
&Host–Guest Systems

A Systematic Protocol for Benchmarking Guest–Host Interactions
by First-Principles Computations: Capturing CO2 in Clathrate
Hydrates

Daniel J. Arismendi-Arrieta,[a] ]lvaro Vald8s,[b] and Rita Prosmiti*[a]

Abstract: Clathrate hydrates of CO2 have been proposed as
potential molecular materials in tackling important environ-

mental problems related to greenhouse gases capture and

storage. Despite the increasing interest in such hydrates and
their technological applications, a molecular-level under-

standing of their formation and properties is still far from
complete. Modeling interactions is a challenging and com-

putationally demanding task, essential to reliably determine
molecular properties. First-principles calculations for the CO2

guest in all sI, sII, and sH clathrate cages were performed,

and the nature of the guest–host interactions, dominated by
both hydrogen-bond and van der Waals forces, was system-

atically investigated. Different families of density functionals,
as well as pairwise CO2@H2O model potentials versus wave-
function-based quantum approaches were studied for CO2

clathrate-like systems. Benchmark energies for new distance-

dependent datasets, consisting of potential energy curves
sampling representative configurations of the systems at the

repulsive, near-equilibrium, and asymptotic/long-range re-

gions of the full-dimensional surface, were generated, and a
general protocol was proposed to assess the accuracy of

such conventional and modern approaches at minimum and
non-minimum orientations. Our results show that dispersion
interactions are important in the guest–host stabilization en-
ergies of such clathrate cages, and the encapsulation of the
CO2 into guest-free clathrate cages is always energetically fa-

vorable. In addition, the orientation of CO2 inside each cage
was explored, and the ability of current promising ap-

proaches to accurately describe non-covalent CO2@H2O
guest–host interactions in sI, sII, and sH clathrates was dis-
cussed, providing information for their applicability to future
multiscale computer simulations.

Introduction

Significant developments in electronic structure methods and
rapid advances in computer science have enabled exciting
progress in computer modeling of molecular systems and pro-

cesses, providing reliable predictions for a variety of properties,
which sometimes may rival experimental accuracy.[1–3] There is
a number of computational approaches available for describ-
ing molecular interactions, ranging from the most accurate
wavefunction (WF)-based methods to the computationally

viable density-functional theory (DFT) ones.[4] Highly accurate
WF approaches suffer from scaling of the computational cost

with the system size, and thus are limited to systems of only a
few atoms, whereas DFT methods could be applied to numer-
ous molecular and condensed phase systems. In recent years,

a tremendous amount of effort has been dedicated to the de-

velopment of new functional approximations and assessing

their performance and accuracy.[5, 6] Although there is a hierar-
chy within the DFT formalism (Jacob’s ladder),[7] the conven-
tional density functionals are incapable of describing correctly
dispersion effects. Thus, recently, additional dispersion-correct-

ed density functional approaches have been developed, which
in general, substantially improve the description of non-cova-
lent interactions.[8–10] Systematic benchmark calculations have
assessed the performance of such functionals on specific data-
bases, and in this regard for a given type of non-covalent sys-

tems, the developed functional may perform differently, with-
out there being a suitable choice.[11–15]

Here, we focus on the accurate description of non-covalent

interactions in guest–host systems, such as clathrate hydrates.
Clathrates are cage-like structures, which can physically trap

small molecules, such as CH4, CO2, H2, etc. , and thus, can be
great potential materials for gas storage.[16–18] Water-based

clathrates are interesting as they have been proposed as envi-
ronmentally friendly substances ; indeed, methane clathrates
occur in the natural environment in very large quantities, and

together with the hydrogen clathrates are considered as po-
tential energy sources,[19, 20] whereas carbon dioxide clathrates

have been proposed as a method to capture and store this
greenhouse gas from the atmosphere and control climate

change.[21–25] As a result, they have received considerable atten-
tion from both the scientific and industrial communities. The

[a] Dr. D. J. Arismendi-Arrieta, Dr. R. Prosmiti
Institute of Fundamental Physics (IFF-CSIC), CSIC
Serrano 123, 28006 Madrid (Spain)
E-mail : rita@iff.csic.es

[b] Dr. ]. Vald8s
Departamento de F&sica, Universidad Nacional de Colombia
Calle 26, Cra 39, Edificio 404, Bogot# (Colombia)

Supporting information and the ORCID identification numbers for the au-
thors of this article can be found under :
https ://doi.org/10.1002/chem.201800497.

Chem. Eur. J. 2018, 24, 9353 – 9363 T 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim9353

Full PaperDOI: 10.1002/chem.201800497

http://orcid.org/0000-0002-4917-2466
http://orcid.org/0000-0002-4917-2466
http://orcid.org/0000-0002-4917-2466
http://orcid.org/0000-0001-5692-7268
http://orcid.org/0000-0001-5692-7268
http://orcid.org/0000-0002-1557-1549
http://orcid.org/0000-0002-1557-1549
https://doi.org/10.1002/chem.201800497


stability of the clathrates depends on the collective guest–host
interactions, hydrogen-bonding, and other, mainly van der

Waals (vdW), interactions can also be present, modifying the
structural and dynamic properties.[26] Known common struc-

tures include clathrate structure I (sI), II (sII), and H (sH), al-
though types sI and sII are those mostly found in nature (espe-

cially sI), sH and others (C0, C1, etc) occur typically in high-pres-
sure environments.[27] In the sI hydrate, the unit cell is formed
from two small 512 pentagonal dodecahedral cavities and six

slightly larger tetrakaidecahedral 51262 cages, with 46 water
molecules. The sII hydrogen clathrate contains sixteen 512 and
eight 51264 cavities, with 136 water molecules in the unit shell,
whereas in the sH hydrate unit shell there are three 512, two

435663, and one 51268, with 34 water molecules per unit shell
(see Figure 1).

Although several ab initio studies have addressed the inter-

molecular interactions of H2O-H2O, CO2-H2O, and CO2-CO2 com-
plexes,[28–34] there is little ab initio data on the CO2 encapsulat-

ed in water cages.[35–38] The lack of ab initio reference computa-
tions motivates us to carry out such high quality benchmark

data for CO2@H2O from first-principles approaches in sI, sII, and
sH type cavities. Computer simulations are a key challenge for

molecular-level understanding of clathrate behavior, especially

in terms of interpreting the underlying mechanisms of various
physicochemical processes (see Ref. [39] and references there-

in). Nowadays, most of the molecular dynamics (MD) simula-
tions still rely on empirical or semiempirical force fields as an

important tool for investigating processes, such as the nuclea-
tion, growth, structural organization, and cage occupancy of

clathrate hydrates, as well as the dissolution of the guest gas
in water,[40–50] whereas for ab initio simulations, issues such as

computational efficiency, system-size scaling, and accurate
electronic structure treatments are of importance, with density

functional theory (DFT) approaches[36, 38, 51–55] being, more re-
cently, also valuable in studying such inclusion compounds. In

this vein, energy benchmarks from accurate quantum-mechan-
ical calculations are essential for testing both force fields and

DFT methods. Therefore, clathrate hydrates offer the opportu-

nity to validate the ability or inability of current DFT methods
to simultaneously describe both the hydrogen bonding within

the water network and the predominantly dispersion bound
gas–water interactions. Within this study, we focus on a rigor-

ous description of the structures and bonding of CO2@H2O in
sI, sII, and sH cages by reference WF-based methods, and the

most computationally inexpensive brand of dispersion correc-

tions, the DFT-D3 approach[56] and its variants regarding the
damping functions available in the literature D3(0),[56] D3(BJ),[57]

D3M(BJ),[13] and D3(OP).[14]

The article is organized as follows: in Computational Details,

we present the electronic structure calculations used for the
study, as well as some of the analytical pairwise potentials re-

ported so far for the CO2-H2O system; in the Results and Dis-

cussion section, we analyze the performance of the many-
body CO2@H2O interactions within specific cavities of clathrates

hydrates with a particular emphasis on the dispersion effects
for such guest–host systems; and finally, we summarize our

findings and list some concluding remarks.

Computational Details

CO2 is known to form sI clathrate hydrates at low pressures,[58]

whereas the formation of sII and sH hydrates seems to require, so
far, the presence of additional co-guest molecules, thus, up to now
only binary clathrate hydrates of such types have been synthe-
sized.[59–61] As sII and sH clathrate hydrates have been synthesized
at high pressures for other guest gases (for example, methane),
and given the possible high storage capacity of their cages, apart
from sI cages (with N = 20 and 24 water molecules), we also con-
sider here the sII and sH cavities, formed by N = 20, 28, and 36
water molecules, for evaluating the CO2@H2O interactions (see
Figure 1). Such specific size water systems are the building blocks
of fairy rigid 3D hydrate lattices, and thus can be used as theoreti-
cally tractable models to probe the relevant guest–host interac-
tions for deriving intermolecular potentials to be used under differ-
ent thermodynamic conditions.

Geometries for different size clathrate cages of the sI, sII, and sH
types (small 512, medium 435663, and large 51262, 51264, 51268) were
extracted[54] from the 3D crystalline framework as it is given in
Ref. [62] . For all water molecules in each sI, sII, and sH unit shell,
the positions of the oxygen atoms were obtained from the X-ray
diffraction experiments, whereas the hydrogen atom configura-
tions have been calculated from optimizations by using the TIP4P
water model,[62] for zero dipole moment unit shell configurations
that simultaneously satisfy the ice rules.[63]

The coordinate system in the cages is aligned as shown in
Figure 1. The origin is at the center of mass of the cage, with the
X,Y axes lying in the equatorial plane, whereas the Z axis is perpen-
dicular to the parallel tetragon/pentagon and/or hexagon faces;

Figure 1. Relative orientation of the CO2 in the small, medium, and large
cages of the sI, sII, and sH clathrate hydrate.
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the center of mass of the CO2 is placed in the origin of the coordi-
nate system with q and f being the polar and azimuthal angles, in-
dicating the orientation of the linear CO2 molecule with respect to
the body-fixed coordinate system, keeping fixed the CO2 bond
lengths at their equilibrium values (r1 = r2 = 2.192 bohr).

Interaction model potentials

As we mentioned above, several interaction model potentials, both
semiempirical and ab initio, have been reported in the literature
for describing the CO2-H2O potential energy surface
(PES).[29, 30, 33, 34, 44, 49] Thus, the potential form for the encapsulated
CO2 molecules is expressed as a sum of such pairwise interactions
between the CO2 molecule and the number, Nw, of H2O molecules
forming each cage [Eq. (1)]:

VCO2@cage ¼
X20=36

Nw¼1

VCO2@H2Oðx; y; z; q;@Þ ð1Þ

On the one hand, semiempirical models have been adjusted to de-
scribe properties of the system at specific thermodynamic condi-
tions. The most popular models for the CO2 are the MSM, EPM2,
TraPPE, and ZD,[64–67] whereas for the H2O, we used the SPC/E,
TIP4P, TIP4P/ice, and TIP4P/2005 models.[68–71] By employing the
standard Lorentz–Berthelot combination rules, we obtained the
corresponding parameters (see Table S1 in the Supporting Informa-
tion) of all semiempirical models considered in this work. Here, we
should also mention the VAS model by Anderson and co-work-
ers,[33] a site–site ab initio-based CO2-H2O intermolecular potential
fitted to MP2 data and combined with the TIP4P/ice water model.

On the other hand, ab initio potentials are usually designed to ac-
count for complex short-range interactions and subtle weak (long-
range) interactions by fits to huge datasets of electronic structure
calculations of the system including many-body contributions for
the CO2-H2O complex. Here, we used two recent, high-level PESs
reported in the literature for the CO2-H2O from Refs. [29, 34]. The
most recent rigid-monomer PES by Makarewicz,[29] called hereafter
PES(a), has employed a complex analytical expression of Morse type
terms including damped long-range electrostatic and dispersion
contributions to represent the five-dimensional CO2-H2O intermo-
lecular PES fitted to approximately 23 000 MP2/aug-cc-pVTZ ener-
gies. The other CO2-H2O PES used here (called PES(b)), was reported
by Bowman and co-workers,[34] and is a fully flexible-monomer per-
mutational invariant PES fitted to roughly 540 000 CCSD(T)-F12b/
aug-cc-pVTZ electronic energies.

Electronic structure calculations

All wavefunction-based calculations were carried out by using
MOLPRO 2012,[72] whereas the DFT calculations were performed by
using Gaussian 09[73] and a modified version of Gaussian 03[74] pack-
age of codes, with the additional dispersion corrections computed
by using the DFTD3 program.[75]

In such large systems (like the building blocks of the CO2@sI/sII/sH
clathrates) coupled-cluster calculations are usually not affordable,
so we obtained our reference energies from density fitting DF-MP2
computations[72] with a careful analysis against basis set superposi-
tion error (BSSE) and basis set incompleteness error (BSIE) for dif-
ferent basis sets, such as aug-cc-pVXZ (namely AVXZ),[76] with X = D,
T, and Q. Counterpoise (CP) corrections,[77] ECP, are included to miti-
gate the BSSE effects in the interaction energies, DE [Eq. (2)]:

DE ¼ ECO2@cage @ ECO2
@ Ecage, DEðBSSEÞ ¼ DE þ ECP ð2Þ

where ECO2@cage , ECO2
, and Ecage are the total energies of the whole

CO2@(H2O)Nw¼20,24,28,36 , CO2, and specific water sI, sII, or sH cage sys-
tems, respectively.

In all cases, reference energies were obtained from DF-MP2 calcula-
tions by using basis set extrapolation schemes to reach complete
basis set (CBS) limit. We employed the two- and three-step con-
ventional formulas proposed by Schwartz,[78] EX ¼ ECBS þ A

X 3 (for the
correlation energies, and called hereafter CBS(a)), and Peterson
et al. ,[79] EX ¼ ECBS þ Ae@ðX@1Þ þ Be@ðX@1Þ2 (for the total energies, and
called CBS(b)), respectively; as well as, the two step weighted aver-
age scheme of Lee et al.[80] ECBS ¼ 1

2
ðdX eXþ1@dXþ1eX Þ
ðdX@dXþ1Þ (namely CBS(c)), with

dX ¼ ECP
X @ EX , eX ¼ ECP

X þ EX , and ECP is the interaction energy cor-
rected for BSSE, E represents the uncorrected one. We also consid-
ered the simple arithmetic average, called half-counterpoise
scheme (see Refs. [81, 82]), DEhalf ¼ 1

2 ðDE þ DEðBSSEÞÞ.
As a special case, owning to the computational demands of the
larger Nw = 20, 24, 28, and 36 systems and to check the DF-MP2
level of theory, we also performed DF-MP2 and CCSD(T) calcula-
tions for the CO2-H2O dimer. As in previous studies,[29, 34] we select-
ed a few representative configurations of the dimer for comparing
the DF-MP2 binding and interaction energies against highly accu-
rate data from CCSD(T) computations. The calculated energies
using different correlation-consistent basis sets, including BSSE cor-
rections and at their CBS limits are listed in Table S2 (see the Sup-
porting Information). One should note that convergence with re-
spect to the basis sets is very important, as even for the large
AV5Z basis sets, the BBSE error counts around 20 cm@1 for both
DF-MP2 and CCSD(T) methods for the CO2-H2O dimer. Also, as ex-
pected, DF-MP2 underestimates the binding of the CO2-H2O, with
DF-MP2/CBS energies being by around 60 cm@1 lower than those
obtained from the present CCSD(T)/CBS calculations, as well as
from previous CCSD(T) and CCSD(T)-F12 studies.[29, 34] Thus, the DF-
MP2 energies should be considered as an underestimate for the
CO2-H2O binding energies, whereas for larger CO2@H2O systems, as
there is no data available, it is hard to attempt a quantitative esti-
mate. However, recent studies on similar guest-free clathrate-like
cages have shown that DF-MP2/CBS energies are within less than
0.5 kcal mol@1 (&170 cm@1) for the best values available (see
ref. [54] and references therein).

In the DFT calculations, we chose in total 15 DFT functionals (with
(namely DFT-D) and without dispersion corrections) from four cate-
gories within the DFT Jacob’s ladder: GGA functionals (BLYP, PBE,
B97),[73] meta-GGA functionals (M06L, M11L, TPSS, SCAN),[73, 83]

hybrid-GGA/metaGGA functionals (B3LYP, PBE0, TPSSh, M062X),[73]

and hybrid range-separated GGA and metaGGA functionals (LC-
wPBE, CAMB3LYP, wB97X, M11).[73] The D3 dispersion correction
was used throughout the study with the original zero-damping
function D3(0),[56] as well as the most popular Becke–Johnson
damping function D3(BJ).[57] In addition to the above standard dis-
persion corrections, we also considered the recent D3M(BJ)[13] and
D3(OP)[14] versions. The former is a modified version of D3(BJ) with
an emphasis on non-equilibrium particularly compressed geome-
tries, whereas the later is a generalization of the D3(BJ) with a
more balanced tail correction.

Validation protocol

Most benchmark studies are usually focused on databases includ-
ing only near-minimum geometries. However, it was found that
good performance at the minimum, does not necessarily imply the
same behavior for other intermolecular configurations.[11] Thus,
non-minimum geometries should be selected, sampling the full
potential energy surface, in order to assess the accuracy of differ-
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ent DFT or model potential approaches. Semilocal functionals
cannot reproduce correctly long-range behavior, whereas function-
als including nonlocal dispersion perform, in general, quite well at
long distances, however, their accuracy drops at short distances
owing to the overestimation of exchange and the inadequacy of
damping functions used in the atom-pairwise dispersion expres-
sions.

Therefore, an analysis at multiple orientations of a molecular

system could provide information that could serve to evaluate,
and then to improve, DFT approaches or semiempirical models
by screening those unphysical interactions as follows:

1) Configurations near the center of the cage should corre-

spond to bound energies;
2) Around the minimum: correct orientational anisotropy be-

havior against reference data;

3) Interaction energies should converge from above to the
reference values;

4) Around the edges of the cage: correct orientation behavior
against reference data;

5) If more than two functionals/models fulfil the above crite-
ria, then the one with the lowest mean absolute error and

less computational cost should be chosen.

On the basis of such criteria, we propose a validation protocol that
allows us to critically examine different functional approaches (or
analytical model potentials available), and provide a global conclu-
sion for their performance and accuracy in future computer simula-
tions of CO2 clathrate hydrates. Such validation protocol is based
on energy error analysis not only at equilibrium configurations, but
also along the scans of relevant orientations of the encapsulated
CO2 (see Figure 2).

Results and Discussion

Interaction energies: Analysis around the minima

In Figure 3, we plot 1D minimum energy profiles of the
VCO2@cage [see Eq. (1)] PESs with the CO2 inside the 512, 435663,

51262, 51264, and 51268 cages (see upper to lower panels, respec-
tively), as a function of the distance R joining the center of

masses of the cage and the CO2 molecule, keeping fixed the
orientation of the R vector with its polar angle qR = 458 and

the azimuthal angle fR = 608. Along the R coordinate, we opti-
mized the internal orientation angles q and f of the CO2 with
respect to the indicated cage by using the analytical semiem-

pirical and ab initio-based potentials discussed above. For all
cages, one can see clear differences between the pairwise sem-

iempirical and ab initio interactions. In the small 512 and
medium 435663 cages, both ab initio potentials show deeper

wells with respect to the semiempirical ones, with a difference

of around 1500 cm@1. In the large 51262 cage, the difference is
around 1000 cm@1 for the ab initio PES(b) by Bowman and co-

workers,[34] whereas the well-depth of the PES(a) by Makare-
wicz[29] is just slightly more deep than the TIP4Pice/ZD model.

For the 51264 and 51268 cages, both PES(a) and PES(b) show
double-minima topology with similar equilibrium geometries,

although with different well-depths, with these of PES(a) being

closer to the semiempirical values than those of PES(b).
The semiempirical PESs are combinations of different CO2

and H2O potentials, and one can clearly see trends in their be-
havior. As it can be appreciated, the strength of the interaction

is dictated by the water–water model with the following trend:
TIP4P/ice > TIP4P/2005 > TIP4P > SPC/E for the small cages;

whereas in the large cages the same trend is also found, al-

though the curves for SPCE and TIP4P seem to be overlapped.
This can be attributed to the parameterization of each model

to different thermodynamical conditions. Regarding the posi-
tion of the minima, in the small cages, all the potentials predict

the same position at the center of the cage (R = 0 a), whereas
in the large 51262 one, the position of the minima is shifted,

and for the ab initio PESs is located at @0.38 a (a shift of

0.18 a with respect to the semiempirical potentials). For the
51264 and 51268 cages, the minima are located at R distances

shifted by 4.5–5.2 a and around 7 a, respectively. As the size of
the cavity should influence the interaction (allowing almost

free rotations of the CO2), one would expect that the well-
depths should differ between small and large cages. We
should also point out here that ab initio curves show higher

anharmonicity compared with the semiempirical ones, and this
could also affect their stability when zero-point energy effects
are included.

In Figure 3, we also show the reference values for the inter-

action energies obtained from converged DF-MP2 calculations
at the center of each cage, R = 0 a. Performing such computa-

tions is in fact a challenging task, as the large basis sets

needed to reach the CBS limit are unaffordable, huge BSSE
errors are present, and thus a very careful examination is re-

quired for extracting unbiased conclusions. So, in Table 1, we
present the convergence of the DF-MP2 calculations for differ-

ent correlation-consistent basis sets with and without CP cor-
rections, as well as the results of the half-counterpoise and the

two- and three-step CBS extrapolation schemes for all above-

mentioned clathrate cages. As expected, both uncorrected and
corrected interaction energies converged from below and

above to their CBS limits, respectively. Similarly, as has been
found in previous studies,[13, 81, 84] the arithmetic average (half)

between the uncorrected and the CP-corrected energy value
converges faster to the CBS limit. However, as we can see, a

Figure 2. Proposed criteria for the validation protocol.
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large BSSE error still contaminates even the AVQZ(-
half) energy values, so we choose to employ for the

reference energies the CBS values from the CBS(c)(TQ)
extrapolation scheme.[80]

By comparing now in Figure 3 the DF-MP2/CBS(c)

data at R = 0 a with the analytical pairwise potential
value, one can see that for the small 512 and 435663

cages, none of the (semiempirical or ab initio) repre-
sentations are close to the reference values of

@2150.75 cm@1 and @2629.23 cm@1, respectively. For
the remaining (large) cages, the semiempirical TIP4-
Pice/ZD model, and the PES(a) potential in the case of
the 51262 cage, provide estimates near to the refer-

ence DF-MP2/CBS(c) energy values of @2371.36 cm@1,
whereas for the 51262, 51264 and 51268 cages,

TIP4P2005/ZD predicts values close to the DF-MP2/

CBS(c) ones of @1752.83 and @1218.36 cm@1, respec-
tively.

Given the limitations of the current pairwise
models to accurately describe such systems, it seems

appropriate to explore alternatives for including co-
operative many-body effects in the interactions of

the CO2 within clathrate hydrate cavities of sI, sII,

and sH phases. In this sense, DFT approaches offer
such an option, as they could balance computational

cost and accuracy for a representation of such inter-
actions from direct first-principles calculations.

Thus, as a first step, we carried out partial optimi-
zations of the CO2 orientation at the center of each

cage, R = 0 a, at the DF-MP2/AVTZ level of theory,

with their binding energies obtained from CBS(c)(TQ)
calculations. We recorded the energies in a grid of

(q, f) with q ranging from 0 to 908, in steps of 308,
and for f from 0 to 3608, in steps of 458.

In turn, we employed such configurations for car-
rying out DFT calculations with different functionals

including dispersion corrections, and then we used

these data for a qualitative and quantitative error
analysis. On the one hand, for the qualitative error

analysis, we employed the first and second criteria of
the validation protocol introduced here (see
Figure 2). In Figure 4, we show the results obtained
from different DFT functionals, with and without dis-

persion corrections, as well as from the analytical
pairwise model potentials for the two cages of the

Table 1. Convergence of the reference DF-MP2 calculations. Energies are in cm@1.

System/ CO2@512 CO2@435663 CO2@51262 CO2@51264 CO2@51268

Basis set DE/DE(BSSE)
AVDZ @4383.0/@1635.8 @4631.4/@2159.9 @4196.8/@2141.1 @3307.1/@1649.6 @2312.9/@1171.1
AVTZ @3149.0/@1996.7 @3612.0/@2488.3 @3245.5/@2303.9 @2492.3/@1722.5 @1788.7/@1204.6
AVQZ @2589.5/@2083.1 @3055.7/@2568.1 @2743.2/@2342.7 @2064.5/@1740.1 @1453.5/@1212.7
AVQZ(half) @2336.3 @2811.9 @2542.9 @1902.3 @1333.1
CBS(TQ)(a) @2147.2 @2627.9 @2388.7 @1753.2 @1219.1
CBS(DTQ)(b) @2128.9 @2610.6 @2363.2 @1749.4 @1216.9
CBS(TQ)(c) @2150.8 @2629.2 @2371.4 @1752.8 @1218.3

Figure 3. Potential energy profiles, VCO2-cage [Eq. (1)] , as a function of the distance
R ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x2 þ y2 þ z2
p

between the center of masses of the CO2 and the 512, 435663, 51262,
51264, and 51268 cages, with fR = 608 and qR = 458.
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CO2@sI clathrate hydrate. We indicate in Figure 4 (see red and

green colored boxes) when the functional or the analytical po-
tential predicts a no-bound configuration, or an orientation of

the CO2 in the cage that does not agree with those from the
reference DF-MP2 calculations. This serves to filter those DFT

or analytical potentials to provide a global comparison. Thus,
by checking through all possible choices, we found that appa-

rently only five functionals fulfill the criteria of the proposed

validation protocol. These functionals are: B3LYP with D3(BJ),
D3M(BJ), and D3(OP), PBE0 with D3(0), D3(BJ), D3M(BJ), and

D3(OP), TPSSh-D3(OP), CAMB3LYP-D3(BJ), and LC-wPBE-D3(BJ).
We should also note that none of the analytical pairwise

models were able to fulfil the protocol’s criteria.
On the other hand, for the quantitative validation, in

Figure 5, we present the relative errors of all DFT functionals,

with and without dispersion corrections, against the reference
DF-MP2/CBS(c) interaction energies at their equilibrium orienta-
tion. For the sake of completion, we also include results for
both semiempirical and ab initio analytical interaction poten-

tials. The corresponding DF-MP2/CBS(c), DFT, and models data
are given in Table S3 in the Supporting Information, together

with complementary data for different geometries. For the 512

cage (see left panel), the interaction energy at the DF-MP2/
CBS(c) level, DE, is @2150.8 cm@1 (@6.148 kcal mol@1) for the CO2

at (R, q,f) = (0 a, 608, 908), whereas for the large 51262 cage (see
right panel), DE is @2371.4 cm@1 (@6.779 kcal mol@1), with the

CO2 lying on the XY-plane with (q,f) = (908, 458) and R = 0 a.
Positive relative error energy values correspond to estimates

for underbound systems, whereas overbound ones correspond

to negative error values. As a result of a more compact struc-
ture (repulsive interactions), one can see that larger errors are

obtained for the small 512 cage compared with the errors for
the large 51262 one. As was expected, generally dispersion-cor-

rected functionals have smaller errors than their non-corrected
analogs. Also, as we climb up the Jacob’s ladder, relative errors

tend to decrease, although with no clear trend. In most of the

cases, pure functionals tend to predict underbound or almost
underbound complexes, with an exception the M06L, M062X,

M11L, and M11 functionals, which predict overbound com-
plexes. The SCAN and wB97X are the only functionals that pre-

dict bound energy values, with low relative errors.
By combining now both qualitative and quantitative error

analysis results (see Figures 4 and 5), and considering that

gold-standard CCSD(T) energies might introduce a correlation
energy that should increase the DF-MP2/CBS(c) reference

energy values, we could then assign a flexible upper and lower
limit of :0.5 kcal mol@1 for the obtained relative errors for the

DF-MP2/CBS(c)energies. In this sense, the number of functionals
fulfilling the validation protocol is now reduced to the B3LYP,
including the D3(BJ), D3M(BJ), and D3(OP) dispersion correc-

tions, with the lower relative errors including the dispersion
corrections being: D3(BJ) > D3(OP) > D3M(BJ). Such results
are consistent with the fact that more recent damping disper-
sion corrections include non-equilibrium geometries, as well as

a more balanced parameterization that consistently improves
upon their previous generations.

Regarding the analytical potentials, the semiempirical ones

tend to have larger errors compared with the reference values
than the DFT-D dispersion-corrected functionals, whereas for

the ab initio potentials, relative errors are of comparable size
to the DFT energies, although the most recent PES(b)[34] predicts

overbound energies for all CO2@sI, CO2@sII, and CO2@sH cages.

Interaction energies: Analysis around the edges of the cavi-
ties

Following the proposed validation protocol, after examining
the interaction around the minima of the PESs, we proceed

with the analysis around the edges of the cavities. The repul-
sive part of the interaction plays an important role in the study

Figure 4. Qualitative screening of the indicated DFT functionals, with and without dispersion corrections and analytical potential models. Green indicates a
successful fulfilling of all screening criteria, whereas red is used when any of the screening criteria is not fulfilled. In this case, 1 stands for when the criterion
of bound configuration fails, 2 for the criterion of the minimum’s orientation, and 3 for the criterion of the maximum’s orientation.
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of different processes, such as phase transitions, diffusion, ab-
sorption, or release of CO2 within the cavities.

Thus, in Figure 6, we plot the interaction energies computed

at the DF-MP2/CBS(c) level of theory, and by the analytical pair-
wise potentials for a randomly chosen orientation of the CO2

(for example, q= 618 and f= 1278), as a function of R coordi-
nate (lying along the Z axis) for the 512 and 51262 cages of sI
clathrate. For the small CO2@sI cage (see upper panel), the DF-
MP2/CBS(c) curve shows two symmetric energy barriers at

around 360 kcal mol@1, corresponding to the configurations of
the CO2 crossing to the center of a pentagonal face at the
edges of the cage, whereas for the large CO2@sI cage (see

lower panel), we can see two lower height asymmetric barriers
of about 90 and 120 kcal mol@1, as in this case CO2 is facing

hexagons (see Figure 1) with a different orientation of the hy-
drogen atoms at each of them. As mentioned previously, we

only conducted calculations along the Z axis keeping fixed the

CO2 molecule in its linear configuration and choosing random-
ly its orientation following the proposed validation protocol.

Given the size of the systems under study, full optimizations
are too computationally expensive to be carried out, and

beyond the scope of the present work. We should also note
that the above reported barrier values will be clearly affected

once minimum energy paths, as well as the presence of the
3D crystalline framework of hydrates, are taken into account.

Figure 5. Relative errors for the indicated DFT functionals and analytical potential models at R = 0 a for the two CO2@sI cages. Full color and pattern bars cor-
respond to DFT calculations without dispersion corrections (pure functionals), and with the indicated D3 corrections, respectively. Similar color patterns are
also shown for the analytical PESs.

Figure 6. Scan along the R coordinate/Z axis (with fR =qR = 08) showing the
energetic barriers at the edges of the small and large CO2@sI cages. Solid-
color/symbols lines correspond to semiempirical water/CO2 model poten-
tials. Scaling factors should be used to recover the potential values for the
indicated curves.
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Regarding the analytical models, they also present maxima
at the edges of each cage with oscillatory behavior indicating

the deficiencies in their parameterization at repulsive configu-
rations and/or artifacts arising from the pairwise approach. As

in the case of the well depths, the semiempirical water models
also dictate the strength of the barriers’ height in both cages.

The fact that the barriers’ height predicted by the semiempiri-
cal models is higher than the reference DF-MP2/CBS(c) values is
related to the properties they are built upon. Note that semi-

empirical potentials have been fitted to reproduce bulk macro-
scopic properties obtained from experimental data under
given thermodynamical conditions. In addition, we also found
that the apparently good predictions of the pairwise ab initio
PES(b)[34] for the CO2@sI cages are just a fortuitous cancellation
of errors, attributed to artifacts at short distances of the CO2-

H2O potential, as well as its oscillatory behavior around the

barrier in the small 512 cage.

Given the good agreement found for the B3LYP-D3 func-

tional with D3(BJ), D3M(BJ), and D3(OP) dispersion corrections,
in Figure 7, we display the relative and percentage errors
against the DF-MP2/CBS(c) reference data along the R coordi-
nate, lying in the Z axis direction, for both 512 and 51262 clath-

rate cavities (see upper and lower panels). In both cases, the
barriers’ height predicted by the DFT functional is underesti-
mated, with the small 512 cage showing higher relative errors

than the large cage, owing to its more compact structure. The
dispersion contribution is found to be very small, and in fact

results in an overcorrection. By checking the relative errors for
different configuration regions, such as near the edges (for R

between 2–6 a) and around the minima (for R around 1 a), we

obtained small values of average relative errors, indicating a
very good agreement with respect to the reference data, and

in case of the B3LYP-D3M(BJ) energies count approximately
6 % and 4 %, respectively.

Interaction energies: Orientational anisotropy

In Figure 8, we show potential contour plots in the (f, q) plane
for the CO2@sI clathrate to display angular anisotropy nearby

the center, R = 0 a, of the cages (see left and right panels for
the small 512 and large 51262 cages, respectively). Contour plots

are depicted (from the upper to lower panels of the figure) for

the reference DF-MP2/CBS(c) energies, for the DFT energies
using the B3LYP-D3M(BJ) functional, for the two analytical ab

initio PES(a), and PES(b) potentials, and for two semiempirical
models corresponding to the SPCE/EPM and TIP4Pice/ZD.

Within the small CO2@sI cage, the CO2 is located at q&608 and
f&908, whereas in the large CO2@sI cage, the CO2 is able to

Figure 7. Relative and % errors (dE and %dE) of the B3LYP-D3(BJ), B3LYP-
D3M(BJ), and B3LYP-D3(OP) energies compared with the DF-MP2/CBS(c)

along the R coordinate/Z axis of the small and large CO2@sI cages.

Figure 8. Potential contour plots in the (f, q) plane for the small 512 (left
panels) and large 51262 (right panels) cages of the CO2@sI clathrate in the
(f, q) plane obtained from the indicated electronic structure calculations or
analytical model potentials. Darker colors correspond to potential minima
values, in kcal mol@1.
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move almost freely around the equatorial plane of the cage
and presents two degenerate minima at q= 908 and f&45 or

2258 (see also Figure 1). Such results are in very good agree-
ment with respect to experimental single-crystal and powder

X-ray diffraction as well as solid-state NMR studies,[21, 85, 86]

which measure the most frequently orientation of the CO2

with respect to the equatorial plane of the sI cages.
Among all DFT/DFT-D calculations considered in the present

study, we found that the B3LYP functional including the

D3M(BJ) dispersion corrections shows the most quantitative
agreement with respect to the angular anisotropy of the refer-

ence data for both CO2@sI cages (see B3LYP-D3M(BJ) panels of
Figure 8). The mean absolute error (MAE) for the whole range

of f and q is 0.13 kcal mol@1 in the small cage, and 0.14 kcal
mol@1 in the large one; with maximum absolute errors of

0.18 kcal mol@1 in the small cage and 0.24 kcal mol@1 in the

large one.
In Figure 8, one can also see that the ab initio PES(a) and

PES(b) pairwise potentials show a very good qualitative agree-
ment with respect to the orientational anisotropy; however, it

seems that many-body corrections should be included to ach-
ieve quantitative agreement. In turn, we found that semiempir-

ical models are not able to globally represent, either qualita-

tively or quantitatively, the orientational anisotropy, especially
for the CO2 in the large 51262 cage (see in the two lower panels

of Figure 8 for SPCE/EPM and TIP4Pice/ZD models). Therefore,
it should be carefully taken into account when rotational abili-

ty and orientational stability of such clathrate structures are of
interest.

Concerning the remaining cages of the CO2@sII and CO2@sH

clathrate hydrates, in Figure 9, we also present contour plots
varying the orientation of the CO2 molecule inside the 4351263,

51264, and 51268 cages from the DF-MP2/CBS(c) (see left panels)
and B3LYP-D3M(BJ) (see right panels) calculations. Again,

B3LYP-D3M(BJ) results are in good accord with the reference
data for all cages studied. One can see that the potential

minima are at around q = 08 and f= 0 or 3608 for the

CO2@4351263 and CO2@51264 cases, whereas the CO2 molecule
prefers to be placed parallel to hexagons with q= 908 and f=

90 or 2708 in the 51268 sH cage (see also Figure 1). This planar
orientation of the CO2 is also the most stable configuration in
the 51262 sI cage. As can be expected, the reorientation of the
guest molecule depends on the cage size and their symmetry.

So far the CO2@sI structure has been observed, where the CO2

is lying in the equatorial plane within the 51262 cavity, caused
by the spherical shape of the cage. The same occurs for the

51268 one of the CO2@sH, whereas for all the other cavities of
sI, sII, and sH there is no such orientational preference. In both

the 51262 and 51268 cages, the CO2 can freely rotate in the equa-
torial plane, although as the size of the cage increases, the CO2

lies further away from the center of the cage (see Figure 3).

Such orientation permits the guest molecule to rotate easily,
and may enhance the stability and rigidity of the CO2 clath-

rates. As has been found,[46] by including nuclear quantum ef-
fects for the CO2@sI cages, the rotational ability of the CO2 is

hindered in the small sI cavity, whereas in the large 51262 one,
translational and rotational degrees of freedom are highly cou-

pled. However, in the latter study, the SCPE/EPM semiempirical

potential was employed,[46] which shows substantial differences

with respect to the reference DF-MP2/CBS(c) results (see
Figure 8), so one should expect that anharmonicity could also

be crucial to describe their stability, and thus should be ex-
plored taking into account realistic underlying interactions.

Summary and Conclusions

We have introduced a general protocol that can be used to ex-
amine globally the validity of any interaction against available

reference data and gauge their performance for any guest–
host system. Based on this scheme, by sampling representative
minimum and non-minimum configurations on the potential
surface of CO2@sI/sII/sH cages, we have discussed, classified,

and assessed the performance of a variety of promising DFT
approaches, as well as various pairwise semiempirical and ab
initio based models, with some of them emerged only recent-

ly.
Converged DF-MP2 reference data are reported on such sys-

tems for the first time, and were used to benchmark the per-
formance of the two-body (semiempirical and ab initio

models) and cooperative many-body approaches. We found

that semiempirical interaction models underestimate the bind-
ing energies, whereas ab initio pairwise potentials tend to

overestimate them. Among the DFT approaches studied, we
found that the B3LYP with the D3(BJ), D3M(BJ), and D3(OP) dis-

persion corrections fulfils the proposed criteria and is able to
describe the underlying interactions in all CO2@sI/sII/sH cages.

Figure 9. Potential contour plots in the (f, q) plane from DF-MP2/CBS(c) (left
panels) and B3LYP-D3M(BJ) (right panels) calculations, for the 4351263 (upper
panels), 51264 (middle panels), and 51268 (lower panels) cages of the CO2@sII/
sH clathrates. Darker colors correspond to potential minima values, in kcal
mol@1.
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Regarding the dispersion correction, we found that they are
necessary to recover the bounded interaction within the cages,

and thus contribute to the guest–host stability. Our results in-
dicate that the D3M(BJ) scheme shows the best performance

against the reference data compared with the different D3
damping schemes used in this study.

By analyzing the orientation of the CO2 molecule inside the
cages, we show that it depends on the size and symmetry of
the cages. So far, CO2@sI clathrates have been observed where

the CO2 lying within the 51262 cavity is on the equatorial plane
owing to its spherical shape, as in case of the 51268 of the
CO2@sH cage, whereas for all other cages studied, no such ori-
entational preference is found. This orientation implies rota-

tional ability of the CO2 in these cages and may play a decisive
role in enhancing the stability of the crystalline framework.

The computational analysis is used to understand the nature

of the bonding in these molecular materials and to interpret
the guest positions in the hydrate cages obtained from experi-

mental studies. Indeed, the present study is restricted to spe-
cific (relatively large) finite-size cages of the CO2@sI/sII/sH sys-

tems. For an accurate description of the whole interaction in
the CO2 clathrate hydrates, one needs to include the corre-

sponding 3D hydrate lattices; however, dealing with such

finite-size/lattice effects requires even much larger molecular
systems to be modeled under periodic boundary conditions.

Although extrapolations from finite-size systems to bulk rely
on assumptions, the output of systematic comparisons could

reveal trends in the interactions, essential for a reliable descrip-
tion of extended systems. Further, the availability of accurate

benchmark energies for large finite-size systems opens inter-

esting possibilities of tracing out errors in DFT or potential
model approaches as a function of system size, allowing us to

draw connections between such errors in finite-size clusters
and condensed-matter systems. Apart from cage/lattice effects,

cage occupancy, as well as nuclear quantum effects and ther-
modynamic conditions are also expected to affect guest–host

dynamics and the relative clathrate stability, thus should also

be considered.
The open question of why CO2 guests form a sI clathrate hy-

drate phase is still not addressed by the present calculations,
but with a proper modeling of the CO2@H2O interactions in
the clathrate hydrate cages, it is hoped that a step toward un-
derstanding the relationship between the local guest–host in-

teractions and the choice of the clathrate hydrate phase struc-
ture will have been taken. Such findings allow us to improve
our knowledge on many-body cooperative effects in non-cova-
lent interactions for developing best potential models for relia-
ble computer simulations.
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