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Two hybrid van der Waals density functionals (vdW-DFs) are developed using 25% Fock exchange
with (i) the consistent-exchange vdW-DF-cx functional [K. Berland and P. Hyldgaard, Phys. Rev. B 89,
035412 (2014)] and (ii) with the vdW-DF2 functional [K. Lee et al., Phys. Rev. B 82, 081101 (2010)].
The ability to describe covalent and non-covalent binding properties of molecules is assessed. For
properties related to covalent binding, atomization energies (G2-1 set), molecular reaction energies
(G2RC set), and ionization energies (G21IP set) are benchmarked against experimental reference
values. We find that hybrid-vdW-DF-cx yields results that are rather similar to those of the standard
non-empirical hybrid PBE0 [C. Adamo and V. Barone, J. Chem. Phys. 110, 6158 (1999)], with mean
average deviations (MADs) of 4.9 and 5.0 kcal/mol for the G2-1 set, respectively. In this comparison,
experimental reference values are used, back corrected by wavefunction-based quantum-chemistry
calculations of zero-point energies. Hybrid vdW-DF2 follows somewhat different trends, showing on
average significantly larger deviations from the reference energies, with a MAD of 14.5 kcal/mol for
the G2-1 set. Non-covalent binding properties of molecules are assessed using the S22 benchmark
set of non-covalently bonded dimers and the X40 set of dimers of small halogenated molecules,
using wavefunction-based quantum chemistry results as references. For the S22 set, hybrid-vdW-DF-
cx performs better than standard vdW-DF-cx for the mostly hydrogen-bonded systems, with MAD
dropping from 0.6 to 0.3 kcal/mol, but worse for purely dispersion-bonded systems, with MAD
increasing from 0.2 to 0.6 kcal/mol. Hybrid-vdW-DF2 offers a slight improvement over standard
vdW-DF2. Similar trends are found for the X40 set, with hybrid-vdW-DF-cx performing particularly
well for binding energies involving the strongly polar hydrogen halides, but poorly for systems with
tiny binding energies. Our study of the X40 set reveals the potential of mixing Fock exchange with
vdW-DF, but also highlights shortcomings of the hybrids constructed here. The solid performance
of hybrid-vdW-DF-cx for covalent-bonded systems, as well as the strengths and issues uncovered
for non-covalently bonded systems, makes this study a good starting point for developing even more
accurate hybrid vdW-DFs. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4986522]

I. INTRODUCTION

Hybrid functionals are widely used for computing molec-
ular properties because they generally offer more accurate ther-
mochemical and structural properties than non-hybrid semilo-
cal functionals in density functional theory (DFT).1–8 Through
various procedures, hybrid functionals mix in a fraction of
Fock exchange, introducing a Fock term in the exchange part
of a Kohn-Sham density functional. Many semi-empirical or
fitted hybrid functionals have been developed, with B3LYP
being one of the most popular.1,2,8,9 One of the most successful
hybrids, the PBE0 functional,3 on the other hand, mixes in 25%
of Fock exchange with the exchange of the PBE,10,11 a fraction
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which is motivated by ongoing arguments from many-particle
theory.12–14

In many molecular complexes, London dispersion forces
contribute significantly to the binding energy of the system.
To accurately describe all binding properties of such a sys-
tem, it is desirable to include both a non-local correlation and
a Fock-exchange fraction within the same functional.8 Non-
local correlations are missing in both semi-local functionals
in the generalized-gradient approximation (GGA) and in stan-
dard hybrid functionals, but they are included from the onset in
the van der Waals density functional (vdW-DF) method.15–22

vdW-DFs have found a wide user base in physics and material
science.21,23,24 They are regularly used in the study of adsorp-
tion,25–29 layered systems,30–34 molecular crystals,35–37 and
more recently solids with covalent and metallic bonds.20,38,39

However, assessments of how well vdW-DFs describe general
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properties of molecular systems are scarce, which is likely
related to the fact that hybrid vdW-DFs have so far gone
unexplored.

In this paper, we define and assess the performance of
two simple, unscreened hybrid van der Waals functionals,
termed vdW-DF-cx0 and vdW-DF2-0, for molecular systems.
A number of dispersion-corrected (DFT-D) hybrid function-
als do already exist.40–43 Those descriptions rely on atom-
centered pair-potential corrections to account the non-local
correlation. In more advanced variants, the coefficients of these
pair potentials can depend on, for instance, the electron den-
sity, as they are in DFT-TS and more recent extensions44,45

and in associated hybrids.46 Hybrid variants of the Vydrov-
Voorhis (VV) nonlocal density functional,47 which borrows
several features of Tkatchenko-Scheffler formulation of vdW-
corrected DFT, vdW-TS, has also been developed. All of
these schemes include one or several adjustable parameters
that can be re-tuned when combined with a hybrid func-
tional to achieve good performance for a set of reference
systems. Here, we investigate the performance of two hybrid
vdW-DFs where we deliberately avoid fitting to reference
systems.

The vdW-DF framework is formally well anchored in
many-body physics.15,16,19,21,48 Different versions of the func-
tional have been developed,15,38,49,50 such as vdW-DF217 and
vdW-DF-cx,18,24 which emphasize different limits of many-
body theory. In this work, we define two new vdW-DF hybrids,
vdW-DF-cx0 and vdW-DF2-0, modifying vdW-DF-cx
and vdW-DF2 to introduce 25% of Fock exchange, in anal-
ogy with the design of PBE0.3,12–14 The 25% mixing fraction
has been rationalized1,12–14 in terms of a coupling-constant
λ integration in the adiabatic-connection formula (ACF).51,52

In a mean-value evaluation of the ACF, using a fraction
of Fock exchange takes care of the λ→ 0 limit, where the
functional is exclusively represented by exchange. At the
λ→ 1 end, the properties of a system are dominated by
plasmons,53 suggesting that functionals of the electron-gas
tradition, like PBE, provide robust starting points for hybrid
constructions, like PBE0.12,13 However, the same rationale
also applies to the consistent-exchange vdW-DF-cx version,
which rely on vdW-DF’s single plasmon-pole description for
specifying the exchange and correlation, except in very inho-
mogeneous regions.18,24 In fact, vdW-DF, and this version in
particular, can be viewed as a series expansion of the effec-
tive response defined by a GGA-type exchange-correlation
hole.19,21

Even if less strictly enforced, vdW-DF2 is also designed
with consistency between the exchange and correlation in mind
and can thus also be seen as plasmon based.17,19,21,24 Whereas
vdW-DF-cx has a good consistency between its rather soft
exchange functional and the internal exchange that sets the
strength of the non-local correlation term, vdW-DF2 relies on
more rapidly increasing exchange enhancement factors both in
the exchange and within the non-local correlation.54,55 vdW-
DF-cx and vdW-DF2 can therefore be viewed as two different
limits of viable vdW-inclusive density functionals. Thus by
benchmarking these two functionals for molecular systems,
we gain insight into how to best construct an accurate hybrid
vdW-DF.

II. COMPUTATIONAL DETAILS

vdW-DF-cx0 and vdW-DF2-0 are implemented within
version 6.0 of the quantum espresso package.56 This ver-
sion includes an implementation of spin-vdW-DF,20 which
is needed to correctly compute atomization energies. In all
calculations, Martins-Troullier57 norm-conserving PBE pseu-
dopotentials of the FHI-abinit58 kind are employed. We use an
energy cutoff of 80 Ry. Atomic coordinates were relaxed (to
0.0025 eV/Å) in all studies, except for the S22 set.59 Like in
several earlier studies,17,18 the internal molecular coordinates
are kept fixed for the S22 set and the optimal separations are
determined by calculating potential energy curves.

III. RESULTS
A. Covalent binding properties

A good hybrid vdW-DF should be able to describe both
covalent and non-covalent binding accurately. To assess the
ability of vdW-DF-cx0 and vdW-DF2-0 to describe covalent
binding properties, we consider atomization energies (in the
G2-1 subset) of molecules and chemical reaction energies (in
the G2RC subset) of the G2 benchmark set.60–62 We further-
more benchmark molecular ionization potentials (the G2IP
subset).60 We compare with experimental reference values,
in the case of G2-1 and G2RC subsets back-corrected by
wavefunction-based quantum chemistry results for zero-point
energies.60

Figure 1 provides an overview of the mean absolute devia-
tion (MAD) of the energies of the three sets, displaying results
of vdW-DF-cx0, vdW-DF2-0, and their non-hybrid equiva-
lents.62 For reference, PBE and PBE0 results are also shown.
The comparison shows that among the non-hybrid function-
als, PBE performs best, except for atomization energies where
vdW-DF2 performs better. Among the hybrids, vdW-DF-cx0
has the best overall performance, slightly better than that of
PBE0. Both vdW-DF-cx0 and PBE0 perform better than the
corresponding non-hybrid functionals. In contrast, vdW-DF2-
0 does not necessarily perform better than vdW-DF2. To gain
insight into these trends, we next consider the results of the
three sets in more detail.

Table I gives an overview of our results for atomization
energies, in terms of MAD, mean absolute relative deviation

FIG. 1. Mean absolute deviations of the three benchmark sets considered for
covalent molecular properties.
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TABLE I. Benchmark of the atomization energies in the G2-1 set.60 The
table lists mean relative deviation (MRD), mean absolute relative devia-
tion (MARD), mean deviation (MD), and MAD values of the functionals
considered here relative to the experimental references.

Molecule PBE PBE0 DF2 DF2-0 DF-cx DF-cx0

MRD (%) 3.6 −2.6 −0.8 −7.2 5.8 −1.4
MARD (%) 5.9 4.1 4.6 9.5 7.4 3.7
MD (kcal/mol) 5.8 −3.4 −2.3 −12.1 9.1 −1.5
MAD (kcal/mol) 7.5 5.0 6.6 14.5 9.7 4.9

(MARD), mean deviation (MD), and mean relative deviation
(MRD). It shows that vdW-DF2-0 is significantly less accurate
than vdW-DF2, but vdW-DF-cx0 is significantly more accurate
than vdW-DF-cx. Comparing the MRD values of a non-hybrid
with a corresponding hybrid indicates that the atomization
energies are on average about 10% lower for the hybrid than
for the non-hybrids. Since vdW-DF2 underestimates atomiza-
tion energies on average by about 2%, vdW-DF2-0 underes-
timates them by about 12%. This systematic underestimation
leads to large MAD and MARD values of vdW-DF2-0. vdW-
DF-cx overestimates atomization energies by 9% on average,
giving it the worst performance among the non-hybrid func-
tionals. However, this overestimation is a good match with
the reduction in atomization energies when introducing 25%
Fock exchange, resulting in an MRD value of merely �1.5%.
In turn, vdW-DF-cx0 ends up with the smallest MARD value
(3.7%) among the tested functionals, somewhat smaller than
the PBE0 value 4.1%.

For reaction energies, the hybrid vdW-DFs outperform
the non-hybrids. While Table II shows that the MAD becomes
somewhat smaller, the relative deviations are reduced signifi-
cantly. For instance, the MARD value of 47% for vdW-DF-cx
drops to 30% for vdW-DF-cx0. For vdW-DF2 and vdW-DF2-
0, the corresponding numbers are 59% and 36%. Despite
having poorer atomization energies, as discussed earlier, vdW-
DF2-0 predicts reaction energies more accurately than vdW-
DF2. This suggests a partial error cancellation between the
atomization energies of both the product and the reactant.

Figure 2 shows that the deviations grow quite slowly with
the size of the reaction energies. In the figure, the reactions
are ordered according to the size of their respective reaction
energies (gray bars in the upper and middle panels, magnitude
given by the right vertical axis). The comparison shows that
the deviations of vdW-DF-cx0 are typically quite similar to
those of PBE0, while overall being slightly more accurate.
vdW-DF-cx also exhibits deviations that are fairly similar to
those of PBE (as shown in the top panel of Fig. 2). In contrast,

TABLE II. Comparison of the performance of PBE0 and the hybrid van
der Waals density functionals, vdW-DF2-0 and vdW-DF-cx0, for chemical
reaction energies in the G2RC set.60

Molecule PBE PBE0 DF2 DF2-0 DF-cx DF-cx0

MRD (%) −15.8 5.3 −31.1 −11.4 −26.4 −8.6
MARD (%) 37.3 33.0 59.4 36.0 47.3 30.2
MD (kcal/mol) 0.7 −2.8 6.8 2.7 1.9 −1.1
MAD (kcal/mol) 5.6 6.1 10.0 5.8 6.1 4.8

FIG. 2. Reaction energies of the G2RC subset of the G2 sets60 for the different
functionals compared here, as ordered by reference reaction energies. These
energies are defined as the energy difference between reactants and products
and are indicated by the gray bars in the background (right vertical axis),
on a scale five times larger than the deviations. We report deviations, that
is, the differences between our calculated results and the reference data. The
dashed gray line is a guide to the eye for the magnitude of the reaction energy.
The lowest panel shows the corresponding relative deviations, where the inset
provides a smaller span on the vertical axis, for the systems with reference
values larger than 20 kcal/mol.

the deviations of vdW-DF2 and vdW-DF2-0 do not follow the
same general trends as PBE, PBE0, vdW-DF-cx, and vdW-
DF-cx0.

The bottom panel of Fig. 2 shows the relative deviations
of the different reaction energies. The relative deviations are
typically less than 20% for the reactions with large reaction
energies, as shown in the inset of the bottom panel, but they can
be much larger for the cases with small reaction energies. In the
worst cases, even the sign can be wrong, corresponding to rel-
ative deviations below �100%. The hybrid variants generally
reduce the deviations of the reaction energies. As an example,
the energy of the reaction CH2O2→CO2+H2 (shown in the
inset) is�2.0 kcal/mol. vdW-DF2 incorrectly predicts this to be
an endothermic reaction with a reaction energy of 6.1 kcal/mol
which drops to 2.9 kcal/mol when going to vdW-DF2-0. vdW-
DF-cx correctly predicts this reaction to be exothermic, but
only barely so, with a reaction energy of �0.1 kcal/mol, and
vdW-DF-cx0 however gives a value of �2.3 kcal/mol which
is only a 12% overestimation of the reference energy. The
improvements for the systems with small reaction energies
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TABLE III. Comparison of the performance of PBE0 and the hybrid van
der Waals density functionals, vdW-DF2-0 and vdW-DF-cx0, for ionization
potential values in the G21IP set.60

Molecule PBE PBE0 DF2 DF2-0 DF-cx DF-cx0

MRD (%) −0.4 −0.2 3.1 3.0 −0.6 0.2
MARD (%) 2.0 2.0 3.3 3.3 1.7 1.7
MD (kcal/mol) −1.3 −0.9 7.4 7.1 −1.8 0.1
MAD (kcal/mol) 4.9 4.7 7.8 7.7 4.2 3.9

are the main reason why the MARD value is significantly
lower for the hybrids, while the reduction in MAD is more
modest.

For ionization potentials, the comparison for the G21IP
set, summarized in Table III and Fig. 1, shows that both the
hybrids perform similar or slightly better. vdW-DF-cx and
vdW-DF-cx0 perform better than vdW-DF2 and vdW-DF2-0.

Compared to other methods, vdW-DF-cx0 performs quite
well for G2RC and G21IP. The three hybrids, B3LYP,
B3PW91, and revPBE0 amended with VV10 correlation,63

give MADs of, respectively, 4.3, 8.3, and 8.5 kcal/mol for
G2RC and 5.2, 4.5, and 6.0 kcal/mol for G2IP.

The performance of vdW-DF-cx0 for covalent molecular
binding properties makes this a promising vdW-DF hybrid
functional candidate. vdW-DF2-0 is not as promising, which is
clearly illustrated by its atomization energies. In a separate test,
we find that the difference between the trends of vdW-DF2-0
and vdW-DF-cx0 for small-molecule atomization energies is
predominantly due to the exchange component. For covalent
interactions, the performance is rather insensitive to whether
vdW-DF1 or vdW-DF2 correlation is employed for a fixed
exchange functional. This is in contrast to the case for non-
covalent interactions.54

B. Non-covalent molecular binding

Figure 3 shows the results for the S22 set59 following the
standard division into hydrogen-bonded, dispersion-bonded,
and mixed systems. vdW-DF2-0 has a smaller MAD than
vdW-DF2 for all the three cases. vdW-DF-cx0 and vdW-DF-
cx have a similar MAD of about 0.4 kcal/mol. Most striking,
however, is the poorer performance of vdW-DF-cx0 compared
to vdW-DF-cx for purely dispersion-bonded systems—with

FIG. 3. The performance of the functionals considered here for the S22 set
non-covalent.

MAD increasing from 0.2 to 0.6 kcal/mol—combined with
an improved performance for the hydrogen bonded systems,
MAD decreasing from 0.6 to 0.3 kcal/mol. The poor results
for dispersion bonded systems are due to overestimation of
binding energies.

The improved performance for hydrogen bonded systems
is linked to the fraction of Fock exchange, as the performance
also improves correspondingly for vdW-DF2 and PBE. The
MAD shrinks from 1.2 kcal/mol to 1.1 kcal/mol when going
from PBE to PBE0. However, these numbers are inferior to the
vdW-DFs as dispersion forces generally contribute to the bind-
ing in all kinds of non-covalently bonded dimers, including
systems that are mostly hydrogen bonded. We therefore omit
PBE and PBE0 in further analysis of non-covalently bonded
systems.

In the community there are two typical ways of assessing
the accuracy of the S22 dataset: one is to rely on coordinates
fixed to the optimum coordinates of the benchmark set59 and
the other is to relax inter-atomic positions. While both have
pros and cons, we prefer the latter, as using static coordinates
introduces a slight preference for functionals with overesti-
mated binding energies. As long as the optimum separation
does not exactly agree with the reference geometry, one would
always compare with an energy that is smaller than the opti-
mum one. For reference with literature, the MAD values cal-
culated at fixed reference geometries are 0.7 and 0.4 kcal/mol
for vdW-DF2 and vdW-DF2-0 and 0.4 and 0.3 kcal/mol for
vdW-cx and vdW-DF-cx0, respectively.

In assessing the accuracy of the different methods, we
need to keep in mind that our calculations are based on the
non-native norm-conserving PBE pseudopotential. This is a
common practice in vdW-DF calculation when using plane-
wave codes such as Quantum Espresso, with good cross-code
transferability,64 so it gives a good indication of the accuracy
obtained in practice. However, native pseudopotentials or all-
electron calculations would be preferable. To get an indication
of the inaccuracy introduced by using norm-conserving PBE
pseudopotentials, our vdW-DF2 results with geometries of the
S22 set can be compared with corresponding results generated
by Vydrov and van Voorhis47 using a Gaussian basis at the
aug-cc-pVTZ level. Relative to this reference, our vdW-DF2
results have a mean absolute error of 0.2 kcal/mol and mean
error of �0.1 kcal/mol (mean absolute relative error of 2%). As
the mean absolute error is comparable to the accuracy of the
hybrid vdW-DF results for the S22 set, the precision is limited.
In gauging the accuracy of the MAD, however, the magnitude
of the mean error of 0.1 kcal/mol gives a better indication of
the inaccuracy of the MAD as the two sources of deviations
are not related.

Vydrov and van Voorhis47 also showed that the long-
range corrected (LC) Fock exchange variant of VV10 also
exhibits improved performance for hydrogen bonding com-
pared to VV10, with MAD dropping from 0.7 kcal/mol to
0.3 kcal/mol, while for mixed and dispersion bonded system,
standard VV10 is in fact slightly more accurate. With an overall
MAD of 0.2 kcal/mol for the S22 set, LC-VV10 is more accu-
rate than the vdW-DF hybrids considered here, which is not
surprising given that VV10 and LC-VV10 are reference sys-
tems optimized to S22 binding curves. Other variants of VV10,
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combined with B3LYP, B3PW91, and revPBE0 exchange-
correlation, result in MAD values of 0.5, 0.5, and 0.2 kcal/mol,
respectively.63

The clear overestimation of vdW-DF-cx0 for dispersion
bonded systems shows that Fock exchange and vdW-DF-cx
exchange behave quite differently for dispersion-bonded sys-
tems, as vdW-DF-cx itself has a rather low MAD. Thus the
vdW-DF1 correlation (which is also used in vdW-DF-cx) may
not be the optimal one for the exchange description used in
vdW-DF-cx0. The low MAD for hydrogen-bonded systems
nonetheless indicates the promise of mixing a soft exchange
like that of vdW-DF-cx with Fock exchange.

The mixed vdW-DF-cx0 performance for the S22 set
motivates us to also consider the X40 set65 of non-covalently
bonded dimers involving at least one halogenated molecule.
This set of dimers involves small molecules like methane, and
its halogenated derivatives, an example being the methane-Cl2
dimer (reference binding energy of 1.08 kcal/mol) or bromo-
benzene-acetone dimer (2.43 kcal/mol). They also include the
strongly polar hydrogen halides, such as the HF-methanol
dimer (9.59 kcal/mol).

Figure 4 shows the deviation in binding energies (upper
panel) and binding separation (lower panel) ordered by the
magnitude of the reference energy. The bars in the upper panel
indicate the magnitude of the reference energies, with scale
on the right vertical axis. The bar color indicates a sorting of
the dimers into molecules involving methane (pink), benzene
(green), hydrogen halide (orange), or none of these (gray). We
organize the X40 set into these subsystems for the following
reasons: For all the dimers of methane and a “halogenated
molecule,” the binding energies are significantly overesti-
mated so it overshadows all other MRD trends. For benzene-
“halogenated molecule” dimers, the aromatic π-orbitals could
contribute to the binding, giving them a somewhat dif-
ferent binding nature. For the dimers involving hydrogen

TABLE IV. Summary of our benchmark of the X40 set binding energies.

DF2 DF2-0 DF-cx DF-cx0

Relaxed coordinates
Involving methane
MAD (kcal/mol) 0.3 0.2 0.2 0.2
MARD (%) 39 20 26 30
Involving benzene
MAD (kcal/mol) 0.1 0.1 0.3 0.5
MARD (%) 4 3 7 10
Involving hydrogen halides
MAD (kcal/mol) 0.3 0.6 0.5 0.1
MARD (%) 3 6 5 2
Other dimers
MAD (kcal/mol) 0.2 0.2 0.3 0.2
MARD (%) 10 6 10 6

Full set
MAD (kcal/mol) 0.2 0.2 0.3 0.2
MARD (%) 13 8 12 12

Unrelaxed coordinates
MAD (kcal/mol) 0.2 0.2 0.3 0.3
MARD (%) 9 8 12 10

halides, the binding is dominated by the strong polarity of the
halide.

We also show values for unrelaxed coordinates for refer-
ence with literature.

Table IV summarizes the trends for the X40 set and for
various subsystems. For the dimers involving methane, all the
functionals overestimate binding energies, with overall some-
what better performance for the hybrids. The dimers involving
methane in the X40 set are always paired with another small
molecule, either a diatomic halogen going from F2 to I2 (sys-
tem 1, 5, 8, and 10) or halogenated methane derivatives (system

FIG. 4. Our benchmark of the X40 set of molecular dimers involving halogenated molecules ordered by the reference energies. The connected markers in the
upper panel indicate the deviations in the binding energy of the various molecular dimers, that is, the differences between our calculated results and the reference
values. The bars show the reference energy on a ten times larger scale (right vertical axis). The dimers have been sorted into systems involving methane (pink
bars), involving benzene (green bars), involving hydrogen halides (orange), and the remainders (gray). The dashed curves correspond to +/�, respectively, 10%
and 30% of the binding energy. The lower panel shows the performance for intermolecular separations, defined in terms of the shortest atomic separations
between dimers. The bars indicate the full reference separations on a ten times larger scale (right vertical axis).
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2, 3, 4, and 6). The overestimation is evident both in the table
and by cases in which the data are outside either the first or
second dashed curve indicating 10% and 30% deviation in
the upper panel of Fig. 4. vdW-DF-cx and vdW-DF-cx0 also
significantly overestimate binding separations of the methane
systems, on average by, respectively, 0.25 Å and 0.17 Å, as with
vdW-DF-cx for the methane dimer of the S22 set.18 Issues for
the smallest molecules like methane is a known shortcoming
of vdW-DF-cx, which is a consequence of using the Langreth-
Vosko exchange66 form in a wide regime of reduced gradients
s, making it overly repulsive for systems dominated by large
s values.18 The separations of vdW-DF2 and vdW-DF2-0 are
rather similar for all the systems and both are on average over-
estimated by about 0.05 Å. This result can be traced to the fact
that for molecular dimers, PW86r exchange and Hartree-Fock
exchange give quite similar binding curves.67

For the dimers involving benzene, vdW-DF2 and
vdW-DF2-0 show excellent performance. vdW-DF-cx0 per-
forms worst, which stems from a poor description of the
trifluorobenzene-benzene dimer and the hexafluorobenzene-
benzene dimer. For the dimers involving hydrogen halides,
which bind strongly, vdW-DF-cx0 exhibits a MARD of only
2%. Even if the binding separations are a bit underestimated,
vdW-DF-cx0 is the only functional that does not result in a
large deviation of the binding energy of the HCl-methylamine
dimer. This is a case in which the binding energy shrinks once
Fock exchange is mixed in.

Considering the remaining 20 dimers, both hybrids exhibit
a clear improvement over the non-hybrid functionals with
MARD dropping by about 40% for both vdW-DF-cx0 and
vdW-DF2-0. These dimers involve a range of small organic and
halogenated dimers with varying binding energy and polarity.
For the larger molecules, the overestimation of separations by
both vdW-DF-cx and vdW-DF-cx0 turns into an underestima-
tion in energies. vdW-DF-cx0 typically predicts a similar but
somewhat more accurate separations than vdW-DF-cx.

Evaluating the entire X40 set, we find that hybrid variants
do perform better than the non-hybrid functionals. Comparing
the MAD and MARD values and Fig. 4 shows that vdW-DF2-
0 mostly improves the performance over vdW-DF2 for the
systems with small binding energy. vdW-DF-cx0 can worsen
the binding energies for such systems, which is also linked
to the poorer account of dispersion bonded systems for the
S22 set. It can also improve the performance for systems with
strong polar binding, which is linked to the good performance
for hydrogen-bonded systems of the S22 set.

IV. DISCUSSION AND OUTLOOK

We have tested the performance of two hybrid vdW-DFs,
assessing both covalent and non-covalent molecular binding
properties. For covalent molecular binding properties, we find
that vdW-DF-cx0 gives results very similar to PBE0, with
slightly better performance, whereas vdW-DF2-0 is overall
less accurate. This result indicates that the exchange of vdW-
DF-cx0 is here a good match to the correlation component. In
turn, this indicates that vdW-DF-cx can indeed, for these prop-
erties, serve the same role as PBE in mean-value evaluation
of the adiabatic connection formula. Using hybrid functionals

also improves the non-covalent interactions for systems where
hydrogen bonding and other polar effects contribute signifi-
cantly to the binding. However, vdW-DF-cx0 overestimates
binding energies of purely dispersion-bonded systems of the
S22 set.

Insight into a possible mechanism behind the finite vdW-
DF-cx0 deviations in describing binding energies of dispersion
bonded systems can be obtained by recalling the construc-
tion of vdW-DF-cx.18 The vdW-DF-cx version rests on a
consistent-exchange argument whereby exchange and corre-
lation are brought in balance by effectively using the same
plasmon-pole propagator to define both terms.19,24 However,
in going from vdW-DF-cx to vdW-DF-cx0, we only replaced
the exchange contributing to the total energy but did not update
the internal exchange within the vdW-DF-cx correlation ker-
nel, and to some extent, we thereby broke the internal con-
sistency of the hybrid functional. Purely dispersion-bonded
systems are precisely the regime where the parameterization
of the internal functional is crucial for the total binding ener-
gies of the systems.54 Further progress in constructing more
accurate hybrid vdW-DF versions may therefore be achieved
by ameliorating this broken consistency. Such an investigation
is beyond the scope of the present paper.

Our study shows that hybrid vdW-DFs are promis-
ing general-purpose functionals for describing binding in
molecules. vdW-DF-cx0 stands out as an excellent func-
tional for describing covalent and hydrogen/halogen-bonding
of molecules, but the simple mixing of 25% Fock exchange
does not preserve the good performance of vdW-DF-cx for
typical dispersion bonded dimers nor does it resolve issues of
vdW-DF-cx for binding between the smallest molecules. This
study should therefore motivate further development of hybrid
vdW functionals as well as tests of other classes of materials,
both dense traditional materials and sparse vdW materials. In
particular, materials, where interactions compete and both the
sparse- and dense-matter properties must be described accu-
rately at the same time,21,24,68 are well suited testing grounds
for hybrid vdW-DFs. An additional benefit of hybrid vdW-
DFs, not explored here, is the potential for accurate computa-
tions of excited-state properties. It is a practical and conceptual
advantage to be able to compute the excited state properties of
vdW bonded materials using the same hybrid vdW-DF version
that was first used to relax the atomic coordinates.
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