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ABSTRACT

In two recent papers [A. D. Becke, J. Chem. Phys. 156, 214101 (2022) and A. D. Becke, J. Chem. Phys. 157, 234102 (2022)], we compared
two Kohn-Sham density functionals based on physical modeling and theory with the best density-functional power-series fits in the literature.
The best error statistics reported to date for a hybrid functional on the general main-group thermochemistry, kinetics, and noncovalent
interactions (GMTKN55) chemical database of Goerigk et al. [Phys. Chem. Chem. Phys. 19, 32184 (2017)] were obtained. In the present
work, additional second-order perturbation-theory terms are considered. The result is a 12-parameter double-hybrid density functional with
the lowest GMTKN55 WTMAD?2 “weighted total mean absolute deviation” error (1.76 kcal/mol) yet seen for any hybrid or double-hybrid

density-functional approximation. We call it “DH23.”

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0141238

The GMTKNS55 (“general main-group thermochemistry, kinet-
ics, and noncovalent interactions”) database of Goerigk and co-
workers! contains 1505 chemical reaction and barrier-height refer-
ence energies obtained from high-level wavefunction computations
from over 50 sources. GMTKNS55 and its predecessors, GMTKN24”
and GMTKN30,” were compiled in order to assess the ever-growing
number of density-functional theory (DFT) approximations in the
literature. The database is composed of 55 subsets organized into
five categories representing different chemical reaction types: basic
properties, reactions between larger systems and isomerizations,
barrier heights, and inter- and intra-molecular noncovalent interac-
tions. Table S1 of the supplementary material describes the subsets in
each category and Table S2 gives references to the original literature
sources.

Although the intention of the authors of GMTKN55 was the
assessment of density-functional approximations (DFAs), its com-
plexity and diversity make GMTKNS55 highly attractive as a database
for fitting of DFAs as well. The first (we believe) such fit was by
Santra, Sylvetsky, and Martin," who trained double-hybrid (DH)
functionals on the full GMTKNS55 data. Very recently, Becke™® has
trained hybrid DFAs on a slightly reduced variant of GMTKN55.

The focus of Becke’s work was to test a suite of physically and
theoretically motivated density-functional models against heavily fit
functionals such as wB97X-V’ and wB97M-V*® from the work of
Mardirossian and Head-Gordon. Until Becke’s work, wB97X-V and
wB97M-V, trained on the massive MGCDB84’ “main-group chem-
istry database,” were the best-performing hybrid functionals tested
on GMTKNS55.""" Since Santra and Martin had GMTKN55 second-
order perturbation theory (PT2) correlation energies in hand from
their DH computations, they suggested to Becke that it might be
interesting to combine their PT2 energies with his DFT models. This
Communication describes the outcome of that suggestion. In the
end, we obtain a double-hybrid density functional with the lowest
GMTKNS55 error statistics reported to date.

To begin, we briefly review the exchange and correlation mod-
els used by Becke in his GMTKNG55 trials. Full details can be found
in Refs. 5 and 6. Our parent functional,” which will be appended by
power-series and PT2 terms later, is

0 _ pexact opp opp par par opp o0pp ar par
Exc = X" + aypcUlhe + alipcUkipe + ape Epe + ancEpe
BR ; -BR exact DM DM DM
+ax (EX - EX ) + Cs + SRC( Cg + Cio ) (1)
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The opposite-spin (opp) and parallel-spin (par) NDC terms are
explicit models of non-dynamical potential energy of correlation'’
(“B05”). BO5 is highly nonlocal, requiring the exact-exchange energy
density at every grid point. The DC terms are total energies
of dynamlcal correlation modeled as in Refs. 12 and 13. The

term aX R(ERR — "), involving the Becke-Roussel (BR) exchange
model,'* simulates non-dynamical correlation by virtue of the local-

ity of BR exchange. The Cs, Cs, and Cyo dispersion terms are
from the XDM (exchange-hole dipole moment) model of Becke
and Johnson.'”'® The five “a” pre-factors and the spc pre-factor
allow for fine tuning to GMTKN55 data by least squares fitting.
The “repulsion correction” factor sgc controls the interplay between
the correlation terms and the dispersion terms to give correct Pauli
repulsion when atomic densities overlap. All terms in the parent
functional are fully described in the Appendixes of Ref. 5.

Each term in Eq. (1) is based on an underlying reference-point-
by-reference-point model of its associated exchange/correlation
hole. Each model is governed by exact short-range behavior and nor-
malization constraints at every point. The BR, NDC, and XDM mod-
els rely on the Taylor expansion of the exact spherically averaged

exchange hole to second order'” as follows:
B (1,5) = ~po = Qos” +-+ @
where
Qo = ¢(VPpa-2D,) ©)
and
Da=u—i§%?f, (@

and 7, is the kinetic-energy density (without a 1/2 factor), which is
given by:

To = Z (V'(//icr)z- (5)
1

In the above, r is the reference point, s is the interelectronic dis-
tance, and o is the electron spin. Q, is called the exchange-charge
curvature. The DC dynamical correlation holes satisfy well-known
interelectronic cusp conditions, as discussed in Ref. 12. Thus, each
term in Eq. (1) reflects “good local physics” (as asserted in the title)

at every reference point.
In Ref. 6, exchange and correlation power series were added
to Eq. (1) to investigate whether significant improvements could
thereby be made. We invoked a dimensionless power-series variable,

Q- g

qo = TQUiEﬂ (6)
where

QUES = (6 )2/3 5/3 @)

is the exchange-charge curvature of the uniform electron gas (UEG).
This variable, too, reflects “good local physics.” If g, is positive (neg-
ative), then the local exchange-energy density is enhanced (atten-
uated) with respect to the UEG. Conversely, for dynamical correla-
tion, positive (negative) g implies attenuation (enhancement) of the
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local correlation-energy density with respect to its UEG counterpart.
g, is predominantly positive in valence regions and negative inside
atomic cores.

As q, has infinite range, —oo < g, < +o0, remapping into a
finite domain is desirable. We use the same mapping for exchange,
opposite-spin correlation, and parallel-spin correlation, but with
different constants yy, y,,,» and yc,,, for each:

204 YCoppqup YCpargo
WX = ————), W(ap= —————>, WCo0 = — e, (8)
V1+9ka 1+ Yool 1+ Yepardo
with
Q + Q UEG QUEG
Qo = ——— 0 d ©)

‘Q‘E‘JEG + QUEG|

and yy = 0.11, y.,,, = 0.14,and y,,,, = 1.6. The range of the w vari-
able(s) is -1 < w < +1, and w = 0 corresponds to the UEG limit. We
then add exchange, opposite-spin, and parallel-spin power series to
the parent functional, Eq. (1), as follows:

mx
0 UEG exact UEG_ i
Exc = Exc +cxo(Ex ~ —EX*") + Y cxiy. f exo Wyod'r
i= 4

Mcopp UEG i 3 Mcpar
1
Y coppi | eligWeegd'r+ S, ccpan
i=0

i=0

UEG SCC_ i 3
X Z /eCOU 4 Wlszd r, (10)
4

with respective expansion orders mx, mcopp, and mcpar. An addi-
tional self-correlation correction

feea 2 (an
To
is inserted into parallel-spin correlation terms to guarantee zero cor-
relation energy in all one-electron systems. We subtract E{*" from
the i = 0 term in the exchange series to enforce the UEG limit. The
UEG limit is not, however, enforced for correlation. Full details are
available in Ref. 6, where this functional is called “B22plus.”
The overall performance of a DFA on GMTKNS55 will
be assessed! by the weighted total mean absolute deviation
(WTMAD2),

56.84kcal/mol

WTMAD?2 =
|AElavg,i

LS
ZN:I

i=1

MAD;. (12)

The MAD (mean absolute deviation) of each subset i is weighted
by the energy ratio 56.84/|AE|av,; and the number of data N; in
the set, as given in Table S1. The constant 56.84 kcal/mol is the
average of |AE|ayg; over all the sets. 62 of the 1505 reactions in
GMTKNS55 involve elements heavier than Kr: namely, all 28 reac-
tions in the HEAVY28 set, four reactions in the HEAVYSB11 set,
and 30 reactions in the HAL59 set. These require core pseudopo-
tentials (PPs) in their computation. We omitted them in Refs. 5 and
6 in favor of the 1443 reactions involving all-electron calculations
only. Here, we do the same in our initial fits to touch base with our
earlier work. We call this “all-electron” database GMTKN54 and its
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analogous [Eq. (12)] error measure WTMAD2(54). As the
HEAVY28 set is excluded in WTMAD2(54), the summations in
Eq. (12) are over 54 sets instead of 55, but we retain the 56.84
kcal/mol constant and the N; values of Table S1 for compatibility
with the literature. We will test on the full GMTKN55 database when
our initial fits are completed.

Pre-factors and expansion coefficients are determined by least
squares fitting. We fit to the GMTKN54 (or GMTKN55) data, tak-
ing the weight of each data point from Eq. (12) except for the
W4-11 atomization energies, which are weighted by 1 (see Ref. 5).
Note that this is not the same as minimizing the WTMAD?2 directly,
as has been done by the Martin group in Ref. 4 and later papers. For
“B22plus” in Ref. 6, we chose optimum expansion orders mx = 2,
Mcopp = 3, and mcpar = 4 for a total of 12 series expansion coeffi-
cients. With the six pre-factors in Eyc included, B22plus has 18
linear parameters altogether. We used BHandHLYP orbitals com-
puted with the Gaussian 16 program’’ and the Dunning aug-cc-
pVTZ basis set’’ (def2-TZVP?* for K and Ca and cc-pVTZ for the
Cgo isomers). All correlation and power-series terms were com-
puted using an in-house “postG” code. Technical details are given
in the supplementary material, Appendix S1. The resulting B22plus
WTMAD2(54) was 2.76 kcal/mol, substantially better than the pre-
vious best hybrid functionals, “B22” of Ref. 5 at 3.31 kcal/mol and
wB97M-V at 3.37 kcal/mol. See Ref. 6 for additional information and
statistics.

We now consider the further addition of second-order per-
turbation theory (PT2) terms in the double-hybrid DFA frame-
work. Contemporary double hybrids originated with Grimme*’ and
employ an MP2-like (Moller-Plesset perturbation theory) correla-
tion component evaluated using Kohn-Sham DFT orbitals instead
of Hartree-Fock (HF) orbitals. This is known as in Gorling-Levy
perturbation theory, GLPT2.** The benefits of using GLPT2 vs
HEF-MP2 as originally proposed in Ref. 25 are analyzed in Ref. 26.
The authors of the GMTKNS55 paper! clearly showed that double
hybrids are superior to hybrid functionals, which use only occupied
orbitals. The literature on double hybrids is vast. A recent review by
Martin and Santra”’ provides an overview of the current status of
the field. Earlier reviews may be found in Refs. 28-30, and a com-
prehensive study of DH functionals on the GMTKN55 database has
been presented by Mehta et al.”!

wB97M(2) from Mardirossian and Head-Gordon™ is consid-
ered by many to be the leading double hybrid today. It has 14
independent parameters and is a “meta”-GGA (generalized gra-
dient approximation) power series functional obtained after pre-
screening trillions of candidates. The WTMAD?2 of wB97M(2) on
GMTKNS55 is 2.13 kcal/mol.*’ Santra, Semidalas, and Martin®! have
reported WIMAD?2s as low as 1.85 kcal/mol by experimenting
with an “XYG8” functional form that includes separate LDA (local
density approximation) and GGA coefficients and a sequence of
input orbitals with varying amounts of exact-exchange fraction, as
inspired by Refs. 35 and 36. These are not constrained to the correct
asymptotic Cg limit, as is wB97M(2). They recover about 50%-60%
of the correct Cs.

In the present work, we add PT2 terms to Egs. (1) and (10) ina
manner that respects the correct asymptotic Ce limit. Our functional
therefore reflects not only good local physics but good long-range
physics as well. Independent opposite-spin and parallel-spin PT2
correlation energies are appended to Eq. (10) as follows:

COMMUNICATION scitation.org/journalljcp

mx
0 UEG exact UEG i 43
Exc = EXC + CX,()(EX - Ex ) + Z CX>iZ exg WXUd r

i=1 o

MCpar

MCopp
UEG, i 3
+ Z CCopp,i f €Cap WCaﬁd r+ Z CCparyi
i=0 i=0
UEG (SCC_ i 3
X Z feCaafa WCmrd r
4

1 1
opp opp DM ar par DM
+ “PTz(EPTz T 575G ) + agTZ(EPTZ T 575G )’ (13)

where

par _ poa BB
Epry = Epra + Epry-

(14)
The logic in the added PT2 terms is simple. Lochan, Jung, and Head-
Gordon” have stated that, at long range for two non-overlapping
closed-shell systems, the opposite-spin and parallel-spin parts of the
inter-system MP2 correlation energy are equal. Assuming that MP2
(PT2) and XDM give the correct asymptotic dispersion energy, we
therefore have

1
opp _ ppar _ DM
EPTZ - EPTZ - 5 Cs (15)

at long range. The parent functional, Eq. (1), contains a full E)C(iJ M
term. Hence, the PT2 terms in Eq. (13) must vanish asymptotically.
By Eq. (15), they do.

PT2 energies are computed by the Q-Chem 6.0 program™
using “resolution of the identity” (RI-MP2) speed-ups. As is com-
mon practice in DH applications, single-excitation terms, non-zero
in principle in GLPT2, have been omitted. For the PT2 correlation
energies, the same frozen-core settings were used as in Ref. 4. These
calculations were run on the Weizmann Faculty of Chemistry’s HPC
facility “ChemFarm.”

In our preliminary explorations, we discovered some welcome
simplifications of Eq. (13). Power-series orders mx, #copp, and mcpar
beyond quadratic offered no improvements. Furthermore, the entire
exchange series can be removed with negligible degradation of the
WTMAD?2(54). Most significantly, B05 non-dynamical correlation
terms in the parent functional, Eq. (1), are not important in a DH
context despite being critical to the success of B22plus.” PT2 corre-
lation handily compensates B05, with WTMAD2(54) affected by less
than ~0.05 kcal/mol if the latter is omitted. This is a major win, as the
exact-exchange energy density required by B05 at every grid point is
available in very few quantum chemistry programs. Hereafter, then,
all results pertain to the simplified functional,

exact 0] 0] ar -par BR / -BR exact
Exc = EX™ + aptERE + ab Ehd + ay (Ey - EX™)

DM DM DM
+E)C(6 +src(Ee,  +Ec, )

2 UEG, i 33 2

1

+ ) CCoppi f €Cap Weapd T + > CCpari

i=0 i=0

UEG (SCC_i 33

x Z /eCUO 4 WCaad r

[

1 1
opp opp DM ar par DM
+ aPTZ(EPTZ T35 ) + “l;Tz(EPTz Tyt )’ (16)
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with 12 linear coefficients altogether. This is two fewer than the
number of parameters in wB97M(2). We also note that after elimi-
nating the exchange series from Eqs. (13), Eq. (16) exactly models the
hydrogen atom at every reference point. Only BR-based functionals
have this nice property.'* We shall call the functional of Eq. (16)
“DH23.”

To connect with our previous work,”® first tests have been
carried out with BHandHLYP orbitals and the Dunning aug-cc-
pVTZ basis set’’ (def2-TZVP?* for K and Ca and cc-pVTZ for the
Ceo isomers). The resulting WTMAD2(54) is 2.18 kcal/mol, about
0.6 kcal/mol lower than for our B22plus hybrid. Next, we expand
from the Dunning triple-zeta basis to the quadruple-zeta def2-
QZVPP basis.”> For subsets involving anions (AHB21, BH76 and
BH76RC, G21EA, IL16, WATER27) or rare-gas interactions (RG18),
diffuse functions are added using def2-QZVPPD.* We drop down,
however, to def2-TZVPP for the very large UPU23 and C60ISO sys-
tems and the two largest isomers (1 and 4) in the ISOL24 subset.
The BHandHLYP quadruple-zeta WTMAD2(54) is 1.76 kcal/mol,
a substantial reduction from the Dunning triple-zeta 2.18 kcal/mol
value.

BHandHLYP orbitals incorporate 50% Hartree-Fock (HF)
exchange. It has been argued by Goerigk and Grimme,” and there
is systematic computational evidence,’* that orbitals with 20%-30%
HF may offer better DH performance. We explore this by using
“BILYP” orbitals*’ with 25% HF exchange. We observe a slight
decrease in the WTMAD2(54) from 1.76 (BHandHLYP) to 1.72
(BILYP) kcal/mol, employing the same def2 basis sets described
above. For completeness, BILYP calculations have also been per-
formed using diffuse basis functions everywhere (def2-QZVPPD,
except def2-TZVPPD for UPU23, C60ISO, and the two largest
I1SOL24 isomers, 1 and 4). Universal diffuse functions have a minor
effect on the WTMAD2(54), giving a value of 1.74 kcal/mol. Similar
observations were made in Ref. 41.

The 1.72 kcal/mol WTMAD2(54) achieved here is more than
1 kcal/mol lower than the 2.76 kcal/mol of B22plus, our best hybrid
functional of Ref. 6, and does not depend on the cumbersome B05
non-dynamical correlation energy. Readily available and econom-
ical (thanks to resolution of the identity RI-MP2 technology'” ")
PT2 correlation is used instead. How important are the power-
series terms in Eq. (16)? Omitting them loses six parameters, but
raises our best BILYP def2-QZVPP WTMAD2(54) from 1.72 to 2.11
kcal/mol, almost 0.4 kcal/mol higher. This is, nevertheless, rather

TABLE I. WTMAD2(54) on GMTKN54, in kcal/mol.

Equation (16) without

Input orbitals/basis set Equation (16) power series

BHandHLYP/aVTZ" 2.18 2.24
BHandHLYP/QZVPP" 1.76 2.05
BILYP/QZVPP® 1.72 2.11
B1LYP/QZVPPD" 1.74 2.14

(12 parameters) (6 parameters)

*aug-cc-pVTZ with exceptions noted in the text.
®def2-QZVPP with exceptions noted in the text.
“def2-QZVPPD with exceptions noted in the text.

COMMUNICATION scitation.org/journalljcp

TABLE II. Coefficients of Eq. (16) for BILYP orbitals and the QZVPP? basis set, fit to
the full GMTKN55 database.

ape 0.010 CCopp.0 0.449 ayy 0.403
e 1.536 CCopp.1 -0.240 sy 0.193
ax’ 0.164 CCoppy2 0.553
SRC -0.299 CCpar ~0.040

CCpar,1 -0.487

CCpar,2 0.772

*def2-QZVPP with exceptions noted in the text.

good for DH with only six parameters. Table I summarizes our
WTMAD2(54) results for BHandHLYP vs BILYP input orbitals and
the aug-cc-pVTZ vs def2-QZVPP basis sets.

Having established, on a foundation of all-electron calculations,
that BILYP orbitals and the def2-QZVPP basis set are good choices,
we now perform a fit on the full GMTKN55 database, including
the 62 reactions whose calculations require core pseudopotentials.
To accommodate PPs, additional considerations and modifications
beyond the descriptions in Refs. 5 and 6 were necessary for our XDM
dispersion model. We defer discussion of these to the supplementary
material, Appendix S2.

The GMTKNG55 fit coefficients are given in Table II. The exact
exchange fraction is a sizable 83.6%. The UEG limit for opposite-
spin correlation is 0.86, not far from 1, and for parallel-spin corre-
lation is roughly 0.92 (using that the UEG limit of E- is about half
the correct value'”). The negative value, —0.299, of the repulsion-
correction scale factor sgc implies that PT2 overestimates dispersion
energy at intermediate range. This echoes previous findings of
Martin et al.”"*

In Table III, we list WTMAD2s for each of the GMTKNS55
chemical categories and for the complete database. For com-
parison, we include data for four additional leading DH
functionals: wB97M(2)*> of Mardirossian and Head-Gordon,
and XYGS8[f1]@B,LYP,** revDSD-PBEP86-D4,”> and xDSDys-
PBEP86-D4° of Martin et al. The number of parameters in these
functionals is 14 for wB97M(2) and eight for the last three vs 12
for DH23. All computations employ the def2-QZVPP basis set
with exceptions as noted earlier. DH23 has the smallest WTMAD2
on the full GMTKN55 database at 1.76 kcal/mol, followed by
XYGS8[f1]@B2LYP at 1.85 kcal/mol. The categories “basic proper-
ties of small systems” and “reaction and isomerization energies of
large systems” are clearly led by DH23, but XYG8[f1]@B2oLYP has
a slight edge for barrier heights and (all) noncovalent interactions.
See Table S3 of the supplementary material for MADs of all the
considered functionals on all the GMTKNS55 subsets. Noteworthy is
the superior performance of DH23 on the “mindless benchmarking”
MB16-43 set of artificial molecules, designed to test the robustness
of DFAs. Table 111 is represented by a radar plot in Fig. 1.

Let us comment, finally, on the asymptotic C¢ limit. DH23 and
®B97M(2) recover the correct limit by design. XYG8[f1]@ByLYP,
revDSD-PBEP86-D4, and xDSD75-PBEP86-D4 recover about 50%,
90%, and 80%, respectively. The importance of enforcing the cor-
rect Ce limit is debatable in molecules near equilibrium structures.
See the work of Wu and Truhlar*® for an assessment on very large
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TABLE lIl. WTMAD?2 (kcal/mol) for GMTKNS55 categories.”

DH23"  wB97M(2)° XYG8!  revDSD® xDSD!

Basic properties and reaction energies of small systems:

1.18 1.39 1.42 1.75 1.63
Reaction energies for large systems and isomerization reactions:
2.06 2.61 2.32 3.59 3.07
Reaction barrier heights:

1.81 1.66 1.65 2.02 1.95
Intermolecular noncovalent interactions:

1.99 2.44 1.99 2.29 2.28
Intramolecular noncovalent interactions:

2.19 3.00 2.17 2.08 2.11

All noncovalent interactions:
2.09 2.72 2.07 2.18 2.20
All GMTKNS55:
1.76 2.13 1.85 2.25 2.12

*See Table S1 of the supplementary material.

®Present work, Eq. (16).

“Reference 32.

dXYGS[fl]@BZOLYP, Ref. 34 (parameter values in line 5 of Table I).
°revDSD-PBEP86-D4, Ref. 33 (parameter values in line 6 of Table S2).
fXDSD75-PBEP86-D4, Ref. 33 (parameter values in line 1 of Table I).

—DH23 —wB97M(2) XYG8 revDSD —xDSD

all GMTKN55

4

3.5
3

25

CONFOR THERMO
INTERMOL LARGE
BARRIER
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has the lowest WTMAD?2. This is gratifying, given the simple
manner in which it was derived. wB97M(2) was derived from
trillions of prescreening fits. The functionals XYG8[f1]@B,LYP,
revDSD-PBEP86-D4, and xDSD75-PBEP86-D4 are the result of
many trials with the zoo' of known local-density, GGA, and
meta-GGA exchange and correlation functionals. DH23, on the
other hand, is based on explicit exchange-correlation hole models
satisfying exact short-range-behavior and normalization constraints
at every point, and a power-series variable g governing the enhance-
ment/attenuation of exchange and correlation energy densities with
respect to the UEG, again, at every point. With minimal experi-
mentation, DH23 was quickly and straightforwardly derived from
its hybrid-functional parents.”*

The calibrations of this work are on main-group and organic
thermochemistry, including noncovalent interactions. Preliminary
tests on 3d transition-metal reactions, described in Appendix S3
of the supplementary material, are encouraging. A full assessment
of the performance of DH23 in transition-metal chemistry will be
undertaken in future work.

See the supplementary material for tables of the 55 subsets
of the GMTKNS55 database and their original literature references,
and the GMTKN55 MAD:s for the five DH functionals compared in
this work. Also technical details of the “postG” calculations, mod-
ifications of the XDM dispersion formulas to accommodate core
pseudopotentials, and preliminary 3d transition-metal results, are
presented in Appendixes S1-S3.
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systems containing 200-910 atoms. Nevertheless, good physics is
our goal for DH23.

Of the many hundreds of hybrid and double-hybrid DFAs
tested on the GMTKNS55 database so far, DH23, at 1.76 kcal/mol,

DATA AVAILABILITY

The data that support the findings of this study are available
within the article and its supplementary material.

J. Chem. Phys. 158, 151103 (2023); doi: 10.1063/5.0141238
Published under an exclusive license by AIP Publishing

158, 151103-5


https://scitation.org/journal/jcp
https://www.scitation.org/doi/suppl/10.1063/5.0141238
https://www.scitation.org/doi/suppl/10.1063/5.0141238
https://www.scitation.org/doi/suppl/10.1063/5.0141238
https://www.scitation.org/doi/suppl/10.1063/5.0141238

The Journal

of Chemical Physics

REFERENCES

L. Goerigk, A. Hansen, C. Bauer, S. Ehrlich, A. Najibi, and S. Grimme, Phys.
Chem. Chem. Phys. 19, 32184 (2017).

21, Goerigk and S. Grimme, . Chem. Theory Comput. 6, 107 (2010).

3L. Goerigk and S. Grimme, J. Chem. Theory Comput. 7, 291 (2011).

“G. Santra, N. Sylvetsky, and J. M. L. Martin, J. Phys. Chem. A 123, 5129
(2019).

5A.D. Becke, J. Chem. Phys. 156, 214101 (2022).

5A.D. Becke, J. Chem. Phys. 157, 234102 (2022).

N. Mardirossian and M. Head-Gordon, Phys. Chem. Chem. Phys. 16, 9904
(2014).

8N. Mardirossian and M. Head-Gordon, J. Chem. Phys. 144, 214110 (2016).

9N. Mardirossian and M. Head-Gordon, Mol. Phys. 115, 2315 (2017).

104, Najibi and L. Goerigk, ]. Chem. Theory Comput. 14, 5725 (2018).

A D. Becke, J. Chem. Phys. 119, 2972 (2003); 122, 064101 (2005).

12A.D. Becke, ]. Chem. Phys. 88, 1053 (1988).

13A. D. Becke, Int. J. Quantum Chem. 52(528), 625 (1994).

A, D. Becke and M. R. Roussel, Phys. Rev. A 39, 3761 (1989).

5 A. D. Becke and E. R. Johnson, ]. Chem. Phys. 124, 014104 (2006).

®A. D. Becke and E. R. Johnson, ]. Chem. Phys. 127, 154108 (2007).

17 A. D. Becke and E. R. Johnson, J. Chem. Phys. 123, 154101 (2005).

8p R, Johnson and A. D. Becke, J. Chem. Phys. 124, 174104 (2006).

19A. D. Becke, Int. J. Quantum Chem. 23, 1915 (1983).

20M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R.
Cheeseman, G. Scalmani, V. Barone, G. A. Petersson, H. Nakatsuji, X. Li, M. Car-
icato, A. V. Marenich, J. Bloino, B. G. Janesko, R. Gomperts, B. Mennucci, H.
P. Hratchian, J. V. Ortiz, A. F. Izmaylov, J. L. Sonnenberg, D. Williams-Young,
F. Ding, F. Lipparini, F. Egidi, ]. Goings, B. Peng, A. Petrone, T. Henderson, D.
Ranasinghe, V. G. Zakrzewski, J. Gao, N. Rega, G. Zheng, W. Liang, M. Hada,
M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda,
O. Kitao, H. Nakai, T. Vreven, K. Throssell, ]. A. Montgomery, Jr., J. E. Peralta, F.
Ogliaro, M. J. Bearpark, J. ]. Heyd, E. N. Brothers, K. N. Kudin, V. N. Staroverov, T.
A. Keith, R. Kobayashi, J. Normand, K. Raghavachari, A. P. Rendell, ]. C. Burant,
S. S. Iyengar, J. Tomasi, M. Cossi, ]. M. Millam, M. Klene, C. Adamo, R. Cammi,
J. W. Ochterski, R. L. Martin, K. Morokuma, O. Farkas, J. B. Foresman, and D. J.
Fox, Gaussian 16, Revision B.01, Gaussian, Inc., Wallingford, CT, 2016.

21T, H. Dunning, ]. Chem. Phys. 90, 1007 (1989).

22g, Weigend and R. Ahlrichs, Phys. Chem. Chem. Phys. 7, 3297 (2005).

235, Grimme, J. Chem. Phys. 124, 034108 (2006).

24A. Gorling and M. Levy, Phys. Rev. A 50, 196 (1994).

25Y. Zhao, B. J. Lynch, and D. G. Truhlar, J. Phys. Chem. A 108, 4786
(2004).

26G. Santra and J. M. L. Martin, AIP Conf. Proc. 2611, 020015 (2022).

27J. M. L. Martin and G. Santra, Isr. ]. Chem. 60, 787 (2020).

281 y. Zhang and X. Xu, Int. Rev. Phys. Chem. 30, 115 (2011).

2, Goerigk and S. Grimme, Wiley Interdiscip. Rev.: Comput. Mol. Sci. 4, 576
(2014).

30F, Brémond, I. Ciofini, J. C. Sancho-Garcia, and C. Adamo, Acc. Chem. Res. 49,
1503 (2016).

3IN. Mehta, M. Casanova-Péez, and L. Goerigk, Phys. Chem. Chem. Phys. 20,
23175 (2018).

COMMUNICATION scitation.org/journalljcp

52N. Mardirossian and M. Head-Gordon, J. Chem. Phys. 148, 241736 (2018).
33G. Santra, M. Cho, and J. M. L. Martin, ]. Phys. Chem. A 125, 4614 (2021).
34G. Santra, E. Semidalas, and J. M. L. Martin, J. Phys. Chem. Lett. 12,9368 (2021).
33Y. Zhang, X. Xu, and W. A. Goddard III, Proc. Natl. Acad. Sci. U. S. A. 106, 4963
(2009).

361y, Zhang and X. Xu, J. Phys. Chem. Lett. 12, 2638 (2021).

57R. C. Lochan, Y. Jung, and M. Head-Gordon, ]. Phys. Chem. A 109, 7598 (2005).
38E. Epifanovsky, A. T. B. Gilbert, X. Feng, J. Lee, Y. Mao, N. Mardirossian, P.
Pokhilko, A. F. White, M. P. Coons, A. L. Dempwolff, Z. Gan, D. Hait, P. R. Horn,
L. D. Jacobson, I. Kaliman, J. Kussmann, A. W. Lange, K. U. Lao, D. S. Levine, J.
Liu, S. C. McKenzie, A. F. Morrison, K. D. Nanda, F. Plasser, D. R. Rehn, M. L.
Vidal, Z.-Q. You, Y. Zhu, B. Alam, B. J. Albrecht, A. Aldossary, E. Alguire, J. H.
Andersen, V. Athavale, D. Barton, K. Begam, A. Behn, N. Bellonzi, Y. A. Bernard,
E.J. Berquist, H. G. A. Burton, A. Carreras, K. Carter-Fenk, R. Chakraborty, A. D.
Chien, K. D. Closser, V. Cofer-Shabica, S. Dasgupta, M. de Wergifosse, J. Deng,
M. Diedenhofen, H. Do, S. Ehlert, P.-T. Fang, S. Fatehi, Q. Feng, T. Friedhoff, J.
Gayvert, Q. Ge, G. Gidofalvi, M. Goldey, J. Gomes, C. E. Gonzélez-Espinoza, S.
Gulania, A. O. Gunina, M. W. D. Hanson-Heine, P. H. P. Harbach, A. Hauser,
M. F. Herbst, M. Herndndez Vera, M. Hodecker, Z. C. Holden, S. Houck,
X. Huang, K. Hui, B. C. Huynh, M. Ivanov, A. Jasz, H. Ji, H. Jiang, B. Kaduk,
S. Kéhler, K. Khistyaev, J. Kim, G. Kis, P. Klunzinger, Z. Koczor-Benda, J. H. Koh,
D. Kosenkov, L. Koulias, T. Kowalczyk, C. M. Krauter, K. Kue, A. Kunitsa, T. Kus,
L. Ladjanszki, A. Landau, K. V. Lawler, D. Lefrancois, S. Lehtola, R. R. Li, Y.-P.
Li, J. Liang, M. Liebenthal, H.-H. Lin, Y.-S. Lin, F. Liu, K.-Y. Liu, M. Loipers-
berger, A. Luenser, A. Manjanath, P. Manohar, E. Mansoor, S. F. Manzer, S.-P.
Mao, A. V. Marenich, T. Markovich, S. Mason, S. A. Maurer, P. F. McLaughlin,
M. F. S.]. Menger, J.-M. Mewes, S. A. Mewes, P. Morgante, ]. W. Mullinax, K. J.
Oosterbaan, G. Paran, A. C. Paul, S. K. Paul, F. Pavosevi¢, Z. Pei, S. Prager, E. L.
Proynov, A. Rék, E. Ramos-Cordoba, B. Rana, A. E. Rask, A. Rettig, R. M. Richard,
F. Rob, E. Rossomme, T. Scheele, M. Scheurer, M. Schneider, N. Sergueev, S. M.
Sharada, W. Skomorowski, D. W. Small, C. J. Stein, Y.-C. Su, E. J. Sundstrom, Z.
Tao, J. Thirman, G. J. Tornai, T. Tsuchimochi, N. M. Tubman, S. P. Veccham, O.
Vydrov, J. Wenzel, J. Witte, A. Yamada, K. Yao, S. Yeganeh, S. R. Yost, A. Zech,
L. Y. Zhang, X. Zhang, Y. Zhang, D. Zuev, A. Aspuru-Guzik, A. T. Bell, N. A.
Besley, K. B. Bravaya, B. R. Brooks, D. Casanova, J.-D. Chai, S. Coriani, C. J.
Cramer, G. Cserey, A. E. DePrince, R. A. DiStasio, A. Dreuw, B. D. Dunietz, T. R.
Furlani, W. A. Goddard, S. Hammes-Schiffer, T. Head-Gordon, W. J. Hehre, C.-P.
Hsu, T.-C. Jagau, Y. Jung, A. Klamt, J. Kong, D. S. Lambrecht, W. Liang, N. J.
Mayhall, C. W. McCurdy, J. B. Neaton, C. Ochsenfeld, J. A. Parkhill, R. Peverati,
V. A. Rassolov, Y. Shao, L. V. Slipchenko, T. Stauch, R. P. Steele, J. E. Subotnik,
A.J. W. Thom, A. Tkatchenko, D. G. Truhlar, T. Van Voorhis, T. A. Wesolowski,
K. B. Whaley, H. L. Woodcock, P. M. Zimmerman, S. Faraji, P. M. W. Gill, M.
Head-Gordon, J. M. Herbert, and A. I. Krylov, ]. Chem. Phys. 155, 084801 (2021).
3°D. Rappoport and F. Furche, J. Chem. Phys. 133, 134105 (2010).

“40C. Adamo and V. Barone, Chem. Phys. Lett. 274, 242 (1997).

“TN. Mehta and J. M. L. Martin, |. Chem. Theory Comput. 18, 5978 (2022).

“20. Vahtras, J. Almlof, and M. W. Feyereisen, Chem. Phys. Lett. 213, 514 (1993).
“3F, Weigend and M. Haser, Theor. Chem. Acc. 97, 331 (1997).

“4F, Weigend, M. Hiser, H. Patzelt, and R. Ahlrichs, Chem. Phys. Lett. 294, 143
(1998).

45B. Brauer, M. K. Kesharwani, S. Kozuch, and J. M. L. Martin, Phys. Chem. Chem.
Phys. 18, 20905 (2016).

“6D. Wu and D. G. Truhlar, J. Chem. Theory Comput. 17, 3967 (2021).

J. Chem. Phys. 158, 151103 (2023); doi: 10.1063/5.0141238
Published under an exclusive license by AIP Publishing

158, 151103-6


https://scitation.org/journal/jcp
https://doi.org/10.1039/c7cp04913g
https://doi.org/10.1039/c7cp04913g
https://doi.org/10.1021/ct900489g
https://doi.org/10.1021/ct100466k
https://doi.org/10.1021/acs.jpca.9b03157
https://doi.org/10.1063/5.0091198
https://doi.org/10.1063/5.0128996
https://doi.org/10.1039/c3cp54374a
https://doi.org/10.1063/1.4952647
https://doi.org/10.1080/00268976.2017.1333644
https://doi.org/10.1021/acs.jctc.8b00842
https://doi.org/10.1063/1.1589733
https://doi.org/10.1063/1.1844493
https://doi.org/10.1063/1.454274
https://doi.org/10.1002/qua.560520855
https://doi.org/10.1103/physreva.39.3761
https://doi.org/10.1063/1.2139668
https://doi.org/10.1063/1.2795701
https://doi.org/10.1063/1.2065267
https://doi.org/10.1063/1.2190220
https://doi.org/10.1002/qua.560230605
https://doi.org/10.1063/1.456153
https://doi.org/10.1039/b508541a
https://doi.org/10.1063/1.2148954
https://doi.org/10.1103/PhysRevA.50.196
https://doi.org/10.1021/jp049253v
https://doi.org/10.1063/5.0119281
https://doi.org/10.1002/ijch.201900114
https://doi.org/10.1080/0144235X.2010.542618
https://doi.org/10.1002/wcms.1193
https://doi.org/10.1021/acs.accounts.6b00232
https://doi.org/10.1039/c8cp03852j
https://doi.org/10.1063/1.5025226
https://doi.org/10.1021/acs.jpca.1c01294
https://doi.org/10.1021/acs.jpclett.1c02838
https://doi.org/10.1073/pnas.0901093106
https://doi.org/10.1021/acs.jpclett.1c00360
https://doi.org/10.1021/jp0514426
https://doi.org/10.1063/5.0055522
https://doi.org/10.1063/1.3484283
https://doi.org/10.1016/s0009-2614(97)00651-9
https://doi.org/10.1021/acs.jctc.2c00426
https://doi.org/10.1016/0009-2614(93)89151-7
https://doi.org/10.1007/s002140050269
https://doi.org/10.1016/s0009-2614(98)00862-8
https://doi.org/10.1039/c6cp00688d
https://doi.org/10.1039/c6cp00688d
https://doi.org/10.1021/acs.jctc.1c00162

