˚) for sII gas hydrates 

 Empty Propane Isobutane Ethane-
methane 

Propane-
methane 

O-H covalent 
bond 

1.007 1.004 1.002 1.003 1.001 

Hydrogen 
bond 

1.710 1.749 1.780 1.772 1.793 

O-O distance 2.716 2.752 2.781 2.773 2.793 

O-O-O 
angles 

109.39 109.39 109.26 109.39 109.39 

Pentagonal 
face angles 

107.99 107.99 107.98 107.99 107.99 

Hexagonal 
face angles 

119.84 119.89 119.92 119.85 119.87 

 

Conclusions 

The mechanical properties presented in this work are a significant contribution to the 

extremely limited database of sII gas hydrate material properties. These results provide important 

insight into the differences between the elastic properties of specific gas hydrates, for example 

how resistant to shear stresses each of them is, and by extension how hydrate-bearing sediments 

may behave depending on their composition. Ethane-methane sII gas hydrates were found to 

have the largest shear modulus, while isobutane sII gas hydrates have the lowest. In fact, the 

shear properties of gas hydrates were shown to be largely influenced by the level of anisotropy in 

their crystal lattice, which itself is related to the size of the guest. The effect of guest size on gas 

hydrate properties and structure at the atomistic level has been thoroughly investigated and 

elucidated. The size effect can be observed not only through sII hydrate anisotropy, which 

increases with guest size, but also through the compressional wave velocity, which decreases 

with guest molecular weight. The acoustic properties of gas hydrates, such as the compressional 

wave velocity, are extremely important in natural gas hydrate deposit detection and 

concentration estimation. It was determined that the repulsive effect of the guest molecule 

weakens the hydrate lattice structure upon tension, but strengthens it upon compression, giving 

empty sII hydrates the highest tensile strength, but the lowest compressive strength, defined as 
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the pressure at which the lattice starts to collapse. On the other hand, isobutane sII hydrates have 

the lowest tensile strength, and propane-methane sII hydrates have the highest compressive 

strength. Furthermore, the large cages in the hydrate structure are more sensitive to changes in 

pressure than the small cages, and as a result are more compliant. Understanding what affects the 

properties and structure of gas hydrates at the molecular level is the first step towards large-scale 

implementation of gas hydrate applications. 

 

For future work, it may be useful to use newer XC functionals that not only take into 

account van der Waals forces, but include them in the electron density calculation. In other 

words, a more rigorous incorporation of van der Waals interactions in the XC functional may 

improve the accuracy of the results, especially for empty sII gas hydrate, which has no Coulomb 

repulsion from the guests.  
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Synopsis: Density Functional Theory has been used to calculate the elastic and acoustic 

properties of sII gas hydrates with hydrocarbon guests. This work highlights the effect of guest 

size on these properties as well as on the host lattice structure at the molecular scale during 

triaxial compression and tension, relating microscopic characteristics to macroscopic properties. 
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