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We present two range-separated (screened and long-range-corrected) extensions to our recent work
on local hybrids of generalized gradient approximation exchange. Our screened local hybrid
improves over HSEO06 for thermochemistry and barrier heights. The long-range-corrected (LC) local
hybrid improves over LC-wPBE for heats of formation and nonhydrogen transfer reaction barriers
but does not reach the accuracy of LC-wPBE for hydrogen transfer barrier heights.

© 2010 American Institute of Physics. [doi:10.1063/1.3451078]

I. INTRODUCTION

Present day applied electronic structure theory is domi-
nated by the Kohn-Sham (KS) density functional theory
(DFT)."™ The crucial part which determines the accuracy of
DFT is the approximation of the exchange-correlation (XC)
functional. The simplest approximation to the XC energy
density exc(r) is the local spin density approximation
(LSDA),>® where exc(r) depends on the local density p(r).
The generalized gradient approximations (GGAs) also incor-
porate the gradient of the local density (Vp), and the meta-
GGA functionals include additional information from the
Laplacian of the local density (V2p) and/or the noninteract-
ing kinetic energy density (7), which is expressed in terms of
the occupied KS orbitals (¢),”%

=23 Vo oP. (m

i

Throughout this paper quantities such as p(r), Vp, Vp, 7,
and ¢ are assumed to be either spin-up or spin-down, but we
will suppress the spin indices for conciseness.

Global hybrid9 functionals incorporating a constant frac-
tion ¢ of nonlocal Hartree—Fock-type (HF-type) exchange,

Eh = (BN 4+ (1 - DER + EXFA
=(BR™ = B = O + EXT+ B, (2)

improve the accuracy of DFT for chemical problems signifi-
cantly and thus have become the method of choice in com-
putational quantum chemistry. In Eq. (2) EY" is the HF ex-
change energy and EQFA and EBFA are the exchange and
correlation energies obtained by a semilocal (LSDA, GGA,
or meta-GGA) density functional approximation (DFA). Ad-
mixture of a fraction of HF exchange into the XC functional
simulates some nondynamical correlation effects,’®"” and is
formally justified by adiabatic connection arguments.g’]8 No
constant fraction of HF exchange is found to be the optimum
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for all properties.'” Less HF exchange (about 10%—25%) is
desirable for thermochemistry and more HF exchange
(around 50% or even more) is favorable for barrier
heights.zo’21 Additionally, the optimum amount of HF ex-
change varies with the hybridized DFA.*

One possible solution to this problem are local hybrid
functionals,”" " which employ a position-dependent frac-
tion f(r) of HF exchange,23’32

Exe= f [A)es(r) + [1 = £(r)]eRFA(r)]dr + ERTA

= f [eQFA(r) - egF(r)][l - f(r)]d’r + EEF + EEFA.

3)
In Eq. (3) eQFA(r) is calculated by a semilocal DFA, and the
HF exchange energy density e%F(r) in the conventional
gaugenﬁ

e =13 w00 —Lt _)‘f",j" \or @

is given in terms of the occupied KS or generalized Kohn—
Sham (GKS) orbitals. Jaramillo et al.? reported the first
implementation of the local hybrid ansatz in 2003 with the
nonempirical local hybrid mixing function (LMF),

[Vp(r)|?
(r) 8p(r) ’

hybridizing B88  (Becke)™ and  Perdew—Burke—
Ernzerhof’’ (PBE) exchange. This mixing function incorpo-
rates no HF exchange in regions of constant density, includ-
ing the uniform electron gas where semilocal exchange is
exact. It admixes 100% HF exchange in one-electron re-
gions, where HF exchange is the exact XC functional. Al-
though this local hybrid showed rather poor thermochemistry
results, very promising barrier heights and dissociation be-
havior of two-center three-electron bonds were obtained.

Later, Kaupp et al > reported that parametrized
LMFs including

Tw(r)

Tw(r) = (5)

fr) =

© 2010 American Institute of Physics
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and

f(r) =erf(azs), (8)

(where «;, a,, and @3 are empirical parameters) hybridizing
LSDA exchange can provide accurate thermochemistry and
reaction barriers. The use of a density matrix similarity
metric®®?” has also shown promise for local hybrids of
LSDA and GGA exchange. Perdew and co-workers™ pro-
posed the competitive local hybrid (“hyper-GGA”) Perdew—
Staroverov-Tao-Scuseria (PSTS) for barrier heights and
thermochemistry by  hybridizing  the  meta-GGA
Tao—Perdew—Staroverov—Scuseria® (TPSS) with HF ex-
change using five empirical parameters. PSTS is an improve-
ment over TPSS for thermochemistry and barrier heights, but
inferior for thermochemistry compared to its “parent” TPSSh
(Ref. 39) (10% HF with 90% TPSS exchange) functional.

Local hybrid functionals were implemented self-
consistently within the localized HF/common energy de-
nominator approximation to optimized effective potential by
Arbuznikov er al.** in 2006. This self-consistent localized
local hybrid (LLH) method was later extended and applied in
calculations of nuclear shielding constants.*' The implemen-
tation is computationally demanding, requiring two separate
resolutions of the identity to construct the averaged local
potential entering the LLH equations. Most subsequent ther-
mochemical tests of local hybrids have been performed
non-self—consistently.21’24727’31’42 Self-consistent local hy-
brids were also implemented within the GKS scheme,29
which requires just one resolution of the identity and is com-
putationally more tractable. Arbuznikov and co-workers™!
extended the LMFs in Eq. (6) and (8) by an explicit depen-
dence on the spin polarization yielding LMFs with two em-
pirical parameters. They reported a slightly higher accuracy
for atomization energies on average thereby sacrificing accu-
racy for barrier heights, especially for hydrogen transfer re-
actions.

Recently, we proposed self-consistent local hybrids of
GGA exchange (Lhn-PBE) (Ref. 30) within the GKS
scheme. They are designed to be small perturbations to the
parent global hybrid PBEh (Ref. 43) (25% HF with 75%
PBE exchange). Improvements to atomization energies and
barrier heights showed promise for the concept of construct-
ing the LMF of nuclei-centered Gaussian-type contributions
on top of a well performing global hybrid introducing only
one adjustable parameter.

Range-separated functionals represent another pos-
sibility to overcome the limitations of global hybrids. They
separate the electron-electron interaction operator into at
least two components, short-range (SR) and long-range (LR)
parts, and treat each part differently,

44-59
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The standard error function, erf(x), and its complement,
erfc(x)=1-erf(x), are generally chosen for computational
convenience. The very accurate LR-corrected LC-wPBE
(Ref. 47) functional handles the LR exchange interaction
with the HF theory and the SR interaction with semilocal
DFT, PBE, leaving the correlation functional unseparated,

LR-HF + EEBE (10)

LC-wPBE __ -SR-PBE
=Ey +Ex

Exc
The screened Heyd-Scuseria—Ernzerhof (HSE) functional®
represents the other limiting case. It admixes 25% HF ex-
change with 75% PBE exchange to describe the SR interac-
tion whereas it employs only PBE exchange in the LR. HSE
was designed with solids in mind where LR HF exchange
becomes pathological as the band gap closes. HSE has
shown to be extremely successful in predicting band gaps
and other properties of solids.®

On the other hand, the Henderson—Izmaylov—
Scuseria—Savin®"® functional separates the electron-electron
interaction operator in three parts and introduces a middle
range (MR). It uses only PBE exchange in the SR and LR
with 60% HF exchange and 40% PBE exchange in the MR.
Screened as well as LR-corrected functionals of LSDA ex-
change were locally hybridized with the LMF in Eq. (6) in
the SR yielding @Lh-LSDA (Ref. 63) and LC-Lh-LSDA.”
The importance of SR HF exchange for core excitations was
pointed out 1recently.64 Other promising range-separated
methods have recently been reported.(’5

Functionals with a constant range-separation parameter
 have obvious limitations. Krukau et al.>® extended the con-
cept to locally range-separated (LRS) functionals with a
position-dependent w(r). The proposed LRS-wLSDA func-
tional outperforms its parent LC-wLSDA for thermochemis-
try and kinetics.

In this work, we report the introduction of range-
separation in our recent Lh3-PBE (Ref. 30) functional. We
will point out here its merits and shortcomings for thermo-
chemistry and kinetics of main group compounds. In the next
section, we review briefly the LMF of Lh3-PBE and describe
the range separation used in this paper. In Sec. III the details
about our calculations are presented. Section IV compares
the performance of our new range-separated local hybrids to
selected previously reported full-range and range-separated
local and global hybrids. Finally, our conclusions are pre-
sented in Sec. V.

Il. THEORY

The basic ideas of Lh3-PBE are as follows.

* Most properties of chemical significance are improved
by a constant admixture of HF exchange.

» Existing semilocal approximations for exchange are
generally constructed as expansions around slowly
varying densities.
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» Semilocal DFAs and global hybrids fail*> 1929067 when
density tail regions are important because they exhibit
an XC potential with wrong decay.ﬁg’69

* Examination of other existing successful LMFs (Refs.
21 and 24-27) shows that they typically include large
amounts of HF exchange near nuclei and in stretched-
bond situations.

The LMF of Lh3-PBE based upon these ideas is heuris-
tically given by Eq. (11),

f)y=¢+(1- z)erf<erf(s)2 e-mV), (11)
A
with
() = [Vo(r)|
- 2(3 7_1,2) 1/3p4/3(r)
and

2
i

() =23 Voo

where ¢ and 7 are positive parameters, |r,] is the distance of
the reference point to the nucleus A, and the sum loops over
all nuclei A. This local mixing function f(r) has very narrow
maxima around nuclei heavier than He. It decays quickly to
the base amount ¢ between nuclei for equilibrium bond dis-
tances but increases to higher values for stretched-bond situ-
ations. Asymptotically, far from the nuclei f(r) goes essen-
tially to 1.0 for triatomics and larger molecules.*® We present
LR-corrected

LC-Lh-PBE SR-PBE SR-HF
Exc = f [ex (r) —eéx (r)]

X[1 = f(r)]d°r + EY" + EZ°F (12)

and screened variants of Lh3-PBE

E}czléh—PBE — f [@;R_PBE(I') _ E)S(R_HF(I')]

X[1 = f(r)]d®r + EXX3HE 4 EYRPBE 4 EPBE

(13)

In both cases the local hybridization is done only for the SR
exchange interaction. In the limit w— %, wLh-PBE reduces
to pure PBE and LC-Lh-PBE becomes identical with HF
exchange with PBE correlation. The other limiting case
(w—0) recovers Lh3-PBE with different values of { and/or
v for both types of range-separated local hybrids.

We have performed free and constraint optimizations to
determine the values of the parameters £, vy, and w. Adjust-
able parameters are fitted within the AE6 (six atomization
energies) and BH6 (three forward and reverse hydrogen
transfer barrier heights) test sets’’ to minimize the average
mean absolute error (AMAE) which is only intended to be
used within the optimization process and not as a quality
criterion for the given density functional,

J. Chem. Phys. 132, 224106 (2010)

j wLh-PBE foljf,: 0.25 and N/L 28
LC Lh PREfor{=0.23 and y= 34
Lh3 PBE for = 0.25 and y= 30
atoms

0.2

To

¢
T
-4 -2 0 2 4 (&}
r/Bohr

+o

FIG. 1. The local mixing function for propyne along the linear C-C—-C-H
axis looks similar for all presented cases [wLh-PBE (red line), LC-Lh-PBE
(green line), and Lh3-PBE (blue line)].

MAE(AE6) + MAE(BHG6)
> .

AMAE = (14)

For the screened local hybrid we have imposed the constraint
w:wHSE%:O.l1aal.71 Additionally to free parametrizations
to the fitting test set, we also performed constrained optimi-
zations of the adjustable parameters by requiring {={pggp
=0.25 for both range-separated local hybn'ds.72 Due to the
small fitting test set with 12 reference values, we performed
calculations for all local minima in parameter space in our
larger verification test sets (see Secs. III and IV) and pick the
parameter sets with the best overall performance. The
screened local hybrid does not benefit from relaxation of ¢
whereas the LR-corrected local hybrid does. Our recom-
mended parameter values are as follows:

« wLh-PBE: {=0.25, y=28, and w=0.114;" and
* LC-Lh-PBE: {=0.23, y=34, and »=0.164;'.

Thus, our screened local hybrid contains two empirical
parameters (y and w) adding only one adjustable parameter
to HSE06.*7""3 Our LR-corrected local hybrid, on the other
hand, contains three adjustable parameters.

More details on calculations with other than our recom-
mended parameter values are discussed in Sec. IV. The
LMFs for both cases look similar to each other and to that of
Lh3-PBE, as shown in Fig. 1 for propyne as an example. The
amount of admixed HF exchange around the bond midpoint
increases with larger N-N distance, as shown in Fig. 2 for N,
where the LMFs of LC-Lh-PBE and LC-Lh-LSDA (Refs. 29
and 63) are presented at four different N-N distances. The
dependence of the MAE on the precise values of the param-
eters is rather small, as shown in Fig. 3. The optimum values
of { and o for LC-Lh-PBE are determined by both the AE6
and BH6 test sets. Note that { and w were not fitted for the
recommended parameter set of wLh-PBE. The MAE of the
BHG6 test set is virtually independent of vy within the shown
range for both LC-Lh-PBE and wLh-PBE. Thus, the opti-
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FIG. 2. Local mixing functions for N, of LC-Lh-PBE (green line) and LC-Lh-LSDA (black line) for different distances.

mum value of vy is determined by the MAE of the AE6 test
set only. The implementation of the employed self-consistent
algorithm was presented previously.29

lll. COMPUTATIONAL DETAILS

All calculations were carried out using the development
version of the GAUSSIAN electronic structure program.74 The
fully uncontracted 6-311++G(3df,3pd) basis set’'® was
employed for molecular test set calculations to obtain bench-
mark quality results. Calculations to compare absolute
atomic energies against accurate nonrelativistic reference
values’’ used the very large UGBS2P basis set,’”® which is
considered to be very close to the basis set limit. For numeri-
cal integration of the DFT XC potential, we used the Ul-
traFine grid with 99 radial shells and 590 angular points,
except those for the plots of the local mixing functions and
atomic energy calculations, where a grid of 999 radial shells
and 590 angular points was used. Test calculations for the
molecular test sets showed that a grid with more than 99
radial shells does not change the results noticeably. All pre-
sented calculations were carried out self-consistently as de-
scribed in Ref. 29.

The proposed range-separated local hybrids were tested
in combination with PBE.” The large G3/99 (223
molecules)” test set and its subsets G2/97 (148 molecules)™
and G3-3 (75 molecules)81 were used to assess the accuracy

for enthalpies of formation. B3LYP/6-31G(2df,p) geometries
and zero-point energies with a frequency scale factor of
0.9854 were used, as recommended in Ref. 82. Additionally,
we assessed the performance for reaction barrier heights us-
ing the HTBH38/04 and NHTBH38/04 test sets™** (19 for-
ward and reverse hydrogen and nonhydrogen transfer barrier
heights, respectively). The molecular geometries of the AE6,
BH6, HTBH38/04, and NHTBH38/04 test sets are evaluated
at the QCISD/MGS3 level of theory.>*

The proposed local hybrid functionals are compared
to B3LYP,'"° PBEn** TPSSh,” HSE06,”"""
LC-wPBE,47 and Lh-LSDA (¢=0.48; also referred to as
t-LMF in Refs. 24, 21, and 30),

fry=cY, (15)
T

hybridizing LSDA,>® and its range-separated variants
wLh-LSDA (¢=0.55 and w=0.1 laal) (Refs. 29 and 63) and
LC-Lh-LSDA (c=0.44 and »=0.184;").”

Calculations of open-shell species were carried out spin
unrestricted. All used geometries, zero-point energies, and
reference values are available from Refs. 30 and 78. Errors
are reported as calculated-reference.
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FIG. 3. Dependence of the MAE on the parameters for wLh-PBE (red lines) and LC-Lh-PBE (green lines).
IV. RESULTS We found the following minima in parameter space for

According to the AE6 and BHG6 test sets which were
used to fit the adjustable parameters, Lh3-PBE, LC-Lh-PBE,
and wLh-PBE have similar accuracy for atomization energies
although LC-Lh-PBE is more accurate for barrier heights, as
shown in Table I. A change of w for wLh-PBE showed only
very small effects within the fitting test set: Atomization en-
ergies worsen slightly and barrier heights improve somewhat
[Fig. 3(c)], overall yielding essentially the same AMAE. We
also tried to optimize { for wLh-PBE which yielded a lower
AMAE for wLh-PBE but somewhat worse overall perfor-
mance in larger test sets (G3/99, HTBH38/04, and
NHTBH38/04), which is a sign of overparametrization to the
fitting test set and thereby losing universal applicability.

TABLE I. Mean errors (MEs) and MAEs for the AE6 and BH6 test sets in
kcal/mol.

AE6 BH6
ME MAE ME MAE
PBEh 0.3 6.2 —4.9 49
Lh3-PBE —2.4 3.1 —2.3 2.3
wLh-PBE —2.7 3.1 —2.5 2.5
LC-Lh-PBE —2.8 32 -2.0 2.0

LC-Lh-PBE:

(a) ¢=0.23, y=34, and ©=0.16q;’,
(b) ¢=0.09, y=60, and ®=0.33a;,', and
(c) ¢=0.25, y=33, and 0=0.14q;".

We recommend to use the parameter set (a). The two
parameter sets (b) and (c) yield rather large MAE values for
the G3-3 test set. Parameter set (b) yields lower MAE values
for barrier heights (1.4 kcal/mol for HTBH38/04 and 1.7
kcal/mol for NHTBH38/04) but rather high MAE values for
heats of formation (3.4 kcal/mol for G2/97, 5.0 kcal/mol for
G3-3, and 3.9 kcal/mol for G3/99). The parameter set (c) was
reached by imposing the constraint {={(PBEh)=0.25 on
LC-Lh-PBE while adjusting y and w. Its parameter values
are close to those of our recommended set of parameters.
Both the MAEs of the AE6 and the BH6 test sets increase
slightly due to the constraint {=¢(PBEh)=0.25. The impact
on larger barrier height test sets are minor but the MAE for
the G3-3 test set is 0.5 kcal/mol higher due to this constraint
on {. Therefore, we reject the parameter sets (b) and (c) in
the following and continue to discuss only the results ob-
tained with the recommended parameter values.

The screened local hybrid wLh-PBE performs slightly
better for heats of formation (AtHeg, Ref. 90) than its
LR-corrected counterpart LC-Lh-PBE, as shown in Table II.
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TABLE II. MEs and MAEs for standard enthalpies of formation (AtHgs) of the G2/97, G3-3, and G3/99 test

sets in kcal/mol.

G2/97 G3-3 G3/99
ME MAE ME MAE ME MAE
PBEh —2.6 5.0 -9.6 10.4 —4.9 6.8
Lh3-PBE 0.5 3.0 1.2 3.7 0.8 32
wLh-PBE 0.7 3.0 1.6 3.7 1.0 33
LC-Lh-PBE 0.9 3.1 2.0 4.1 1.3 34
Lh-LSDA*" -2.5 42 —-1.2 33 —2.1 39
wLh-LSDA 1.2 43 6.2 6.6 2.9 5.0
LC-Lh-LSDA —-1.7 39 1.8 3.8 —0.5 39
HSEO06 -1.0 4.0 —53 7.0 —-2.5 5.0
LC-wPBE" —0.4 39 —2.0 52 -0.9 43
B3LYP 0.9 3.1 79 8.2 33 4.8
TPSSh —-1.9 4.4 —-1.0 35 -1.6 4.1

“Reference 91.
"Reference 92.

This is mainly due to the G3-3 subset as the MAE values for
the G2/97 subset are very similar. The MAE values for the
G2/97, G3-3, and G3/99 test sets of wLh-PBE are very simi-
lar to those of Lh3-PBE, as expected: The SR interaction is
not that short ranged with w:O.llaal. Compared to HSEOQ6,
wLh-PBE is a significant improvement for heats of forma-
tion: The MAE of wLh-PBE is 1 kcal/mol lower for the
G2/97 test set than that of HSE06 and the G3-3 test set error
is nearly halved obtaining a lower MAE in the full G3/99 test
set by 2.7 kcal/mol. The improvements over wLh-LSDA are
on a similar scale, as wLh-LSDA yields quite similar MAE
values compared to HSEQ6.

LC-Lh-PBE performs better in the G2/97 subset and
slightly worse in the G3-3 subset than LC-Lh-LSDA, yield-
ing an overall improvement for the full G3/99 test set of 0.5
kcal/mol. It improves over LC-wPBE in all three heat of
formation test sets. wLh-PBE, LC-Lh-PBE, and their full-
range complement have a very similar error distribution
within the G3/99 test set, as shown in Fig. 4. Both range-
separated local hybrids and Lh3-PBE have in common that
they show a few outliers (18 and 22 kcal/mol for wLh-PBE
and 19, 20, and 21 kcal/mol for LC-Lh-PBE and Lh3-PBE).

T T T T T T T T T T T T T T T T T T T T T T T T T T T T
error distribution for wLh PBE s
error distribution for LG-Lh-PBE s
error distribution for Lh3-PBE s

occurence

9-8-765-4-3-2-1012345¢678910111213141516171818202122
error{(kcal/mol)

FIG. 4. Error distribution (rounded down errors) within the G3/99 test set
for wLh-PBE (red bars), LC-Lh-PBE (green bars), and Lh3-PBE (blue bars).

For all three functionals, the outliers are PFs, SFg, and SiF,.
The origin of these exceptional large errors has been dis-
cussed previously.30 The bulk of the error distribution is be-
tween —5 and 6 kcal/mol.

The proposed range-separated local hybrids improve
over all considered DFAs but LC-wPBE, TPSSh, and B3LYP
for absolute atomic energies, as shown in Table III. The low-
est mean absolute error per electron (MAEPE) is obtained
with TPSSh. Interestingly, TPSSh and B3LYP are the only
DFAs considered in this study which overestimate the abso-
lute total energy of all atoms H-Ar, i.e., yield only negative
errors. Lh-LSDA underestimates all considered absolute
atomic total energies, thereby yielding only positive errors.
PBEh and HSEO6 underestimate all absolute total energies
but that of the hydrogen atom. wLh-LSDA overestimates
only the absolute total energy of the helium atom and Lh3-
PBE, wLh-PBE, LC-Lh-PBE, LC-Lh-LSDA, and LC-wPBE
underestimate the absolute total energy of all atoms but hy-
drogen and helium.

wLh-PBE performs somewhat worse for reaction barrier
heights than Lh3-PBE, LC-Lh-PBE, Lh-LSDA, wLh-LSDA,
LC-Lh-LSDA, and LC-wPBE but improves over its parent
HSEO6 and commonly employed global hybrids such as
PBEh, TPSSh, and B3LYP, as shown in Table IV. All full-

TABLE III. MEs, MAEs, and MAEPEs for absolute atomic energies for
H-Ar in mhartree.

ME MAE MAEPE
PBEh 66.2 66.3 6.3
Lh3-PBE 58.0 58.8 55
wLh-PBE 48.5 49.4 4.7
LC-Lh-PBE 45.7 46.7 44
Lh-LSDA 361.1 361.1 29.8
wLh-LSDA 317.1 317.4 25.8
LC-Lh-LSDA 356.1 356.8 29.4
HSEO06 56.2 56.3 5.4
LC-wPBE 43.8 44.6 42
TPSSh —24.7 24.7 2.6
B3LYP —29.2 29.2 33
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TABLE IV. MEs and MAEs for hydrogen transfer barrier height (HTBH38/
04) and nonhydrogen transfer barrier height (NHTBH38/04) test sets in
kcal/mol.

HTBH38/04 NHTBH38/04
ME MAE ME MAE
PBEh —4.7 4.7 —3.2 3.7
Lh3-PBE —-1.9 24 —-1.9 2.5
wLh-PBE -2.1 2.6 —24 3.0
LC-Lh-PBE —1.5 2.1 —1.1 1.8
Lh-LSDA" —2.5 2.8 -1.9 2.5
wLh-LSDA * —-1.6 22 —-1.5 2.1
LC-Lh-LSDA* -1.9 2.4 —0.8 2.1
HSE06" —4.7 4.7 —3.5 39
LC-wPBE * —0.5 1.3 1.4 2.4
TPSSh —6.4 6.4 —6.9 7.0
B3LYP —4.5 4.6 —4.6 4.7

“Reference 92.

range and range-separated local hybrids outperform any glo-
bal hybrid in Table IV. LC-Lh-PBE improves on average
over all DFAs in Table IV but LC-wPBE. It performs quite
similar to wLh-LSDA for kinetics although we would have
expected a performance more like LC-Lh-LSDA, as both
(LC-Lh-PBE and LC-Lh-LSDA) are LR-corrected versions
of well performing local hybrids. LC-Lh-PBE has a more
uniform performance for barrier heights than LC-wPBE,
thereby improving over LC-wPBE for nonhydrogen transfer
barrier heights but sacrificing some accuracy for hydrogen
transfer barrier heights.

V. CONCLUSIONS

We have extended our recent local hybrid Lh3-PBE (per-
turbation to PBEh)™ with range-separation yielding a
screened (wLh-PBE) and a LR-corrected (LC-Lh-PBE) vari-
ant of Lh3-PBE. These range-separated local hybrids are best
seen as a perturbation to Lh3-PBE because the employed
values of the range-separation parameter w are rather small.
Also our recommended parameter sets vary only slightly
from that of Lh3-PBE. wLh-PBE has two empirical param-
eters and LC-Lh-PBE has three of them.

wLh-PBE retains the performance of Lh3-PBE for heats
of formation but sacrifices some accuracy for reaction barri-
ers. The advantage of wLh-PBE over Lh3-PBE is that it can
be used efficiently for extended systems because we adopted
the screening parameter from HSEOQG6. It is encouraging that
wLh-PBE improves over HSE06 for thermochemistry and
reaction barriers.

LC-Lh-PBE improves over Lh3-PBE noticeably for bar-
rier height calculations, thereby performing slightly less well
than Lh3-PBE for heats of formation. It improves over
LC-wPBE for heats of formation and nonhydrogen transfer
barrier heights but does not reach the accuracy of LC-wPBE
for hydrogen transfer reaction barriers.
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