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Abstract: In this exploratory work, we have examined the impact of an external static electric field on the H2 
storage capacity of clathrate hydrates. To this end, we have chosen the 512 clathrate hydrate and examined the 
encapsulation of 1 - 4 H2 molecules within it. Results suggest that with the help of moderate electric fields (±0.10 𝑡𝑜 ± 0.31V/Å) , the encapsulation of 1 H2 molecule within the 512 clathrate hydrate becomes 
thermodynamically more favorable. In the cases of 4H2@512 and 2H2@512, however, the concerned processes 
become thermodynamically more favorable only when the field is applied along a specific direction. No 
favorable outcome could be observed in the case of 3H2@512, irrespective of the direction of the applied field. It 
appears from the results obtained herein that it might be possible to design a suitable external electric field to 
facilitate the hydrogen storage capacity of clathrate hydrates at ambient conditions, at least in certain cases. 

Keywords: hydrogen storage; clathrate hydrates; pentagonal dodecahedron cavity; static electric field; density 
functional theory 

 

Introduction 
Gas hydrates chemistry has become a matured topic of research. It is well known to the scientific 

community that clathrate hydrates are inclusion compounds made up of water and small guest 
molecules. Water molecules associate via hydrogen bonding to form the cage wall. Nonreactive small 
molecules function as the guest. Such cage-like composites are one among the emerging materials 
containing potential applications [1]. In the last three decades this water containing materials have 
drawn significant attention of the scientific community, although there exists a research history of 
around two centuries. Water cage compounds first came in to existence in the year 1811: Sir H. Davy 
disclosed to the Royal Society of Chemistry, London, about a new compound comprising chlorine 
and water bearing higher melting point with respect to ice [2]. Afterwards, Faraday stated that the 
composition of the compound is Cl2(H2O)10 [3]. Passing a surprising pause of ~ 130 years, Clausen 
and co-workers reported crystal structures of such type of compounds, namely structure I (sI) and 
structure II (sII) clathrate hydrates [4–6]. Later, in the year 1987, Ripmeester and co-workers reported 
about a third type of water molecules associated hexagonal cubic form (sH crystal) [7]. Existence of 
such sH crystal of water and gas mixture was confirmed by Lu and co-workers [8]. Two types of 
cavities are present in sI crystal, pentagonal dodecahedron (512) and hexagonal truncated 
trapezohedron (51262). sII crystals are formed by 512 and hexadecahedron (51264) pockets. sH clathrates 
are composed of 512, dodecahedra (435663), and irregular icosahedron (51268) cavities. Radius of 512 and 
51262 cavities in sI are 3.96 and 4.33 Å, respectively. Radius of 512 and 51264 cavities in sII are 3.91 and 
4.73 Å, respectively. Radius of 512, 435663, and 51268 cavities in sH are 3.91, 4.06, and 5.71 Å, respectively 
[1,9–12]. 

Day by day, study on gas hydrates is becoming multiple faceted. We have been studying 
clathrate hydrates to disclose its potential as hydrogen storage material (hydrogen hydrates), 
possibility of methane storage (methane hydrates), nucleation of gas hydrates, etc. [13–20]. Out of the 
many branches, research on hydrogen hydrates has extraordinary significance as it encompasses the 
possibility of achieving one of the best hydrogen storage materials [13,19]. So far, many research 
groups around the globe have been exploring clathrate hydrates as possible hydrogen storage 
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material. Dyadin et al. and Mao et al. reported about the synthesis of hydrogen gas encapsulated 
hydrates at high pressure and low temperature [21,22]. Chattaraj et al. disclosed the efficacy of 
selected hydrate cavities of sI, sII and sH forms in storing molecular hydrogen. Moreover, they 
reported the structure and stability of hydrogen loaded clathrate hydrates, the hydrogen hydrates 
[13,19]. In another study, metastable nature of sI hydrogen hydrate slab was disclosed [14]. Later, 
Koh and Sum et al. synthesized sI hydrogen hydrates and revealed the occupancy of both 512 and 
51262 cavities by hydrogen molecules [23]. How HF doping (substitutional) influences the 
thermodynamics and kinetics of formation of hydrogen hydrates from hydrogen and water 
molecules were also reported [15]. Recently, Chattaraj and coworkers in a study of sH binary hydrates 
revealed that the hydrogen storage efficiency of the 51268 cavity increases when host former methane 
and ethane molecules are present [20].  

In continuation of our research on clathrate hydrates, we have started to assess the effect of 
electric field on the structure, stability and reactivity of hydrates and hydrogen hydrates. Significance 
of electric field on hydrogen storage is already reported by many researchers, particularly, when H2 
binds via weak interaction [24–26]. It could be noted that the application of electric fields in chemistry 
has opened a new path to investigate various reactions and catalysis [27–31]. In this regard, we intend 
to investigate herein whether an external electric field could be utilized to enhance the H2 storage 
capacity by clathrate hydrates. As a model case study, keeping in mind the computational cost, we 
have chosen the 512 cavity. Moreover, the pentagonal dodecahedron cage comprises only 20 H2O 
molecules and it is present in all the three types of clathrate hydrate crystals. Structure of the 512 cavity 
(1) is provided in Figure 1, hydrogen bonds are indicated by dotted lines. 

 
Figure 1. Structure of the pentagonal dodecahedron cavity [(H2O)20, 512]. The oxygen and hydrogen 
atoms are indicated by red and off-white color spheres, respectively. Hydrogen bonds are shown by 
dotted lines. 

Computational Details 
Initial guess structures were modelled with the help of GaussView 6 software [32]. PBE0 

functional in combination with def2-TZVP basis set and Grimme dispersion D3 approximations was 
used to optimize the modelled structures in Gaussian 16 program [33–35]. Harmonic vibrational 
frequency analysis was carried out to characterize the nature of the stationary points at the respective 
potential energy surfaces (PES).                        

In order to study the effect of external electric field on the hydrogen storage capacity of the host 
clathrate hydrate system, a static electric field was applied (in both parallel as well as anti-parallel 
directions) using the keyword ‘Field’, as implemented in Gaussian 16 program [35].  Conceptual 
density functional theory (CDFT) [36–38] based global reactivity descriptors such as chemical 
hardness and polarizability have been calculated in order to understand the reactivity patterns in the 
studied systems. The following relations have been used in order to compute the chemical hardness 
(𝜂) and polarizability (α):  𝜂 = 𝐼𝑃 − 𝐸𝐴2   ;  𝐼𝑃 = 𝐼𝑜𝑛𝑖𝑧𝑎𝑡𝑖𝑜𝑛 𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙, 𝐸𝐴 = 𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑛 𝑎𝑓𝑓𝑖𝑛𝑖𝑡𝑦               (1)
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𝛼 = 𝛼௫௫ + 𝛼௬௬ + 𝛼௭௭3  ;  𝛼௫௫/௭௭/௬௬   𝑎𝑟𝑒 𝑝𝑜𝑙𝑎𝑟𝑖𝑧𝑎𝑏𝑖𝑙𝑡𝑦 𝑡𝑒𝑛𝑠𝑜𝑟𝑠        (2)

Results and Discussion 
In this work, we have considered the 512 clathrate hydrate as the representative model for the 

host system. Herein, 512 denotes a cavity having 12 pentagonal faces formed by water molecules. We 
have considered moderate external electric fields having strengths ±0.10 𝑡𝑜 ± 0.31 V/Å in this work. 
Given the fact that the host system comprises (primarily) non-covalent interactions among the 
constituent H2O molecules, application of very strong external electric fields might distort the 
structural integrity of the host. We have considered encapsulation of 1 - 4 hydrogen molecules within 
the host (Figure 2).  

 
Figure 2. Minimum energy structures of nH2@512 (n = 2- 4) at PBE0-D3/def2-TZVP level in the absence 
of electric field. 

The nH2@512 (n = 1 - 4) systems have been placed under the influence of the external perturbation. 
Harmonic vibrational frequency analysis suggests that all the reported structures in this work belong 
to the minima in the PES. Some representative geometries of the concerned systems in the presence 
of external electric fields have been shown in Figures 3 and 4. Results suggest that under the impact 
of the considered perturbations, the structural arrangement of the host remains intact, albeit some 
insignificant minor changes.  

 
Figure 3. Minimum energy structures of nH2@512 (n = 2- 4) at PBE0-D3/def2-TZVP level in presence of 
external electric field (0.10 V/Å). 

 
Figure 4. Minimum energy structures of nH2@512 (n = 2- 4) at PBE0-D3/def2-TZVP level in presence of 
external electric field ((-0.31 V/Å). 

We have presented the Gibbs free energy changes (∆𝐺;  298.15 𝐾 ) and zero-point vibrational 
energy (ZPVE) corrected interaction energies (∆𝐸) for the concerned systems in Tables 1–4. 
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Table 1. Gibbs free energy change (ΔG, kcal/mol) at 298 K and 1 atmosphere pressure, ZPVE-corrected 
interaction energy (∆𝐸, kcal/mol) for the association process: H2 + 512 → H2@512; computed 𝜂 and α 
values for the concerned systems (at PBE0-D3/def2-TZVP level of theory). 

System Field Strength 

(Fx) (V/Å) 

∆𝑮 (kcal/mol) ∆𝑬 (kcal/mol) 𝜼(eV) α (a.u.) 

1H2@512 0 1.92 -1.82 4.24 165.99 

1H2@512 0.10 1.81 -1.90 4.25 165.99 

1H2@512 0.21 1.74 -1.94 4.16 165.99 

1H2@512 0.31 1.71 -1.97 4.10 166.00 

1H2@512 -0.10 1.84 -1.87 4.25 165.99 

1H2@512 -0.21 1.75 -1.91 4.19 165.99 

1H2@512 -0.31 1.68 -1.94 4.13 165.99 

Results indicate that the encapsulation of one H2 molecule within the 512 clathrate hydrate is 
unfavorable from thermodynamic point of view (∆𝐺) at 298.15 K. However, in the presence of static 
external electric fields, this process becomes thermodynamically more favorable irrespective of 
direction of the applied field. As we increase the strength of the external electric field, the concerned 
encapsulation process becomes more favorable thermodynamically. Similar trend is observed in the 
case of the interaction energies among the host and the guest. We note that the 512 clathrate hydrate 
possesses the following values of chemical hardness (𝜂) and polarizability (α) in its free state: 4.19 
eV and 162.19 a.u. (PBE0-D3/def2-TZVP level of theory). Upon encapsulation of the H2 molecule, the 𝜂  value shows only a minor change (4.24 eV) whereas the α value increases to 165.99 a.u. (as 
compared to the 512 clathrate hydrate in its free state). It appears that due to the encapsulation process, 
the properties of the frontier molecular orbitals do not change by much whereas the 1H2@512 system 

becomes more polarizable (and therefore more reactive) as compared to the corresponding guest 
system in its free state. The concerned values for the systems in the presence of external perturbation 
are presented in Table 1. As could be seen from the presented values, the 𝜂 value only shows some 
minor changes whereas the α values, effectively, remain constant. Therefore, it could be stated that 
the external perturbation does not alter the properties of the frontier molecular orbitals by much. α 
values for these systems, on the other hand, are not good indicators for their concerned stability and 
reactivity patterns. It appears that higher order response properties might be needed to understand 
the changes in the reactivity/stability of the studied systems. It is not quite surprising as the concerned 
host-guest system is bound by non-covalent interactions only and does not involve any ‘genuine’ 
covalent bonds (and therefore significant bonding orbital interactions among the host and the guest).  

We now consider the case of 2H2@512. In the cases when the electric field is applied along the x-
direction corresponding to the molecular frame, the encapsulation processes become 
thermodynamically more favorable. This situation changes when direction of the applied field is 
flipped (-x), but for one case. The interaction energies among the host and the guests becomes more 
attractive when the field is applied along the x-direction corresponding to the molecular frame as 
compared to the case when no external perturbation is present. The α values show negligible changes 
in all the cases whereas the 𝜂 value tend to decrease by some extent when the strength of the applied 
field is enhanced.  

Table 2. Gibbs free energy change (ΔG, kcal/mol) at 298 K and 1 atmosphere pressure, ZPVE-corrected 
interaction energy (∆𝐸, kcal/mol) for the association process: 2H2+ 512 → 2H2@512; computed 𝜂 and α 
values for the concerned systems (at PBE0-D3/def2-TZVP level of theory). 
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System Field Strength 

(Fx) (V/Å) 

∆𝑮 (kcal/mol) ∆𝑬 (kcal/mol) 𝜼 (eV) α (a.u.) 

2H2@512 0 10.85 3.04 4.30 170.48 

2H2@512 0.10 10.59 2.86 4.29 170.49 

2H2@512 0.21 10.33 2.67 4.23 170.49 

2H2@512 0.31 10.26 2.39 4.15 170.51 

2H2@512 -0.10 10.95 3.15 4.27 170.49 

2H2@512 -0.21 11.03 3.18 4.21 170.48 

2H2@512 -0.31 10.71 3.15 4.14 170.48 

In the case of 3H2@512, however, the applied electric field makes the guest encapsulation 
processes thermodynamically unfavorable irrespective of the direction of the applied field.  

Table 3. Gibbs free energy change (ΔG, kcal/mol) at 298 K and 1 atmosphere pressure, ZPVE-corrected 
interaction energy (∆𝐸, kcal/mol) for the association process: 3H2 + 512 → 3H2@512; computed 𝜂 and α 
values for the concerned systems (PBE0-D3/def2-TZVP level of theory). 

System Field Strength 

(Fx) (V/Å) 

∆𝑮 (kcal/mol) ∆𝑬 (kcal/mol) 𝜼 (eV) α (a.u.) 

3H2@512 0 21.95 10.13 4.31 174.73 
3H2@512 0.10 22.14 10.22 4.27 174.76 
3H2@512 0.21 22.14 10.22 4.20 174.78 
3H2@512 0.31 22.15 10.26 4.12 174.79 
3H2@512 -0.10 22.09 10.15 4.28 174.73 
3H2@512 -0.21 22.07 10.12 4.21 174.73 
3H2@512 -0.31 22.01 10.05 4.13 174.72 

In the cases of 4H2@512, if the electric field is applied along the -x direction corresponding to the 
molecular frame, the encapsulation processes become thermodynamically more favorable in 
conjunction with more attractive interaction energies among the host and the guests. 

Table 4. Gibbs free energy change (ΔG, kcal/mol) at 298 K and 1 atmosphere pressure, ZPVE-corrected 
interaction energy (∆𝐸, kcal/mol) for the association process: 4H2 + 512 → 4H2@512; computed 𝜂 and α 
values for the concerned systems (at PBE0-D3/def2-TZVP level of theory). 

System Field Strength 

(Fx) (V/Å) 

∆𝑮 (kcal/mol) ∆𝑬 (kcal/mol) 𝜼 (eV) α (a.u.) 

4H2@512 0 
35.78 20.10 4.32 179.55 

4H2@512 0.10 
35.96 20.25 4.28 179.57 

4H2@512 0.21 
36.01 20.34 4.21 179.59 

4H2@512 0.31 
36.89 21.39 3.96 179.67 

4H2@512 -0.10 35.38 
19.77 4.31 179.54 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 6 May 2024                   doi:10.20944/preprints202405.0242.v1

https://doi.org/10.20944/preprints202405.0242.v1


 6 

 

4H2@512 -0.21 
35.17 19.60 4.25 179.52 

4H2@512 -0.31 
34.95 19.39 4.17 179.50 

It appears from the aforementioned discussion that it might be possible to design a suitable 
external electric field to facilitate the hydrogen storage capacity of clathrate hydrates at ambient 
conditions. Given the observed trends in the global reactivity descriptors, it could be stated that the 
driving force for such processes is not controlled by the frontier molecular orbitals for the concerned 
systems in a major way. Rather, it appears that the electric fields create suitable ‘electrostatic’ 
environments within the host-guest system thereby facilitating attractive interactions among the host 
and the guests.  

Conclusions 
Application of electric fields of moderate strength (±0.10 𝑡𝑜 ± 0.31 V/Å)  can monitor the 

encapsulation of molecular hydrogen by clathrate hydrates. Particularly, encaging of 1 H2 molecule 
by 512 hydrate becomes thermodynamically more favorable. On the other hand, for the 4H2@512 and 
2H2@512 cases the encapsulation becomes more favorable when the field is applied from the -x 
direction (in comparison to the cases when electric field was applied from the x-direction). The 
reference point, of course, in all the cases are the corresponding processes in absence of any external 
perturbation. Encapsulation of three hydrogen molecules is not favorable. The concerned processes 
are not controlled by the properties of the frontier molecular orbitals in a major way. It appears that 
the electric fields create suitable ‘electrostatic’ environments within the host-guest system thereby 
facilitating attractive interactions among the host and the guests. Whether these properties could be 
exploited further with the suitable choice of the external fields remains to be examined further.  
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