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Analysing the stability of He-filled hydrates:
how many He atoms fit in the sll crystal?

Raquel Yanes-Rodriguez 2 £ and Rita Prosmiti (2 *

Clathrate hydrates have the ability to encapsulate atoms and molecules within their cavities, and thus
they could be potentially large storage capacity materials. The present work studies the multiple cage
occupancy effects in the recently discovered He@sll crystal. On the basis of previous theoretical and
experimental findings, the stability of He(,y)@sll, Hey/4@sll and He4)@sll crystals was analysed in terms
of structural, mechanical and energetic properties. For this purpose, first-principles DFT/DFT-D
computations were performed by using both semi-local and non-local functionals, not only to elucidate
which configuration is the most energetically favoured, but also to scrutinize the relevance of the long-
range dispersion interactions in these kinds of compounds. We have encountered that dispersion
interactions play a fundamental role in describing the underlying interactions, and different tendencies
were observed depending on the choice of the functional. We found that PW86PBE-XDM shows the
best performance, while the non-local functionals tested here were not able to correctly account for
them. The present results reveal that the most stable configuration is the one presenting singly occupied
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Clathrate hydrates and ice crystals are chemical inclusion
compounds with the ability of encapsulating (guest) atoms
and/or molecules in the spaces, cavities or channels formed in
their own (host) structure.'™ Both entities share the similarity of
being made up of a host water network in which the guest
species are entrapped, with the difference that in clathrate
hydrates the guests occupy cavities of different sizes and shapes
and in the ice structures they are arranged along channels.®™®
One of the guest species that has been seen to be able to
enter both crystalline structures is the He atom. In 1988,
Londono et al.’ experimentally identified a helium compound
with a host lattice very similar to ice II, which would later be
known as C; (He@C,). This structure corresponded to the first
helium hydrate®" and it was formed by applying He gas
pressures of 0.28-0.48 GPa into deuterated water. Since then,
unsuccessful attempts have been made to find the first helium
clathrate hydrate, frequently resulting in ice-like structures. It
was not until 2018 that this helium clathrate hydrate (He@sII)
was finally synthesized.'” This achievement was possible
thanks to previous experiments'*'* in which a new synthesis
route was discovered, which consisted of removing guest
atoms from filled structures. In this manner, they were able

Institute of Fundamental Physics (IFF-CSIC), CSIC, Serrano 123, 28006 Madrid,
Spain. E-mail: rita@iff.csic.es; Tel: +34 915616800

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d3cp05410a

i Doctoral Programme in Theoretical Chemistry and Computational Modelling,
Doctoral School, Universidad Auténoma de Madrid

This journal is © the Owner Societies 2024

D cages and tetrahedrally occupied H cages (He(,4@sll) in line with the experimental observation.

to synthesize He@sII by refilling empty ice XVI with He atoms.
Apart from such He@hydrostructures, this small and weakly
interacting atom exhibits a preference for other ice-like
systems,””™'® such as hexagonal ice, He@Iy, and is also pre-
dicted to have the capacity of travelling through the channels of
the recently discovered microporous material,"***° ice XVII,
giving rise to the He@C, structure.

Finally, another type of inclusion compound related to He,
which may be a key point to understanding the layer structure
and evolution of icy giant planets,>* is the He-water superionic
complexes.>*>® These novel structures are composed of a solid
oxygen lattice, with the He and H atoms freely moving and
exhibiting liquid-like behaviour. This combination of solid-
liquid features makes these compounds not only interesting
from a fundamental point of view, but also due to their unique
properties such as conductivity similar to that of metals.?’

At this point, theoretical studies become essential, since they
can provide new insights into the physicochemical properties and
stability of these compounds that complement and facilitate
future experiments.”®*>° Indeed, numerous theoretical studies
in the field of clathrate hydrates and ices have made use of a
variety of computational methodologies and techniques,*° such
as first-principles electronic structure methods, semi-empirical
approaches, classical molecular mechanics and molecular
dynamics or Monte Carlo simulations.****

In this vein, previous experimental and theoretical
outcomes'>*>*® have predicted that the most likely arrange-
ment of He atoms inside the sII structure is the one that
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contains 1 He atom in the small cages (D) and 4 He atoms in
the large cages (H). We have already examined the multiple
cage occupancy effects on the individual (D/H) and two-
adjacent (DD/HH/DH) cages, finding that this prediction is
fulfilled.”” However, we have also observed that the D cages
can store 2 He atoms under more demanding T-P conditions.
Similar discussions about cage occupancy in clathrate hydrates
with other guest species have been found in the literature.*®*5>2
Therefore, in tune with our earlier research,”** we aim to study
the multiple cage occupancy effects in the crystalline systems
through periodic DFT/DFT-D calculations. Thus, we can make
a more direct comparison with the experimental outcomes,
elucidating which He-filled configuration is more likely to form.
In this way, we report structural, mechanical and energetic
properties of three different He-filled configurations of the
sl structures, namely He(;@sIl, Heq,y@sIl and He(q@sIL
Our focus is on examining the stability of each configuration
and exploring whether the interactions within these systems,
including the entire guest-guest, guest-host, and host-host inter-
actions, are influenced by the presence of multiple He atoms
within the cages.

1 Computational details

The sII cubic unit cell (Fd3m space group symmetry) is formed
by 136 water molecules arranged in 16 small 5'* (or D) and 8
large 5'%6" (or H) cages (¥, where x designates the type of face
(pentagonal, hexagonal), while y represents the number of
those face types that compose the cage, e.g. 5'* is a pentagonal
dodecahedral cage). The empty crystal structure was taken from
the 3D crystalline framework given in ref. 56, with the oxygen
atom positions being extracted from the X-ray diffraction
experiments, and the hydrogen atoms’ orientations being
determined from TIP4P water model optimizations, satisfying
both the ice rules and the net zero dipole moment for the unit
cell configuration. Three different He-filled structures are also
considered in order to explore the occupation effects: the (1/1)
configuration with a total of 24 He atoms distributed in singly
fully occupied D and H cages (H,O:He hydration number of
5.67), (1/4) configuration with a total of 48 He atoms arranged
in singly and tetrahedrally fully occupied D and H cages
(hydration number of 2.83), respectively, and the (2/4) configu-
ration with a total of 64 He atoms disposed in doubly and
tetrahedrally fully occupied D and H cages (hydration number of
2.13), respectively. The He atoms were located at the center of
each cage, with the Hey (N = 2, 4) geometries being determined
by PWS86PBE/AVTZ optimizations in the individual D and H
cages (see Fig. 1).*” Thus, the initial average He-He bond lengths
are R = 2.36 A for He, inside D and R = 2.80 A for He, inside H.

Electronic structure DFT calculations were performed for both
the empty and He-filled structures, using the Quantum Espresso
(QE) code.””™ On the basis of previous reports,>*>*%! the
accuracy of different DFT functionals on balance with the compu-
tational cost has been verified, and the PWS6PBE funcional, as
implemented in the LIBXC library®® of QE*”° has been chosen. In
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Fig. 1 (left panel) sll periodic crystal with the unit cell highlighted with a
black box. (right panel) The three different He-filling combinations of the D
and H cages of the sll clathrate hydrate under study in this work.

order to account for the long-range London dispersion interactions,
correction schemes are also considered. On the one hand, the
exchange dipole moment (XDM) scheme® as implemented in QE,
and the D4 scheme as a postprocessing tool with the DFTD4
program®® are used. On the other hand, another alternative to
solve this deficiency in the calculation of dispersion interactions is
the use of non-local functionals which try to capture the effect of
the long and intermediate van der Waals (vdW) forces on the
energy,”® by adding a non-local term in the calculation of the
exchange correlation energy. In this way, the vdW coefficients are
themselves functionals of the electron density, thus improving the
description of dispersion forces in comparison with local or semi-
local functionals. Therefore, within this group of non-local func-
tionals, the vdW-DF®® and vdW-DF2”° were chosen for this work, as
implemented in the QE software.>” ™’

The plane-wave pseudopotential approach within the projector-
augmented-waves (PAW) method”* was employed using the stan-
dard PBE-based pseudopotentials supplied within QE. Moreover,
the convergence of the energy cutoff for the plane-wave expansion
of the wavefunctions, Ecut wfc, and for the charge density,
Ecut rho, was checked, resulting in a selection of 360 Ry (4898
eV) for Ecut wfc and 80 Ry (1088 eV) for the Ecut rho. A Mon-
khorst-Pack 1 x 1 x 1 k-point grid” in the reciprocal space was
used per unit cell, while calculations for the isolated He and H,O
molecules were performed at the I-point in a cubic simulation cell
of volume 30 x 30 x 30 A% considering the Makov-Payne
method” of electrostatic interaction correction for these aperiodic
systems. Geometry optimizations, with all atomic positions relaxed,
were carried out using the Broyden-Fletcher-Goldfarb-Shanno
(BFGS) quasi-Newton algorithm with convergence criterion for
the components of energy and forces being smaller than 10~* Ry
(0.00136 V) and 10~ Ry bohr™* (0.026 eV A™?), respectively.

Three energetic terms are calculated in order to analyse the
feasibility of the formation of these crystalline structures. The
cohesive energy indicates the energy required to completely
separate all the atoms in the crystal, thus quantifying the
strength of the chemical bonds and interatomic forces. The
cohesive energies per water molecule for the fully occupied
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Hey@sII structures were calculated as,

EgN@(q) — M - ™0 — N . gHe

Hey@sIl __ “opt
AEcohN - M ’ (1)
Hey@sllI . .
where £ is the total energy of the fully occupied Hey @sII

clathrate hydrate unit cell obtained by structural relaxation at
each lattice constant a, ™2 and E™™ are the total energies of
the isolated ground-state H,O molecules and He atoms, respec-
tively, M is the total number of water molecules (M = 136) and N
corresponds to the total number of He atoms, that is, N = 24/48/
64 for the (1/1), (1/4) and (2/4) configurations, respectively. With
regards to the empty sII crystal, the cohesive energy is
computed as,

Esllt(a/) M- EHzO
AES:)Ih: > M ) (2)

where E5), stands for the optimized total energy of the empty sII
hydrate unit cell at different values of lattice constant a'.
Another energetic term used to analyse the stability of these
compounds is the binding energy resulting from the encapsu-
lation of the He atoms in the empty sII system, which is
given by,

AEHev@sll _ E;i,w'@SII(aO) _ s (ao) _N- EHC, (3)
where Epn"®!"(ay) corresponds to the total energy of the fully

occupied Hey@sII structure obtained by structural relaxation at
the equilibrium lattice constant @, and E*(a,) is the total
energy of the empty sII structure at the equilibrium lattice
constant a,. This energetic quantity indicates the energy release
associated with the incorporation of each He atom into the
lattice. Finally, the energetic property that more precisely
describes the stability of the system is the energy corresponding
to the saturation of all the cages in the sII crystal, at ay,
calculated as:

AEq = Eys @ (ay) — E3h (a0) — ENF(ap),  (4)

where E(’)\&He(ao) is the total energy resulting from the structural
relaxation of the entire number of He atoms at the fixed
equilibrium lattice constant a,. It provides an estimate of the
overall energy gain realized when all the cages are occupied by
the total number of He atoms.

2 Results and discussion

Here we will analyse the effect of the multiple cage occupancy
in the sII crystal and, consequently, the discovery of the most
stable configuration. Previous experimental and theoretical
outcomes have predicted that the small D cages can be occu-
pied by just 1 He atom, whereas the large H cages can
encapsulate up to 4 He atoms.'**>%® However, we have recently
verified that the D cages could also accommodate 2 He atoms at
a higher energy cost under more demanding T-P conditions.”
Additionally, a similar behaviour has been observed for other
small guests, such as hydrogen.”*””” Therefore, in order to shed
more light on this matter, three different He-filled sII structures
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will be investigated in this work: He(y@slI, He(,4@sII and
He,/4)@sII. The empty sII crystal will also be considered in
order to check the influence of the He guests on the lattice.

2.1 He-filling influence on structural and mechanical
properties

First of all, we performed full geometry optimizations on the empty
and He-filled structures at different lattice constant, a, values using
the PW86PBE (with and without dispersion corrections), vdW-DF
and vdW-DF2 functionals. Total energies were computed and
cohesive energies per water molecule were analysed as a function
of a as shown in Fig. 2. Starting with the non-local DFT functionals,
on the one hand, we observe a displacement of the lattice para-
meters calculated with both vdW-DF and vdW-DF2, resulting in
larger a values. A similar behaviour has been reported for CH,,”®
CO” and N,* hydrates. This overestimation of the lattice para-
meters is due to the repulsive nature of the exchange-correlation
part in the vdW-DF/vdW-DF2 functionals, which leads to an over-
estimation of the strength of the repulsive interactions between the
atoms in the crystal lattice. Consequently, the atoms are pushed
apart more than they would be in reality, resulting in overestimated
lattice parameters and a less compact crystal than the actual
structure. On the other hand, in connection with the previous
comment, we see that the vdW-DF functional yields even higher
cohesive energies than PW86PBE in the absence of dispersion
corrections, while vdW-DF2 predicts energies which are in between
those of PW86PBE and PW86PBE-D4. Focusing on the PW86PBE
results, we see that, as expected, the application of dispersion
corrections to the energy translates into lower DE,,, values, this

17.1163 A: 17.1251 A T
13- \‘x...x/ He (11 @sll
1 == He (1/4) @sll
1 — HE(2/4) @5”
5 € Pws6PBE
= 4l B PWS6PBE-XDM
5 ® PW86PBE-D4
o A VvdW-DF
2 B ¥ vdW-DF2
=
S 151
8
w |
<
_1 6 L
1 I 1 I I 1 I 1 I 1
16.0 165 17.0 175 18.0 18.5
a(A)

Fig. 2 Cohesive energies, in kcal mol™ per water molecule, of the empty
sll and fully occupied Heym@sll, Heua@sll and Hepq@sll clathrate
hydrate configurations, as a function of the lattice constant a in A. The
PWB86PBE (with and without dispersion schemes) results related to sll and
Heu/@sll structures are extracted from ref. 55. Solid lines correspond to
the MEOS fits. Vertical dashed lines represent the experimental values
found for the empty (black) and He-filled (violet) sll systems 1313
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effect is more pronounced with the XDM scheme. As for the energy
predictions, there is no agreement between the different DFT/DFT-
D approaches. Both the vdW-DF and vdW-DF2 predict that the
Hey-@sII is the most energetically favoured configuration, closely
followed by He(;@sIl, with the empty system being the least
energetically favoured structure. For the PW86PBE-XDM functional,
the He(y4@sII and the empty sII are the most and least energeti-
cally favoured structures, respectively. Finally, the PW86PBE and
PWB86PBE-D4 share the least energetically favoured system, the
He5@sII one, while the He(y@sII and Heg,»@sII configura-
tions are the most energetically favoured ones for the functional
without and with dispersion correction, respectively.

The next step consists of calculating the equilibrium lattice
constant, ay, by fitting the DFT/DFT-D total energy values to the
Murnaghan equation of state (MEOS),*" which establishes a
relationship between the energy and the volume of a system,
such that

1 "% 1 ¥ 1
E(V)=Ey+ ByVo|———(— T
(V) = £ 0035(36—1)<V0) By Vo By,—1]|

)

where B, and Bj are the modulus of incompressibility and
its first derivative with respect to the pressure, respectively, with
V = @’. The resulting a, values, together with the bulk moduli
(bulk modulus, By, and bulk modulus pressure derivative, By, at
zero pressure), are listed in Table S1 of the ESL.T As expected,
the non-local functionals provide larger a, values, being speci-
fically 2-3% larger than the PW86PBE ones (with and without
dispersion schemes). When it comes to the lattice behaviour
with increasing He filling, two distinct patterns emerge. For
instance, in the case of PW86PBE and PWS86PBE-D4, an
increase in the equilibrium lattice parameter is observed as
the He-filling rises. Conversely, this functional with the XDM
dispersion correction, as well as the vdW-DF and vdW-DF2
approaches, predicts that as we move from the empty sII system
to He(;;)@sII and then to He(,@sll, the lattice parameter
gradually decreases. Surprisingly though, the He(,,4)@sII crystal
exhibits an increase in a,, reaching values even higher than
those of the empty structure. This observation is consistent
with the experiment in which they report that a, decreases from
17.0832 A to 17.0763 A as Hefilling increases from a hydration
number of 5.92 (~23 He) to 4.56 (~30 He) at 100 MPa and 80-
120 K.'* This finding can be attributed to the enhancement of
attractive vdW interactions between the host and guest mole-
cules, which has been previously observed in another clathrate
hydrate structure.®® It is the case of the sH system encapsulat-
ing different numbers of noble gas atoms, an investigation in
which it was observed that an increase of Ne atoms hardly
produced any effect on the lattice, slightly decreasing the
volume of the unit cell. In contrast, the increasing cage occu-
pancy in Ar, Kr and Xe hydrates yielded a considerable expan-
sion of the unit cell volume, specially in the last two noble
gases. It is not surprising that the least interacting noble gas
atoms, He and Ne, share similar behaviour. What is striking is
the augment of the lattice parameter when we move up to the
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Fig. 3 Relative error (in %) with respect to the experimental ag values of
17.1251 and 17.1163 A for the empty sli*® and He-filled slI,*? respectively.

maximum occupancy under study, He(,,@sII, and it could be
explained due to the fact that the inclusion of 2 He atoms in
every single small D cage actually produces a destabilization
(repulsive effect) of the system. Hence, these findings suggest
that PW86PBE-XDM represents the most suitable approach for
capturing the experimentally observed trend, wherein the lat-
tice parameter contracts upon filling the crystal with He atoms
up to a (1/4) configuration. Subsequent cage filling is predicted
to result in lattice expansion.

In Fig. 3 we display the relative errors with respect to the
experimental data available, namely, a, =17.125133 + 0.000167 A
for the empty sII system at zero temperature and pressure™ and
ao = 17.1163 + 0.0006 A for the He-filled sII at T = 80 K and
ambient pressure.'” The trend is consistent across all three
methods employed, with non-local vdW-DF and vdW-DF2 func-
tionals exhibiting an overestimation of the lattice parameter
and the highest relative errors, whereas PW86PBE, PW86PBE-
D4, and PW86PBE-XDM underestimate it. Focusing our atten-
tion on the He,4@sII structure, the relative errors obtained
are approximately 0.3% for PW86PBE to 1% for PW86PBE-D4,
PWS86PBE-XDM and vdW-DF2 and 2% for vdW-DF, corres-
ponding to differences of 0.1, 0.2 and 0.3 A, respectively.
However, one should take into account that the reported
experimental values refer to deuterated samples and partially

This journal is © the Owner Societies 2024
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filled systems. These factors, together with the T-P effects, may
cause changes in the lattice. Nevertheless, the results available
from the experiment are not sufficient for evaluating the
impact of these effects on the lattice parameter.

In turn, the interatomic He-He distances for both isolated
and He-filled sII configurations in the entire crystal are
depicted in Fig. 4 as obtained from the PW86PBE-XDM opti-
mization calculations. As expected, both He, and He, entities
exhibit smaller bond lengths when confined in the sII clathrate
cages, as a consequence of the reduction of space. Interestingly,
the presence of two He atoms within the D cages has almost no
effect on the He, ensemble in the H cage. This could be
attributed to the expansion of the unit cell, which increases
the cage diameter and facilitates the formation of a less
repulsive configuration than expected. Both predicted He-He
distances for the entrapped He, and He, entities inside D and
H sII cages, respectively, are smaller than those reported by
Belosludov et al. in their statistical thermodynamic modeling®®
(2.49 A for He, inside D and 2.75 A for He, inside H).

Another structural parameter that we have studied is the
pressure effect on the lattice. In Fig. 5 we plot volume as a
function of the pressure by following the MEOS equation®

By

v\
(7> —1]. As one can expect, pressure exerts a
0

compressive effect on the lattice, so the higher the pressure,
the lower the volume and consequently, the lower the lattice
parameter. Nevertheless, the extent to which the empty and He-
filled structures are affected by the pressure is different when
using non-local and semi-local functionals. Thus, the PW86PBE
curves (with and without dispersion corrections) present a
steeper slope than those of vdW-DF and vdW-DF2, meaning
that the lattice is more altered by changes in the pressure.
Moreover, the B, and B; parameters shown in Table S1 of the
ESIt give us an idea of how resistant a substance is to
compression. They are estimated from the corresponding
MEOS fits, assuming linear dependence of the bulk modulus
with pressure, B = B, + Bj, x P, with B, being constant and
valid for the range B;/2 > P > 0. In this manner, both vdW-DF
and vdW-DF2 approaches predict a progressive rise in the
resistance to compressibility as the structure is filled with a
higher number of helium atoms, thus resulting in He(4,@sII
and sII being the least and most compressible configurations,
respectively. A similar behaviour is observed for PW86PBE-

View Article Online

Paper

XDM, with the difference that a reduction of B, occurs in
He(,/4)@sII, taking a value even lower than that of the empty
system, in such a manner that He(,,@sII and He,,;,@sII are
the most and least rigid configurations, respectively. In con-
trast, the PW86PBE-D4 exhibits a gradual decrease in B, as the
He cage filling increases, meaning that the empty system is
predicted to be more resistant to compression than any filled
structure. Similar behaviour is observed for PW86PBE, with the
exception of He(,4@sII being less compressible than the other
He-filled sII systems. In general, it is found that there is no
agreement among the approaches considered here. Nonethe-
less, the absence of additional theoretical or experimental
findings on the response of the sII lattice to pressure, whether
with or without the presence of He atoms, hinders the discern-
ment of the correct trend.

2.2 He-filling influence on energetic properties

Having discussed the impact of He-filling on structural/
mechanical parameters, the focus now shifts to the evaluation
of the stability in terms of energy. Firstly, we present in Fig. 6
the energy gain after binding the total number of He atoms to
the sII lattice (see eqn (3)). The corresponding energy values per
He atom in the sII unit cell are likewise indicated within the
bars. All three structures examined are energetically favourable,
albeit certain configurations are comparatively more favourable
than others. Once again, the PW86PBE and PWS86PBE-D4
results exhibit a similar trend, where the single occupation of
the cages involves the most favourable filling, with a difference
of only 22 kcal mol ™! from the He(y/4@sII system. The inclu-
sion of additional He atoms does entail a considerable energy
loss, with the He(y,@sII system being 80-100 kcal mol ' less
energetically favorable. Similarly, the non-local vdW-DF and
vdW-DF2 functionals perform in the same line, with the
difference between He(yy@sIl and He(q)/Hep4@SII systems
accounting for 82/106 kcal mol ', respectively. Finally,
PWS86PBE-XDM is the functional approach that predicts higher
binding energies, with the He(y,4@sII structure being the most
favourable one, resulting in an energy improvement of 12 and
70 kcal mol™* compared to the Heq/1y@sII and Hegp/4@sII
complexes, respectively. From these results, we can infer that
the PW86PBE/-XDM/-D4 approaches suggest that the optimal
filling may lie between the He(y;1)@sII and He,4)@sII structures,
while the vdW-DF/vdW-DF2 predict that only the He(,@sII

Isolated Hey He(/4)@sl! He(/4)@sl!
T
o eant . ',,— ’ ." & Q ’; -I.:\'
Rl N p o _ Lo )
o0 99 &, cu“o%* b K e oo oh,
\\6’, ‘b ‘ ‘ &‘ ° ‘ 4 a ‘ ', b,, .12“‘6:"”“"’
i :‘*w i [t
2.76 A 2.67A 2.63A 2.25A 2.64A

Fig. 4 Average He—He bond length in A of the isolated and encapsulated Hey species as computed by PW86PBE-XDM calculations.
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upper panel displays the combined results of semi-local and non-local functionals, while the lower panels present these outcomes individually for each

crystal system.

complex is significantly favourable. However, it seems that the
non-local functionals are unable to correctly quantify the vdwW
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Fig. 6 Binding energies (in kcal mol™) assuming single- and multiple-
cage occupancy in the sl system, Heym@sll, and Heu g @sll, and Hep,
4@sll, respectively. The numbers within the bars indicate the binding
energies per He atom (in kcal mol™).
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interactions in helium hydrates and the computed binding
energies are noticeably smaller for the non-local functionals
than for the PW86PBE one (with and without dispersion correc-
tions). Finally, it should be emphasized that these outcomes
serve just as indicators, since there is no reference data to
compare with.

With respect to the binding energies per He atom, in the
semi-local PW86PBE/-XDM/-D4 outcomes it is reduced by
half in the He(,@sIl and one-third in the Heg ,@sll
configurations with respect to the Heg)@sII one. For the
non-local functionals, the binding energy per He atom for the
He(y,4)@sII and He(,/,@sII structures is approximately 1.7 and
2.0 times smaller, respectively, than that of the He(@sII
structure.

Saturation energies were also computed in order to estimate
the total energy gain upon saturation of all the cages in the sII

This journal is © the Owner Societies 2024
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structure (see Fig. 7). None of the structures is energetically
favoured when the pure PW86PBE functional is considered.
Nonetheless, the incorporation of dispersion correction schemes
decreases the energy, leading to stable structures. When using
PWS86PBE-D4, the He(y,;y@sII and He,,4@sII configurations are
energetically favoured, with He(;,y@sII being the most stable
one, whereas the Hep @sII crystal is unstable and has an
energy of 8.6 kcal mol '. The PW86PBE-XDM results show the
same pattern, with more distinct saturation energy values. Thus,
the difference in energy between the He(,;)@sII and He(;,4@sII
structures is 8.5 kcal mol™*, compared to 3.6 kcal mol™* in
PWS86PBE-D4. Furthermore, He(,@sII is also predicted to be
stable, albeit less favorable, which aligns with the observed
tendency of this dispersion correction to yield lower energies
compared to other schemes. As regards the non-local func-
tionals, an energy reduction of 26 and 45 kcal mol " occurs
when moving from Heq,y@sII to He(y@sII with the vdW-DF
and vdW-DF2 functionals, respectively. Similarly, a decrease
in energy of 10 and 13 kcal mol ' is found when going from
He(5@sII to Hegy@sII with the vdW-DF and vdW-DF2 func-
tionals, respectively. Thus, according to both non-local functionals,
the most energetically favourable structure is Hep,@slIl, which is
in complete opposition to the findings of the PW86PBE/PW86PBE-
D4/PW86PBE-XDM approaches and the experimental report.’?

3 Summary and conclusions

In this study, we have examined the stability of the sII clathrate
hydrate considering both single and multiple cage occupancy

This journal is © the Owner Societies 2024
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of the cages based on their structural, mechanical and ener-
getic properties. Whenever feasible, we have conducted a
comparative analysis with the experimental data available to
corroborate the validity of our findings. The three configura-
tions under consideration present different He-filling of the
small D and large H cages found within the sII lattice, resulting
in He@sll, He(,@sII and He,@sII structures. These
specific configurations were selected based on previous experi-
mental and theoretical studies.'>*>™” Moreover, the empty sII
structure was also taken into account in order to evaluate the
impact caused by the He atoms on the lattice.

Hence, with the objective of exploring the He encapsulation
effects, as well as analyzing the significance and impact of
dispersion forces in such noble gas clathrate hydrates, both
semi-local and non-local, such as PW86PBE, PW86PBE-D4,
PW86PBE-XDM, vdW-DF and vdW-DF2, DFT/DFT-D computa-
tions have been performed. Total energies through structural
geometry relaxation calculations were first computed and
cohesive energies were then obtained. The equilibrium lattice
parameters and pressure effects were determined using MEOS,
and in turn, compared against experimental values. Finally, the
energetic stability was investigated on the basis of binding and
saturation energies.

The obtained equilibrium lattice parameters exhibit a rea-
sonable agreement, with a mean relative error of 1-2%, com-
pared to the experimental values. The PW86PBE/-D4/-XDM
calculations predict lower a, values, while the vdW-DF and
vdW-DF2 calculations yield higher ones. Interestingly, only the
PWS86PBE-XDM, vdW-DF, and vdW-DF2 approaches success-
fully capture the experimental tendency, demonstrating that an
increase in encapsulated He atoms results in a reduction of the
lattice parameter. Regarding binding energies, the PW86PBE/-
XDM/-D4 approaches predict that the most favorable He-filled
structure lies between the He(y;y@sIl and He(,@sII config-
urations, while the vdW-DF/vdW-DF2 methods indicate signifi-
cant favorability only for the He(y;)@sII structure. With respect
to saturation energies, the PW86PBE-D4 and PWS86PBE-
XDM results infer that the He(,,@sII system is the energeti-
cally preferred one, whereas for non-local functionals, the
He(,/4)@sII structure emerges as the most energetically favored.

Based on these findings, we can conclude that the
PW86PBE-XDM approach demonstrates superior performance
when compared to experimental data and other theoretical
results. It consistently provides reliable outcomes that align
with experimental observations. Consequently, the configu-
ration characterized by singly occupied D cages and tetrahed-
rally occupied H cages is predicted to be the most stable.
Nevertheless, it should be noted that the He(,@sII configu-
ration is also expected to be stable, even though the incorpora-
tion of 2 He atoms inside the small D cage leads to
destabilization of the system. Despite this configuration result-
ing in an energetically favorable structure, it is not favored over
the He(;,1)@sII and He(@sII crystal structures. It is impor-
tant to highlight the relevance of the dispersion effects on
helium clathrate hydrates. Despite being weak interactions,
they play a crucial role in stabilizing the system and should
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not be disregarded. In this regard, the non-local vdW-DF and
vdW-DF2 functionals are not able to correctly quantify the vdW
interactions present in these systems.

Finally, it is worth mentioning the relevance of investigating
helium inclusion compounds, primarily due to the potential
benefits they offer in synthesizing new structures. The unique
properties of helium, characterized by its small size and
reactivity, make it easily removable from the compounds in
which it is encapsulated. Therefore, expanding our knowledge
about these relatively unexplored systems can unlock new ave-
nues for discovering novel structures. This investigation offered
an initial estimation of the sII crystalline structure’s capacity
regarding filling with He atoms. To further advance this
research, temperature and pressure effects, as well as quantum
effects, could be considered, allowing for a more direct align-
ment with the experimental observations. Besides, conducting a
comprehensive thermodynamic analysis could provide valuable
insights into the formation and stability of these systems,
offering a deeper understanding of their nature. Future research
in this field could also encompass the investigation of other
clathrate-like or ice-like structures, such as He@C,, He@C;,
He®lI}, or the recently discovered superionic He-water com-
pounds. The study of these structures can offer exciting oppor-
tunities to unravel new phenomena and expand our knowledge
of how helium behaves within different host lattices.
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