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Abstract

Recently, empty hydrate structures sI, sII, sH and others have been proposed as low-

density ice structures by both experimental observations and computer simulations. Some

of them have been synthesized in the laboratory, that motivates further investigations on the

stability of such guest-free clathrate structures. Using semiempirical and ab initio-based wa-

ter models, as well as dispersion-corrected density functional theory approaches, we predict

their stability, including cooperative many-body effects, in comparison with reference data

from converged wavefunction-based DF-MP2 electronic structure calculations. We show that

large basis sets and counterpoise corrections are required in order to improve convergence

in the interaction/binding energies for such systems. Therefore, extrapolation schemes based

on triple/quadruple and quadruple/quintuple zeta quality basis sets are used to reach high ac-

curacy. Eleven different water structures corresponding to dodecahedron, edge sharing, face

sharing and fused cubes, as a part of the WATER27 database, as well as cavities from the sI,

sII and sH clathrate hydrates formed by 20, 24, 28 and 36 water molecules, are employed,

and new benchmark energies are reported. Using these benchmark sets of interaction energies,

we assess the performance of both analytical models and direct DFT calculations for such

clathrate-like systems. In particular, seven popular water models (TIP4P/ice, TIP4P/2005, q-

TIP4P/F, TTM2-F, TTM3-F, TTM4-F and MB-pol) available in the literature, and nine density

functional approximations (3 meta-GGAs, 3 hybrids and 3 range separated functionals) are

used to investigate their accuracy. By including dispersion corrections, our results show that

errors in the interaction energies are reduced for most of the DFT functionals. Despite the

difficulties faced by current water models and DFT functionals to accurately describe the in-

teractions in such water systems, we found some general trends that could serve to extend their

applicability to larger systems.

1. INTRODUCTION

Clathrate hydrates are ice-like non-stoichiometric inclusion compounds with cage-like structures

where small molecules, such as H2, N2, CH4, CO2, .. etc, can be trapped. Such compounds
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are naturally formed, and due to their potential technological applications (e.g. future energy

resource, and gas storage materials), they have received considerable attention in the research

community by both experiment and theory.1,2 The hydrates are thermodynamically stable when

guest molecules occupy the host cages, due to the interactions between the host and guest involving

mainly van der Waals (vdW) (noncovalent) interactions.3 More recently, an empty structure of

sII clathrate, known as ice XVI, has been stabilized,4 as well as a low-density clathrate sIII ,5

while the existence of virtual ices,6 and other low-density structures, namely aeroices,7 have been

also predicted by computer simulations. The experimental evidence of such guest-free clathrates

indicates that water molecules can form low density crystalline phase structure, motivating in this

way further investigations on ice clathrate cage-like structures.

Up to now, from the theoretical perspective, the investigations are still ongoing towards the

development of fundamental physico-chemical processes in clathrate exploitation, including their

microscopic structural evolution, aiming to gain a better understanding of stabilities and storage

capacities of their cavities.2,8–10 The rapid increase in computing power has also led to numer-

ous quantum chemistry calculations on guest-host interactions, as well as a plethora of benchmark

computations in large water clusters.11–21 The results of such studies have shown that ab initio

electronic structure methods provide independent and accurate means of reaching a good under-

standing of the nature of hydrates and description of the underlying guest-host potential.16,22,23 For

larger molecular systems wavefunction-based methods become computationally more expensive,

while more recently different density functional theory (DFT) approaches tend to present a more

economical, and at the same time reliable means, for describing noncovalent interactions.24,25 In

such water systems there is a balance between vdW and hydrogen bond interactions. Widely used

DFT functionals are inadequate, as they do not explicitly describe the dispersion effects.24 In par-

ticular, for dispersion-dominated complexes a non-localized energy description is required, and

modern improved DFT approaches, within the higher rungs of Jacob’s ladder, appear being po-

tentially more accurate.25 Numerous ways for overcoming these disadvantages of DFT have been

currently reported in the literature.26–30 One example is the use of DFT-D methods, which are com-
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putationally economical forms to include empirical dispersion corrections to the DFT functionals.

The DFT-D3 methods have significant computational cost advantages over more robust and power-

ful treatment of dispersion methods that explicitly incorporate nonlocal correlation. Thus, a signif-

icant amount of work has been already directed toward validating the performance of the DFT-D3

method, which it has been found to be reliable for describing noncovalent interactions.31–33

Numerous ab initio studies have investigated the binding energies of various water clusters,12,19,20,34–36

ranking the accuracy of DFT functionals, however they have focused primarily on small water clus-

ters, rarely containing more than eight water molecules,11 and just recently new reference data for

the interactions energies of water icosamers have been reported.16,19,21,35 Given the recent interest

in such complexes, and the lack of reference computations motivates us to assess available force

fields, and common as well as improved DFT approaches for representing the interactions of such

systems with strong cooperative many body effects.

The article is organized as follows: in section 2 we present the specific cavities’ structures

introduced in this study, as well as various details of the wave-function and density function theory

electronic structure methods employed; in section 3 we present the benchmark results from the DF-

MP2 calculations, some of the analytical potential models available in the literature for describing

water-water interactions, and from the DFT/DFT-D computations. In turn, through a systematic

analysis we evaluate the quality of the underlying interactions within the cavities of sI, sII and sH

clathrates hydrates, computed by pairwise semiempirical and pairwise/many-body ab initio water

model potentials, and by DFT-D3 approaches in comparison with reference converged DF-MP2

data; and in section 4 we summarize our main conclusions.

2. COMPUTATIONAL DETAILS

2.1. Cages’ configurations. The three most common structures of clathrate hydrates are the type

I (sI), II (sII) and H (sH).1 In sI hydrate, the unit cell is formed from small pentagon dodecahedral

512 cavities (with N=20 water molecules), and slightly larger (with N=24) tetrakaidecahedral 51262
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cages, sII contains 512 and 51264 hexakaidecahedron (with N=28), while sH has pentagon 512 and

irregular (435663) dodecahedron (also with N=20), as well as icosahedron 51268 (with N=36) cavi-

ties. While the positions of oxygen atoms in water molecules have been experimentally determined

by X-ray diffraction analysis of clathrate hydrate structures, the positions of water hydrogen atoms

in the lattice are disordered.

Figure 1: The cage structures of the sI (magenta color), sII (blue color) and sH (green color)
clathrate hydrates, as well as the 512a, ESa, FCa and FSa, and 308b, 316b water structures used in
this study (see text).

Therefore, we extracted geometries for all cages in the sI, sII and sH clathrates from the 3D

crystalline frameworks, as they have been determined in Ref.37 satisfying the ice rules, having the

lowest potential energy configuration for the protons, and a net zero dipole moment. In addition

to the above geometries, for the (H2O)20 system we also used in the present study, four structures

for the WATER27 data set11 corresponding to the B3LYP/6-311++G(2d,2p) optimized geometries

of the dodecahedral, edge-sharing (ES), fused-cubes (FC), and face-sharing (FS) structures.38 For
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the (H2O)24 cage we also provide data for configurations of previous studies,13,39 while, to our

knowledge, no other benchmark data have thus far been reported for the (H2O)28 and (H2O)36

cages.

All structures used in this work are displayed in Fig. 1, while the geometries of the newly

introduced structures are given in the Supporting Information. In particular, for N=20 we show

6 structures, namely 435663, 512, 512a, ESa, FSa, and FCa (a stands for structures from Ref.11),

for N=24 we list 3 structures, the 51262, 308b and 316b (with b indicated structures from Ref.39),

while for N=28 and N=36 we consider one structure for each of them, namely 51264 and 51268,

respectively.

2.2. Electronic structure calculations. Most DFT calculations were performed using Gaus-

sian16 package,40 with additional DFT-D computations being performed using the DFTD3 pro-

gram,DFTD3) and depending on the availability of the functionals some DFT calculations were car-

ried out by modified version of Gaussian03.42 All wave-function based calculations were carried

out using MOLPRO 2012.43

We obtained our reference energies for all systems from density fitting DF-MP2 computa-

tions43 with a careful analysis against basis set superposition error (BSSE) and basis set incom-

pleteness error (BSIE) for different basis sets, such as aug-cc-pVXZ44 (namely AVXZ), with X=D,

T, Q, and 5. The cohesive energies for each N water system are obtained as the difference of the

cluster energy and the energies of the geometry-relaxed water monomers,

∆Ecoh = E(H2O)N=20,24,28,36
−N.EH2O, (1)

while the corresponding counterpoise (CP) corrected energies were calculated by the many-body

generalization of the CP correction,45 called site-site function correction,46 as ∆CP =∑
N
i (E

i jkl,...N
i −

Ei), where E i jkl,...N
i are the energies for the monomers i in the basis of the N-body cluster and Ei

the energies in the monomer basis computed for their geometries in the N-body cluster.

Basis set extrapolation schemes were used to reach complete basis set (CBS) limit by employ-
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ing the two- and three-step formulas proposed by Schwartz47 for the correlation energies, EX =

ECBS +
A

X3 , and by Peterson et al. for the total energies,48 EX = ECBS +Ae−(X−1)+Be−(X−1)2
, re-

spectively. As the CP correction has a large influence on binding and interactions energies we also

employed the two-step scheme by Lee et al.,49 for the interaction energies ECBS =
1
2
(δX εX+1−δX+1εX )

(δX−δX+1)
,

with δX = ECP
X −EX , εX = ECP

X +EX , and ECP is the CP-corrected energy, while E represents the

uncorrected one, and the so-called half-counterpoise scheme,50,51 with the energy given as the

average ∆Ehalf = 0.5(∆ECP +∆E). We call the employed CBS schemes as, CBS1 the one from

Ref.,49 CBS2 from Ref.48 and CBS3 from Ref.47

In all DFT calculations we used both AVTZ and AVQZ basis set,44 while DFT functionals

were chosen from the different groups, such as TPSS,52 M06L53 and the more recent developed

functional SCAN54 (meta-GGAs/third rung), B3LYP,55 PBE056 and M06-2X57 (hybrid/meta-

GGAs/fourth rung), and CAMB3LYP,58 LC-ωPBE,59 and ωB97XD60 (range-separated hybrid).

For the numerical integration in the DFT calculations the ultrafine grid was used. In turn, we con-

sidered the dispersion corrections for the DFT and we employed the DFT-D3 correction scheme31

with the Becke-Johnson damping function, namely D3BJ,61 the modified D3M(BJ)32 and the

D3(OP),33 while the zero-damping D3(0) scheme was used when damping schemes are not avail-

able.

3. RESULTS AND DISCUSSION

3.1. DF-MP2 New Benchmark Energies: Comparison with Earlier Studies. The DF-MP2 in-

teractions energies calculated with a series of correlation-consistent basis sets (AVXZ, X=T,Q,and

5) are listed in Table 1, for all the above mentioned structures with N=20, 24, 28 and 36 water

molecules (see also data in the Supporting Information). Both CP corrected and uncorrected val-

ues are computed, and one can see that the CP correction counts around 20, 9, and 4.5 kcal/mol

for the AVTZ, AVQZ and AV5Z basis, respectively, for the N=20 structures. By increasing the

number of water molecules (from 20 to 36) the CP correction increases due to cooperative effects,
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Table 1: DF-MP2 interaction energies (in kcal/mol) with, ∆ECP, and without, ∆E, counter-
poise correction, as well as the half-half estimate, ∆Ehalf, using AVXZ (X=T,Q,5) basis sets for
all indicated structures.

Method DF-MP2/AVTZ DF-MP2/AVQZ DF-MP2/AV5Z
N (Cage) ∆E ∆ECP ∆Ehalf ∆E ∆ECP ∆Ehalf ∆E ∆ECP ∆Ehalf

20 (512) -186.59 -168.81 -177.70 -182.92 -174.49 -178.70 -180.67 -176.22 -178.45
20 (435663) -177.52 -159.29 -168.41 -173.99 -165.25 -169.62 -171.72 -167.11 -169.42
20 (512)a -220.57 -201.76 -211.16 -217.36 -208.24 -212.80 -215.11 -210.31 -212.71
20 (ES)a -227.98 -208.07 -218.02 -224.24 -214.73 -219.49 -221.79 -216.82 -219.31
20 (FC)a -224.24 -204.51 -214.37 -220.48 -211.04 -215.76 -217.99 -213.09 -215.54
20 (FS)a -225.78 -205.86 -215.82 -221.95 -212.43 -217.19 -219.46 -214.51 -216.99

24 (51262) -219.60 -197.81 -208.70 -204.87 -215.19 -210.08 -212.53 -207.06 -209.80
24 (308)b -268.62 -245.55 -257.08 -264.94 -253.68 -259.31 -262.21 -256.29 -259.25
24 (316)b -268.28 -245.23 -256.75 -264.62 -253.37 -258.99 -261.90 -255.98 -258.94

28 (51264) -265.65 -240.61 -253.13 -260.77 -248.77 -254.77 -257.58 -251.27 -254.43

36 (51268) -333.34 -300.69 -317.02 -327.10 -311.35 -319.23 n/a
a Structures from WATER27 data set.11

b Structures from Ref.39

and corresponds to about 10%, 5% and 2.5% of the system binding energy for the AVTZ, AVQZ

and AV5Z basis sets (see Table 1), respectively, indicating that such corrections should be taken

into account for any quantitatively accurate prediction of the binding energies of these systems.

Since calculations for higher-order clusters, using larger basis sets, are computationally expensive,

and as we have seen the BSSE still remains, one should employ extrapolation schemes in order

to obtain more accurate energy estimates. Therefore, we also list in Table 1 the calculated ∆Ehalf

energies, that seem to lead to a better convergence.51

In turn, in Table 2 we list the cohesive energies obtained for all the water structures given in

Fig. 1 together with their CBS limits, using all the above mentioned extrapolation schemes, CBS1,

CBS2 and CBS3, as well as the corresponding ∆Ehalf values employing the AVTZ, AVQZ and

AV5Z basis sets. All calculated energies are compared with best values available in the literature

for each of the indicated structures. In particular, recent conventional and explicitly correlated
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Table 2: DF-MP2/CBS cohesive energies (in kcal/mol) employing the indicated CBS extrap-
olation schemes.

∆Ehalf CBS1 Ref.49 CBS2 Ref.48 CBS3 Ref.47 Best value
N (Cage) AVQZ AV5Z [TQ] [Q5] [DTQ] [TQ5] [TQ] [Q5]

20 (512) -178.63 -178.41 -179.85 -178.17 -180.25 -177.35 -179.87 -178.56 n/a
20 (435663) -169.55 -169.38 -170.99 -169.19 -171.19 -168.31 -170.87 -169.57 n/a
20 (512)a -199.08 -198.68 -198.94 -198.23 -199.58 -197.43 -199.91 -198.78 -199.30c

20 (ES)a -209.00 -208.49 -208.73 -207.95 -209.44 -207.17 -209.74 -208.54 -209.081d

20 (FC)a -206.70 -206.17 -206.45 -205.60 -207.16 -204.87 -207.45 -206.22 -207.534d

20 (FS)a -207.11 -206.59 -206.79 -206.02 -207.52 -205.26 -207.84 -206.62 -207.763d

24 (51262) -209.99 -209.75 -211.63 -209.50 -211.93 -217.19 -211.53 -221.03 n/a
24 (308)b -240.99 -240.43 -240.56 -239.81 -241.33 -248.29 -241.87 -252.49 -238.638e

24 (316)b -240.93 -240.36 -240.50 -239.73 -241.27 -248.22 -241.81 -252.41 -238.719e

28 (51264) -254.66 -254.38 -256.62 -254.06 -256.96 -262.67 -256.45 -267.37

36 (51268) -319.09 n/a -321.74 n/a -321.99 n/a -321.38 n/a
a Structures from WATER27 data set.11

b Structures from Ref.39

c Best value energy from MP2-F12/A5Z’ calculation.35

d Best value energies from Ref.21

e Interaction energies from Ref.13

ab initio benchmarks have been reported for cohesive energies for four (H2O)20 structures (512a,

ESa, FCa and FSa) of the WATER27 data set,11 at MP2-F12, MP2/CBS[56], and explicitly cor-

related local CCSD(T) levels of theory.21,35 For the 512a structure the best estimate values for the

binding energy at the MP2 and CCSD(T) basis set limit reported to be35 -199.3±0.2 kcal/mol, and

-198.0±0.4 kcal/mol, respectively. Thus, taking into account this new best value of -199.3 kcal/mol

for the dodecahedron WATER27 structure35 as well as the recent values from MP2-F12 calcula-

tions21 for the (ES)a, (FC)a and (FS)a isomers of (H2O)20 cluster (see Table 2), we plot in Fig. 2

the difference, δ , between these binding values available in the literature and the ones computed

here from the DF-MP2/AV(Q,5)Z, the different DF-MP2/CBS using AVDZ up to AV5Z basis set

energies, as well as the DF-MP2/AV(Q,5)Z half energy values.
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Figure 2: Comparison of DF-MP2 and DF-MP2/CBS schemes cohesive energies (in kcal/mol) of
this work with the best values available from Refs.21,35 for the four indicated N=20 structures.11

The energy difference, δ , is shown for each CBS scheme and corresponding basis sets used. Black
dashed lines bracket the error of the best MP2 estimate , while color long-dashed line corresponds
to the estimate of the CCSD(T) limit.

As it can be seen the DF-MP2 calculations are not converged, even with the AV5Z basis sets,

although by increasing the size of the basis set the energies are found to be much closer to the

best available estimates. As is expected, CBS extrapolations involving large basis sets, such as

10



AVQZ and AV5Z, provide better values than those using smaller, AVDZ and AVTZ, basis. Taking

into account the errors reported for the MP2 limit value (-199.3±0.2 kcal/mol),35 shown by the

black dashed lines in Fig. 2, as well as the reported CCSD(T) limit value (see color long-dashed

line in Fig. 2), we consider that both DF-MP2/CBS1[TQ] and DF-MP2/CBS1[Q5], and the DF-

MP2/CBS2[TQ5] schemes as well as the DF-MP2/AV5Z half energy values show a consistent

behavior as a function of the size of the basis set used. So, given that for the higher-order, N=36,

water structure, we only could obtain interaction/cohesive energies with the AVQZ basis set, we

then choose as the reference values for the binding energies in this work the DF-MP2/CBS1[Q5]

for all N=20-28 water clusters, and the DF-MP2/CBS1[TQ] for the N=36 structure. One can see,

in Table 2, that these cohesive energies are -198.23 kcal/mol for the 512a, just 0.23 kcal/mol to

the previous reported CCSD(T) limit,35 -178.17 and -169.19 kcal/mol for the 512 and the 435663,

respectively, -209.50 kcal/mol for the 51262, -254.06 kcal/mol for the 51264, and -321.74 kcal/mol

for the 51268 cages.

3.2. Water Model Potentials: Pairwise and Many-Body effects. Over a hundred different

water models62–64 are available in the literarure since the first attempt by Bernal-Fowler in 1933. A

general classification could be made by the degree of their complexity. For example, water models

could be pairwise additive (two-body) or polarizable (many-body) that treat explicitly many-body

inductive effects, and also rigid or flexible depending on whether the model includes deformation

of the monomers. By combining the above groups we can obtain categories of water models with

increasing degree of complexity, with the majority of the existing models being: rigid-pairwise,

rigid-polarizable, flexible-pairwise, and flexible-polarizable. Apart such models could be classified

based on the origin of the data used for its parameterization to semiempirical or ab initio. Semiem-

pirical models have been adjusted to describe properties of the system at specific thermodynamic

conditions. Among them, we employed here, three of the most popular semiempirical waters mod-

els, namely TIP4P/ice, TIP4P/2005 and the flexible q-TIP4P/F.65–67 On the other hand, ab initio

potentials are usually designed to account for the complex short-range interactions, and the subtle

weak (long-range) interactions by fits to huge datasets of electronic structure calculations of the
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system including pairwise and some of them explicit higher-order many-body contributions (up

to three-body ones). Here, we choose recent Thole-type flexible-polarizable ab initio potentials

reported in the literature, called TTM2-F, TTM3-F, TTM4-F and MB-pol.68–71

Figure 3: Cohesive energies obtained from the indicated analytical semiempirical or ab initio-
based water potentials, and their comparison with the corresponding DF-MP2/CBS1 values. Total
energies are shown in the lower panel, while their difference, δ , from the DF-MP2/CBS1 ones are
given in the upper panel for each water structure/cavity.

In Fig. 3 (see lower panel) we show correlation plots of the DF-MP2/CBS1 and different water

model cohesive energies for each structure or clathrate cavity, while in the upper panel we plot

the obtained differences of each water model potential and structure from the corresponding DF-

MP2/CBS1 reference energy value. We should point out that comparisons for the semiempirical
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TIP4P/ice and TIP4P/2005 models are only presented here for those five structures that the water

monomers are fixed, while for the flexible semiempirical q-TIP4P/F and the ab initio-based TTM2-

F, TTM3-F, TTM4-F, and MB-pol potentials comparisons are shown for all structures. As it can

be seen, all semiempirical models fails to predict the energetics of such water clusters, while ab

initio-based water models seem to provide estimates closer to the reference values. In general, we

found that the TTM3-F, TTM4-F and MB-pol models show somehow similar behavior, with the

TTM4-F and MB-pol having smaller errors in the case of the smaller water cavities. We should

note that the MB-pol model incorporates short-range three-body terms by fitting to CCSD(T) water

trimer energies, while higher-body effects described by induction as in the TTM4-F model, so one

should expect that it should perform better than the models with only pair short-range components

in describing cooperative many-body effects in such systems.

3.3. Comparative Analysis of DFT/DFT-D Approaches. As we mentioned above we choose

Table 3: Cohesive energies from DFT and DFT-D3 calculations using the indicated function-
als, basis sets and D3 dispersion corrections for the 512a structure.

Basis set/ AVTZ AVQZ ∆Ebasis D3 dispersion
Functional (BJ) M(BJ) (OP)

TPSS -190.94 -188.82 -2.12 -23.80 n/a -21.70
SCAN -220.21 -225.53 5.32 -7.55 n/a n/a
M06L -190.86 -188.63 -2.23 -4.51∗

B3LYP -185.33 -184.32 -1.01 -28.58 -30.67 -23.25
PBE0 -200.84 -199.47 -1.37 -17.65 -17.51 -14.47

M06-2X -202.44 -200.61 -1.83 -4.00∗

CAM-B3LYP -209.53 -208.36 -1.17 -16.23 n/a n/a
LC-ωPBE -180.11 -179.23 -0.88 -18.63 n/a n/a
ωB97XD -203.94 -200.46 -3.47 n/a n/a n/a

∗ This value corresponds to D3(0) correction.

different DFT functionals in the present study: as a first example, three meta-GGAs function-

als, TPSS, M06L and SCAN, then three popular hybrid functionals (B3LYP, PBE0, and M06-

2X), and as a final example, three long-range-corrected functionals, CAM-B3LYP, LC-ωPBE, and

ωB97XD (that includes the D2 correction). In Table 3 the calculated energies are compared for

the 512a structure using the AVTZ and AVQZ basis sets and the D3(BJ), D3M(BJ) and D3(OP)
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damping schemes, while the D3(0) scheme is used in the case where damping schemes are not

available. Energies for all 11 water stuctures discussed in this study from the DFT and DFT-D3

calculations are listed in the Supporting Information.

Figure 4: Cohesive energy difference, δ , for the 512a structure obtained from the indicated DFT-D
calculations from the reference value from Ref.35

On the one hand, one can see the effect of the basis set used for each functional, that contribute

from -0.88 to 5.32 kcal/mol to the energy values, and on the other hand, the contribution of the
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dispersion correction that ranges from -7.55 up to -30.67 kcal/mol depending mainly on the type

of damping used in the D3 scheme, while it counts around -4.0 kcal/mol for the D3(0) correction.

For evaluating the performance of each functional, as a first step, we compare (see Fig. 4) the

cohesive energy values calculated from the DFT-D functionals with the reference MP2-F12 value

of -199.3±0.2 kcal/mol (black dashed lines correspond to the estimate errors) available in the

literature35 for the dodecahedron 512a structure. We also indicated the CCSD(T) estimate35 (see

color long-dashed line), as well as the value obtained here from the DF-MP2/CBS1 calculations

(see orange-color long-dashed line). As it can be seen, meta-GGAs and hybrid functionals show

difficulties to determine the cohesive energy of the dodecahedron structure, presenting large errors

(more than 5 kcal/mol), while the LC-ωPBE functional including the D3(BJ) dispersion correction

shows the best performance for this water cage structure.

Thus, in a next step in order to evaluate the performance of the DFT functionals as a function of

the cage size and type, in Fig. 5 we present additional error bar plots for the remaining 512, 435663,

512, 51262, 51264 and 51268 clathrate cages containing 20, 20, 24, 28 and 36 water molecules, re-

spectively. DFT calculations were carried out using the AVQZ basis for all structures with N=20,

and the AVTZ for all other structures. Now the comparison is made with respect the above re-

ported DF-MP2/CBS1 energies (see Table 2) for each structure, where one can observe some clear

trends in the performance of each functional. In particular, all functionals, except the M06L-D3(0)

and LC-ωPBE-D3(BJ) ones, overestimate the binding energy of all cages, with TPSS-D3(OP),

B3LYP-D3(OP), M062X-D3(0) and ωB97XD providing closer values, while others show much

higher deviations. The M06-2X functional without any dispersion corrections seems to outperform

all other functionals, predicting the lowest error respect to the benchmark energies for all struc-

tures. As in the case of the 512a structure (see Fig. 4) the M06L-D3(0) and the LC-ωPBE-D3(BJ)

functionals consistently underpredict the intermolecular interactions for all cages, and by including

D3 dispersion correction one can see that their results are improved. Although, relatively low er-

rors are found for the N=20, 24 and 28 water cages, both the M06L-D3(0) and LC-ωPBE-D3(BJ)

functionals cannot predict quantitative accurate results for the binding energy of the largest, N=36,
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clathrate cage. However, we should point out that in the N=36 case the reference energy value is

based on the DF-MP2/CBS1[TQ] limit (see Table 2), and this could probably also contribute to the

error.

Figure 5: Cohesive energy difference, δ , for the indicated cage structures obtained from the DFT
calculations and the reference DF-MP2/CBS1 values.
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Figure 6: Cohesive energies obtained from the best-performed DFT functionals and ab initio water
models with respect to the reference DF-MP2/CBS1 values for the indicated water structures and
clathrate cages.

Finally, in Fig. 6 (see upper panel) we summarized the estimates of the binding energies of all

structures, as they predicted by the "best"-performed DFT functionals as well as the most accu-

rate analytical water models available in comparison with the benchmark DF-MP2/CBS1 values
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of this work. Specifically, we show the energies for two meta-GGAs (the TTPS-D3(OP) and

M06L-D3(0)), two hybrids with and without dispersion correction, B3LYP-D3(OP) and M06-

2X, respectively, and two range-separated, ωB97XD and LC-ωPBE-D3(BJ), functionals, as well

as for the ab initio-based Thole-type water potentials, TTM4-F and MB-pol. One can see that

both best-performed DFT functionals (M06L-D3(0), M06-2X, and LC-ωPBE-D3(BJ)) and water

model potentials show a very similar behavior as a function of the structure and the number of

water molecules. In the lower panel of Fig. 6 we display deviations obtained for each water cage

structure, and we found that smaller deviations are obtained for the M06-2X, even for the N=36

structure where both M06L-D3(0) and LC-ωPBE-D3(BJ) DFT approaches and ab initio-based

models show larger differences.

4. SUMMARY AND CONCLUSIONS

We have assessed the performance of a variety of DFT-based methods and few of the most used

semiempirical and ab initio-based water models by comparisons with reference data obtained from

wave-function based methods for specific guest-free clathrate-like cavities. Totally eleven struc-

tures formed by N=20, 24, 28 and 36 water molecules were used to calculate binding energies, and

new, converged, benchmark energies at DF-MP2/CBS level of theory are reported for all cages of

the sI, sII and sH clathrates. We should notice that such water systems suffer from huge BSSE, even

in large (e.g. AV5Z) basis sets, and thus extrapolation schemes were used to obtain more accurate

results. These data were then used to evaluate the performance of the DFT approaches. In particu-

lar we employed meta-GGAs, hybrids and range-separated functionals. As dispersion contributes

to the correct description of noncovalent interactions, we also checked here the dispersion cor-

rections, employing recent damping functions within the DFT-D3 semiempirical scheme. Among

the studied water models and DFT functionals we found difficulties in describing accurately such

water systems. However, ab initio-based potentials, such as TTM4-F and MB-pol, show relatively

satisfactory description of the energies of the smaller clusters, while DFT functionals, within dif-
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ferent Jacob’s rungs, like the M06L-D3(0), the M06-2X and the LC-ωPBE-D3(BJ) ones, provide

the best estimates of the cohesive energies for all water structures studied. Thus, one may con-

clude that substantial many-body errors are still present for such molecular systems, and further

explicit investigation of such errors should be carried out including a broader range of improved

dispersion-corrected functionals. Finally, we should emphasize that benchmark electronic struc-

ture calculations are the key point in assessing DFT approaches and model potentials for clusters,

providing valuable information to improve upon the existing approaches or develop new ones for

describing larger-size or condensed-phase systems.
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