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The re-regularized semilocal meta generalized gradient approximation (meta-GGA) exchange-correlation functional
r2SCAN [J. W. Furness, A. D. Kaplan, J. Ning, J. P. Perdew, and J. Sun, J. Phys. Chem. Lett. 11, 8208-8215 (2020)] is
used to create three global hybrid functionals with varying admixtures of Hartree—Fock “exact” exchange (HFX). The
resulting functionals 2SCANh (10% HFX), r2SCANO (25% HFX), and 2SCANS50 (50% HFX) are combined with
the semi-classical D4 London dispersion correction. The new functionals are assessed for the calculation of molecu-
lar geometries, main-group, and metalorganic thermochemistry at 26 comprehensive benchmark sets. These include
the extensive GMTKNS55 database, ROST61, and IONPI19 sets. It is shown that a moderate admixture of HFX leads
to relative improvements of the mean absolute deviations (MADs) for thermochemistry of 11% (r>SCANh-D4), 16%
(r2SCANO0-D4), and 1% (r2SCANS50-D4) compared to the parental semi-local meta-GGA. For organometallic reaction
energies and barriers, r’SCANO-D4 yields an even larger mean improvement of 35%. The computation of struc-
tural parameters (geometry optimization) does not systematically profit from HFX admixture. Overall, the best variant
r2SCANO-D4 performs well for both main-group and organometallic thermochemistry and is better or on par with well-
established global hybrid functionals such as PW6B95-D4 or PBEO-D4. Regarding systems prone to self-interaction
errors (SIE4x4), r’SCANO-D4 shows reasonable performance, reaching the quality of the range-separated @B97X-V
functional. Accordingly, ’SCANO-D4 in combination with a sufficiently converged basis set (def2-QZVP(P)) repre-
sents a robust and reliable choice for general use in the calculation of thermochemical properties of both, main-group

and organometallic chemistry.
I. INTRODUCTION

In the last decades, Kohn—Sham density functional the-
ory (DFT) has emerged as a versatile and powerful tool in
quantum chemistry.! DFT has proven to provide broad appli-
cability towards a large variety of chemical problems at a typ-
ically excellent computational cost accuracy ratio. This has
led to its status as the “working horse” of quantum chemistry
and caused a massive impulse in the development of new den-
sity functional approximations (DFAs). These are usually cat-
egorized according to the “Jacob’s ladder” hierarchy coined
by Perdew and Schmidt in 2001.> The introduced rungs re-
flect the respective methodological improvement of DFAs,
resulting in categories of local (spin-)density approxima-
tions (LDAs), generalized gradient approximations (GGAs),
meta-GGAs, hybrid functionals, and double-hybrid function-
als. Even though the expected accuracy of the DFAs improves
ascending the rungs of Jacob’s ladder, this also results in in-
creasing computational demand. While (meta-)GGA func-
tionals formally scale cubic with the system size (N?), hy-
brid DFAs already have a formal scaling of N* due to the
admixture of Hartree-Fock “exact” exchange (HFX) into the
energy calculation. Nevertheless, for the less computation-
ally demanding (meta-)GGA functionals the self-interaction
error (SIE) is specifically problematic for the calculation of,
e.g., reaction barriers. The admixture of HFX in hybrid
functionals reduces the impact from SIE and therefore typi-

cally improves results for systems prone to this kind of er-
ror. Here, hybrid functionals can be classified into global hy-
brid functionals, applying a fixed HFX parameter, and range-
separated hybrid (RSH) functionals that divide the Coulomb
operator into short- and long-ranged regimes that apply dif-
ferent fractions of HFX. Even though RSH functionals ad-
dress overdelocalization effects in the long-ranged regime
more accurately compared to global hybrid functionals,® the
robustness and computational efficiency of the latter render
them still highly valuable in most quantum chemical ap-
plications. Successful variants are the well-known PBEQ,
PWG6B95, and TPSSh hybrid functionals. An interesting start-
ing point for the development of new global hybrid functionals
is the strongly constrained and appropriately normed (SCAN)
functional* as it is constructed to rigorously satisfy all known
exact constraints applicable to a meta-GGA. Previously pro-
posed global hybrid functionals, like SCANh’ (10% HFX)
and SCANO® (25% HFX), were developed without any cor-
rection for London dispersion interactions, which cannot be
included by semilocal functionals,’ and therefore are not com-
petitive for real chemical applications. Martin and Santra® de-
veloped dispersion corrected global hybrid SCAN function-
als with 10%, 25%, 37.5%, and 50% by utilizing the D4 dis-
persion correction”. One major shortcoming inherited from
the SCAN functional for those hybrid functionals are the se-
vere numerical instabilities and the resulting need to use dense
computationally costly integration grids,'%'? which impedes
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their application for many computational studies. This is-
sue is resolved with the regularized SCAN (rSCAN)!'! and
the subsequent r’SCAN functional.!>!3 Inspired by the excel-
lent performance of ”’SCAN, its London dispersion corrected
variants,'* and the composite DFT method r?’SCAN-3c,'> we
present three global hybrid functional variants of r>’SCAN
termed r?SCANh, r?’SCANO, and r*SCANS50 with 10%, 25%,
and 50% of HFX admixture, respectively. Matching param-
eters for the D4,%1¢ the D3(BJ),!”"!8 and the non-self consis-
tent VV10'® London dispersion correction are provided. To
provide a clear picture of the capabilities of the new function-
als, their performance is assessed for a variety of state-of-the-
art benchmark data. These include thermochemistry, kinetics,
non-covalent interactions, and molecular geometries of main-
group elements (e.g. GMTKNS55,2 IONPI19?!) and transition
metal compounds (e.g. MOR41,%> ROST61%3).

Il. METHODS
A. Hartree—Fock exchange admixture

The recently proposed re-regularized SCAN meta-GGA
exchange-correlation functional is modified by admixture
of varied amounts of HFX. The obtained global hybrid
exchange-correlation functionals are constructed according to
equation 1 with a denoting the factor of HFX.

E;ZSCAN)( =(1-a) E}r;SCAN + aE)I(—IF + EgSCAN (1)
In this work we present three variants with increasing
amounts of HF exchange admixture. Referring to the well
known TPSSh/0, PBEO, and BHLYP hybrid functionals,
the proposed exchange correlation functionals are r>SCANh
(10%), r*’SCANO (25%), and r*SCANS50 (50%). No re-
parameterization of the original r’SCAN functional was con-
ducted.

B. Dispersion corrections

In general, the application of London dispersion corrections
has proven indispensable.”>*?> Therefore, the recently devel-
oped atomic-charge dependent London dispersion correction
D416 was parameterized for the new hybrid functionals. In
the D4 correction scheme, the dispersion energy is calculated
according to equation (2) including an Axilrod-Teller—Muto
(ATM) type three-body energy correction.
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For a detailed description of the D4 correction see references
9 and 16. Accordingly, the D4 model requires three functional
specific parameters sg, a1, and a>. The newly determined pa-
rameters for D4 as well as D3(BJ) and the parameter b for
a non-self-consistent VV10 dispersion correction are are pre-
sented in table I.

C. Parameterization strategy

Independently from this work, Santra and Martin?® pro-
posed a number of density corrected hybrids based on
r2SCAN and have provided D4 parameters for those meth-
ods. The major difference in the parameterization strategy
employed by Santra and Martin is the use of the GMTKNS55
set and the WTMAD-2 as objective function, while we fol-
lowed the proven original parameterization strategy proposed
in Ref. 9, which minimizes the mean-square deviation for non-
covalent interaction curves. Furthermore, since the interaction
curves are not counter—poise corrected, the residual basis set
superposition error can be accounted for in the damping pa-
rameters, especially for the triple-{ basis sets. We prefer this
strategy to provide a targeted correction of London dispersion
effects and to avoid overfitting by including systems prone to
various other error sources such as the self-interaction error
(SIE) in the SIE4x4 subset of the GMTKNS5S5. The resulting
parameters differ significantly, especially in the value of the
sg dipole—quadrupole scaling. While Santra and Martin re-
ported values around three for the sg, we found smaller and
more physical values < 1, which is in line with previous pa-
rameterizations of the rational damping function for SCAN'?
and r2SCAN.'* To investigate the effect of this discrepancy
we evaluated all benchmark sets tested for this work with the
parameters proposed by Santra and Martin as well.

Unsurprisingly, we find that the damping parameters pro-
posed by Santra and Martin perform slightly better by
0.2 kcal-mol~! for the GMTKNS53, as this was the objective
function for optimizing the damping parameters. However,
we find that damping parameters optimized on the GMTKNS55
will produce spurious interaction energies for large molecule
benchmark sets with large dispersion contributions such as
the S30L set increasing the MAD by 2.4 kcal-mol~! for
r?’SCANO-D4 with the damping parameters by Santra and
Martin. For most sets tested in this study both damping pa-
rameters yield similar results in the MAD. However, the ben-
efit in the improved WTMAD-2 is out-weighted by the deteri-
oration in interaction energies for large systems. Further, the
tendentially smaller mean deviations using our parameteriza-
tions hint on a more systematic correction of the descriptions
of London dispersion effects for the r>SCANx hybrid func-
tionals. For completeness we included a full statistics of the
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TABLE 1. Presented hybrid exchange-correlation functionals, HFX admixture, and determined parameters for the D4, D3(BJ), and VV10
London dispersion corrections fit for def2-QZVP (QZ) and def2-TZVPP (TZ) basis sets.

D4/QZ D3(BJ)/QZ VV10/QZ
Functional HFX S6 S8 59 aj ap S6 58 59 aj ap b
2SCANh 10% 1 0.8324 1 0.4944 5.9019 1 1.1236 1 0.4709 5.9157 11.9
r2SCANO 25% 1 0.8992 1 0.4778 5.8779 1 1.1846 1 0.4534 5.8972 11.4
2SCAN50 50% 1 1.0471 1 0.4574 5.8969 1 1.3294 1 0.4311 5.9240 10.8

D4/TZ D3(BJ)/ TZ VV10/TZ
Functional HFX S S8 59 aj a S S8 59 aj a b
2SCANh 10% 1 0.9119 1 0.4832 6.2073 1 1.1493 1 0.4761 6.0947 -
2SCANO 25% 1 0.9397 1 0.4578 6.1864 1 1.1859 1 0.4567 6.0583 -
2SCANS50 50% 1 1.0576 1 0.4232 6.2378 1 1.2980 1 0.4314 6.0662 -

Santra and Martin damping parameters for all tested sets in
the supporting information.

D. Computational details

All quantum chemical calculations were conducted with
the ORCA 5.0.1 program package.?’?® DFT calculations were
generally accelerated using the resolution-of-the-identity
approximation®>3® for Coulomb and exchange integrals
(RIJK) applying matching auxiliary basis sets®>'3? (def2/JK
option). If not stated else, Ahlrichs’ type large quadruple-§
def2-QZVP and def2-QZVPP basis sets>> were applied in the
following abbreviated as “QZ”. Triple-{ basis set calculations
employ the def2-TZVPP basis set abbreviated by “TZ.” For all
basis sets, the default Stuttgart—Dresden small-core effective
core potentials®*3> (ECPs) were used for the respective ele-
ments. The numerical quadrature grid option DefGrid3 and
TightSCF convergence criteria were generally applied as im-
plemented in ORCA. D4 London dispersion corrections were
calculated with the dftd4 3.3.0 stand-alone program.

I1l. RESULTS AND DISCUSSION
A. Main-group thermochemistry

To evaluate the performance of the proposed global hy-
brid DFAs for general main group chemistry, we employ the
general thermochemistry, kinetics and noncovalent interac-
tions (GMTKN55) database.2® The GMTKNS535 database is a
compilation of 55 benchmark sets and comprises 1505 rela-
tive energies divided into five categories, namely, basic prop-
erties and reactions of small systems (basic properties), iso-
merisations and reactions of large systems (reactions), bar-
rier heights (barriers), intermolecular noncovalent interactions
(intermol. NClIs), and intramolecular noncovalent interactions
(intramol. NCIs). The comparison between r>’SCAN and its
hybrid variants, as well as the comparison of r>SCANO-D4
to other very well performing hybrid DFAs over the five cate-
gories as well as their weighted MAD (WTMAD-2) are shown
in Figure 1. The global hybrid > SCAN DFAs yield smaller
WTMADS-2 values than the meta-GGA with r?SCANO-D4 as

their best performer (WTMAD-2 = 5.64 kcal-mol~!), which
is an improvement of almost 2 kcal-mol~! over r’SCAN-
D4. The other two global hybrid DFAs r?’SCANh-D4 and
r?’SCANS50-D4 perform slightly worse with WTMAD-2s of
6.23 kcal-mol ! and 6.28 kcal-mol ! respectively. The largest
improvements with the inclusion of HFX, and therefore the
reduction of SIE, are observed for barriers, while the re-
maining four categories benefit moderately from HFX. For
the basic properties the improvements for the self-interaction
error related problems (SIE4x4) set with HFX are com-
pensated by the worse performance for total atomisation
energies (W4-11). In comparison of r>’SCANO0-D4 with
the well-performing hybrid functionals PBEO-D4, PW6B95-
D4, and wB97X-V, the 2SCANO-D4 outperforms PBEO-D4
(WTMAD-2 = 6.66 kcal-mol™'), is on par with PW6B95-
D4 (WTMAD-2 = 5.53 kcal-mol~!), and performs moder-
ately worse than the computationally more demanding RSH
®B97X-V (WTMAD-2 = 3.98 kcal-mol ™).

Reducing the applied basis set to triple-{ quality (def2-
TZVPP) leads to moderate increases in the WTMAD-2 values
of 4 (XSCANS0-D4 to 9% (r>SCANh-D4, r>SCANO0-D4).

B. Non-covalent interactions

Noncovalent interactions are of crucial importance in many
chemical systems. Therefore, all hybrids were assessed on
various benchmark sets representing diverse NCI patterns.
These include NClIs of large systems (S30L, L7), ion-7 in-
teractions (IONPI192!), halogen bonds (X40x103°), hydro-
gen bonds (HB300SPX?’), chalcogen bonds (CHAL3363%),
and NClIs in repulsive regions (R160x6°>4%). Further, the
subsets of the GMTKNS55% that involve significant influ-
ence of intramolecular (IDISP, ICONF, ACONF, Amino20x4,
PCONF21, MCONF, SCONF, UPU23, BUT14DIOL) and in-
termolecular NCIs (RG18, ADIM6, S22, S66, HEAVY?2S,
WATER27, CARBHBI12, PNICO23, HALS59, AHB2I1,
CHB6, IL16) were assessed. The results of the proposed hy-
brid DFAs is depicted in Figure 2. Finally, a comparison of
r?’SCANO0-D4 to other very well performing DFAs is shown
in Figure 3.

For the calculation of NCIs, the correct description of Lon-
don dispersion effects is indispensable.”?* Accordingly, the
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FIG. 1. Weighted mean absolute deviation of r>’SCANx-D4 hybrids compared to other very well performing DFAs for the large database of
general main group thermochemistry, kinetics and non-covalent interactions GMTKNS55. On the left side panel the different r2SCANx-D4

hybrids are compared against the meta-GGA r2SCAN-D4.

parameterization of sophisticated dispersion corrections such
as the D4 method to systematically correct DFT and in this
case the r’SCANx hybrid functionals is specifically crucial.
The r>SCANx-D4 hybrid functionals with moderate amounts
of HFX (10, 25%) yield systematically improved results for
NCIs compared to the pure meta-GGA. For r’SCANO0-D4,
the MAD for the NCI subsets of the GMTKNS55, is reduced
from 0.83 kcal-mol~! to 0.62 kcal-mol~!, which is an im-
provement of 25%. Further, the description of hydrogen
bonds (HB300SPX) is improved, reducing the MAD from
0.62 kcal-mol~! to 0.53 kcal-mol~'. On average r>’SCANO-
D4 yields an improvement of 8% for NCIs. Tentatively, this
positive effects of HFX admixture can be attributed to a re-
duced SIE leading to smaller artificial intramolecular charge-
transfer. Large amounts of HFX on the other hand, lead to
increased errors for some subsets such as the L7 and IONPI19
benchmark sets with increased MAD by 17% compared to
r?’SCAN-D4. No improvement for any of the tested hybrid
functionals is observed for the S30L and X40x10 (halogen
bonds) benchmark sets, yet retaining the already excellent
performance of the meta-GGA. Overall, the description of
NCIs by the r’SCANXx hybrid functionals in combination with
the D4 correction is on par with other very well performing
global hybrid functionals such as PW6B95-D4. The excel-
lent results obtained with the RSH wB97X-V are not reached
by any of the assessed hybrid variants. Also for NCIs the
def2-TZVPP yields comparably good results for most sub-
sets compared to a QZ quality basis set. Nevertheless, NCIs
proved to be the most basis set sensitive subgroup assessed
with percent increases in the MADs of up to 70% (r*SCANh-
D4, IONPI19) relative to the QZ value. All MAD increases

due to basis set size reduction are still below 0.7 kcal-mol~!.
Suprisingly, for the S30L even a small improvement of the
MAD:s applying the def2-TZVPP basis set was observed (ap-
prox. —0.15 kcal-mol ).

C. Organometallic thermochemistry

All hybrid functionals were assessed in the context of the
thermochemistry of organometallic complexes. Reaction en-
ergies were assessed for closed-shell transition metal com-
plexes on the comprehensive MOR41%? and WCCR10%%3
benchmark sets and for open-shell transition metal complexes
on the ROST61?® benchmark set. Reaction barrier heights
of transition metal complex reactions are represented by the
MOBH35*% and a collection of 34 barrier heights com-
puted by Chen and co-workers termed TMBH.***° Further,
the MLA24 represents a collection of alkylchains linked by a
(earth) alkaline or transition metal.>® A comparison of the ob-
tained results to the parent r’SCAN meta-GGA functional is
depicted in Figure 2. For all sets, small to moderate admixture
of HFX (10%, 25%) results in smaller deviations and reduced
error scattering. While 25% HFX admixture (r’SCANO)
yields the best overall results, a further HFX increase to 50%
(r>SCANS50) increases the deviations significantly. This is
in line with previous observations on increased errors upon
inclusion of high amounts of HFX in the context of transi-
tion metal thermochemistry.?>?* The frequently used MO06-
2X functional applying 54% HFX, shows a similar behavior
compared to its sibling M06 (27%). Also, admixture of 25%
HFX has proven very successful in the PBEO functional.’! A
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FIG. 2. Box-plots of deviations (MAD, SD) for organometallic reactions, non-covalent interactions, and conformational energies obtained
with 2ZSCAN-D4/QZ and its r2SCANx-D4/QZ hybrid (x = h, 0, 50) variants. All deviations are given in keal-mol !,
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FIG. 3. Radar chart of the MADs for r’SCANO-D4 in comparison
to other very well performing (RS-)hybrid DFAs. For different non-
covalent interaction benchmark sets. Data for S30L was taken from
Ref. 41.

large improvement of the hybrid approach over the original
meta-GGA is observed for the reaction barrier height sub-
sets MOBH35 and TMBH overall decreasing the respective
MAD:s by 44 and 42% for r’SCANO-D4. In general, specif-
ically the r>SCANO-D4 functional reliably yields good re-
sults for transition metal complex thermochemistry. For the
MOR41 benchmark set, >SCANO-D4 is only outperformed
by the range-separated ®B97X-V (MAD = 2.21 kcal-mol ')
and the PWPB95-D3(BJ) (MAD = 1.85 kcal-mol~') double-
hybrid functional.?> For the ROST61, containing challeng-
ing open-shell single-reference complexes, it yields a good
MAD of 2.96 kcal-mol~'which is close to that of @B97X-
V (MAD = 2.8).%3 An even better performance is observed
for the WCCR10 benchmark set, where 2SCANOQ-D4 yields
a very small MAD of only 0.88 kcal-mol~!, which is sim-
ilar to the best tested DFA PBEO that yields a MAD of
0.83 kcal-mol~! in combination with the D4 dispersion cor-
rection. For all subsets covering organometallic chemistry,
also reasonable MADs can be obtained from applying the
smaller def2-TZVPP basis set. The resulting MAD increases
are typically below 0.2 kcal-mol .

D. Conformational energies

The reliable computation of conformational energies is
of high importance in many quantum chemical applica-
tions as finding the energetically most favored conformer is
fundamental.’> Moreover, many properties require the con-
sideration of well described conformer-ensembles that may
be generated by sophisticated conformer-ensemble sampling

MOR41
T35

ROST61

2.5

MOBH35 Pg, 254
R 04 g |

S,
%‘o 35+
7 4
451
MLA24

PW6B95-D4 > WCCR10

FIG. 4. Radar chart of the MADs for > SCANO-D4 in comparison to
other very well performing (RS-)hybrid DFAs for different metalor-
ganic benchmark sets.

algorithms such as CREST.> The final energetic ranking of
conformers often requires more accurate methods, that still
keep a beneficial cost-accuracy ratio. Accordingly, the appli-
cation of global hybrid functionals may be desired. The per-
formance of the r>SCANXx functionals for computation of con-
formational energies was assessed for various conformational
energy benchmarks sets. These include the MPCONF196,
the 37CONF8, the ACONF12, and the corresponding sub-
sets of the GMTKNSS for main group conformers. Further,
the TMCONF16 addresses conformational energies in transi-
tion metal complexes. Results are depicted in Figure 2. A
comparison of r’SCANO0-D4 to other very well performing
DFAs is shown in Figure 5. While reaction energies and bar-
riers were shown to profit greatly from moderate HFX ad-
mixture in the framework of r?’SCANx global hybrid func-
tionals, no significant improvement is observed for confor-
mational energies. While conformational energies of alkanes
(ACONF12) are improved by 5, 16, and 37%, respectively, no
systematic improvement is observed for (bio-)chemically rel-
evant molecules covered by the MPCONF196 and 37CONFS8
or the transition metal complexes of the TMCONF16. Nev-
ertheless, it is to note, that the differences in the MADs
compared to 2’SCAN-D4 are typically very small and below
0.1 kcal-mol~!. Overall specifically >SCANO-D4 yields ex-
cellent conformational energies mostly on par with the RSH
®»BI97X-V. Except for the ACONF12 benchmark set, the re-
sults for conformational energies are quite insensitive to the
reduction in basis set size from QZ to TZ.
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FIG. 5. Radar chart of the MADs for r2SCAN0-D4 in comparison to
other very well performing (RS-)hybrid DFAs for different confor-
mational benchmark sets.

E. Self-interaction Error

The artificial interaction of an electron with its own mean
field is one of the major shortcomings of common KS-DFT.
The so-called self-interaction error (SIE)**>% is specifically
problematic in any local density functional approximation
and in part also in various hybrid functionals. Accordingly,
also the parental r’SCAN meta-GGA functional is prone to
SIE. Even though, several approaches to correct the SIE are
known®’ the most common one is to introduce HFX in the hy-
brid DFT scheme. Therefore, the hybrid variants of 2SCAN
should show an improved performance for SIE prone systems
and properties. The improvement of HFX inclusion regarding
the SIE was assessed for the SIE4x4 and SIES8 subsets. The
SIE4x4 subset of the GMTKNSS5 includes dissociation ener-
gies of small open-shell cationic dimers and the SIE8 consists
of the remaining mostly neutral systems of the original SIE11
subset presented in the GMTKN24°8 database. The results for
the ’SCANx-D4 hybrid functionals are depicted in Figure 6.
For all three hybrids, a substantial improvement is observed
for both subsets dependent on the amount of HFX admix-
ture. With respect to the meta-GGA r’SCAN-D4 (MAD =
18.1 kcal-mol~1), the MAD is reduced to 15.2 kcal-mol~for
?’SCANh-D4 (10% HFX), to 10.9 kcal-mol~! for r2SCANO-
D4 (25% HFX), and to 4.6 kcal-mol~! for r’SCANS50 (50%
HFX). A comparable improvement is observed for the SIES
subset, where the MAD is reduced from 9.8 kcal-mol~!
(rZSCAN—D4), to 8.3, 7.5, and 5.6 kcal-mol~!, respectively.
Even though the 50% HFX variant yields the smallest MADs
for both subsets and also outperforms sophisticated DFAs
such as the range-separated @B97X-V functional®®, the high
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FIG. 6. MADs for the SIE4x4 and SIES sets. All DFT data calculated
with the def2-QZVPP basis set.

amount of HFX has proven not beneficial for the overall per-
formance as discussed in the previous sections. However, the
best tested compromise r>SCANO-D4 with 25% HFX yields
reasonable results on par with @B97X-V and even outper-
forms the prominent PBE0O-D4 global hybrid functional. The
influence of SIE was further evaluated for a system of the
IONPI19?! benchmark set, involving the non-covalent inter-
action energy of the cyclopropylium cation and anthracene
(Figure 7). The interaction energy scan of both unrelaxed
fragments along with the center-of-mass distance (Rcy4) was
analyzed with reference to W1-F12 data. Here, a similar
trend regarding the HFX admixture is observed as the in-
teraction energy curve increasingly approaches the reference
data. Nevertheless, for >'SCANS50-D4, a beginning shift of
the minimum value to a larger Rcyz4 is observed. While this
is only indicated by a slight change in the shape of the curve
for ’SCANS50-D4, ®B97X-V already yields a different min-
imum Repa. Further, ®B97X-V systematically underesti-
mates the interaction energy at shorter distances. Overall, it
is shown that the HFX admixture to r’SCAN-D4 significantly
reduces the SIE as already indicated by the much improved
performance for reaction barriers (vide infra). 25% HFX can
be considered as the most promising compromise regarding
the overall performance.

F. Geometries

In addition to thermochemical properties, the correct de-
scription of molecular geometries is of major interest. Specif-
ically, covalent bond lengths and angles are key structural
features. Accordingly, we assessed ground-state equilib-
rium distances (R, ) for transition metal complexes (TMC320)
and heavy and light main group compounds (HMGB116!,
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FIG. 7. Interaction energy scan of the cyclopropenyl cation and an-
thracene along the center-of-mass distance Rcpya . All DFT data cal-
culated with the def2-QZVPP basis set.

LMGB35°!, LB12°"). Further, distances and angles in or-
ganic molecules are compared to semi-experimental reference
data (CCse219%63). A comparison of >’SCAN-D4/QZ and its
hybrid variants is depicted in Figure 8. For geometries, an
admixture of HFX did not prove beneficial regarding the re-
production of structural parameters. Mostly, the r2SCANx-
D4 hybrids yield slightly worse results compared to the al-
ready very well performing r>’SCAN-D4.'* In the context of
the higher computational demand of the hybrid functionals,
geometry optimizations using such may not be recommended
if no strong SIE effects are expected. Alternatively, the orig-
inal r>SCAN-D4 or its even more efficient composite variant
r?SCAN-3c'> may be applied instead.

All collected MAD:s for all assessed thermochemistry and
geometry benchmark sets are depicted in Table II.

IV. CONCLUSION

In this study global hybrid variants of the ’SCAN meta-
GGA functional are assessed on a large collection of com-
prehensive benchmark sets such as the GMTKNSS5, MOR41,
HB300SPX, and CHAL336 data collections (overall about
6975 relative energies and 252 structural parameters in to-
tal). The used benchmark sets cover main-group and tran-
sition metal thermochemistry, non-covalent interactions and
conformational energies. Starting from r2SCAN, three dif-
ferent hybrid functionals with varying amounts of HFX ad-
mixture are constructed. The new global hybrid function-
als are termed r2SCANh (10% HFX), r2SCANO (25%), and
r?’SCANS0 (50%). The sophisticated D4 London dispersion
correction is parameterized for all three hybrid functionals
and an additional parameter set for use with a smaller triple-{
basis set (def2-TZVPP) is provided. Additionally, we exten-
sively tested the D4 damping parameters proposed by Santra

and Martin for the r>SCAN hybrids, which perform similarly
well over a wide range of assessed benchmark sets. Nev-
ertheless, the herein presented parameterization yields more
systematic and consistent improvements indicated by reduced
mean deviations and the absence of crucial outliers, specifi-
cally for dispersion dominated test sets such as the S30L.

It is shown that admixture of moderate amounts of HFX to
r?SCAN is beneficial for most assessed properties. For the
GMTKNS55 database, r*’SCANO0-D4/QZ yields a WTMAD-
2 of 5.64 kcal-mol™! compared to 7.54 kcal-mol~!' ob-
tained with the parent r>SCAN-D4/QZ meta-GGA. The
same holds for organometallic reactions and reaction barrier
heights, where small MADs of 2.31 kcal-mol~! (MOR41)
and 2.07 kcal-mol~! (MOBH35) are obtained with r>SCANO-
D4/QZ. Large amounts of 50% HFX were found to be ben-
eficial only in very specific cases such as SIE prone systems
covered by the SIE4x4 and SIES subsets.

For geometry optimization, no benefit of applying any
r?SCANx-D4 hybrid variant over the parent r’SCAN-D4
meta-GGA was observed. In general, while the admixture
of pure HFX proved beneficial, it yields comparably minor
improvements for an already excellent performing and ro-
bust meta-GGA functional such as r*SCAN. Therefore, the
global 2 SCANO-D4 hybrid functional applying 25% of HFX
has proven to perform best regarding its broad applicability.
It performs robustly for a variety of properties on par with
other excellent performing functionals such as PW6B95-D4
and typically outperforms the prominent non-empirical PBEO-
D4 functional. Because the underlying r>’SCAN functional re-
mains unchanged, it can be expected that the potential energy
surface is similar to that of >’SCAN-D4 and r?’SCAN-3c mak-
ing it a robust choice for multi-level protocols based on those
functionals. Accordingly, the assessed r2SCANO-D4 global
hybrid functional represent an efficient alternative to the still
slightly more accurate RSH functionals such as ®B97X-V. It
may be applied whenever the RSH cannot be applied due to
technical reasons

Overall, 2 SCANO-D4 can be considered as robust and reli-
able choice for a variety of computational chemistry applica-
tions.
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for def2-QZVP(P) basis set with D4 dispersion correction if not noted otherwise.
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