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Assessment of DFT approaches in noble gas
clathrate-like clusters: stability and
thermodynamics+

Raquel Yanes-Rodriguez (2°° and Rita Prosmitj (2 *@

We have assessed the performance and accuracy of different wavefunction-based electronic structure
methods, such as DFMP2 and domain-based local pair-natural orbital (DLPNO-CCSD(T)), as well as a
variety of density functional theory (DFT) approaches on He@(H,O)y cage systems. We have selected
representative clathrate-like structures corresponding to the building blocks present in each of the sl, sll
and sH natural gas clathrate hydrates, and we have carefully studied the interaction between a He atom
with each of their individual cages. We reported well-converged DFMP2 and DLPNO-CCSD(T) reference
data, together with interaction and cohesive energies of four different density functionals (two GGA,
revPBE and PWS86PBE, and two hybrids, B3LYP and PBEO), including diverse dispersion correction
schemes (D3(0), D3(BJ), D4 and XDM) for both He-filled and empty clathrate-like cages. After the
analysis of the results, we came to the conclusion that the PW86PBE functional, with both XDM and D4
corrections, and the PBEO-D4 functional present reasonably adequate approaches to describe the
guest—host noncovalent interactions that take place in such He clathrate hydrates. Taking into account
that the Hea@sll is the only helium clathrate that scientists have been able to synthesize recently, we have
performed a thermodynamic study on the individual 5 and 5%26* cages present in the sl crystal.
We determined the change in enthalpy, AH, and in Gibbs free energy, AG, at various temperatures and
pressures, and we found out that in the range of experimental conditions the reactions associated with
the encapsulation of the He atom inside the cages are exothermic and spontaneous. Finally, we high-
lighted the importance of an accurate description of the interaction in He@water mixtures, as a crucial
component in construction of reliable data-driven models.

Gas hydrates or clathrates are nonstoichiometric crystalline
structures in which a firm host skeleton of hydrogen bonded
water molecules forms cage-like structures that encapsulate
guest molecules," mostly apolar or weakly polarized, such as
noble gases, H,, CO,, CHy, etc. These ice-like solid compounds
naturally form (or can be formed) under certain conditions
of pressure and temperature (P-T), usually high pressure and
low temperature, within a gas/water mixture.”> Generally, the
stability of these compounds comes from van der Waals (vdW)
interactions between the guest and the surrounding water host
network and the hydrogen bond interactions between water
molecules. Therefore, the type of clathrate structure which is
thermodynamically favored depends on the P-T conditions and
the guest species (nature, size, abundance, etc).®
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Clathrate research has become a field of great interest for
both theoreticians and experimentalists, as a consequence of
their promising applications.*”” On the one hand, natural gas
hydrates are considered one of the recent valuable sources of
energy due to its high content of methane gas which can be
exploited and used in different energy applications, and on the
other hand, gas hydrates can also be synthesized in the
laboratory for different purposes, such as CO, sequestration
and storage, gas separation, water desalination, gas storage and
transport, etc.5 ">

These compounds are naturally present in permafrost
regions of Earth (such as Antarctica and Greenland) and in
ocean sediments and are also expected to be in astrophysical
environments such as Titan’s atmosphere, Mars polar caps and
icy comets.”>'* Although many types of clathrate hydrate
structures are in principle plausible, only a limited number
of them occur in nature: the cubic structures sI and sII and
the hexagonal structure sH." All three classes consist of a
hydrogen-bonded water framework composed by different building
blocks (see Fig. 1). The sI structure (the most abundant gas
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Fig. 1 Three most common types of clathrate hydrates: building cages (upper panel) and crystals (lower panel).

hydrate structure on the Earth) comprises 46 water molecules
forming two pentagonal dodecahedra small cages (5'%) and six,
ellipsoidal-shaped, tetracaidecahedral large cages (5'%6%) by
sharing vertices between 5'> blocks without direct face sharing.
The sII unit cell is composed of 136 water molecules located in
sixteen small cages (5'%) and eight hexakaidecahedral large
cages (5'%6") by sharing faces between small cavities. Finally,
the sH unit cell is made up of 34 water molecules arranged in
three small cavities (5'%), two irregular dodecahedron medium
cavities (4°5°6®) and one icosahedron large cage (5'%6°).
The occupancy of each structure depends on the number of
cages and each cage could accommodate one or more guest
molecules,” e.g. sI can allocate small guest molecules, sII larger
guest molecules and sH both small and large guests. In the
absence of guest molecules, the cages network remains
unstable, however some recent experiments by Falenty et al.*®
and del Rosso et al.'” have successfully obtained ice XVI by
emptying a type sII clathrate hydrate and ice XVII by emptying a
hydrogen filled ice, respectively.

Many research groups have investigated the stability and
the role of host-guest interactions in clathrate hydrates with
different guest molecules."®>* However, we are still far away
from fully understand these systems and answer questions like,
how can we control their stability? How can we have power over
their structural evolution/phase behaviors? How can we exploit
their storage capacity? Once we can explain all these factors,
we will be able, among other things, to efficiently use clathrates
for industrial purposes. Noble gas hydrates, and specifically

1476 | Phys. Chem. Chem. Phys., 2022, 24,1475-1485

helium clathrates, are perhaps one of the systems with less
information available.>* Although helium atoms and water
molecules are the most frequent mono- and triatomic entities,
respectively, in the universe, their interactions are weak and
therefore, compounds are difficult to form. Nevertheless, it was
possible to obtain the first helium clathrate hydrate in 2018 by
filling ice XVI with helium atoms.*® The simplicity of this noble
gas atom and its low chemical reactivity, makes it a perfect
target and since there is a lack of reference computations on
helium clathrates, this fact motivates us to further investigate
these systems.

In the recent years, computer simulations have become a
powerful tool, allowing to model molecular systems and pro-
cesses. Computer power and technology have rapidly improved,
numerous new computational techniques have been developed,
that contribute to a significant increase in the capability and
ability of computational approaches. The most recent develop-
ments have been revolutionised by the emergence of data
science, machine-learning, and high-throughput approaches,
promising a new framework to efficiently evaluate the properties
341 In this sense, different methodologies
in electronic structure theory,***™** as well as in molecular
dynamics®®™*® and Monte Carlo simulations have been
developed, implemented and tested in order to understand
energetic and thermodynamic stability, as well as storage
capacity of clathrates hydrates. Regarding the description of
the underlying guest-host molecular interactions, several com-
putational approaches are nowadays available, ranging from

of molecular systems.
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the most accurate wavefunction(WF)-based methods to the
computationally more viable density-functional theory (DFT)
ones.>®>*"®1 Following our previous efforts in the field, in this
study we report well-converged reference data from wave-
function-based electronic structure methods, that serve to
systematically evaluate the performance of conventional and
modern density functional approaches. In general, the dispersion-
corrected density functional methods prevail the conventional
functionals,’ however for certain type of vdW systems, like gas
clathrate hydrates, may not be the case and their assessment is still
necessary. Thus, the extra effort involved in checking DFT approxi-
mations can provide valuable information on their reliability and
a comprehensive guidance for choosing functionals in future
studies. From such elaborate calibration calculations appropriate
computational schemes/protocols are recommended in order
to determine the most adequate functional/s in describing
noncovalent guest-host interactions for such He@water systems.
Moreover, as the stability of a system can be understood by
following the variation of the entropy during the thermodynamic
process, we also investigate such changes, through optimization
and frequency calculations, at a range of temperature and pressure
values comparable to the experimental conditions.>® In this way
we infer on the feasibility of the He atom encapsulation in the sII
cages, and discuss on specific thermodynamic conditions for the
laboratory formation of such He@water clathrates.

1. Computational details
1.1 Cages’ configurations

The target systems in this work are each of the building blocks
of increased cage size present in the three most common
clathrate hydrates (sI, sII and sH), namely, the 5'%, 4°5°6°
51262 526" and 5'26® clathrate-like structures. We have ana-
lyzed both the empty (see Fig. 1) and He-filled structures (see
Fig. 2). As mentioned above, the 5'% cage is present in the three
clathrate hydrates, whereas the 5'26% 5'26" and 5'*6® cages
belong to the sI, sII and sH complexes, respectively. The sH
clathrate contains also the 4°5°6® cage. The average cage
diameter as a function of the cages width is shown in Fig. 2.
In the case of the small cages, with 20 water molecules, similar
values of 7.3 and 7.4 Grindeq issue SI were found for the 4°5°6°
and 5" systems, respectively. In turn, there is a small gap with
respect to the next size cavity with 24 water molecules (5'%6%),
where the average diameter is 8.8 Grindeq issue SI, closely
followed by the 5'%6* cage (28 water molecules) with 9.0 Grindeq
issue SI and ending with the higher order clathrate-like cluster
in this study, 5'*6® (36 water molecules), with a diameter of
9.4 Grindeq issue SI.

The geometries of each cage were extracted from the 3D sI,
sII and sH crystalline frameworks, as they have been deter-
mined in ref. 63, using the DENEB software package.®® The
positions of the oxygen atoms have been obtained from X-ray
diffraction experiments, while the proton coordinates have been
choosen to satisfy the ice rules, to have the lowest potential energy
configuration, and a net zero dipole moment. As it can be seen in
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Fig. 2 He@(H,O)y systems, with N = 20 24, 28 and 36, considered in this
study.

Fig. 2 we show such specific sets of proton configurations. The
origin of each coordinate system is placed at the center of mass of
the corresponding empty cage hydrostructure, with the Z-axis
serving as the reference direction.

1.2 Electronic structure calculations: energies and structures

We have obtained reference total and interaction energies from
different wavefunction-based methods, such as domain-based
local pair-natural orbital approach, DLPNO-CCSD(T), and
density fitting Moller-Plesset perturbation theory, DFMP2, as
implemented in the Orca® and Molpro®® packages of codes,
respectively. The computational efficiency and performance of
such linear scaling approaches have been previously reported®>*”%®
from extensive comparisons with their conventional analogs in
small size water-containg systems. Thus, the augmented corre-
lation consistent basis sets,*® AVXZ (X = T for DLPNO calcula-
tions and X = Q, 5 for the DFMP2 ones), were used, together
with the required auxiliary basis sets for density fitting of the
Fock, exchange and other two-electron integrals (jkfit, mp2fit)
in the DFMP2 calculations, whereas the correlation fitting
aug-cc-pVTZ/C basis sets were employed in the DLPNO calcula-
tions for the resolution of the identity (RI). Further, the tight
threshold for both SCF and PNO settings was specified to
achieve better converged wave-functions and to reduce numerical
noise, respectively.

The counterpoise correction (CP) was applied to the energies
obtained to reduce the basis set superposition error (BSSE)
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effect in the present calculations. It was calculated as the
difference between the uncorrected interaction energy and
the BSSE,70 AECP = Eﬂe@cage — EHe — Ecage — BSSE = Eﬁe@cage*
He — Etager Where BSSE = Ejy. — Ene + Egype — Ecage, E' stands
for the monomer (He or cage) energies calculated with the dimer
(He-cage) basis set, while E represents the energies of the
monomers and dimer calculated with the monomer and dimer
basis sets, respectively. Furthermore, we have also computed
the cohesive energies per water molecule for each N empty
water system (N = 20, 24, 28 and 36), as the difference between
the cluster energy and the energies of the geometry-relaxed
Eanony — N - Emo)
¥ .
Since such water-containing systems suffer from rather large

BSSE effects, that increase as the number of water molecules
increases, a complete basis set (CBS) extrapolation scheme has
been employed to obtain accurate well-converged results in the
DFMP2 interaction energy calculations. As the CP correction
has a large influence on the interactions energies the most
adequate equation for our calculations was the two-step
scheme by Lee et al,”" for the interaction energies Ecps =
1 (Oxexs1 — dxii6x)
2 (0x —Ox41)
E“" is the CP-corrected energy and E represents the uncorrected
one, with X = 4 and 5.

Looking for a computational affordable method to calculate
energies in larger systems up to crystalline hydrate frameworks,
we have also assessed the performance of different DFT func-
tionals. Specifically, we have consider those functionals which
showed a better behavior in previous studies of clathrate-
like systems,?>4345°86172 namely the PW86PBE,”>”* revPBE,””
B3LYP’® and PBEO’’ functionals, together with dispersion
corrections, such as the original zero-damping function,
D3(0),”® as well as the most popular Becke-Johnson damping
function, D3(B]),”® the most recent developed, D4,%>%" and the
exchange-hole dipole moment (XDM) model.** All the DFT
calculations were performed using Gaussian®* and Orca®
(in the case of the revPBE and B3LYP functionals) packages
with the additional dispersion corrections computed by the
DFT-D3,%* DFT-D4%° and POSTG®**” programs. The AVQZ basis
sets were employed and the ultrafine grid was specified for the
numerical integration.

water monomers, AE®! =

, with 0y = ESY — Ex, ¢x = E5' + Ex, where

1.3 Thermodynamics of He encapsulation: enthalpy variation
calculations

The feasibility of He atom encapsulation in the sII clathrate
hydrate cages is analysed in terms of enthalpy and Gibbs free
energy variations. These two quantities are practical and impor-
tant thermodynamic properties, that provide valuable informa-
tion about the course of a formation/dissociation reaction.
Thus, optimizations followed by frequency calculations were
performed at the PBE0-D4/AVTZ level for the He@sII cages. The
He@5"” and He@5'%6* minimum energy structures were deter-
mined by optimizing the He atom position inside a fixed
cage. The enthalpy variation, AH, and the change in Gibbs free

1478 | Phys. Chem. Chem. Phys., 2022, 24,1475-1485

View Article Online

PCCP

energy, AG, for the formation of the He@5"> and He@5'%6"
complexes are calculated as the difference in enthalpy/Gibbs
free energy between the enclathrated He system and the sum of
the enthalpy/Gibbs free energy of the empty cage and He atom,

AHIG = H/Gue@eage — [H/Grie + H/Geage] @)

where H(T) =E + ZPE — ¢(T) and G(T) = H—T x S, with E the total
electronic energies, ZPE represents the zero-point vibrational
energy corrections, ¢(7) the thermal corrections for the filled
and empty cage systems, while S stands for their calculated
entropies. The AG of the encapsulated He@5"? and He@5'%6*
systems at different pressure values is also investigated.

2 Results and discussion

In this study we generated benchmark datasets of different
configurations at the repulsive, near-equilibrium, and asymp-
totic/long-range regions of the full potential energy surface of
He clathrate-like systems. On the one hand, the CCSD(T)/CBS
method is widely considered as the “gold-standard” in quan-
tum chemistry due to its high accuracy. However, the key
limitation of this method is its rapid increase in computational
cost with system size. This is where an important variety of
computational techniques, known as linear scaling methods,
come into play as they provide a linear computational cost scale
with the size of the system,>* what allows not only the increase
of the calculation speed, but also the possibility to study
larger systems. In this context, domain-based local pair natural
orbitals (DLPNO) in combination with CCSD(T) is a linear
scaling technique that approximates the CCSD(T) standard.
It arises as a perfect alternative, since it recovers 99.9% of
the CCSD(T) correlation energy and significantly reduces the
computational cost.’®**® On the other hand, Mgller-Plesset
Perturbation Theory (MP2) is a cheap ab initio method, which
doesn’t produce results as accurate as the coupled cluster (CC)
ones, but offers less computational cost. It may be made even
more efficient by means of the Density-Fitting (DF) approxi-
mation, another linear scaling counterpart, resulting in a quite
robust and accurate method.® In fact, this technique reduces
the computational cost as well as the required memory consi-
derably, while maintaining reliable accuracies for practical
chemical applications of MP2 quality.>” Thus, as CC calcula-
tions are not affordable in the case of our systems, we will
consider here, both the DLPNO-CCSD(T) and DFMP2 computa-
tions as the reference ones.

Since the performance of methods and basis sets or func-
tionals in near-equilibrium geometries may not be representa-
tive of the behavior in the whole potential surface, we thus
considered both minimum and non-minimum configurations.
Our purpose is to assess the accuracy and performance of
various conventional and modern WF and DFT/D approaches
in describing the guest-host interactions acting on the He-filled
clathrate-like cages. In this vein, we adopted a previously
proposed validation protocol,** following some general evaluation
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Fig. 3 Criteria taken into account during the validation procedure.

criteria, and in Fig. 3 we present a schematic description of each
step of the procedure summarized below:

1. As a first step the performance of each approach, in
comparison to reference data, is extracted from single point
calculations at optimized geometries.

2. Interaction/cohesive energies are calculated and compared
to reference data in selected non-minimum configurations in
order to visualize a variety of potential energy curves.

3. The computed energies should converge from above to
the reference values. If more than two functionals fulfill the
above criteria, then the one with the lowest mean absolute error
and less computational cost should be chosen.

On the basis of such criteria, we critically evaluate the
performance of different DFT-D approaches and conclude
which one is the most suitable to describe the non-covalent
guest-host molecular interactions in the He@clathrate-like
systems.

2.1 Benchmarking He@cage interactions vs cage size

2.1.1 Equilibrium configurations: interaction and cohesive
energies. Total energies were first computed for all empty and
filled cage systems shown in Fig. 1 and 2, by performing ab initio
WF-based DLPNO-CCSD(T)/AVTZ and DFMP2/CBS[Q5] calcula-
tions at their near equilibrium configurations. Counterpoise
correction was applied in order to account for the BSSE correction,
while in the DFMP2 interaction energies, well-converged results
are also obtained from CBS calculations. Firstly, the resulting
interaction energies corresponding to the He-filled structures in
their minimum (Z = 0 Grindeq issue SI for He@5"?, He@4’5°6
and He@5"6% Z = —2 Grindeq issue SI for He@5"’6* and Z = 3
Grindeq issue SI for He@5"'%6°) are listed in Table $1 (ESIt). In the
case of the empty 5 cohesive energies have been previously
reported at MP2-F12, MP2/CBS>® and explicitly correlated local
CCSD(T) levels of theory,”>*" while for all empty sI, sIl and sH
clathrate-like cavities such energy values have been obtained from
DFMP2/CBS[Q5] calculations,”® as summarized in Table S1 (ESIY).
As one can see in the Table S1 (ESIt), the difference between these

This journal is © the Owner Societies 2022

two methods approximately ranges from 15 to 20 cm " for the
He-filled cages, what supposes an error of 9-12%. In the case of
the He@5"6> that difference is just 7 cm ™" (with an error of 5%).
As for the empty cages, in spite of the fact that the difference
between both reference methods is higher (102-110 cm ™), the
error is approximately 3% and even 2.2% in the case of the
5'%6° cage.

In turn, DFT-based approaches, namely PW86PBE, revPBE,
B3LYP and PBEO functionals, considering the D3(0), D3BJ, D4
and XDM dispersion corrections schemes are also employed.
The calculated energies are also given in Table S1 (ESIt) and
in Fig. 4 we compare graphically for each of the individual
He-filled and empty cages the difference in energy between
the DFT calculations (solid bars) and the reference DLPNO-
CCSD(T) and DFMP2 (dashed lines) values. Regarding the DFT
results, the first feature which stands out is the need to use
dispersion corrections, since the energies resulting from the
calculations with the pure functionals are considerably over-
estimated, both in the He-filled and empty structures (see also
Fig. 4). Therefore, from now on we will just refer to those results
including dispersion corrections. If we take into consideration
the interaction energy values of the He-filled structures, we
observe that the PW86PBE functional is the one which provides
closer results to the reference values. By taking a closer look to
these results, we see that this functional with the XDM disper-
sion generates interaction energies which are closer to the
DLPNO-CCSD(T) ones, whereas the same functional with the
D4 dispersion produces values closer to the DFMP2 values.
On the contrary, the revPBE and PBEO functionals under-
estimate the energy, being this character more pronounced in
the case of PBEO, whereas the B3LYP functional overestimates
the energy, specially when considering the D4 dispersion
correction.

Although there are only few data available concerning noble
gas hydrates, some previous research have reported interac-
tion energies for this complexes. In this way, Kumar and
Sathyamurthy®® obtained an interaction energy of —0.31 kcal mol *

Phys. Chem. Chem. Phys., 2022, 24,1475-1485 | 1479
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Fig. 4 Interaction and cohesive (per water molecule) energies (in cm™)
for the individual He-filled and empty cages, respectively, obtained from
the indicated DFT-D (solid bars) and DLPNO-CCSD(T)/DFMP2 (dashed
lines) calculations. In the case of He((151268 the DFMP2 calculations
were carried out with AVQZ basis sets. Numerical results are listed in
Table S1 (ESIT).

(—108.4 ecm™") at MP2/6-31G** level for the He@5" cage
system, whereas Kaur and Ramachandran®® calculated an
energy of —0.75 kcal mol " (—262.3 cm™ ") at B97-D/cc-pVTZ for
the same system. Finally, Mondal and Chattaraj”” reported ener-
gies of —0.62 kecal mol " (—216.9 em™ ") and —0.35 kcal mol ™"
(—122.4 em ™) for the He@5" and He@5"6° cages, respectively,
from B3LYP/6-31G(d) calculations. As we can see, there is no
agreement neither between these results nor with our reference
values. It may be a consequence of the configuration studied, the
level of calculation or the consideration of dispersion correction
schemes.

In order to check the tendency of the same DFT functionals
in the absence of the He atom, now we focus our attention on
the cohesive energy per water molecule results for the empty
cages. Surprisingly, the B3LYP-D4 functional is the one which
provides closer results to the reference data, in contrast with
the He-filled cages, where this functional significantly over-
estimates the energy. Opposite to the rest of pure functionals,
the PBEO results without dispersion corrections are in good
agreement with the DFMP2 reference ones. Nevertheless, when
adding the D4 dispersion the energy values are overestimated.
The same behavior is observed in the B3LYP-D3(B]J) functional,
although to a lesser extent. The PW86PBE-XDM/D4 values
are slightly underestimated, whereas the revPBE-D3(0)/-D3(B])
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results considerably overestimate the energy. Thus, as we can
see the performance of the different functionals tested here is
appreciably conditioned by the presence/absence of the He
atom inside the cages, that sometimes results in completely
contrary behaviors, as it is the case of the B3LYP functional.
This analysis may be clearer seen in Fig. 4.

2.1.2 Non-equilibrium configurations: interaction energies.
Once we have analysed the performance of the DFI/DFT-D
functionals in the equilibrium geometries, the next step to further
evaluate the accuracy of these functionals consists in examining
their behavior in non-minimum configurations, so that entire
potential energy curves are considered. To this aim, we compute
interaction energies at a variety of configurations corresponding
to the He atom moving along the Z-axis. The resulting curves are
displayed in Fig. 5.

One can see certain differences in the potential curves,
corresponding to their well-depths, as well as in the repulsive
part of them close to potential barriers. The He@5'> and
He@5"26%*/He@5"26° curves are symmetric to the Z-axis direction,
with barriers corresponding to He atom at the center of a
pentagonal or hexagonal face, respectively. Those corresponding
to the He@4’5%> and He@5'*6" systems are asymmetric influ-
enced by the anisotropy of the cage in the +Z and —Z directions.
In the 4°5°° cage, the barriers correspond to the He atom at
the center of a tetrahedral face along the +Z direction and at the
center of a hexagonal face in the —Z direction, while for the
He@5'%6" the barriers coincide with the He atom getting close to
a water molecule shared by three pentagonal faces in the +Z
direction and the He atom at the center of a hexagonal face along
the —Z direction.

In general, all the curves show similar tendencies, but as
expected, there are noticeable energetic differences between
them. Starting with the reference curves, the difference between
DLPNO-CCSD(T) and DFMP2/CBS methods accounts for
15-20 cm ™' in the minima and 30-70 cm ' in the maxima.
Continuing with the DFT-D functionals, the revPBE-D3(BJ)
stands out as a consequence of the huge energy difference
found in the maxima with respect to the DLPNO-CCSD(T) and
DFMP2/CBS energies for all the systems under study. However,
in the minima the energy is underestimated, although the
difference is not that significant and the calculated values
are even close to the PBE0-D4 ones. The same functional with
the D3(0) dispersion correction improves the results in the
maxima, taking values similar to the PW86PBE-D4 ones in most
of the systems, while presenting similar values to those
obtained with the D3(BJ) scheme in the minima. The B3LYP
functional with both D3(BJ) and D4 dispersion schemes over-
estimates the interaction energy along the whole curve, as we
expected from the previous analysis in Table S1 (ESIt). As
regards the PBEO-D4 functional, it shows a curve surprisingly
close to the DLPNO-CCSD(T) one, except in the minima of the
curve, where the energy is underestimated, getting values even
similar to those from the revPBE calculations, as commented
before. Curiously, in those systems containing 20 water mole-
cules (He@5" and He@4°5°°) the PBE0-D4 curve is closer to
the DFMP2/CBS one, although it presents the same behaviour
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Fig. 5 Interaction energy curves obtained from the indicated DFT-D functionals when moving the He atom along the Z-axis and compared with the

reference DLPNO-CCSD(T)/AVTZ and DFMP2/CBS[Q5] (DFMP2/AVQZ in the case of He@5'%6%) reference values.

just described. Finally, the PW86PBE functional is the one
which presents the greatest agreement with respect to the
DFMP2/CBS and DLPNO-CCSD(T) reference values in the
minima region, taking values in between these two approaches
when using the XDM dispersion correction and values hardly
higher than the DFMP2/CBS ones when using the D4 disper-
sion correction. Nonetheless, this concordance is slightly lost
in the maxima curve region.

Considering that the PBE0-D4 and PWS86PBE-XDM/D4
functionals are the ones which show a better performance
and following the validation protocol described in Fig. 3, we
decided to further check their accuracy with respect to the
reference data in terms of error analysis. In this way, in Fig. S1
(ESIt) we display a graphical representation of the individual
root-mean-square (RMS) and percentage errors of each of the
PBEO-D4 and the PW86PBE-XDM functionals, calculated as

This journal is © the Owner Societies 2022

RMS = \/((EREF — EDFT)Z), with Ergr corresponding to the

DLPNO-CCSD(T)/AVTZ energies at the reference structures
along the Z-axis for each He@cage system (see Fig. 2 and 5).
In general terms, one can draw the following conclusions.
On one hand, we see that both RMS and % error are smaller
for the PW86PBE-XDM in the near-equilibrium regions, in
contrast to the repulsive region, where these values are notably
higher and even surpass the PBE0-D4 ones, and on the other
hand, we observe that the variations produced in the PBEO-D4
errors along the Z-axis configurations are more linear than in
the PW86PBE-XDM case, where the calculated differences are
considerable. Taking all this information into consideration,
we highlight the performance of two functionals: PBE0-D4 and
PW86PBE-XDM. The first one implies a heavier calculation,
but represents reasonably well most configurations inside the
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cages, especially those close to the potential barriers, and
presents an error which is approximately regular during the
whole curve. The PW86PBE-XDM is a significantly faster calcu-
lation, which provides a much better description of the near
equilibrium geometries, but whose accuracy is lost in the
repulsive regions. Therefore, depending on the objective pur-
sued, the size of the system under study and the computational
resources available, one will be more interested in selecting one
functional or another.

2.2 Thermochemistry: stability of the He@sII cages

Up to day, the only helium clathrate that has been synthesized
in the laboratory is the He@sII*® structure, and its small and
large cage filling has been studied as a function of pressure
and temperature. It has been shown that for temperature
and pressure values between 80-120 K and 50-150 MPa,
respectively, He atoms occupied both cages.*® Such experi-
mental findings provide good testing grounds for computa-
tional quantum chemistry methods, thus in this section we aim
to assess the He@slII cages stability, through thermochemical
calculations. To this purpose, we performed optimization and
frequency calculations at the PBE0-D4/AVTZ level of theory,
given the reliability found for this DFT functional approach in
both He@clathrate-like cages and ice-like channels.*® In this
way, we determined the change in enthalpy, AH, and the

View Article Online
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change in Gibbs free energy, AG, for the He + 5%/5'%6* —
He@5"*/He@5%6" formation reaction at a wide range of tem-
perature (7) and pressure (P) values, ranging from 50-298 K and
1-1500 atm, respectively, in order to cover the experimentally
explored regime.?®

The corresponding results are plotted in Fig. 6, where the
range of experimental T/P conditions is highlighted in a colored
dashed box. On the one hand, in the upper panel one can
observe that for both He@cage systems, the enthalpy variation
has negative values for all the temperatures studied, indicating
that the reactions involving the encapsulation of a He atom
inside any of the sII clathrate-like cages are exothermic.
However, for the He@5'> cage the higher the temperature,
the higher AH, in contrast to the He@5"%6" system where this
tendency is negative, and in addition, the effect of the tem-
perature is more pronounced (higher slope). On the other
hand, in the lower panels of the figure, AG takes positive or
negative values depending mostly on the pressure value. Thus, at
P =10 atm, for example, the reaction is spontaneous (AG < 0) up
to approximately 83 and 53 K in the case of He@5' and
He@5'%6", respectively, while for higher temperature values the
encapsulation reaction needs to be driven by an external source
of energy.

The most outstanding characteristic in these plots is that at
high pressures of 500, 1000 and 1500 atm, which correspond to
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Fig. 6 AH (upper panel) and AG (lower panels) as a function of temperature at various pressures for the He@5? (circles) and He@5'%6* (triangles)
systems in their minimum energy configurations. Color (magenta) dashed boxes indicate the T—P range of experimental conditions.
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the experimentally reported values,’® AG is negative for the
whole range of temperatures studied by the experiment for
both He@cage systems. This means that the He@sII cages
formation reaction is thermodynamically favoured, and there-
fore, it is capable of proceeding by itself until it is finished. This
behavior reinforces the idea that this kind of inclusion com-
plexes are formed at high pressures. Finally, another difference
found between the small and large He@sII cavities is the fact
that for the He@5'? cage one can observe two tendencies in the
distribution of Gibbs free energies variation: one in the range
of 1-100 atm, where the slope of the lines is positive, so AG
increases as temperature is increasing, and the second one
from 500-1500 atm with a negative slope, and thus, AG takes
lower values as temperature increases. Nevertheless, for
He@5"%6" only positive tendencies are observed in the pressure
values studied, in spite of the fact that the slope’s increase is
gradually smaller.

The present results for enthalpy and free Gibbs energy
variations are compared with previous reported data on such
systems.””** For example, earlier B3LYP/6-31G(d) calculations
for the He@5'> and He@5"'%6° cages have reported®” AH of
—0.56 keal mol™" and —0.21 keal mol ™", respectively, while our
values are —0.43 and —0.92 kcal mol ' at T = 298 K. Further,
more recent B97-D/cc-pVTZ computations® have estimated AH
and AG values at 180 K and 1 atm for the He@5" cage of —0.97
and 2.18 kecal mol ™' at 180 K and 1 atm compared to our
predictions of —0.55 and 1.54 kcal mol ', respectively.
Although the obtained values in a range of temperature and
pressure values are distinct, the overall behavior for both AH
and AG is similar, with the the enthalpy variation for the
encapsulation of the He being greater for 5' than for larger
He®@5"%6" one.

3 Summary and conclusions

In this work, we have assessed the performance of different
DFT functionals, such as GGAs (revPBE and PW86PBE) and
hybrids (B3LYP, PBEO), including various dispersion correction
schemes (D3(0), D3(BJ), D4 and XDM), in comparison with
reference data obtained from well-converged wavefunction-
based calculations (DLPNO-CCSD(T) and DFMP2). The cages
structures under study, He@(H,O)y (N = 20, 24, 28, 36),
correspond to the building blocks present in the three most
common clathrate hydrates: sI, sII and sH. We have computed
interaction and cohesive energies of all He-filled and empty
clathrate-like systems, respectively, in minimum and non-
minimum energy configurations in order to ensure an overall
description of the He-water and water-water interactions. We
have adopted a general protocol scheme to examine the validity
of promising DFT approaches against the reference data. First
of all, we have analysed the energy results of the equilibrium
geometries, finding differences in the performance of the DFT
functionals in presence/absence of the He atom. Thus, the
B3LYP-D4 functional is the one which provides closer results
to the reference values in the case of the empty cages, whereas
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the same functional significantly overestimates the energy in
the He-filled cages, being the PW86PBE-XDM/D4 the one which
better performs in that case. In general, different tendencies
are distinguished when taking into consideration or not the
He atom. Second, we have assessed the performance of the DFT
functionals in non-minimum configurations. Thus, we have
observed that the functionals revPBE and B3LYP are inadequate
to describe the guest-host interactions which take place in
these systems, whereas the PBEO results are in good agreement
with the reference ones, finding that the interaction energy
curves of PBE0-D4 and DLPNO-CCSD(T) almost overlap in those
configurations close to the potential barriers. Nevertheless,
this functional presents some difficulties to describe the inter-
actions in the minima of the curves, where the energy is
underestimated. Finally, the PW86PBE functional also shows
a well-balanced performance, presenting the greatest agree-
ment with respect to the DFMP2 and DLPNO-CCSD(T) reference
values in the minima. As regards the maxima, the difference
with respect to the reference is more noticeable, but it is still
small. Both the D4 and XDM dispersion corrections behave
correctly, finding that the XDM results are in between the
DFMP2 and DLPNO-CCSD(T) ones, whereas the D4 results
are slightly higher than the DFMP2 ones. Taking all this
information into account, our analysis came to the conclusion
that the functionals which better perform for the description of
the He@(H,O)y interactions are the PW86PBE-XDM/D4 and
PBEO-D4.

We have also performed a thermodynamic study in order to
evaluate the stability of each of the cavities which shape the sII
clathrate hydrate, that is, the He@(H,O)y (N = 20, 28) systems.
The change in enthalpy, AH, and the change in Gibbs free
energy, AG, at various temperatures and pressures is calculated
and compared with the experimental conditions (80-120 K
and 50-150 MPa). The encapsulation process of the He atom
inside the individual 52 and 5'%6* sII cages is predicted to be
exothermic and spontaneous in the range of 7/P experimental
conditions. It would be interesting to perform the same
thermodynamic study in the bulk He@slII in order to observe
if there is any significant difference with respect to the study of
the individual cages as a consequence of, for example, periodicity,
inter-cage effects... or, on the contrary, these results are suffi-
ciently representative and may be taken as a reference to have a
realistic idea of the type of reactions occurring in the periodic
crystal structure.

These outcomes reveal less demanding methods which are
adequate to describe the He-water interactions in isolated
clathrate hydrates cages, as well as to study thermodynamically
the kind of reactions involved in the enclathration process. Such
systematic accuracy cross-check studies of modern computational
approaches are of high relevance in developing predictive data-
driven models, in a general automated (machine-learned) fashion,
for such noncovalent interactions. They may also be useful to
further investigate the sI, sII and sH periodic crystals, or filled-ice
water networks, as well as more recently discovered ones, such
as the C,, Cj, etc. structures, so as to examine, among other
contributions, multiple cage occupancy, and lattice effects.
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