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Abstract. Gas clathrate hydrates solid materials, ubiquitous in the nature as found either on the
ocean floor, permafrost on earth or in extraterrestrial planets and comets, are also technologically
relevant, e.g., for energy storage or carbon dioxide sequestration. Nitrogen hydrate, in particular,
is of great interest as a promoter of the kinetics of methane replacement reaction by carbon dioxide
in natural gas hydrates. This hydrate may also appear in the chemistry of planets wherever the
nitrogen constitutes the majority of the atmosphere. A fine understanding of the stability of this
hydrate under various thermodynamic conditions is thus of utmost importance to assess its role in
the many fields where it occurs. In the present work we have investigated the structural properties
of the nitrogen hydrate by means of DFT calculations. We show that the lattice parameters strongly
depend onto the cage occupancy and that sl structure has higher bulk elasticity than slI structure.
An energy analysis reveals the key role played by the cage occupancy onto the type of hydrate
structure formed, that could be used for experimentally estimating the cage occupancy through the

lattice parameter measurement.



1. Introduction

Gas clathrate hydrates are natural porous solid materials. Since few decades, they became of particular
interest for their applications in various research fields, such as energy, technology and environment.' As
examples, gas hydrates are involved in flow assurance, in gas separation technologies or for desalination
and they are considered as a substantial energy reservoir.'” These systems are also studied from a
fundamental point of view in the areas of physical-chemistry and astrophysics.>* Nitrogen hydrate has been
widely studied due to its particular relevance. For example, a new technology has been developed for the
replacement of methane by carbon dioxide in natural gas hydrates, using N, as a promoter of the replacement
kinetics.* The investigation of nitrogen hydrates is also relevant in the fields of atmospheric chemistry and
in astrophysics, since nitrogen is one of the most abundant constituents of the atmosphere of various planets
in our solar system. Researches conducted in that fields rely on clathrate hydrates to explain and reconstruct
the evolution of the atmospheric composition, either on Earth®'® and on planets or comets, such as
67P/Churyumov-Gerasimenko''.

Clathrate hydrates are composed of water molecules, arranged in cages forming the host network. Small gas
molecules trapped in these cages are referred to as guest molecules. Nitrogen hydrate is known to crystallize
into the so-called type I and type II cubic structures (called sl and slI), lattices with unit cell parameter of
approximately 12 A and 17 A, respectively. The sl and sII unit cells consist of 46 and 136 water molecules,
respectively. Both structures are composed of two types of cages, commonly called small cages and large
cages (labeled SC and LC, respectively). The sl contains 2 pentagonal dodecahedra (noted 5'%) SCs and 6
tetradecahedron (5'%6%) LCs while the sII is made of 16 SCs (5'%) and 8 hexakaidecahedral (5'26*) LCs. The
small cages are the same in both structures, but the large cages in sll are slightly bigger than in sl.
Thermodynamic modeling of nitrogen hydrate predicted that sI would be the most stable form at high
pressures (>1000 bar) while sII would be more stable at lower pressures (~100 bar)'?, as shown in Fig. 1.
Experimentally, it has been proved that, at moderate pressure, nitrogen hydrate initially forms a type I
structure and transforms into its thermodynamically stable form, the type II structure, after few days."
Similar structural metastability has been observed for carbon monoxide clathrate hydrate, which also forms
in sI and converts into sII after 17 weeks.'*'> Small molecules, like N, or CO, preferentially form the type
II structure due to their ability to fill the larger SCs proportion in sIl when compared to sl. It becomes then
of great interest to investigate how the cages occupancy by the guest molecules influence the gas hydrate

structural stability.
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Figure 1. Theoretical (left) and experimental (right) nitrogen hydrate phase diagrams. Black solid lines
correspond to calculated nitrogen hydrate equilibrium lines adapted from Lundgaard, et al ‘2. The blue line
corresponds to the melting equilibrium of water. Black symbols correspond to experimental data.'™'® The

red square is the dissociation point of the nitrogen hydrate measured experimentally at 1 bar."

The cage occupancy corresponds to the average number of guest molecules in small or large cages. For
instance, empty sl SCs correspond to Osc¢= 0 (all SC empty) and one guest molecule per sI SC correspond
to Osc=1 (all SCs filled). Experimental studies with various techniques have been conducted to investigate
the occupancy @sc and @.c of small and large cages, respectively, in nitrogen clathrate hydrates,*®!%-13:1920
These studies revealed that N> molecules were localized in both types of cages, regardless of the structure
formed. Notably, neutron diffraction studies showed that a sII nitrogen hydrate formed at 150 bar and 258
K for 20 days had 0sc= 0.87 and 0;.c= 1.2 (meaning that 20% of the sII LCs are occupied by two nitrogen
molecules)' and that a sl nitrogen hydrate formed at 1093 bar and 268 K for 11 days had fsc=0.98 and 6;¢
=1.12 *. Overall, SC occupancy ranges from 82 to 100 % and LC occupancy ranges from 97 to 125 %. The
LC double occupancy has almost always been observed for samples studied by neutron diffraction. A Raman
scattering study of the nitrogen hydrate recently evidenced that the LCs have the ability to catch and release
guest molecules by simply varying T-P conditions."* This ability was also observed in the case of the carbon
monoxide hydrate.”> The effect of both the temperature and pressure on cage occupancy and lattice
parameter of nitrogen hydrates has been described. In general, for a given temperature, the cage occupancy

13,21

increases with increasing pressure and, at fixed pressure, the cage occupancy increases when the

13,22

temperature increases However, at a given pressure, the lattice parameter increases with

1319 whereas decreases with the pressure (for P>500bar) at constant temperature®'’. Studying

temperature
these effects of pressure on lattice parameters has also led to the determination of the compressibility of the
nitrogen hydrate. Experimentally, the structure type I has a lower bulk modulus Br than structure type I1,*"

meaning that sI may undergo more structural deformations than slII.



Several theoretical studies of the nitrogen hydrate have also been conducted. Molecular dynamics
calculations were performed on sll nitrogen hydrate to investigate the possibility of LCs double
occupancy.”*** These calculations showed that the hydrate structure remained stable for all tested pressures,
temperatures and compositions. The volume and energies were found to be linearly dependent on the cage
occupancy, and there was no marked difference in the structure between singly and doubly occupied
systems. Grand-canonical Monte-Carlo studies were performed on sl and sII nitrogen clathrate hydrates.?>*°
These studies showed that at low temperature (at 50K), the SCs are filled before the LCs, but at higher
temperature (at 150K) the opposite happens, i.e. the LCs are filled before the SCs. Carbon monoxide hydrate
has also been simulated and, in the latter case, whatever the structure formed or the temperature, the SCs
were always occupied before the LCs, although at 150 K the occupancy of both types of cages becomes
simultaneous.

All these results highlight the key role of cage occupancy, and in particular the importance of water-guest
interactions on the structural stability of the hydrate.”” However, as important as they are, these water-guest
interactions cannot be considered alone to fully describe the structural and energetic properties of the
system.” Indeed, it is important to consider the host-host interactions contained in the H-bonded solid
network formed by the water molecules that are the main constituent of a gas hydrate.”” As an example, the
encapsulation of strong acids within the water cages leads to generate H-bond defects (breaking the so-
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called ice rule) within the water network modifying the H-bonded water dynamics and physico-
chemical properties such as hydrate stability®® or formation kinetics**. The structural stability of the nitrogen
hydrate must therefore be investigated considering both guest-host and host-host interactions.

Nowadays, to study molecular interactions in condensed phase systems, it is appropriated to use periodic
density functional theory (DFT) calculations.’ Two types of interactions are involved in gas hydrates: the
host-host interactions between water molecules, which correspond to hydrogen bonding, and the guest-host
interactions between the guest molecule and the host cage, which is mainly due to van der Waals (vdW)
dispersion forces. It is important that DFT correctly describes these two kinds of interactions and in
particular the vdW interactions that contribute to the structural stabilization of the hydrate with respect to
ice. Unfortunately, the most common exchange-correlation functionals in DFT, such as local density
approximation (LDA) or generalized gradient approximation (GGA), are not able to describe the long-range
electron correlations that are responsible for the dispersion forces. Although many dispersion-based DFT
methods have been developed over the recent years®, there is not yet a method fully capable to provide an
accurate description of clathrate hydrates®’.

DFT-based clathrate hydrates structural stability studies have been reported recently.*®*’ In the first study*®,

DFT has been used in order to determine the equilibrium lattice volume and bulk modulus of slI

hydrocarbons hydrates using several functionals and equations of state with a comparison to experimental



data. This investigation concluded that the experimental lattice parameters are better reproduced by using
the revPBE functional (revised Perdew-Burke-Ernzerhof), and the bulk modulus of sII hydrate was found
to increase with increasing atomic volume. In the second study*’, DFT calculations have been performed to
investigate the structural stability and energy properties of the carbon monoxide hydrate. The simulations
were done on complete sI and sII unit cells, with varying cage occupancy, and testing two functionals (PBE*’
and vdW-DF*") to study the impact of the dispersion forces on the gas hydrates properties. Optimized lattice
parameters were compared to neutron diffraction and a good agreement was found between theoretical and
experimental results. The hydrate structural stability was also investigated through a careful potential energy
analysis and results showed that sII is the thermodynamically stable CO hydrate structure. Furthermore,
increasing the CO content in the hydrate, i.e. doubly occupying the LCs, was found to destabilize the sI and
to have a stabilizing effect on the sII.

The aim of the present study is to investigate the structural and energetic properties of nitrogen clathrate
hydrate. Both sl and sII unit cells are considered, and DFT-derived structural properties are compared to
experimental data. An analysis of the DFT potential energies is presented and aims at providing a better
understanding of the hydrate structural stability. Two different exchange-correlation functionals are used,
namely the semilocal functional Perdew-Burke-Emzerhof (denoted PBE) and the nonlocal functional vdW-
DF. The PBE functional does not include dispersion effects but still provide a correct description of the H-
bonding network. Therefore, the comparison with the vdW-DF functional, which accounts for dispersion
interactions, allows to investigate the effect of the dispersion forces on the calculations. Since the hydrate
structural stability depends on the presence of the guest molecules (empty hydrate is not stable), the

influence of the cage occupancy on structural and energetic properties is also evaluated.

II. Calculations Details

The Vienna ab initio Simulation Package (VASP 5.3.5), a periodic plane wave basis set code*>**, has been
used to perform DFT calculations. In order to calculate the exchange-correlation energy, two functionals
were used: the semilocal PBE functional*’ and the nonlocal van der Waals Density Functional (vdW-DF)*'.
Using both functionals made it possible to investigate how the dispersion forces influence the calculated
properties. The projector augmented waves (PAW) method*®*” has been used to describe the electron core
interaction. The energy cutoff in the plane wave expansion was 520 eV corresponding to high precision
VASP calculations. All calculations are made at the I point of the Brillouin zone because of the large size

of unit cells.
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Figure 2. Representation of sl (Left) and SII(Right) LC for single N, occupancy (Top) and double (Bottom)

N> occupancy.

The first step of the DFT calculations consisted in building the elementary simulation box. The simulation
box was built using X-ray diffraction data*** of the sI and sII structures, providing the oxygen atoms
positions of the aqueous sub-structure. Two hydrogens atoms were then added to each oxygen atom to form
the water molecules and build the water cages by following the ice rules (i.e. each water molecules accepts
and donates 2 H-bonds). Simulations were performed on a complete cubic unit cell with a size of
approximately 12.0 A and 17.2 A for sl and slI, respectively. The influence of the cage occupancy on the
structural and energetic properties of nitrogen hydrate has been investigated. The performed simulations are
labelled according to cage occupancy as [0sc/Oic], where Osc and Orc are the small cage and large cage
occupancies respectively. A summary of all the studied cases is presented in Table 1. The first calculations
were performed on singly occupied systems, i.e. with all cages occupied by one guest only, which was
positioned at the center of the cages (Fig. 2). These calculations are labelled [1/1] according to the above
convention. Calculations have also been performed on systems with some doubly occupied large cages (i.e.
Orc > 1), keeping a single occupation of the small cages (i.e. Osc = 1). The double occupancy of the large
cages has been varied from one large cage doubly occupied (i.e. 1 < Orc < 2) to all the large cages doubly
occupied (i.e. Orc = 2). In the case of a doubly occupied large cage, the guest nitrogen molecules were
positioned as follows: the molecular axis were positioned orthogonally at a distance of 2.4A (corresponding
to 1/3 of the LC diameter) from each other (Fig. 2) with the center of mass of the two molecules

corresponding to the center of the cage. As an example, Fig. 2 illustrates singly and doubly occupied large



cages of sl and slI. Finally, various incompletely filled systems with empty cages were tested (i.e. Osc <1 or
OLc<1].

Once the simulation box was built, a first relaxation of all atomic positions was performed to minimize the
energy of the structure. Then a volume relaxation step was carried out in order to determine the optimum
lattice parameter of each simulated system. A final global relaxation of the complete unit cell was done until
forces on atoms converged to within 0.01 eV/A.. For each case studied, both sl and sII have been considered
with the two functionals (PBE and vdW-DF). In order to verify our initial H-bonded water arrangement, a
set of calculations has been performed with the initial structure arrangement provided by Takeuchi et al.*
The test was realized on simply occupied nitrogen hydrates (sl and sII) with both functionals used to run
the calculations. All energy values obtained were very close to the ones calculated with the present built

simulation box.

Table 1. Summary of the calculations performed. In each case, both PBE and vdW-DF functionals have

been used.
sl clathrate structure sII clathrate structure
Labelling Occupancy Labelling Occupancy
[0sc/B1c] Osc Orc [0sc/B1c] Osc OLc
[0/1] 0 1 [0/1] 0 1
[0.5/1] 0.5 1 [0.5/1] 0.5 1
[1/0] 1 0 [1/0] 1 0
[1/0.5] 1 0.5 [1/0.5] 1 0.5
[1/1] 1 1 [1/1] 1 1
[1/1.17] 1 1.17 [1/1.125] 1 1.125
[1/1.33] 1 1.33 [1/1.25] 1 1.25
[1/1.5] 1 1.5 [1/1.375] 1 1.375
[1/1.67] 1 1.67 [1/1.5] 1 1.5
[1/1.83] 1 1.83 [1/1.625] 1 1.625
[1/2] 1 2 [1/1.75] 1 1.75
[1/1.875] 1 1.875
[1/2] 1 2

II1. Results and Discussion



1) DFT-derived structural properties

Unit cell volume optimizations were performed for all the simulated systems. These optimizations were
done by varying lattice parameters using a 0.2 A step and relaxing all atomic positions. In Fig. 3 examples
of calculated vdW-DF potential energy curves are presented as a function of the lattice parameter for both
type I and type II structures and for different cage occupancies (PBE functional results are provided in Fig.
S1). These potential energies were successfully fitted using the Birch-Murnaghan equation of state (denoted

EOS)’!

E(V)—E, = %{[(%)% - 1]3 Br + [(%)2/3 B 1]2 [6 - (%)2/3] } W

where Ejcorresponds to the minimum energy associated with the volume V%, Bris the bulk modulus and B;
is the derivative of the bulk modulus with respect to pressure. The optimal lattice parameter of the cubic
structure deduced from these fits was then used to perform the final relaxations and extract properties

discussed in the following.
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Figure 3. DFT potential energy difference E-Ey, as a function of the lattice parameter from DFT calculations
obtained with the vdW-DF functional for both sl (empty squares) and slI (filled circles) structures. The
results are shown for all cages single-occupancied (left, [1/1]), for half of the LCs double-occupied (center,
[1/1.5]) and for all LCs double-occupied (right, [1/2]). The continuous lines represent the fitted curves using

the Birch-Murnaghan equation of state (see Equation (1)).

The dependence of the unit cell parameter on the large cage and small cages occupancies is shown in Fig. 4
for sl and slI structures. The optimal lattice parameters obtained with the vdW-DF functional (empty
symbols) are larger than the one obtained with the PBE functional (solid symbols), for both structures. Such
a behavior has been reported in the case of methane® and carbon monoxide® hydrates: the vdW-DF

functional lead to overestimate the interatomic distances (and thus overestimate the lattice parameter)



compared to PBE functional due to the repulsive nature of the exchange-correlation contribution of the
vdW-DF functional®’. The PBE-derived unit cell parameter increases with the cage occupancy, regardless
of the considered structure and interestingly, a discontinuity in the lattice parameters slope is observed for
Orc > 1 (i.e. for double occupancy of the large cages). With the vdW-DF functional, the same trend is
observed for the sl structure while the sII does not exhibit significant variations with the cage occupancy.

The lattice parameters presented in Fig. 4, resulting from DFT calculations, correspond to values obtained
at zero temperature (no kinetics energy contribution is considered in the calculations) and minimized
pressure as relaxed lattice parameters were considered (i.e. P ~ 0 bar). For a more appropriated comparison
of the DFT-derived cell parameter with the experimental ones recorded at higher pressures (see Fig. 5), the
parameters of the Birch-Murnaghan EOS are used to include the pressure effects in the calculation of the
DFT-derived cell parameters. The Birch-Murnaghan EOS (see equation 1) - used to fit the potential energy
dependence with volume of Fig. 3 - gives access to the bulk modulus Br, i.e. the inverse of the relative

volume variation of the material submitted to a pressure, expressed as:

By = —V (E)P:O )

The DFT-derived bulk moduli Br of the N, hydrates (reported in Table 2) exhibit a general trend: PBE-
calculated Br are greater than the ones derived from vdW-DF, except for multiple LC occupancy of the sl
structure. The variation range of bulk modulus values is also larger for the PBE functional. The
overestimated distances for the vdW-DF functional lead to larger dimension of the cages compared with the
PBE functional. Therefore, a smaller impact on the cage occupancy is observed for the vdW-DF functional
thus giving a smoother evolution of the bulk moduli.

In order to compare with the DFT-derived bulk moduli, the experimental values are reported in the Table 3.
The DFT-derived values are of the same order of magnitude as those measured experimentally with a better
agreement for the most recent study.' Moreover, the sI bulk moduli are lower than those of sII for
experimental results and for most cases in theoretical results. The lower Br value measured in the case of
structure sl reflects the fact that this structure has a higher elasticity (easier deformation with pressure) than
the structure sll. In other words, the slI requires more energy to be deformed. This behavior agrees with the
present DFT-derived results shown in Fig. 3: curvatures of the potential energies variation with the lattice
constant are less pronounced for sl than for slI - a flatter curvature meaning a lower bulk modulus Br. In
addition, the volume variation, illustrated through the cage occupancy dependence of the cell parameter
(Fig. 4), is more important for sl than for sIl, with a pronounced deviation in the case of the PBE functional.
This supports the observation that the structure sl is more impacted than the structure sll by the cage

occupancy variation. In some limited cases, the calculated Br values are lower for sII than for sl. This



happens mostly when the small cages are not fully occupied such as in the [0/1] and [0.5/1] cases. Since

there are more empty SCs in slI than in sl, the slI structure becomes more deformable than the sl structure.
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Figure 4. DFT-derived lattice parameter as a function of the large (left) and small (right) cage occupancy,
for sl (at the top) and slI (at the bottom) structures. The solid and empty symbols correspond to the values
obtained with the PBE and vdW-DF functionals, respectively.

There are only few experimental studies reporting an isothermal variation of the cage occupancy and unit
cell parameter with pressure.®'®"* From Rietveld refinement®'’ the small cage occupancy Osc has been
reported to vary from 85 to 100% while the large cage occupancy Oic is almost always greater than or equal
to 100%. The isothermal compressibility coefficient xr (inverse of the bulk modulus) has been used to
calculate the DFT-derived cell parameters at pressures matching the experimental values and at cage
occupancies (indicated with stars in Table 2) close to the experimentally reported values, for which it was
assumed a SC occupancy of 1 in all cases. The Fig. 5 shows the DFT calculated cell parameters versus the

large cage occupancy for a full SC occupancy (Osc = 1) of the sl and slI structures. The experimental cell
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parameters determined from neutron diffraction are also reported on the same figure. As expected, the
pressure-corrected theoretical data leads to lower lattice parameter for both functionals than the initially
calculated at P = 0 bar. For pressures above 200 bar, the lattice parameter decreases with increasing pressure
for both theoretical and experimental data, as expected from the compressibility of the material. It should
be mentioned that the experimental values reported at 1 bar has been acquired at 80 K'* while the other

experimental data at higher pressures®'°

were measured at 273 K. The pressure-corrected sl lattice parameter
obtained with the vdW-DF functional is systematically larger than the experimental values while the PBE
functional pressure-corrected lattice parameter is in excellent agreement. The same agreement has been
reported in the case of carbon monoxide® and methane®® hydrates, comforting the idea that the hydrogen-
bonding network is correctly described with the PBE functional. In the case of the slI structure, both

functionals lead to identical relative deviation (lower than 2.5%) from the experimental data.

Table 2. Theoretical bulk moduli extracted from DFT simulations data fitted with the Birch-Murnaghan
equation of state. Values are given for sl and sII hydrates with both PBE and vdW-DF functionals. Standard
deviation errors associated to the fitting procedure are indicated in parentheses. The values marked with

stars are the ones used to correct the data shown in Fig. 5.

PBE vdW-DF
Labeling sl slI sl slI
[0sc/B1c] Br (kbar) Br (kbar) Br (kbar) | Br (kbar)
[0/1] 106.0 (0.6) | 107.9 (1.3)] 76.6 (0.7)| 64.2 (3.3)
[1/0] 102.9 (4.0) | 102.6 (0.5)] 60.9 (9.6)| 74.6 (0.8)
[0.5/1] | 140.6 (10.1)| 109.8 (1.6)| 80.5 (1.4)| 70.4 (1.1)
[1/0.5]* | 100.0 (1.1) |100.6* (0.1)] 67.6 (3.3)|74.7* (1.9)
[1/1]* [106.5*% (0.4) |100.3* (0.2)]78.4* (4.9)|80.4* (1.4)

[1/1.1257%| - - 1993% (03)] - - |80.8% (1.5)
[/1.17]* | 79.6* (0.7) | - - |7a7* 9] - -
[1/1.25]% | - -] 98.5% (0.3) 76.9% (0.7)
[1/133] | 840 (1.6)| - - | 755 o) - -
[1/1.375] | - - 11004 (0.6)] - - 1740 (1.6)
[1/1.5] | 648 (1.7) | 98.1 (1.6)|86.1 (0.6)| 75.5 (1.2)
[1/1.625] | - -] 862 @4)| - - 1707 (1.5)
[/1.67] | 821 (1.8)| - - 830 09] - -
/1751 | - - 11012 (0.5) 86.5 (0.7)
[1/1.83] | 68.1 (2.8)| - - | 826 4] - -
[1/1.875] | - - 1930 33) - - | 849 (0.9

[12] | 589 (1.4)| 98.1 (1.6)] 79.3 (0.4)] 86.6 (1.1)
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Table 3. Experimental values of the bulk modulus Br measured for N> hydrates of type I and type II

structures®!°.

Reference Hydrate T (K) P (bar) Br (kbar)
N2 D20 SI 273 500 - 2500 25-42
8
N2 D20 SII 273 500 - 2500 ~115
N2 D20 SI 273 750 - 1000 79
10
N2 D20 SII 273 150 - 1000 93
sl sII
1244 + Experimental value at 80 K [13] e M 17.7 4 + Experimental value at 80 K [13]
{ X Experimental values at 273 K [10] i X Experimental values at 273 K [10]
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Figure 5. DFT-derived (black symbols) and compressibility-corrected (colored symbols) lattice parameter
as a function of the large cage occupancy for sl (Left) and sII (Right). The solid and empty symbols
correspond to the values obtained with the PBE and vdW-DF functionals, respectively. The crosses and
asterisks correspond to experimental values measured at 273 K at several pressures (colored-indicated on

8,10

the figure)®'® and the plus signs, to experimental values'® measured at 80 K and 1 bar.

2) Potential energy analysis and hydrate stability.
As reported from time-dependent neutron diffraction analysis,'® the nitrogen hydrate forms in the sl
clathrate metastable structure and transforms into the thermodynamically stable slII clathrate structure for

which the cage occupancy plays a role?’. Such structural metastability involves different potential energies

for the sl and sl structures. The nitrogen hydrate stability has been analyzed in terms of DFT-calculated
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potential energies by following the methodology detailed in the work of Petuya et al.>® The potential energy
considered for the present analysis corresponds to intermolecular energies whose reference states are defined
on the basis of the intramolecular energies of the isolated molecular species (water and nitrogen). The
intermolecular cohesive energy provides information regarding the clathrate formation energy and
corresponds to the non-bonding energy E™”. It is decomposed into three main components: the host-host
(HH) interactions £, the guest-host (GH) interactions £°7 and the guest-guest (GG) interactions E°°. E™
is associated with the cohesive energy of the empty clathrate structure and corresponds to the H-bonding
interactions between water molecules constituting the host substructure. The E* contribution, also known
as binding energy, mainly corresponds to interactions between the guest molecules trapped inside the cages
and the water molecules forming the cages. The guest-guest interaction £°C - whose the contribution should
be negligible at least for single occupation - is included into the calculated E”. These intermolecular
energies have been computed for all sI and slI structures and cage occupancies reported in Table 1 using
both PBE and vdW-DF functionals. To assess the influence of the cage occupancy variation on the
calculated stabilization energies, representative results are presented as a function of the large cage
occupancy in Fig. 6 for the vdW-DF functional that takes into account the dispersion forces. All calculated

energies are reported in Table S1 and S2 for vdW-DF and PBE functionals, respectively.
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Figure 6. Guest-host energy E°! (left) and nonbonding energy EN® (right) as a function of the large cage
occupancy 0Oic for sl (squares) and sl (circles) nitrogen hydrates, calculated with the vdW-DF functional.

In all cases, the small cages are all simply filled.

The evolution of the binding energy £ is presented in Fig. 6 (left) as a function of the large cage occupancy
6.c. Two regimes are visible on both sides at LCs occupancy ;¢ ~ 1. Below this value, it is difficult to
conclude about the preferred structure (sl or sll) in terms of binding energy. When the LCs are unoccupied

(6.c =0 or [1/0]), the binding energy is weaker for slI than for sl. In other words, occupying only the SCs
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stabilizes the sII. When the large cage occupancy increases close to one molecule per cage (G.c~ 1 or [1/1]),
the binding energy becomes lower for sl than for sll. Above ;¢ ~ 1, the large cages start to be doubly
occupied and the binding energy increases for both structures with a more pronounced evolution for the sl
structure than for the slI structure. Since the reported E““ contains not only the water-nitrogen molecular
interactions but also the guest-guest interactions, a destabilizing effect might be associated with the repulsive
interactions becoming less negligible between two guests encapsulated within the same LC. The LC
diameter being larger in slI than in sI,' the sII LCs better accommodate two guest molecules so that the sII
structure becomes more favorable than the sl structure in terms of binding energy for 6.¢> 1.

As previously described, it is necessary to consider the water-water interactions (E7) in addition to
nitrogen-water interactions (E°?) to fully analyze the hydrate structural stability: the water sub-structure is
the major constituent in a hydrate and thus represent the major contribution to the stabilization energy. The
nonbonding energy E™? presented in Fig. 6 (right) shows again a difference on both sides of &.c ~ 1. Below
this value, E"? is smaller for the sl structure than for the slI structure. For @.c ranging from ca.1 to ca. 1.5,
sl and slI exhibit similar stability in terms of non-bonding energy and for G.c > 1.5, the slI structure is
clearly stabilized compared to the sl structure. The sl structure becomes less stable while increasing the LCs

double occupancy: the non-bonding energy increases whereas the opposite happens for the slI structure.

IV. Conclusion

The nitrogen hydrate structural stability has been investigated by means of DFT calculations, performed
using two different functionals: the semi-local PBE functional and the non-local vdW-DF functional in order
to investigate the role of the dispersion forces on the structural stability of the clathrate. As experimentally

shown, %1013

the nitrogen hydrate can be form in the sl and slI structures depending on the thermodynamics
conditions. In the present investigation, both structures were considered by simulating complete sl and slI
unit cells with periodic boundary conditions. Experimentally, the cage occupancy has been proved to vary
with the pressure and temperature.*'*!* The present DFT approach has thus included the influence of the
cage occupancy onto the nitrogen hydrate structural stability and shown its key role played onto the formed
hydrate structure. For both sl and slII structures, the DFT pressure-corrected lattice parameters are in good
agreement (relative deviation lower than 2.5%) with experimental data. *'®'* The significant dependence of
the calculated lattice parameters with the large cage occupancy thus shows that the lattice parameter
measurement could constitute an experimental probe of the cage occupancy in nitrogen hydrate. The sl

structure exhibits a more pronounced cage occupancy dependence of the lattice parameter than the slI

structure. By analyzing the potential energy dependence of the DFT-derived lattice parameters with the
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Birch-Murnaghan equation of state, the bulk modulii of both structures have been calculated for various
cage occupancies and found to be in excellent agreement with those measured experimentally.'® Moreover,
the structural stability of the N, hydrate has been studied through a detailed analysis of the non-bonding
potential energy. This analysis reveals that the large cage occupancy plays a key role in the type of formed
clathrate structure (sl or sII). The nitrogen hydrate is preferentially formed in the sl structure for partial large
cage occupancy, while the sl structure becomes less stable compared to the slI structure while increasing
the double occupancy of large cages. For large cage occupancy greater than ca. 1.5, the sl structure becomes
more stable than the sl structure. Such a result outlines the difference of elastic properties between the sl
and slI structures: the bulk modulus is larger for sl than for sl, according to the measurements and the
present DFT calculations.

Such theoretical energy analysis is in agreement with the structural metastability of gas hydrates recently
evidenced, as well as with previous DFT calculations. Nitrogen hydrate initially forms in the sl structure
that transforms into the sII structure after few days.'*** Carbon monoxide hydrate exhibits similar structural
metastability as nitrogen hydrate, although its transformation from sl to slI is much longer and takes several
weeks.'*!> Experimentally, it has been shown that the LCs in both hydrates have the ability to catch and
release guest molecules as the pressure and the temperature vary.'>'>** Together with previous DFT

calculations performed on carbon monoxide hydrate,'**’

the present investigation clearly underlines that the
cage occupancy is the factor driving the stability, i.e. leading to the lower potential energy of the formed
hydrate structure.
From partial occupancy to single occupancy of the LCs, the sl structure is the most stable structure, probably
because the sI LCs are smaller than the sII LCs." As soon as the large cage occupancy has reached a threshold
and starts involving double occupancy, the slI structure is energetically more favorable than the sl structure.
Both nitrogen and carbon monoxide sl hydrate are significantly destabilized with increasing the double
occupancy of the large cages. The larger size of the sIl LCs' facilitates the encapsulation of two guest
molecules per cage because of higher repulsive forces for two guest molecules in sI-LC when compared to
slI-LC. Finally, the calculations have evidenced the need to consider the water-water interactions to describe
the structural stability of the hydrate. Indeed, the aqueous network may undergo some deformations when
hosting more than one guest molecule within the cages. The more deformed the water structure, the higher
the host-host energy. Since water constitutes the major part of the hydrate structure, its contribution to the
stabilization energy of the system is of prime importance.

The present study allowed to evidence the influence of the cage occupancy on the structural and energy
properties of the nitrogen hydrate. The importance of considering both water-water and water-guest

interactions to evaluate the structural stability of the hydrate has been highlighted.
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