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1 Abstract

Through reliable first-principles computations, we have demonstrated the im-
pact of CO2 molecules enclathration on the stability of sl clathrate hydrates.
Given the delicate balance between the interaction energy components (van
der Waals, hydrogen bonds) present on such systems, we follow a systematic
bottom-up approach starting from the individual 5'? and 5'262 sl cages, up
to all existing combinations of two-adjacent sI crystal cages to evaluate how
such clathrate-like models perform on the evaluation of the guest-host and first-
neighbors inter-cage effects, respectively. Interaction and binding energies of
the COqy occupation of the sl cages were computed using DF-MP2 and dif-
ferent DFT/DFT-D electronic structure methodologies. The performance of
selected DFT functionals, together with various semi-classical dispersion correc-
tions schemes, were validated by comparison with reference ab initio DF-MP2
data, as well as experimental data from x-ray and neutron diffraction studies
available. Our investigation confirms that the inclusion of the CO5 in the cage/s
is an energetically favorable process, with the CO5 molecule preferring to oc-
cupy the large 5'262 sI cages compared to the 5'2 ones. Further, the present
results conclude on the rigidity of the water cages arrangements, showing the
importance of the inter-cage couplings in the cluster models under study. In
particular, the guest-cage interaction is the key factor for the preferential ori-
entation of the captured CO2 molecules in the sl cages, while the inter-cage
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interactions seems to cause minor distortions with the CO5 guest neighbors in-
teractions do not extending beyond the large 5'262 sl cages. Such findings on
these clathrate-like model systems are in accord with experimental observations,
drawing a direct relevance to the structural stability of CO2@sI clathrates.

2 Introduction

Capture and storage/utilization/removal of the CO4 greenhouse gas is of out-
standing importance and a major challenge for gas-control technologies. [1] Sci-
entist are called to identify the right materials and processes for this purpose,
with clathrates presenting an excellent source for the formation of inclusion
compounds and, thus of great potential for gas storage. [2, 3, 4] Gas clathrate
hydrates are nonstoichiometric solid compounds with a cage structure formed
by a hydrogen-bonded water network, where guest molecules get trapped. [2] In-
vestigations on clathrate hydrates are largely motivated by the growing need for
new energy sources, such as methane and hydrogen clathrates, [5, 6, 7, 8, 9, 10]
while more recently mixed-binary clathrates, combining CO5 and CH, as guest
gases, have also generated tremendous interest, as possible byproduct storage
media and new fuel sources. [7, 11, 12]

CO; clathrate hydrates have been mainly found in the sl crystal struc-
ture, although some evidence of the CO2@slII type, and so far binary CO,@QsH
clathrates have also been reported. [2, 13, 14, 15, 16, 17, 18] The stability of
these clathrates relies on the nature of the guest molecule/s and its interac-
tions with the hydrogen-bonded water network. Commonly, when consider-
ing properties of gas clathrate hydrates, semiempirical models are used, as are
easier to handle, with a microscopic understanding of the underlying guest-
host interactions as well as their effect on macroscopic properties being still far
from complete. [19, 20, 21, 22, 23] Nowadays, quantum chemistry approaches,
such as wavefunction-based (WF) and density functional theory (DFT) meth-
ods could describe such nonstandard guest-host molecular interactions in a
reliable way. New methodologies to reduce the computational cost with re-
spect the size of the system aiming to reach linear scaling have been also re-
ported. [24, 25, 26, 27, 28] Therefore, modern first-principles approaches offer
the means to explore the molecular interactions of such systems in order to
improve our understanding of different physico-chemical processes. [29] Such
computational approaches should describe accurately both the hydrogen-bond
and dispersion interactions present in gas hydrates, and recent significant im-
provements have been reported in the performance of dispersion-corrected DFT
approximations. [30, 31, 32, 33, 34, 35, 36|

In this work, through reliable electronic DF-MP2 and DFT/DFT-D calcu-
lations for isolated finite-size clathrate-like clusters the structural stability of
the CO2@sl cages is investigated. We evaluate the guest-host and inter-cages
(cage-cage and guest-guest) effects for the individual building block cages D
(small or 5'2) and T (large or 5'262) of the CO,@slI clathrate, as well as two-
adjacent aperiodic DT and TT cages, from a bottom-up approach. The im-
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pact of the DF-MP2 and different DFT/DFT-D approaches on the interaction
and binding of such clathrate-like systems is checked. Due to the restrictions
imposed by the highly computational resources demanding as the system size
increases, valuable information can be gained from quantum WF-based com-
putations on clathrate-like finite-size systems, [27, 26] where high-accurate ab
initio WF-based calculations are limited nowadays. [37, 38, 39, 40, 41] Current
challenges for investigating the entire periodic clathrate hydrate unit cells via
reliable DFT-D, or MP2 approaches [42] are under development, for going be-
yond system-size scaling and computational performance, although the accuracy
of the treatment is still the absolutely key for reliable modeling of hydrate phe-
nomena. Thus, a systematic evaluation of important aspects of the underlying
interactions, such as cooperative guest-host and guest-guest/cage-cage effects
should be performed.

In this vein, earlier experimental studies have demonstrated [43, 44, 45] that
the enclathrated CO2 molecules show preferred orientations in the sI cages. It
has been found that they are rotating rapidly in the large (5262 or T) cages,
while such rotational motion is suppressed in the dodecahedral (5'2 or D) cages.
Such preferred orientations of the enclathrated CO5 has been previously re-
ported using different approaches, with not entirely clear results. Recently, the
interaction of the CO2 molecule in isolated sI, sII and sH clathrate cages has
been systematically investigated through various DFT approaches, [26] while
studies have been also reported on the orientation of the COs in the sl cages
or hydrate unit cells using specific DFT approaches. [46, 47, 48] It has been
found [26] that the B3LYP functional [49] including the D3M(BJ) correction [32]
yields the best performance for all individual CO4 clathrate cages studied. Also
by analyzing [26] the orientation of the COs molecule inside the cages, it has
been shown that it depends on the size and symmetry of the cages. So far,
for the CO,@5'262 sI clathrate cages it has been concluded that the COg is
lying on the equatorial plane owing to its oblate shape, as well as in case of
the CO,@5'26% sH cages, whereas for all other sI, sII and sH cages studied,
no such orientational preference is found. This orientation implies rotational
ability of the COs in these cages that may play a decisive role in enhancing
the stability of the sI and sH crystalline frameworks. Further, in an earlier
study it has been reported [22] that by including nuclear quantum effects for
the CO,@sl cages, the rotational ability of the COs is hindered in the D cage,
whereas in the T one the translational and rotational degrees of freedom are
highly coupled. Such finding has been obtained [22] from quantum approaches
employing a semiempirical potential, which shows substantial differences with
respect to the benchmark interactions. [26] We should note that anharmonicity
could also be crucial to describe the clathrates stability, although they should
be explored taking into account realistic underlying interactions. Therefore,
it is of particular relevance to access the performance of different generalized-
gradient (GGA) and hybrid exchange-correlation functionals, such as revPBE,
PWB86PBE, and B3LYP, for larger finite-size clusters, like the two-adjacent cage
systems considering the effect of first-neighbors inter-cage couplings, for evaluat-
ing systematically higher-order guest-host as well as guest-guest and cage-cage
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effects. For a direct comparison between data from such clusters calculations,
the long-range dispersion corrections were taken into account using different
approaches, such as the exchange dipole moment (XDM) model, [50] and the
D2/D3/D4 correction schemes. [32]

In this work we attempt to connect the molecular-scale interaction in sl
clathrate with a COy guest molecule, and link its microscopic properties to
macroscopic observables such as the clathrate’s structural stability. We exam-
ine the orientation of the confined COs molecule in the sl cages, taking into
account the rigidity of all considered cages and their effects on the structure
and binding of the clathrate cage/s are determined. COj is a linear molecule
with large quadrupole moment that interacts with water molecules through po-
larizable and dispersion forces. Thus, such finite-size cluster cavities allow to
evaluate the role of electrostatic and dispersion interactions from both WEF-
based and DFT-based computations following a bottom-up approach, starting
with the one- and two-cage building-block sI units. The outcome of this study
could serve as guideline to further molecular dynamics investigations on such
hydrates, contributing to build up improved transferable models able to repre-
sent nonstandard noncolavent interactions from nanoclusters up to condensed
systems.

Computational details and methods are presented next. Microscopic struc-
ture, guest-host and guest-guest/cage-cage energetics in the CO2@sl cages and
the role of the CO2 molecules orientation on the stability of the clathrate are
discussed afterwards. This article ends with a summary and conclusions.

3 Computational setup

COz has been mainly found to form sl type clathrate hydrates. The sl host
lattice contains six individual tetrakaidekahedral (5'262 or T) cages, which are
arranged to form two interstitial dodecahedral (5'2 or D) cages (see lower-left
panel in Fig. 1). A non redundant arrangement of such cages is presented in
the top panel of Fig. 1, while combinations between D and T adjacent cages
are depicted in the lower-right panels. Such two-adjacent cage systems were se-
lected to study the structural stability in terms of first-neighbor effects, through
the evaluation of the guest-water, water-water and guest-guest interactions. The
two-adjacent cages correspond to the large-small (namely DT) cages with 39 wa-
ter molecules, large-large (namely TT(5)) cages with 43 water molecules sharing
a pentagonal face and large-large (namely TT(6)) cages with 42 water molecules
sharing a hexagonal face (see the lower-right panels of Fig.1), and all of them are
considered here. Geometry configurations of each individual and two-adjacent
cage systems were obtained from the 3D crystalline framework [51] by carving
out the crystal sI structure with the DENEB software package [52]. The posi-
tions of the oxygen atoms for all water molecules have been determined from
the X-ray diffraction experiments, while water proton coordinates in the sI unit
cell structure have been chosen to satisfy the ice rules, and by analyzing the
symmetry of protons on the hexagonal or pentagonal faces in the hydrate cages
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to have the lowest potential energy configuration for the protons, with a net
zero dipole moment. Such different proton distributions have been found [51]
to show a fairly narrow potential energy spreads, and thus a rather small per-
turbative effect on the energies of the guests in the cage systems. Thus, in
Fig. 1 we display the specific set of proton configurations used in the present
computations.
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Figure 1: (Upper panel) The sI hydrate crystal cages arrangement. (Lower-left
panel) The CO,@5'2 and CO,@5'262 sI individual clathrate-like cages, namely
D and T, respectively. (Lower-right panel) Two-adjacent DT, TT(6) and TT(5)
fully occupied CO2@sI clathrate-like cages (see text). The red color corresponds
to the oxygen atoms, the gray to hydrogens, while the brown to carbons.

Electronic structure DFT calculations were performed for the aperiodic clus-
ters of the isolated individual (D and T) and the two-adjacent jointed (DT,
TT(6) and TT(5)) cages of the CO,@sl clathrate hydrate, using the Quantum
Espresso (QE) code, [53, 54] while Molpro package [55] was employed for the
WEF-based computations. Considering the computational cost as the size of the
clusters increases, DF-MP2 calculations [55] were carried out using the aug-
cc-pVXZ (AVXZ, X=D, T and Q) [56] series of basis sets. The counterpoise
corrections (CP), [57] Ecp, were included to reduce the basis set superposition
error (BSSE) effects in the interaction energies. In turn, all DFT calculations for
the isolated cage/s were performed at the I'-point only, in a cubic simulation cell
of volume 30x30x30 A3. The Makov-Payne method of electrostatic interaction
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correction was considered for these aperiodic systems, where the convergence of
the energy is determined by the longest-ranged forces, which usually are electro-
static interactions, evaluated in the limit of large supercells. [58] Full and partial
geometry optimizations were performed by relaxing all atomic positions or only
those of the CO4 keeping fixed the water cages, respectively. The BFGS quasi-
newton algorithm was employed until components of forces are smaller than
0.05 eV/A. We used the standard implementation in the LIBXC library [59] for
different exchange-correlation functionals, such as the revPBE, PW86PBE, and
B3LYP, together with a variety of their dispersion-corrected analogs by means
of various semi-classical density based corrections. We choose to employ the
B3LYP functional, as in a previous study on different CO4 clathrate’s cages it
has been shown to best-perform compared to benchmark data, [26] although for
larger clusters it became computationally demanding, especially in the geome-
try optimization calculations involved. So, bearing in mind to deal with large
number of molecules noncovalent systems alternatives, such as the revPBE and
PWS86PBE functionals, as implemented in QE code, [53, 54] were also consid-
ered. Regarding the dispersion correction schemes a variety of them were em-
ployed, such as the semiempirical D2, [60] the original zero-damping function
D3(0), [61] the most popular Becke-Johnson damping function D3(BJ), [62] the
D3M(0) [63] and the D3M(BJ), [63] using the DFTD3 program, [64] while the
DFTD4 code [65] was used to count for the corrections from the most recent de-
veloped D4 [66, 67] model including many-body dispersion interactions beyond
the pairwise terms. The XDM model, like the D3 scheme, contains three-body
intermolecular dispersion contributions and was also considered here, using the
POSTG code [68] with its damping function parameters a; and as(A) parame-
terized for different functionals. [50]

Interaction and binding energies are calculated as the difference of the total
energy of the fully or partial occupied CO2@sl cage/s systems, and the energies
of the empty cage/s and the n COs molecules (being in total maximum of
two/one per cage) given by

AEint = ECOQ@S[ cage — ESI cage — n'ECO2 and (1)
_ opt opt opt
AE = ECOg@sI cage ESI cage 7/L“ECOQ’ (2)

at any selected and geometry-optimized (full or partial) configurations, respec-
tively. We should emphasize that binding energies are a particular instance of
interaction energies at the optimized configurations of the systems under study.
The cohesive energies for each N water cage (empty) system are obtained as the
difference of the cluster energy and the energies of the geometry-relaxed water
monomers, AEcon = E(srcage)n=20,24,39,42,43 — IN.Ep,0. Comparisons of such
binding energies enable to account for the guest-water/guest-guest /water-water
strength on the stability of the clathrate-like clusters. Further, comparisons of
the optimized geometries provide information on preferential occupation and
structural orientation preference of the COs in each sI cage/s under study.
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4 Results and Discussion

4.1 Assessing DFT-derived interactions

As mentioned, recent benchmark DF-MP2/CBS and DFT calculations have
been reported [26] for all individual sI, sIT and sH cages of the COq hydrates,
and it has been shown that the B3LYP-D3M(BJ) approach offers a reliable
description of the guest-host interactions. In the same vein, the effects of guest-
cage as well as the inter-cages interactions could be further explored from a
bottom-up approach, if the same DFT computations are performed for larger-
size, although computationally manageable, systems, such as those consisting
of individual sl cages or two-adjacent sl cages, where in the latter systems one
can also evaluate the influence of the nearest neighbors on the interactions.
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Figure 2: Interaction and cohesive (per water molecule) energies of the individ-
ual CO,-filled and empty 52 (or D) and 5262 (or T) sl cages, respectively, ob-
tained from the indicated DFT-D calculations. Vertical long-dashed and dashed
lines correspond to the DF-MP2/CBS[TQ] and DF-MP2/CBS[Q5] energies from
refs. [26, 27], respectively.
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Thus, we first considered the D and T individual s cages (see lower-left panel
in Fig. 1) in a cubic supercell, and we explored interaction energies and cohesive
energies of the COo-filled and empty sl cages, respectively. In Fig. 2 we display
the interaction energies obtained using the indicated revPBE, PW86PBE and
B3LYP DFT/DFT-D functionals, that were found to perform best in estimating
the binding energies of the CO,@5'2 and CO,@5'262, together with cohesive
energies of the empty T and D cages (see Table S1 in supporting information).
The reference DF-MP2/CBS energies for both COs-filled and empty D and T
individual sI cages are also displayed [26, 27] (see vertical dashed and long-
dashed lines in Fig. 2, respectively). By comparing the DFT-D functionals with
the reference data available in the literature from WF-based methods, we should
note that the examined D3 variants, the D4 and XDM schemes yield similar
energy values for each functional, with the PW86PBE-XDM and PW86PBE-D4
estimates being closer to the DF-MP2/CBS data for both filled and empty T and
D cages. The B3LYP with D3(BJ), D3M(BJ) and D4 corrections underestimates
the interaction of the COs with both cages, while yields cohesive energies for
the empty sl cages in very good accord with the reference values. The revPBE-
D3(0) and revPBE-D3(BJ) results are found to underestimate both interaction
and cohesive energies for the D and T sl cages. All functionals under study
predict that the interaction energies are larger for the T cage than the D one,
indicating that CO,@5'26% configurations are more stable than the CO,@5'2,
in accord with previous studies. [69, 47, 48, 26]

In turn, we also examined the structures corresponding to the two-adjacent
DT, TT(6) and TT(5) sI cages (see lower-right panel in Fig. 1) of 39, 42 and 43
water molecules, respectively. In particular, we computed both DF-MP2/AVTZ
(including CP corrections) and DFT-D interaction energies for all these (both
fully and partially CO2 occupied) cage systems employing the same functionals
as in the individual D and T cages: the BBLYP including the D3(BJ) and D4,
the PW86PBE with the XDM, D3(BJ) and D4 dispersion corrections, and the
revPBE, with the D3(0) and D3(BJ) schemes. For the DT cages, we considered
the fully occupied (141), the (140) occupying only the D cage, and the (0+1)
when only the T cage is occupied, configurations, while in the TT(5) and TT(6)
cases, the fully occupied (1+1), as well as the (140) and (0+1) configurations,
when only one of the T cages is occupied, were considered.

In Fig. 3 we show the interaction energies for the DT, TT(5) and TT(6)
systems considering the CO2 configurations previously described. The dashed
lines indicate the DF-MP2/AVTZ reference data for each of these systems (see
Table S2 in supporting information). The PW86PBE functional with XDM
and D4 dispersion corrections was found to provide estimates with energy dif-
ference values less than 0.6 and 0.7 kcal/mol, respectively, compared to the
reference DF-MP2/AVTZ data, while the revPBE-D3(0)/D3(BJ) and B3LYP-
D3(BJ)/D3M(BJ)/D4 underestimate the interaction energies for all nine dif-
ferent DT, TT(5) and TT(6) systems with differences up to 2.4 kcal/mol (see
Table S2 in supporting information).
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Figure 3: Interaction energies for the full (1+1) and partial (14-0)/(04+1) COs-
occupied DT, TT(5), TT(6) adjacent sI cages, obtained from the indicated
DFT-D calculations. Reference DF-MP2/AVTZ values are plotted by vertical
color dashed lines as indicated for each case.

As it was expected, we found that dispersion has a strong effect on the ener-
gies, and reliable results obtained when dispersion effects are treated properly.
Although different functionals employed here, show variations in the interac-
tion energy values, when dispersion corrections are added, then the trends were
found to be similar for all CO,@sI cage systems studied here (see Table S1
in the supporting information). Interestingly, comparison of the DF-MP2 and
DFT-D energies shows similar behavior for all individual and two-adjacent sI
cages considered (see Figs. 2 and 3). It was found that, the CO5 interacts more
strongly with the larger T cages than the D ones. As expected the guest-host
interaction depends on both the cage size and symmetry, as well as the shape
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of the guest molecule. In agreement with previous experimental and theoret-
ical studies [44, 70, 45, 22, 26] the orientational preference of the CO3 in the
sl cages permits its rotation, and it may enhance the stability of the CO,@sl
clathrates. As inter-cage interactions should also expected to contribute, so such
guest-guest and cage-cage effects are analyzed in following section by studying
the energetics and structuring for the progressive CO5 occupation of the sl cage
systems.

4.2 Energetics and structural stability: the role of CO,
orientation

Once we check the performance of various electronic structure methods in the
following we proceed geometry relaxation calculations to evaluate the structural
stability of the sl clathrate-like cages under study. We have carried out opti-
mization employing the PW86PBE-XDM functional considering both rigid and
flexible cage/s. Previous studies have supported [71, 22, 69, 8, 48, 26] single
occupancy of the CO,@sl clathrate cages, so optimizations for each sl cage/s
containing one COy per cage were considered.

We have first optimized the empty cage/s, and in turn we reoptimized the
COg inclusion complexes. We also checked the cage rigidity for all the COq
filled (partial/full) cage/s, by carrying out partial optimizations keeping fixed
the corresponding sl cage/s. In this way the binding energies with respect to
the guest-free system are calculated, and at the same time the effect of the
CO4 enclathration in the cage shape is evaluated. The corresponding results
of such computations are given in Table S3 in the supporting information. All
such progressive (single) occupation processes are shown in Fig. 4 for the D
and T, as well as all combinations of the DT, TT(5) and TT(6) two-adjacent
sl cages, with binding energies displayed for each of the steps. Binding energies
are computed for both rigid and relaxed sl cages. The values in bold indicate
the binding energy for fully occupied sI cages, while those in black correspond to
partial cages filling. Also, we should note that the stability for the CO5 inclusion
complexes calculated by the full optimized sl cages is very comparable with the
values obtained from the partial geometry optimizations with the CO5 molecules
inside the rigid sI cages. Such finding indicates the rigidity of the water cages
arrangement, although some water molecules that participated in guest-host
bonding were reoriented, nevertheless, the original water-water hydrogen bonds
were preserved, with some exception in the outer hydrogen atoms orientation.

For all clathrate-like cage systems studied, it is clear that there is a signif-
icant preference of CO5 for occupying the T cage, in agreement with previous
studies. [22, 47, 8, 48, 26] According to the present computations the energy
difference between the individual D and T sI cages is about 1.7 kcal/mol, while
in the case of the two-adjacent cage systems the most energetically efficient
filling process is when COs molecules occupy the TT(5) cages with energy of
-12.5 kcal /mol, although similar values of -12.2 and -11.4 kcal/mol are obtained
for the fully filled DT and TT(6) two-adjacent cages, respectively. The interac-
tion energy of the COs increases as the size of the individual cage increases, and

10
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Figure 4: Binding energy (in kcal/mol) for the D, T, DT, TT(6) and TT(5) sI
(rigid) cages, formed by 20, 24, 39, 42 and 43 water molecules for gradual CO»
occupation.

among the cases studied, its interaction with the DT is more attractive count-
ing -7.18 kecal/mol. In all two-adjacent sI cages a COs-cage pairwise interaction
approach predicts more stable configurations than those computed, indicating
that higher-order many-body effects destabilize them, especially the TT(6) and
TT(5) ones, except in the (0+1) CO2@DT case. Also, one should expect that
in the TT(5) and TT(6) cases the interaction energies of partial occupation
should be closer, although the presence of the neighboring empty cage clearly
affects the energetics. By analyzing the interaction and binding energy values
obtained for fixed COg orientations for the partial (1+0) and (0+1) with those
found from geometry optimizations in the individual rigid D and T sl cages,
one could evaluate the effect on the energy by the presence of the neighbors
(see Tables S1, S2 in the supporting information and Fig. 4). In the case of
the TT(6) system we observed the smaller differences, while in the DT are the
larger when the COs occupies the D cage. The multipolar interactions between
CO4 and the host (water) cage/s result in stronger guest-host forces, and apart
of the size of the cage also the shape of the guest molecule contributes to such
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relatively high energy values. The resulting directional attractive interactions
can be attributed to the linear shape of the CO4 as it interacts only with a
limited number of the surrounding water molecules of the sI cage/s. Thus, the
influence on the guests’ orientation by the presence of the neighbor cages will
be discussed next.

Figure 5: Orientation of COy molecules inside the individual D and T, as well
as in the full (141) occupied DT, TT(6) and TT(5) two-adjacent sI cages.
The coordinate systems used in both individual and two-adjacent sl cages are
also displayed. For the encapsulated COs molecules their orientations in the
individual D and T sI cages are also shown with yellow color for the oxygen
atoms, and brown for carbons, while also for comparison reasons with yellow
color the individual T cage is superimposed when differences are obtained (see
text).

The orientation of the single CO4 molecule in each sl cage is shown in Fig-
ure 5, and we found that its inclusion is energetically favorable. We should
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emphasize that the D cage is formed by twelve pentagons, while the T cage
is anisotropic, consisting of two six-membered and twelve five-membered rings.
A comparison of the progressive occupied optimized systems shows that ori-
entational preference varies among them. Starting with the individual D and
T cages (see upper-left panel of Figure 5), the results on the COq orienta-
tion from the partial optimizations are found in accord with those previous
reported. [44, 45, 22, 26] In particular, for the D cage COs is located at the
center of the cage with #=60 ° and $=90 ° (see corresponding coordinate sys-
tem at the upper-left panel of Figure 5), while for the T cage values of §=100 °
and ¢=45 ° (see corresponding coordinate system at the upper-middle panel of
Figure 5) were obtained with the CO, shifted from the cage’s center by 0.08 A.
Almost the same values are obtained from the full optimizations for the CO,@QT
cage, while slight differences were found for the CO>@D cage, with §=56 ° and
¢=94 °. However, one should be aware of the influence of the limited size of the
individual cage model, as in actual clathrates each water molecule participates
in four hydrogen bonds, and thus its reorientation would be most probably lim-
ited in comparison with the present full optimized case, and guest-host effects
should be described better in the case of the individual rigid cages results.

N\

D cage T cage

60 90 120 150 180 210 240 270 300 330 360 0 3 60 9 120 150 180 210 240 270 300 330 360

0 (deg) 0 (deg)

J U

&

&

IS

&

&

Figure 6: Contour plots of the potential energy in the (¢,0)-plane of the COq
molecule inside the individual rigid D (left panel) and T (right panel) cages. The
equipotentials are plotted from -5.5 to -0.5 kcal/mol and -7.0 to -2.5 kcal/mol
for the D and T cases, respectively, with intervals of 0.5 kcal/mol.

Apart to the specific preference of the COz orientation, in Fig. 6 we display
contour plots of how the potential varies as a function of 6 and ¢ angles (see
coordinate system in upper panel of Fig. 5) in each of the rigid D (left panel)
and T (right panel) cages. The dark blue color equipotentials correspond to
the minima energy values, while red and yellow color regions to higher energy
ones. One can see that in the T cage for 8 angles around the equatorial plane at
90°, between 70 and 110°, the CO5 can freely rotate in ¢, while in the D cage
such rotation of the guest molecule is pretty much hindered with high potential
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barriers nearby. These findings are in agreement with previous experimental ob-
servations in diffraction measurements [44, 45], with such preference orientation
and rotational ability of the COq in T cages contributing to the the stability of
the CO5@sI clathrates.

Another important contribution is expected from the guest-guest and cage-
cage interactions, so we aim to get such information by exploring the two-
adjacent cages model. In Fig. 5 (see lower panels) we display the orientation of
the CO2 molecules in the fully occupied (1+1) cases using the (r, 6, ¢) and (R,
01, 02, ¢1) coordinates, as shown in the upper panels of the figure, with respect
the individual and two-adjacent sl cages, respectively, whereas the results from
the partial (1+0) and (0+1) occupations are given in Table S4 in the support-
ing information. For the purpose of comparison, we also superimposed in yellow
color the orientation of the CO5 with respect to the (r, 6, ¢) coordinate system
for each of the individual D and T cages. Recall that both individual and two-
adjacent cage systems are part of the same sI crystal, and one of the T cages is
common in all two-adjacent systems studied. In general, one can see how the
CO; maintains its orientations as those in the individual D and T cages, with
larger variations due to different outer hydrogen orientations in one of the T cage
(see upper and right T cages in the TT(6) and TT(5), respectively). This trend
is also observed for the progressive CO2 occupation in the (14-0) and (0+1) con-
figurations. Our results from the partial optimizations are in close accord with
previous reported data from experimental observations. [43, 44, 45] In the case
of the full geometry optimizations (see Table S4 in the supporting information),
again, no significant differences are observed for the COy orientation in the T
cages, however inside the D cage it highly depends of the rigidity of the DT cage
system. In particular, the orientation of the COs in the D cage from partial
and full geometry optimizations, shows differences in 6 and ¢ angles in both
(140) and (141) cage systems. For the fully occupied (1+1) rigid DT, TT(6)
and TT(5) systems the relative configurations of the two CO2 molecules are R=
6.98, 6.05 and 7.36 A, 6;= 7, 90, and 109 °, #=>54, 90 and 104 °, and ¢;=>52,
90, and 69 °, respectively. One can see that the intermolecular R distance be-
tween the two COs molecules in the adjacent sl cages , as well as their relative
orientations in the TT(6) and TT(5) systems are quite different, indicating the
influence of the water molecules in the intermediate hexagonal and pentago-
nal faces of the two-adjacent sl cages. The shorter R distance is obtained in
the TT(6) cages, while the longer in the TT(5) ones. Further, by comparing
with the isolated CO2-CO4 interactions [72] at the asymptotic region, one can
conclude that the orientation of the two COs is clearly marked by their inter-
action with the surrounding water framework, while the guest-guest interaction
between them, especially in the CO@QTT(5) case, does not extend beyond the
T cages. This can be also seen by the differences observed in the COs orien-
tations between the (140) and (0+1) configurations of the CO,@QTT(5) and
CO,@QTT(6) systems, from both full and partial optimizations, mainly in ¢ an-
gle. Such deviations are also present in the (1+1) CO,@QTT(5) and CO;@QTT(6)
cages, and are attributed to the slight distortion of one of the T cages in the
two-adjacent sl cages systems, as it shown in yellow color in Fig. 5, compared
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to the individual T one, with the outer hydrogen reorientation affecting mainly
the ¢ angle values. In contrary, in the CO,@DT case, the cage-cage effects are
important as they affect the COs orientation in the D cage with ¢ being around
70° in the (14-0) compared with ¢=90° in the individual CO,@D cage, while
guest-guest interactions influence just slightly the CO5 orientation, with ¢=75°,
in the (1+1) CO,@DT rigid cage system. In other words, by carrying out full
optimization calculations, we conclude that the cage-cage interactions don’t af-
fect the structural stability of the CO2@QTT(6) and CO,QTT(5) systems, while
in the CO,@QDT case such interactions contribute to slightly reorientate the CO4
only in the small D cage by increasing the stability of the (1+1) CO2@DT model
system. However, we should point out that comparisons of the present findings
with experimental observations confirm the rigidity of the CO5@sl cages, with
exception in the orientation of the outer hydrogens in all cluster models studied.

5 Summary and conclusions

By combining modern quantum chemistry technologies new information is pro-
vided regarding the underlying potential energy interactions, and structural
stability of CO5 molecules inside cages of sl clathrate hydrates.
First-principles DFT-D calculations have been carried out by considering
GGA and hybrid functionals, and interaction energies are compared to ab initio
data obtained from well-converged DF-MP2 computations, for both individual
and two-adjacent cages of the CO5@slI clathrate hydrates. It has been found that
the selected DFT functionals show similar trends, and the PW86PBE functional
with XDM or D4 corrections is considered to best-perform, providing reliable
energetics for both individual and two-adjacent CO,@sI clathrate cages. The
role of the dispersion forces is investigated, and it has been shown their strong
effect on the interaction energies of all CO4 clathrate-like systems under study.
Geometry relaxations (full and partial) have been performed yielding the
DFT-derived structural and stability properties of such clathrate-like systems.
Thus, their structural stability, by balancing guest-water, guest-guest and water-
water interactions, is discussed, and the impact of progressive cage occupancy
with a single guest COs molecule is evaluated. The single COs occupancy of
the individual T sl cage was found to be energetically more favorable than that
of the D sl cage, and such preference is attributed to the influence of the guest
molecule shape/size on the guest-water interactions. The same effect is also
observed when considering the binding energies of the full and partial occupied
two-adjacent sl cage systems, where first-neighbors guest-guest and water-water
interactions are present. The fully CO5 occupied TT(5) cage system is found
to be more stable than the DT and TT(6) ones, although their binding energies
are within 0.3 and 1.2 kcal/mol, respectively. The current computational study
clearly reveals that the individual D and T sl water cages as well as in the
two-adjacent DT sl cages remain almost intact upon the COy capture, while
in the cases of the two-adjacent TT(5) and TT(6) cage systems, one of the T
cages shows some distortion mainly in the orientation of the outer hydrogen
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atoms, and addresses the role played by the preferential orientation of the COq
molecule/s on the stabilization of different cages.

Understanding such structural preference requires a detailed investigation of
the underlying molecular interactions. The present results of such bottom-up
approach corroborate very well with the observation that COs enclathration
is dominating by guest-size and shape effects. The stability was analyzed by
considering the optimal orientation of the enclathrated COs molecule/s, tak-
ing into account the guest-host and inter-cages (guest-guest and water-water)
couplings. Such interactions play a significant role in the structure, stability,
and properties of these compounds, and their understanding is a key to con-
trol the structure-property relations for the different technological applications.
Thus, it would be extremely interesting to provide additional insights on the
underlying factors governing such structural preference considering the crystal
environment. Such complementary information is still needed, and we expect
that the current study will trigger new theoretical and experimental efforts in
this direction, leading in developing improved predictive models. In this context,
many-body potentials are ultimately necessary to achieve the goal of describ-
ing macroscopic properties from a rigorous microscopic view. Data from such
bottom-up approaches combined with truncated many-body expansion repre-
sentations [41, 10], beyond traditional pairwise terms, present a promise and
rational route to follow to model large systems in a systematic way. This re-
quires further information on the molecular interactions for ascertaining the
importance of higher-order effects, and investigations on the stability of dif-
ferent structure type COs clathrate hydrates, such as sII and sH, as well as
their multiple CO45 cage occupancy should be also considered. On this basis
the outcome of this work aims to guide such future DFT investigations for the
entire periodic crystalline network, in order to fine-tune errors and deficiencies
for controlling the stabilization of these promising CO5 storage materials.
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