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Abstract

We investigate the effects of range separation of the exchange energy on elec-
tronic ground-state properties for recently published double-hybrid density function-
als (DHDF's) with the extensive GMTKN55 database for general main-group thermo-
chemistry, kinetics and noncovalent interactions. We include the semi-empirical range-
separated DHDFs wB2PLYP and wB2GP-PLYP developed by our group for excita-
tion energies, together with their ground-state-parametrized variants, which we denote
herein as wB2PLYP18 and wB2GP-PLYP18. We also include the non-empirical range-
separated DHDFs RSX-0DH and RSX-QIDH. For all six DHDFs, damping parameters
for the DF'T-D3 dispersion correction (and for its DFT-D4 variant) are presented. We
comment on when the range-separated functionals can be more beneficial than their
global counterparts, and conclude that range separation alone is no guarantee for overall

improved results. We observe that the BLYP-based functionals generally outperform
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the PBE-based functionals. We finally note that the best-performing double-hybrid
density functionals for GMTKNbS5 are still the semi-empirical range-separated double
hybrids wDSD3-PBEP&86-D4 and wDSD72-PBEP86-D4, the former of which includes a
third-order perturbative correlation term in addition to the more conventional second-

order perturbation that DHDFs are based upon.

1 Introduction

Kohn-Sham Density Functional Theory? (DFT) is, without a doubt, the main
quantum-chemical methodology utilized for computational molecular calculations due
to its efficiency and accuracy. While in principle an exact theory, all applicable compu-
tational methods within the KS-DFT framework are known as density functional ap-
proximations (DFAs). Comprehensive benchmark studies have helped identifying the
most robust and widely applicable DFAs,*™” while also revealing the lack of correlation
between popularity and accuracy for some DFAs.® Double-hybrid density functionals
(DHDFs),?1% which formally belong to the highest rung of the “Jacob’s Ladder”*! of
DFT, make up the most-accurate class of DFAs for molecular chemistry, particularly

for main-group systems. 2451213

E)D(FA and

DHDFs are composed of semi-local exchange and correlation DFAs (
Eg FAY combined with nonlocal Fock exchange (EAF). Those three components pro-
vide molecular orbitals (MOs) and MO energies during the conventional self-consistent-
field (SCF) step which are subsequently used to obtain a second-order perturbative

(PT2) nonlocal correlation energy (EET?) resembling second-order Mgller-Plesset per-

turbation theory, as defined by Grimme in 2006:*

DHDF HF DFA DFA PT2
EXC’ =a.Ex" + am,DFAEX + ac,DFAEC + acEC (1)

where a; pra and a. pra are scaling parameters for the DFT exchange and corre-

lation energies, and a, and a. scaling parameters for Fock exchange and PT2 corre-



lation, respectively; usually, but not always, those parameter values depend on one
another, 2140

Conventional hybrids and DHDFs that use the same electron-electron interaction
operator over the entire range of interelectronic distance are often referred to as “global”
hybrids and DHDFs. However, it has also been suggested to partition that operator
into into short-range (SR) and long-range (LR) components:™*
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where the first and second terms account for the SR and LR interaction, respec-
tively, r and r’ are electronic spatial coordinates, erf is the error function, and w
controls the interplay between the SR and LR parts. When applying this idea to the
the exchange components of hybrid or double-hybrid DFAs, the SR exchange is usually
composed of both DFT and Fock exchange while the LR regime is governed entirely

1819 t0 100% in the asymptotic region.

by Fock exchange, usually —but not always
This technique is applied to overcome the problem of the wrong decay of the exchange
potential with increasing interelectronic distance. The exchange DFA can, thus, be

written as: 1051

Ex(w) = az EXF5R (W) + ap praEYT R () + EEEER () (3)

Here, a, and a; pra are the scaling parameters for the Fock and DFT short-range
exchange energies, respectively (compare with Eq. . The resulting methods are
known as range-separated (RS) DFAs; see Refs B3] [32], [33], 34, 35 and [36] for highly
robust and accurate examples for ground-state thermochemistry. The range-separation
idea has also occasionally been modified and applied in the context of wavefunction
second-order perturbation theory or the PT2 term in DHDFs.2%d However, as the
application of the range-separation idea is more common in exchange functionals, our
present study only considers DHDFs that use the conventional PT2 term because this

facilitates a direct comparison between the range-separated version of a DHDF and its



“parent”, the global DHDF.

In this study, we focus on the applicability of six recently developed RS-DHDF's to
ground-state thermochemistry, kinetics and noncovalent interactions. These six RS-
DHDFs are wB2PLYP,42 wB2GP-PLYP,%? their variants wB2PLYP184% and wB2GP-
PLYP18,%% as well as RSX-0DH%? and RSX-QIDH.## The semi-empirical methods
wB2PLYP and wB2GP-PLYP are based on Becke-884” (B) exchange and Lee-Yang-
Parr® (LYP) correlation and were parametrized by our group for electronic excita-
tion energies.#? They were shown to be some of the most accurate and robust time-
dependent DFT methods for vertical singlet-singlet and singlet-triplet excitations, in-
cluding local valence, Rydberg and charge-transfer transitions.424749 The value of
the range-separation parameter w is 0.30 bohr~! for wB2PLYP and 0.27 bohr~! for
wB2GP-PLYP, which is similar to many RS hybrids. 182850 During the development
of both RS-DHDF's our group also attempted to fit the range-separation parameter
to ground-state electron affinities (EAs) and ionization potentials (IPs) resulting in
w = 0.18 bohr™! in both cases.?? Those methods did not seem promising for excita-
tion energies and have since then never been applied again. For comparison reasons
we test them in our study on ground-state properties and denote these versions as
wB2PLYP18 and wB2GP-PLYP18. We compare the four wB2(GP-)PLYP(18) meth-
ods with the two global DHDFs B2PLYP¥ and B2GP-PLYP,*Y upon which those RS-
DHDFs are based. The “non-empirically” developed global DHDFs PBEO-DH"® and
PBE-QIDH"®—which are based on Perdew-Burke-Ernzerhof®!' (PBE) exchange and
correlation—have been turned into range-separated DFAs by fitting w to the ground-
state energy of the hydrogen atom, resulting in the RSX-0DH and RSX-QIDH meth-
ods, which have w values of 0.33 and 0.27 bohr™!, respectively.4344 The purpose of this
choice of fit was to eliminate the self-interaction error (SIE) for the hydrogen atom, a

2 as well as

strategy that has been shown beneficial for some other one-electron systems®
the SIE4x4% benchmark set for SIE-related problems.?43#4 Ground-state applications of
the RSX-DHDFs have been limited to a handful of benchmark sets pertaining to ther-

mochemistry, kinetics and noncovalent interactions, a handful of which the GMTKN55



database contains—albeit with sometimes different reference values—but yet without
the addition of any London dispersion corrections.**>3 The two RSX-DHDFs have also
been applied to excitation energies, but were outperformed by other DFAs, including
RS hybrids, global DHDFs and our RS-DHDFs wB2PLYP and wB2GP-PLYP.%7

Due to the very good performance of our BLYP-based RS-DHDF's and the limited
tests conducted on the RSX-DHDF's, our goal is to extensively assess them for ground-
state problems. For that purpose we rely on the complete GMTKN55% database of
general main-group thermochemistry, kinetics and noncovalent interactions. Note that
B2PLYP, B2GP-PLYP, PBE(O-DH and PBE-QIDH have been previously assessed on
this database,# which allows us to analyze what the impact of range separation on
those methods is. In addition, our numbers reported herein provide us with an oppor-
tunity to compare our RS-DHDF's and the RSX-DHDF's with thorough assessments of
other RS-DHDFs on the same database, such as wB97M(2)%% and the spin-component
scaled RS-DHDFs wDSD3-PBEP86-D43% and wDSD7,-PBEPS86-D4,%% with the first
and second following different strategies compared to the original DHDF definition in
Eq. [I} In the context of this study, we note that while several modern range-separated
hybrid functionals may be accurate for ground-state properties, it cannot be definitely
concluded that range separation alone guarantees improved performance when com-
pared to results for global hybrids.? % Herein we assess if this is also the case for
RS-DHDFSs. In order to allow a fair comparison with the more than 330 DFA variants
assessed on GMTKNS5 to date, we present new functional-specific damping parameters
of various additive, Grimme-type London dispersion corrections with the main focus
of our discussion being on the DFT-D3(BJ)"#22 correction, as it is one of the currently
most applied. The impact of this correction on the RS-DHDFs is briefly discussed.
We also discuss the impact of the value of w for the BLYP-based RS-DHDFs, and
comment on the performance of the BLYP-based semi-empirical methods compared to

the PBE-based “non-empirical” RSX-DHDF's.



2 Technical details

We conducted calculations for six DFAs, namely, wB2PLYP, wB2GP-PLYP,
wB2PLYP18, wB2GP-PLYP18, RSX-0DH and RSX-QIDH. While those calculations
were performed on a local version of ORCA4,2% we would like to point out that the
BLYP-based DFAs can additionally be used in ORCA version 4.2 and above, with the
“18” variants requiring a manual definition of the w value that overwrites the hard-
coded values for wB2(GP-)PLYP. The PBE-based RSX methods will be available in an
upcoming release of ORCA. To allow comparison to the more than 330 methods tested
by us on GMTKNbB5, we use the same settings as in those studies. This means the
def2-QZVP5® basis set was utilized, with ORCA’s GRID3 and FINALGRID4 options
and its SCFCONVT convergence criterion. Dunning’s diffuse s and p functions®? were
added to def2-QZVP for oxygen in the WATER27 benchmark set. Similarly, Dun-
ning’s diffuse s and p functions were utilized for all non-hydrogen atoms and diffuse
s functions for H in the G21EA, AHB21 and IL16 benchmark sets. Core-electrons of
the heavy elements in the HEAVY28, HEAVYSB11, and HAL59 benchmark sets were
replaced with the def2-ECP®% effective-core-potentials. The frozen-core approximation
was used for all assessed double hybrids to prevent basis set superposition errors from
core-core electron correlation.®? The resolution of identity (RI)®Y approximation was
used for the Coulomb integrals and for the PT2 correlation energy, utilizing the cor-
responding auxiliary basis sets in ORCA. We used the standalone DFT-D3 program4
for the calculation of DFT-D3(BJ) dispersion energies for GMTKN55 and in the fitting
procedure of the damping parameters for the DFAs. During this work, we experienced
a handful of convergence issues. The systems for which this was the case were excluded
from the statistical analyses for the given benchmark set with the given DFA. A list of
the systems are shown in Section 4 of the SI.

The GMTKNb)5 database consists of 55 benchmark sets containing a total of 1505
relative energies; see Ref. [4 for a detailed list of all benchmark sets. Those 55 sets are

part of 5 distinct subcategories, see Table[Il The analysis of the complete GMTKN55



Table 1: Subcategories of the GMTKNH5 database and the number of their constituent
benchmark sets.

subcategory no. benchmark sets
basic properties and reactions of small systems 18
isomerizations and reactions of large systems 9
barrier heights 7
intermolecular noncovalent interactions® 12
intramolecular noncovalent interactions® 9

%The inter- and intramolecular noncovalent interactions can be combined to one overarching category.

and its subcategories is facilitated by the weighted total mean absolute deviation (WT-
MAD) scheme presented in the original GMTKN55 study, which combines multiple
mean absolute deviations (MADs) for the individual benchmark sets to one final num-
ber that allows the ranking of DFAs.” Two versions of the WTMAD idea were presented

and herein we use the “WTMAD-2" scheme which has been defined as:

55

1 56.84

WTMAD-2 = —z=— Y | Nim——MAD; | , (4)
where N; is the number of data points in i benchmark set, |AE|, the average reference
absolute energy of a benchmark set, and 56.84 kcal/mol the average of all 55 |AE|,

values. Individual deviations of relative energies from reference values are defined as

total total
EDFA - Ereference'

3 Results and discussion

3.1 Influence of a London dispersion correction

The sg parameter in DFT-D3, which scales the long-range component of the disper-
sion energy, was determined for all six RS-DHDF's according to the scheme presented
by Goerigk and Grimme.%? The Ney, Ary and Kry noncovalently bound dimers were
considered at large interatomic distances to guarantee the interaction energies were

governed entirely by long-range dispersion—7 A for Ney, and 10 A for Ary and Krs.



The PT2 contributions—scaled by a.—of the interaction energies of the three dimers
were evaluated and compared to CCSD(T)%/aug-cc-pVTZ?” dispersion energies. This
allowed to gauge how much long-range dispersion was on average recovered by the
DHDFs. That average was taken, and subtracted from unity to give sg. This means
that if a method reproduced the CCSD(T) long-range dispersion energies correctly, sg
would be equal to zero; see Ref. 63 for more details on the reasoning behind the entire
procedure. The resulting values are shown in Table [2] and they range from sg = 0.595
[(wB2GP-PLYP(18)] to 0.858 (RSX-0DH).

The remaining three DFT-D3(BJ) damping parameters were determined in a least-
squares fit with the combined NCIBLIND,%? $22x5%% and S66x8%C benchmark sets
of noncovalent interaction energies. This has become the training set for the related
DFT-D45869 and various DFT-D3-type methods published since 2017.470%869 The
parameters and root mean square deviations (RMSDs) for the fit set are shown in Table
2l and extended statistical results of the fits are shown in Tables S3-6 in the SI. Details
on the actual correction and the role of each parameter have been documented multiple
time elsewhere and we refer, e.g., to Refs [55] [70, or [71] for details. We initially observed
the sg values to be largely negative, without much change in RMSDs. The large
negative values of sg would indicate an overestimation of medium-range dispersion. We
constrained the sg values to zero in such cases, which has also been the case for other
global and RSDHDF's. 3983572 Taple 2 shows the RMSDs for the optimized parameters,
together with the RMSDs of the dispersion-uncorrected DFAs. The RMSDs of RSX-
0DH-D3(BJ) and RSX-QIDH-D3(BJ) are only slightly smaller than those of RSX-
O0DH and RSX-QIDH, respectively. In the case of wB2(GP-)PLYP(18), the RMSDs
do not change at all with the DFT-D3(BJ) correction. The effect of the DET-D3(BJ)
correction on the functionals is seen to a greater extent with the GMTKNb5 database,
which we discuss below.

The damping parameters and statistical analysis of the DFT-D3(0)“% and DFT-D4
dispersion corrections are additionally shown in Tables S1-6. We see that the DFT-

D3(0) and DFT-D4 corrections have basically the same effect on the DFAs as the



Table 2: DFT-D3(BJ) damping parameters for the six studied RS-DHDFs, root mean square
deviations (RMSD) of the resulting dispersion-corrected functionals for the fit set as well as
RMSDs for their uncorrected counterparts (kcal/mol).

functional S a; S8 ag RMSD
RSX-0DH 1.06
RSX-0DH-D3(BJ) 0.858 —0.235 3.126 11.798  0.98
RSX-QIDH 0.77
RSX-QIDH-D3(BJ) 0.633 0.750 0.000 8.178 0.76
wB2PLYP18 1.00
wB2PLYP18-D3(BJ) 0.691 3.368 0.000 8.130 1.00
wB2GP-PLYP18 0.87
wB2GP-PLYP18-D3(BJ) 0.595 3.172 0.000 9.512 0.87
wB2PLYP 0.85
wB2PLYP-D3(BJ) 0.691 1.499 0.000 6.257 0.85
wB2GP-PLYP 0.77

wB2GP-PLYP-D3(BJ) 0.595 2.649 0.000 8.991 0.77

DFT-D3(BJ) correction, which is why we only discuss the latter in the remainder of
this work, mostly due to the fact that most other of our previously published results
for GMTKNS55 are based on the DFT-D3(BJ) correction, too.

We present the WTMAD-2 values of all assessed functionals for the GMTKNb55
database in Figure [l Table (3| and Table S7. The WTMADs of PBE0-DH|[-D3(BJ)]
and PBE-QIDHI[-D3(BJ)] were taken from Ref. [5l and those of B2PLYP[-D3(BJ)] and
B2GP-PLYP[-D3(BJ)] from Ref. [4. We first note that the effect of the DFT-D3(BJ)
dispersion correction is small for the RS-DHDF's assessed in this study. By contrast, the
global DHDFs generally benefit greatly from a dispersion correction. The WTMAD-2
values over the entire GMTKN55 database are 8.13, and 5.54 kcal/mol for PBEO-
DH and PBE0-DH-D3(BJ), whereas those of RSX-0DH and RSX-0DH-D3(BJ) are
9.22 and 9.24 kcal/mol, respectively. Similarly, PBE-QIDH and PBE-QIDH-D3(BJ)
have WTMAD-2 values of 5.61 and 4.47 kcal/mol, whereas RSX-QIDH-D3(BJ) only
improves by 0.11 kcal/mol over its uncorrected counterpart (6.88 vs. 6.99 kcal/mol).
The values of B2PLYP and B2PLYP-D3(BJ) are 8.70 and 3.93 kcal/mol, while those of
wB2PLYP18 and wB2PLYP18-D3(BJ) are both 6.54 kcal/mol, and those of wB2PLYP

and wB2PLYP-D3(BJ) are 5.76 and 5.72 kcal/mol, respectively. The same trends



can also be observed for the B2GP-PLYP-based functionals (Table[3). It has also been
noted that a dispersion correction has at times only a small impact on the performance
of a RS-DHDF for the entire GMTKN55 database for wB97X-24! when paired with
the DFT-D3(BJ) and DFT-D3(0) corrections.”?

The detailed breakdown of the impact of the DFT-D3(BJ) correction on the
WTMAD-2s for the individual categories in GMTKNG55 is shown in Figure Here,
we only comment on a handful of examples. For instance, it is worth noting that
the DFT-D3(BJ) correction unanimously increases the WTMADs of the PBE-based
methods for the basic properties and reactions of small systems subset (both for the
global and range-separated variants) shown in Figure . Looking specifically at the
intermolecular and intramolecular noncovalent interaction categories, we see minor im-
provements in the WTMADs for RS-DHDFs with DFT-D3(BJ) with one exception,
namely RSX-0DH for intermolecular noncovalent interactions. Here, the WTMAD-2
of RSX-0DH is 12.64 kcal/mol, whereas the WTMAD-2 of RSX-0DH-D3(BJ) is 14.15
kcal/mol. Comparing the mean deviations (MDs) of RSX-0DH and RSX-0DH-D3(BJ)
for the constituent benchmark sets of the intermolecular noncovalent interactions sub-
set, we do not observe a clear trend that would suggest a general under- or overesti-
mation of the dispersion energy with the DFT-D3(BJ) correction (see Tables S8 and
S9).

In summary, we can conclude that the impact of a dispersion correction on the
herein tested RS-DHDF's seems to be marginal when applied to equilibrium geometries.
However, with the exception of RSX-0DH, its application is not detrimental, and as

such we recommend its usage by default.

3.2 The range-separation parameter in wB2(GP-)PLYP

We compare the original wB2PLYP and wB2GP-PLYP DFAs, which have w values
of 0.30 and 0.27 bohr™!, respectively, to wB2PLYP18 and wB2GP-PLYP18, which
both have w values of 0.18 bohr~!'. As also mentioned in the Introduction, w was

fitted using a set™ of electronic excitation energies for wB2PLYP and wB2GP-PLYP.
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WTMAD-2 values (kcal/mol) for all assessed methods in this study. The values for GMTKNG55 and its subsets

Figure 1

are shown — a) basic properties and reaction energies of small systems, b) isomerization energies and reaction energies of large
systems, c) barrier heights, d) intermolecular noncovalent interaction energies, e) intramolecular noncovalent interaction energies

and f) GMTKNS55. The line joining the data points is shown to guide the eye. PBE0O-DH[-D3(BJ)] and PBE-QIDH[-D3(BJ)]

values were taken from Ref. [5l B2PLYP[-D3(BJ)] and B2GP-PLYP[-D3(BJ)| values were taken from Ref. [4
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Table 3: Weighted mean absolute deviations (WTMAD-2) of all functionals assessed in this
study for the complete GMTKNS55 database (kcal/mol).

functional WTMAD-2
PBEO-DH“ 8.13
PBEO0-DH-D3(BJ)“ 5.54
RSX-0DH 9.22
RSX-0DH-D3(BJ) 9.24
PBE-QIDH“ 5.61
PBE-QIDH-D3(BJ)* 4.47
RSX-QIDH 6.99
RSX-QIDH-D3(BJ) 6.88
B2PLYP? 8.70
B2PLYP-D3(BJ)® 3.93
wB2PLYP18 6.54
wB2PLYP18-D3(BJ) 6.54
wB2PLYP 5.76
wB2PLYP-D3(BJ) 5.72
B2GP-PLYP? 6.26
B2GP-PLYP-D3(BJ)® 3.26
wB2GP-PLYP18 5.41
wB2GP-PLYP18-D3(BJ) 5.41
wB2GP-PLYP 5.33
wB2GP-PLYP-D3(BJ) 5.30

aTaken from Ref. 5l ®Taken from Ref. [l

In the same study, it was separately fitted using ground-state ionization potentials
(G21IP benchmark set in GMTKNS55 )™ and electron affinities (G21EA benchmark
set in GMTKN55), ™ giving wB2PLYP18 and wB2GP-PLYP18. The inspiration for
the latter fit had been based on earlier studies of RS hybrids that tuned the range-
separation parameters to EAs and IPs, such as Ref. [7T6l While the wB2(GP-)PLYP18
approaches were abandoned very quickly during the study of excitation energies, we
test them here again on the ground-state problems covered by GMTKN555.

First, we compare wB2PLYP and wB2GP-PLYP with wB2PLYP18 and wB2GP-
PLYP18 for G21EA and G21IP. The MADs for G21EA are 2.43, 2.05, 1.38 and 1.96
kcal/mol, and those for G21IP are 2.17, 2.02, 2.17 and 1.98 kcal/mol, respectively.

Hence, the two w variants perform similarly for G21EA and G21IP, with the excep-

12



tion of wB2PLYP18 outperforming wB2PLYP for G21EA. This would be an indication
of a relatively flat parameter potential for these two properties and DFAs. wB2(GP-
JPLYP perform noticeably better than wB2(GP-)PLYP18 for the barrier heights sub-
category of GMTKN55, with WTMAD-2(wB2PLYP) = 4.48 kcal/mol and WTMAD-
2(wB2PLYP18) = 7.16 kcal/mol, and WTMAD-2(wB2GP-PLYP) = 3.85 kcal/mol
and WTMAD-2(wB2GP-PLYP18) = 4.99 kcal/mol. The same is true for the inter-
molecular noncovalent interactions subset — WTMAD-2(wB2PLYP) = 8.66 kcal/mol
and WTMAD-2(wB2PLYP18) = 10.36 kcal/mol, WTMAD-2(wB2GP-PLYP) = 7.15
kcal/mol and WTMAD-2(wB2GP-PLYP18) = 8.51 kcal/mol. wB2PLYP also outper-
forms wB2PLYP18 for the intramolecular noncovalent interactions with WTMAD-2
values of 7.87 and 8.26 kcal/mol respectively, whereas wB2GP-PLYP underperforms
compared to wB2GP-PLYP18 with WTMAD-2 values of 7.90 and 6.75 kcal/mol. Over-
all, wB2PLYP outperforms wB2PLYP18 with WTMAD-2 values of 5.76 and 6.54
kcal/mol, respectively, for GMTKN55, while wB2GP-PLYP and wB2GP-PLYP18 per-
form similarly to each other with WTMAD-2 values of 5.33 and 5.41 kcal /mol, respec-
tively. Here we reported WTMAD-2 values for the dispersion-uncorrected functionals,
but the same trends can be observed for the dispersion-corrected variants (see Table

S7).

3.3 Comparison of range-separated and global double hy-
brid functionals

In this section, we compare the six RS-DHDF's to their global counterparts. Overall,
the global DHDFs outperform the range-separated ones. This can be seen from the
WTMAD-2 values provided in Figure [I Table [3 and Table S7. The WTMAD-2
values for the entire database for PBE0-DH-D3(BJ) and RSX-0DH-D3(BJ) are 5.54
and 9.24 kcal/mol and the GMTKN55 WTMAD-2 values for PBE-QIDH-D3(BJ) and
RSX-QIDH-D3(BJ) are 4.47 and 6.88 kcal/mol. Similarly, the GMTKN55 WTMAD-2
values of B2PLYP-D3(BJ), wB2PLYP18-D3(BJ) and wB2PLYP-D3(BJ) are 3.93, 6.54
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and 5.72 kcal/mol, and those of B2GP-PLYP-D3(BJ), wB2GP-PLYP18-D3(BJ) and
wB2GP-PLYP-D3(BJ) 3.26, 5.41 and 5.30 kcal/mol, respectively.

Having stated the general trends, we discuss some benchmark-specific examples, as
it might still be possible for range separation to have a positive influence for specific
problems. For instance, we make some important observations for the SIE4x4 bench-
mark set of SIE-related problems, which consists of the dissociation curves of H;r, He;,
(Ho0)3 and (NH3)F, as well as for and the DC13 set of “difficult cases”, such as the
formation of Sg from So and the 1,3-dipolar cycloaddition between ethene and dia-
zomethane. Both benchmark sets belong to the GMTKNbS5 category that deals with
basic properties and reaction energies of small systems. We chose those two benchmark
sets for our discussion, as we see opposite trends when comparing the global and range-
separated functionals. Looking at SIE4x4, we observe an improvement of the range-
separated functionals in comparison to their global counterparts. The MADs of PBEO-
DH-D3(BJ) and PBE-QIDH-D3(BJ) are 7.57 kcal /mol and 3.45 kcal /mol, respectively,
whereas those of RSX-0DH-D3(BJ) and RSX-QIDH-D3(BJ) are 3.47 kcal/mol and
1.97 keal/mol. This finding aligns well with previous studies of these functionals. 4344
Similarly, the MAD of B2PLYP-D3(BJ) is 10.08 kcal/mol, whereas the MADs of
wB2PLYP18-D3(BJ) and wB2PLYP-D3(BJ) are 8.74 kcal/mol and 5.98 kcal/mol, re-
spectively. Lastly, the MAD of B2GP-PLYP-D3(BJ) is 6.56 kcal/mol, whereas wB2GP-
PLYP18-D3(BJ) and wB2GP-PLYP-D3(BJ) have MADs of 5.72 kcal/mol and 4.16
kcal/mol. These results are consistent with the notion that range separation reduces
the SIE, one of the main motivations of the development of range-separated function-
als 20928434452 T ooking at the DC13 benchmark set of difficult cases for DFT, we ob-
serve differing behaviors of the BLYP- and PBE-based range-separated functionals rela-
tive to their global counterparts. wB2PLYP18-D3(BJ) and wB2PLYP-D3(BJ) improve
over B2PLYP-D3(BJ) — the MAD of B2PLYP-D3(BJ) is 6.77 kcal/mol, and those
of wB2PLYP18-D3(BJ) and wB2PLYP-D3(BJ) are 3.69 kcal/mol and 5.08 kcal/mol,
respectively. wB2GP-PLYP18-D3(BJ) and wB2GP-PLYP-D3(BJ) perform similarly

to B2GP-PLYP-D3(BJ), with MADs of 4.13, 4.41 and 5.60 kcal/mol, respectively. By
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contrast, the PBE-based range-separated methods deteriorate compared to their global
counterparts. PBEO-DH-D3(BJ) and PBE-QIDH-D3(BJ) have MADs of 9.58 kcal /mol
and 8.44 kcal/mol, whereas those of RSX-0DH-D3(BJ) and RSX-QIDH-D3(BJ) are
17.41 kcal/mol and 14.61 kcal/mol.

We see some improvements of the BLYP-based RS-DHDF's over the global counter-
parts for some benchmark sets of the “isomerizations and reactions of large systems”
category. For instance, the MADs of B2PLYP-D3(BJ) and wB2PLYP18-D3(BJ) for
the set of Cgp isomers (C60ISO), are 6.76 and 3.18 kcal/mol. This is a significant
finding, as such systems have been reported to be difficult to treat with DHDFs.# The
MADs for the bond-separation reactions of saturated hydrocarbons (BSR36) for B2GP-
PLYP-D3(BJ) and wB2GP-PLYP-D3(BJ) are 2.08 and 0.62 kcal/mol, with the latter
sharing the same MAD as PBE0-2-D3(BJ),*%™ to our knowledge the best DHDF for
this benchmark set; note that some articles on DHDFs tested on GMTKNS55 do not
always report all individual MADs 12138550 T astly. we note that wB2PLYP18-D3(BJ)
and wB2PLYP-D3(BJ) outperform B2PLYP-D3(BJ) for this entire subcategory, with
WTMAD-2 values of 5.02, 5.00 and 6.28 kcal/mol, respectively. By contrast, RSX-
0DH-D3(BJ) and RSX-QIDH-D3(BJ) perform more poorly than PBEO-DH-D3(BJ)
and PBE-QIDH-D3(BJ) for the isomerizations and reactions of large systems; their
WTMAD-2 values are 10.04, 8.19, 6.98 and 6.31 kcal/mol. The only exception is the
BSR36 set for which RSX-QIDH and RSX-QIDH-D3(BJ) are the best-performing func-
tionals assessed in this study, with MADs of 0.44 and 0.50 kcal/mol, respectively (see
Tables S11 and S12). They surpass the previously mentioned best DHDFs assessed for
this benchmark set, namely PBE0-2-D3(BJ) and wB2GP-PLYP-D3(BJ).

The assessed range-separated functionals deteriorate for the interaction en-
ergies of water clusters (WATER27). Here, the MADs of PBEO-DH-D3(BJ),
PBE-QIDH-D3(BJ), B2PLYP-D3(BJ) and B2GP-PLYP-D3(BJ) are 4.11, 2.07, 2.03
and 1.87 kcal/mol, and by comparison, the MADs of RSX-0DH-D3(BJ), RSX-
QIDH-D3(BJ), wB2PLYP18-D3(BJ), wB2PLYP-D3(BJ), wB2GP-PLYP18-D3(BJ)

and wB2GP-PLYP-D3(BJ) are 8.32, 6.96, 15.60, 13.00, 12.49 and 11.27 kcal/mol.
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This deterioration can be attributed to the large overestimation of the interaction
energies of the water clusters, based on their large positive MDs. The MDs of
PBEO-DH-D3(BJ), PBE-QIDH-D3(BJ), B2PLYP-D3(BJ) and B2GP-PLYP-D3(BJ)
are 3.75, 1.76, 1.78 and 1.67 kcal/mol, whereas those of RSX-0DH-D3(BJ), RSX-
QIDH-D3(BJ), wB2PLYP18-D3(BJ), wB2PLYP-D3(BJ), wB2GP-PLYP18-D3(BJ)
and wB2GP-PLYP-D3(BJ) are 7.79, 6.56, 15.18, 12.65, 12.18 and 11.00 kcal/mol. The
deterioration of the range-separated functionals for WATER27 is slightly surprising —
Burke and coworkers suggested that Hartree-Fock densities could resolve density errors
of DFAs, and so range-separated hybrid functionals should be affected to a smaller ex-
tent due to their 100% Fock exchange in the long-range regime.™ In fact, they showed
that the range-separated hybrid functional wB97M-V has the smallest density errors
for WATER27 compared to several GGA, meta-GGA, global hybrid and double hy-
brid DFAs. For one-electron systems, wB2(GP-)PLYP and RSX-QIDH also had very
small density errors.®? Contrary to that, the 100% long-range Fock exchange of the
RS-DHDF's presented in this study does not seem to successfully counteract DFA er-
rors for the interaction energies of the water clusters in the WATER27 benchmark set.
We would also like to draw attention to a recent study on density-corrected DFT for
GMTKNS55 that came to the conclusion that range-separated functionals and global
DHDFs should not suffer greatly from the density error for WATER27 and other test
sets due to their large proportion of Fock exchange.”™ Our results for this test set
therefore seem to be influenced by other factors than the density error.

Looking at the barrier heights category, we expect the range-separated functionals
to be more beneficial to treat the SIE-prone transition states containing elongated
bonds. We see relatively good performance of wB2PLYP[-D3(BJ)] and wB2GP-PLYP|[-
D3(BJ)], compared to the other range-separated double hybrids. The WTMAD-2
values of wB2PLYP-D3(BJ) and wB2GP-PLYP-D3(BJ) are 4.48 and 3.87 kcal/mol,
respectively. In fact, they both surpass B2PLYP-D3(BJ) in accuracy, which has a
WTMAD-2 value of 4.90 kcal/mol. However, the other range-separated double hybrids

have higher WTMAD-2 values compared to their global variants (see Figure and
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Table S7).

The effect of range separation may be irrelevant to many chemical problems in
GMTKNS55, rendering the global DHDFs to be more robust than the range-separated
DHDFs. Nevertheless, attention is warranted towards the use of the range-separated
DHDF's for self-interaction-error-related problems such as in SIE4x4, barrier heights,
and even for other chemical problems represented by the “basic properties and reactions

of small systems” and “isomerizations and reactions of large systems” subsets.

3.4 Comparison of “non-empirical” and semi-empirical
double hybrid functionals

We remind the reader that RSX-0DH and RSX-QIDH have been advertised as “non-
empirically” parametrized functionals, whereas wB2PLYP(18) and wB2GP-PLYP(18)
are semi-empirically parametrized functionals. Our group previously presented a
thorough analysis of the performance of non-empirical and semi-empirical DHDFs,
showing that the best-performing double-hybrid functionals were semi-empirically
parametrized.” We find that this is also the case for RSX-0/QIDH and wB2(-
GP)PLYP(18). The GMTKN55 WTMAD-2 values for RSX-0DH-D3(BJ) and RSX-
QIDH-D3(BJ) are 9.24 and 6.88 kcal/mol respectively, whereas those for wB2PLYP18-
D3(BJ), wB2PLYP-D3(BJ), wB2GP-PLYP18-D3(BJ) and wB2GP-PLYP-D3(BJ) are
6.54, 5.72, 5.41 and 5.30 kcal/mol (see Figure [If and Table [3). Figure [lh-e and Ta-
ble S7 also show that this trend occurs for the subcategories of GMTKN55. We also
note that the BLYP-based functionals outperform the PBE-based ones, both in the
case of the tested range-separated and global double-hybrid functionals; for instance,
the GMTKN55 WTMAD-2 values of PBEO-DH-D3(BJ) and PBE-QIDH-D3(BJ) were
reported to be 5.54 and 4.47 kcal/mol,” whereas those of B2PLYP-D3(BJ) and B2GP-
PLYP-D3(BJ) were reported to be 3.93 and 3.26 kcal/mol.# In our previous studies
on excitation energies, one could have argued that the superior performance of the

BLYP-based RS-DHDF is due to them having been fitted to that same property.4?
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However, we see the same trend for ground-state properties, which should have been

the domain of the RSX-DHDFs.

3.5 Comparison to previous GMTKN55 benchmark stud-
ies

Our study focuses on the use of range-separated double-hybrid functionals, and we
saw some situations for which the partitioning of the exchange energy into the SR
mixture of DFT and Fock exchange and LR Fock exchange is beneficial. However, we
note that the RS-DHDFs examined in this study are still outperformed by the most
recently assessed best-performing functionals for GMTKNG55.1259560 This assessment
is based on the MADs for each benchmark set. This means that even after having
added six more DFAs to the large body of GMTKN55-based data, the top-three dou-
ble hybrid functionals based on WTMADs remain unchanged for GMTKNb5 and its
subcategories. Our findings may suggest that range-separated double-hybrid function-
als may not stand out as a group over global double hybrids, despite, for example,
wBI7X-2-D3(BJ),*! wB9I7TM(2),** wDSD79-PBEP86-D4%? and wDSD3-PBEP86-D450
(which includes third-order perturbation) being ranked as leading DFAs in successive
studies. 2235530 They have GMTKN55 WTMAD-2 values of 2.97, 2.19, 2.08 and 1.76
kcal/mol, respectively. Note that slightly different basis sets have been used in those
studies, but the overall trends should still be comparable to numbers published with
the benchmark sets used in our previous and the present GMTKN55 studies. Many
range-separated hybrid and double-hybrid functionals have been developed with a re-
fitting of the exchange and correlation scaling factors in addition to the optimization
of the range-separation parameter w.#%% This approach has proven to be success-
ful, giving rise to the best hybrids and double hybrids, such as the wB97X-V52 and
wBITM-V=3 hybrid functionals and the DHDFs mentioned above. In our study, we
wished to investigate the effect of range separation alone, which is why we kept the

exchange and correlation scaling factors of the wB2(GP-)PLYP(18) family of function-
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als fixed with respect to their parent global DFAs, which was also the approach for
the development of RSX-0DH and RSX-QIDH. The performance of all of the range-
separated double hybrids assessed in our study falls within the performance range of
double hybrids in general. 2123536 Amongst the range-separated double hybrid func-
tionals assessed in our study, wB2GP-PLYP-D3(BJ) and wB2GP-PLYP18-D3(BJ) are
overall best-performing, with GMTKN55 WTMAD-2 values of 5.30 and 5.41 kcal /mol.
In summary, while a specifically well performing DFA may be range-separated, ranges
eparation itself if no guarantee that a DFA really improves. This mirrors previous
findings on ground-state properties.?* Instead, the good results for a specific DFA are
the consequence of the interplay between all of its individual components. As with all
developments based on a trial-and-error approach, detailed benchmark studies have to

be conducted before final recommendations can be made.

4 Summary and Conclusions

We investigated six recently published range-separated double-hybrid density func-
tional approximations for electronic ground-state properties. Four of them were based
on the BLYP exchange-correlation expressions and originally developed for the treat-
ment of electronic excitation energies, namely wB2PLYP, wB2GP-PLYP, wB2PLYP18,
and wB2GP-PLYP18. Two were PBE-based and “non-empirical” approximations fit-
ted against the hydrogen-atom energy, namely RSX-0DH and RSX-QIDH. This was
the first study of ground-state problems for the BLYP-based ones and the most compre-
hensive ground-state study of the PBE-based ones. For all six methods, we presented
dispersion-correction parameters of the DFT-D3 and DFT-D4 types to allow for a
fair comparison with other density functional approximations. Our assessment was
based on the large GMTKN55 database for general main-group thermochemistry, ki-
netics and noncovalent interactions, which consists of 55 benchmark sets and a total
of 1505 relative energies. We also included previously published® data of the global

double-hybrid counterparts B2PLYP, B2GP-PLYP, PBEO-DH and PBE-QIDH, and
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their dispersion-corrected versions.

We found that while the global double hybrids generally outperform their range-
separated counterparts, many important observations were made in which the range-
separated functionals proved to be beneficial. The prime example is the self-interaction
error benchmark set SIE4x4, for which all the range-separated functionals outperform
their global counterparts. Similarly, wB2(GP-)PLYP(18) outperforms B2(GP-)PLYP
for DC13, the benchmark set of known difficult cases for DFAs. Lastly, we note that
the WITMADs of wB2PLYP-D3(BJ) and wB2PLYP18-D3(BJ) are noticeably lower
than B2PLYP-D3(BJ) for the ‘isomerizations and reactions of large systems’ sub-
set of GMTKN55. We see that the semi-empirical BLYP-based functionals generally
outperform the non-empirical PBE-based functionals across GMTKNS55, for both the
range-separated and global functionals. This mirrors recent findings on electronic ex-
citation energies for wB2(GP-)PLYP and RSX-0/QIDH.%" We see that the effect of
the DFT-D3(BJ) correction on the assessed range-separated functionals is small, in
contrast to their global counterparts, something that has also been observed for other
range-separated double hybrids.” That being said, all assessed systems were in their
equilibrium geometries. Given that the long-range scale parameter sg in the DFT-D3
correction was still relatively sizable, future investigations could focus on discussing
non-equilibrium structures.

Overall, we see that range separation alone is no guarantee for the success of a func-
tional but also depends on the underlying exchange-correlation expressions, something
that was also seen in previously published studies on range-separated hybrids.24 We
note that the best-performing double-hybrid density functionals based on GMTKN55
is still the spin-component-scaled, semi-empirical range-separated DHDFs wDSD3-
PBEP86-D4 and wDSD79-PBEP86-D4, the former of which includes a third-order
perturbative correlation term in addition to the more conventional second-order per-

turbation that DHDFs are based upon.
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