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ABSTRACT: To better understand the thermochemical kinetics and BH9 mean abs. dev. (kcal/mol)

mechanism of a specific chemical reaction, an accurate estimation of 4o ® Barrier heights
barrier heights (forward and reverse) and reaction energies is vital. s.00
Because of the large size of reactants and transition state structures 400
involved in real-life mechanistic studies (e.g, enzymatically catalyzed >%

2.00
reactions), density functional theory remains the workhorse for such |4 i I I . I i ' ' . .
calculations. In this paper, we have assessed the performance of 91 density .00 1 1

B Reaction energies

functionals for modeling the reaction energies and barrier heights on a \,\,4@4- i & L LD DD
large and chemically diverse data set (BH9) composed of 449 organic A &q« QQ;’\'\ o b e\fg’*‘z' & QQ,Q«QQ%bi%b'Q%b'
chemistry reactions. We have shown that range-separated hybrid s ovég\"}fz g‘é" &
functionals perform better than the global hybrids for BH9 barrier & $ .‘o"ooo'\%ook’°
heights and reaction energies. Except for the PBE-based range-separated P

nonempirical double hybrids, range separation of the exchange term helps

improve the performance for barrier heights and reaction energies. The 16-parameter Berkeley double hybrid, ®B97M(2), performs
remarkably well for both properties. However, our minimally empirical range-separated double hybrid functionals offer marginally
better accuracy than @B97M(2) for BH9 barrier heights and reaction energies.

1. INTRODUCTION and butter” alternative for calculations involving large organic
molecules and enzymes.

Depending on the kinds of information employed in the
exchange-correlation (XC) functional, Perdew'® organized DFT
methods into what he called a “Jacob’s Ladder”. On each rung of
that ladder, dependence on a new type of information is
introduced in the XC functional: the density itself on rung 1
(LDA), the reduced density gradient on rung 2 (GGAs), higher
density derivatives or the kinetic energy density on rung 3
(meta-GGAs), occupied orbitals on rung 4, and unoccupied
orbitals on rung 5. So-called hybrid and double-hybrid
functionals belong to rungs 4 and S, respectively. In the long-
distance limit, the exchange potential of global hybrids deviates
from its correct —1/r;, form (r;, being the interelectronic
distance).11 Hence, to restore this behavior, the Coulomb
operator is partitioned into a short-range (SR) component to be
treated by a (meta) GGA, and a long-range (LR) component to

Accurate predictions of kinetic and thermochemical properties
are crucial for understanding the mechanisms of different
chemical reactions involving main group elements, transition
metals, and enzymes."” By definition, the reaction energy (RE)
is the energy difference between the product(s) and reactant(s)
in their equilibrium state, which has a direct influence on the
equilibrium constant of a reaction. On the other hand, barrier
heights (BH) are the energy differences between the product(s)
or reactant(s) with the transition state (TS). The forward and
reverse BHs are the determining components of the reversibility
of a reaction.

Traditionally, 1 kcal/mol is considered “chemical accuracy”
for bond dissociation energies, heats of reaction, activation
barriers, etc. However, a change of approximately 1.4 kcal/mol
in free energy at room temperature results in a difference of an
order of magnitude for equilibrium constants and reaction rate.”
Hence, one might choose 1.4 kcal/mol as a “chemical accuracy”
criterion for BHs and REs. Highly accurate composite wave
function ab initio methods (for reviews, see refs 3—8) can readily
achieve this accuracy, but (at least for canonical approaches)
their steep computational cost scaling with system size precludes
their application to large molecules. As a result, Kohn—Sham
density functional theory (KS-DFT”) is often seen as the “bread
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be treated by exact exchange, and one “crossfades” from SR to
LR using an error function of rj,. According to Handy and co-
workers, ' the equation has the form:

i — l-[a+perf(wr,)] /1, + a+perf(wr,) /1,
SR=Short-Range LR=Long-Range

Iy

where the range separation parameter (@) can either be
determined empirically using a training set''™'® or by
minimizing the deviation from the conditions the exact KS
functional must obey.'”'® The parameter a represents the
percentage of HF exchange in the short-range limit, and a+f is
the corresponding percentage in the long-range limit.

Over the years, several empirical and nonempirical range-
separated hybrid (RSH) functionals followin% the above scheme
have been proposed such as LC-wPBE,”” MI11,"> CAM-
B3LYP,"' wB97X-V,* a)B97/1\/I—V,21 and many more. Climbing
up one step on the ladder, Angyan and co-workers** and the
Head-Gordon group™ suggested adding a range-separated
GLPT2 (second-order Gérling—Levy perturbation theory”)
correction term upon the RSH scheme for accurate long-range
correlation energies. However, for their combinatorially
optimized, range-separated double hybrid, @B97M(2),”
Mardirossian and Head-Gordon instead obtained orbitals
from an RSH calculation and then evaluated the GLPT2
correlation in the basis of these orbitals. (wB97M(2) uses same
full semilocal correlation in the orbital generation step as does
XYG3*® and the xDSD functionals considered below. For
detailed discussion on DH vs xDH, and on MP2 vs GLPT2
correlation, see refs 27 and 28, respectively.) Goerigk and co-
workers” ™' and Mester and Kallay®>~>° also proposed and
benchmarked several range-separated double hybrid (RSDH)
functionals, mainly for the electronic excitation energies. For our
range-separated dispersion-corrected spin component scaled
double hybrids (wDSD),*® we used KS orbitals from a standard
global hybrid with full semilocal correlation to evaluate the PT2
energies. Adamo et al.”’ combined their ‘nonempirical’
quadratic integrated double hybrid (QIDH)*® model with
Savin’s®® RSX (range-separated exchange) scheme to propose
RSX-QIDH. The range-separation parameter for the RSX-
double hybrids was fitted to the exact total ground-state energy
of the hydrogen atom. Following the idea of the RSH+MP2"™
method, Kalai and Toulouse*’ proposed a general scheme for
RSDHs, where they recommended using range-separation for
both exchange and PT2 correlation terms. Recently, Prokopiou
et al.*' have developed an optimally tuned RSDH functional by
substituting the degeneracy-corrected perturbation theory
(DCPT2*) for GLPT2. (We note in passing that the analytical
first* and second™ derivatives for DHs are available in the
literature, not just in the gas phase but also in continuum
solvents.”> This is of interest not merely for computational
spectroscopy, see refs 46 and 47 and references therein, but also
will greatly facilitate locating accurate transition state
structures.)

Several benchmark studies have shown excellent performance
of range-separated hybrid and double hybrid functionals for
calculating the barrier heights and reaction energies involving
small- and medium-size organic molecules,****~* transition
metals,****™*” and enzymatically catalyzed reactions.”®*’
However, most barrier height and reaction energy data sets
available in the literature either focus on only one specific type of
reaction, or involve reactant and product molecules that are not
large enough to represent the systems typically encountered in
mechanistic studies.”**°~%® Hence, assessing quantum chemical
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methods on kinetic and thermochemical properties based on
such databases is prone to bias. Aiming to solve this issue,
DiLabio and co-workers*”’” have recently proposed a large and
sufficiently diverse benchmark set, BH9, composed of 449
reaction energies and 898 barrier heights (including forward and
reverse). Their data set contains nine types of reactions: (i)
radical rearrangement, (ii) Diels—Alder, (iii) halogen atom
transfer, (iv) hydrogen atom transfer, (v) hydride transfer, (vi)
B- and Si-containing reactions, (vii) proton transfer, (viii)
nucleophilic substitution, and (ix) nucleophilic addition. The
reference energies were computed at the DLPNO—-CCSD-
(T)”""7® (domain-based local pair natural orbital coupled-
cluster singles and doubles plus quasiperturbative triples) level
of theory at the complete basis set limit.

In ref 70, the authors assessed the performance of 25
functionals on the first four rungs of the Jacob’s Ladder. Other
than that, a benchmark study of 18 double hybrid functionals
using a reduced version (15 reactions were removed) of BH9 has
recently been published by Brémond et al.”® Interestingly, for
both BH and RE, a lower-rung RSH functional, ®B97M-V,
outperformed the best performing double hybrids recommen-
ded in ref 76. On top of that, the authors of ref 76 considered
only a handful of RSDHs, which did not perform well in previous
benchmark studies.>***>" Hence, the main objective of the
present study is to assess the performance of a variety of range-
separated hybrid and double hybrid functionals on BH9 to verify
whether range separation is superior to the global variants
throughout. Alongside, we shall explore the effect of systemati-
cally increasing the fraction of HF exchange on the performance
of global hybrid functionals.

2. COMPUTATIONAL DETAILS

All electronic structure calculations have been performed with
ORCA 5.0.3”” and QChem 5.4.2”% running on the Faculty of
Chemistry HPC facility. Except for the nucleophilic substitution
reactions (i.e., Subset VIII), the Weigend—Ahlrichs family def2-
QZVPP”” basis set has been used throughout. As the reactions of
subset VIII contain anions other than hydrides, we have used the
minimally augmented diffuse basis set, ma-def2-QZVPP,*
instead. Appropriate RI®' basis sets are also employed for the
correlation energies. For the ORCA calculations, DEFGRID3
and the RIJCOSX (resolution of the identity in combination
with the chain of spheres®” algorithm) approximations have
been used. A pruned integration grid, SG-3,” is utilized for the
QChem calculations. We have considered 91 functionals for the
present study ranging from pure GGA (or meta GGA) to range-
separated double hybrids. Depending on the exchange and
correlation combination used for constructing the functionals,
we have divided these 91 functionals into four categories: B97-
family, PBE,-PBE -based, B88-LYP-based, and PBE-P86-based.
For the B97—V family functionals, the nonlocal VV10 correction
was added in the post-SCF form.

The performance of these functionals is evaluated using the
mean absolute deviation (MAD) calculated with respect to the
DLPNO—-CCSD(T)/CBS reference BHs and REs extracted
from ref 70. See Tables S2—SS in the Supporting Information for
the corresponding root—mean—square deviations (RMSD),
mean signed deviations (MSD). The parameters for @DSD,
@wDOD, and their dispersion-free variants can be found in Table
S1 of the Supporting Information.
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Table 1. Mean Absolute Deviations of 91 Density Functionals for Full BH9 Barrier Height Set and Its Nine Subsets”

Family Functionals w MAD (kcal/mol)
i I i v v Vi Vil il X | Total
BI7M-VES 241 477 7.50 618 1018 275 138 359 282 | 518
B97-D3BJE6A7 554 1117 1094 978 1436 617 349 775 631 | 961
B9786 477 1115 627 457 524 660 336 292 534 | 699
B97-1% 247 466 415 373 343 242 205 | 134 258 | 358
BMK-D3BJE789.50 174 215 2.59 437 316 304 | 084 144 155 | 267
B97 based | BMK® 146 312 1.95 194 484 231 156 409 144 | 259
wBO7X-D 020 | 0.89 166 153 304 175 181 | 070 204 | 091 | 181
wWBO7XV20 030 | 134 353 1.09 205 327 186 | 069 228 144 | 239
wB9ITM-V2! 030 | 070 127 1.21 198 309 154 | 055 138 | 084 | 1.50
WBO7X 2-D3BJE 52 030 | 196  3.97 1.80 254 448 136 136 148 167 | 2.83
wBO7X-2% 030 | 196 3.9 1.80 253 447 136 136 148 167 | 2.83
wBITM(2)% 030 | 079 1.4 1.72 234 112 107 058 084 076 | 1.32
PBE-D3BJE7.%394 522 1001 1274 1202 1620 642 611  7.80 636 | 10.09
PBES2%4 452  8.00 9.80 850 9.87 380 548 435 517 | 7.41
PBE20 192 364 4.03 421 407 211 326 163 243 | 338
LRC-wPBEh?2 020 | 155 2.62 233 237 451 225 231 490 111 | 2.56
PBEO-2-D3BJ%5%% 368 381 2.19 257 683 230 167 | 102 185 | 330
PBE0-2% 371 3.34 267 205 513 211 146 159 157 | 293
SOS0-PBEO-2-D3BJ5397 435 222 414 18 197 160 054 183 = 109 | 238
SOS0-PBEQ-27 464  2.60 5.63 282 18 290 = 084 383 111 | 3.03
PBEO-DH-D3B)%% 200 297 176 383 48 252 191 | 073 232 | 293
EBEX(;PBEC PBEQ-DH 154 195 1.43 190 1.84 134 155 288 125 | 177
ase SOS0-PBEO-DH-D3BI5397 167 239 119 295 338 216 131 103 188 | 229
SOS0-PBEQ-DHY 141 246 2.06 18 284 177 113 370 | 1.02 | 2.09
PBE-QIDH-D3BJ3%:% 206  2.89 1.29 232 463 179 149 115 18 | 246
PBE-QIDH?® 206 241 177 163 251 153 126 220 147 | 201
SOS1-PBE-QIDH-D3BJ9%/100 239 2.4 2.28 139 130 124 = 059 206 131 | 188
SOS1-PBE-QIDH® 262 2.9 3.95 211 266 237 | 066 401 116 | 265
RSX-QIDH-D3BJ3751,52 027 | 337 540 362 134 157 247 176 371 341 | 334
RSX-QIDH?3752 027 | 337 535 3.81 129 184 253 170 393 307 | 337
RSX-ODH-D3BJSL52 033 | 379 741 5.16 125 639 309 180 641 391 | 478
RSX-ODH5? 033 | 378  7.42 535 133 684 318 174 663 391 | 487
BLYP-D3BJE7,%0.101,102 599 | 1172 1318 1037 | 1423 622 352 951 663 | 1023
BLYP10L102 520 1160 823 515 537 655 336 368 540 | 7.52
B3LYP-D3BJ87.20103,104 309 611 7.08 604 771 379 158 453 370 | 554
B3Lyp103,104 294 747 3.69 311 374 498 157 191 365 | 467
BH&HLYP-D3BJ87.90.105 121 321 2.00 191 412 276 206 219 137 | 251
BH&HLYP1S 188  6.14 5.38 525 | 1148 579 303 562 284 | 563
sealyp | CAM-B3LYP-DIBIS® | 033 | 108 2.6 2.26 300 133 1.8 133 167 | 097 | 1.98
oond CAM-B3LYPL 033 | 131 39 2.02 223 622 384 114 344 18 | 3.14
B2PLYP-D3BJE7,106 165 573 4.96 448 808 | 205 | 128 332 300 | 456
B2PLYP10S 157 501 2.83 229 367 252 118 140 234 | 321
B2GP-PLYP-D3BJE7107 128 442 2.43 288 620 103 086 181 207 | 3.19
B2GP-PLYP10? 140 356 1.30 167 303 187 074 100 159 | 229
wB2PLYP-D3BJ251 030 | 168 223 1.04 190 126 148 169 178 144 | 177
wB2PLYP 030 | 168 223 1.10 18 143 153 165 183 144 | 178
wB2GP-PLYP-D3BJ2951 027 | 212 194 1.40 167 105 143 146 142 135 | 167
wB2GP-PLYP? 027 | 212 194 1.40 167 104 143 146 143 135 | 1.67
DSD-PBEP86-D3BJ1% 228 3.70 1.65 297 727 147 127 166 198 | 314
revDSD-PBEP86-D3BJ1%9 253 229 127 206 532 092 067 096 146 | 2.22
revDOD-PBEP86-D3BJ1° 261 161 127 190 464 081 056 080 124 | 189
noDispSD-PBEP8610° 235 498 1.85 305 792 178 18 143 237 | 370
xDSD;s-PBEP86-D3BJ 214 231 118 202 570 091 059 08 130 | 2.19
PBE-PSG | XDOD;s-PBEPS6-D3BI 229 130 1.15 18 481 | 076 045 068 100 | 173
based xnoDispSD;s-PBEPS6S 199 442 1.84 290 795 156 146 133 203 | 341
wDSD,-PBEPS6-D3B) 030 | 0585 086 1.54 257 125 102 142 146 | 088 | 135
®wDOD;-PBEP86-D3B) 030 | 0.84 093 144 243 107 101 129 145 078 | 1.31
wnoDispSDs-PBEPSE 030 | 163 492 455 553 641 201 411 209 258 | 432
wDSDao-PBEP86-D3B) 030 | 1.08 095 116 229 214 | 086 116 117 | 079 | 136
wDOD4-PBEP86-D3B) 030 | 119 115 0.94 193 120 080 084 118 063 | 1.23
wnoDispSDao-PBEPS6 030 | 124 371 2.93 410 573 171 296 161  1.88 | 3.29
wDSDso-PBEP86-D3B) 030 | 145 101 0.94 202 249 | 079 098 108 | 072 | 136

5494 https://doi.org/10.1021/acs.jpca.2c03922
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Table 1. continued

Family Functionals w MAD (keal/mol)
| Il 11} v Vv \' Vil Vil IX Total
wDODso-PBEP86-D3BJ 0.30 1.66 1.29 0.97 1.63 1.26 0.72 0.60 1.10 0.57 1.26
wnoDispSDso-PBEP86 0.30 1.37 3.13 1.96 3.35 5.35 1.65 2.38 1.39 1.51 2.80
wDSDgo-PBEP86-D3BJ3® 0.22 1.46 1.32 0.99 2.14 3.60 0.79 0.83 0.85 0.94 1.59
wDODgo-PBEP86-D3BJ*¢ 0.22 | 1.61 0.80 0.83 1.80 2.57 0.61 0.57 0.78 0.69 1.23
wnoDispSDeo-PBEP863® 0.22 1.36 4.13 2.37 3.59 6.79 1.69 2.24 1.28 1.97 3.35
wDSDgo-PBEP86-D3BJ 0.30 | 2.04 1.11 1.14 1.73 2.76 0.89 0.77 1.04 0.64 1.43
wDODgo-PBEP86-D3BJ 0.30 | 231 1.41 1.38 1.54 1.66 0.86 0.52 1.11 0.60 1.43
wnoDispSDeo-PBEP86 0.30 1.92 2.92 1.43 2.76 5.47 1.69 1.88 1.25 131 2.61
wDSDes-PBEP86-D3BJ3¢ 0.10 1.62 1.99 1.25 2.23 5.04 0.76 0.67 0.92 131 2.01
wDODgs-PBEP86-D3BJ3¢ 0.10 1.72 1.25 1.02 1.96 4.26 0.63 0.53 0.73 1.06 1.61
wnoDispSDgy-PBEP863¢ 0.10 1.48 4.61 2.48 3.47 7.82 1.57 1.86 1.47 2.22 3.60
wDSDes-PBEP86-D3BJ3¢ 0.16 1.83 1.83 1.06 2.09 4.64 0.86 0.70 0.74 1.10 1.89
PBE-P86 wDODgs-PBEP86-D3BJ3® 0.16 1.99 0.85 0.98 1.73 3.39 0.65 0.48 0.61 0.75 1.36
based wnoDispSDgy-PBEP863¢ 0.16 1.69 4.10 1.85 3.13 7.06 1.62 1.78 1.11 1.89 3.24
wDSDgo-PBEP86-D3B)J 0.20 | 2.04 1.52 1.05 1.90 4.14 0.92 0.68 0.72 0.89 1.73
wDODgs-PBEP86-D3B)J 0.20 | 2.26 0.87 1.21 1.65 2.97 0.73 0.46 0.73 0.62 1.37
wnoDispSDgs-PBEP86 0.20 1.93 3.66 1.56 2.87 6.55 1.67 1.70 1.02 1.64 2.98
wDSDego-PBEP86-D3BJ 0.25 2.39 1.21 1.35 1.74 3.52 1.00 0.63 0.86 0.69 1.60
wDODgs-PBEP86-D3B)J 0.25 2.66 1.26 1.72 1.58 2.27 0.95 0.47 1.00 0.60 1.52
wnoDispSDgg-PBEP86 0.25 2.27 2.89 1.36 2.40 5.57 1.66 1.49 1.05 1.23 2.54
wDSDgo-PBEP86-D3B)J 0.30 | 2.76 131 1.73 1.72 3.32 1.16 0.64 1.09 0.64 1.70
wDODgo-PBEP86-D3BJ 0.30 3.10 1.63 2.22 1.57 1.83 1.19 0.48 1.30 0.69 1.72
wnoDispSDeo-PBEP86 0.30 2.67 2.54 1.52 2.19 5.18 1.71 1.35 1.19 1.02 2.41
wDSD,-PBEP86-D3BJ3¢ 0.08 1.87 2.09 1.18 2.11 5.26 0.81 0.63 0.87 1.28 2.06
wDOD-,-PBEP86-D3BJ3¢ 0.08 1.99 1.19 1.00 1.84 4.33 0.65 0.48 0.64 0.99 1.59
wnoDispSD7,-PBEP863¢ 0.08 1.72 4.52 2.13 3.23 7.88 1.58 1.68 1.39 2.13 3.51
wDSD-,-PBEP86-D3BJ3¢ 0.13 1.99 1.95 1.08 2.03 491 0.89 0.64 0.71 1.12 1.96
wDOD-,-PBEP86-D3BJ3¢ 0.13 2.17 0.93 1.08 1.74 3.80 0.71 0.45 0.57 0.80 1.46
wnoDispSD7,-PBEP86%° 0.13 1.86 4.12 1.77 2.97 7.24 1.61 1.61 1.12 1.89 3.23

“Range separation parameters (@) are also included in a separate column. The nine reaction types of BH9 are radical rearrangement (I), Diels—
Alder (II), halogen atom transfer (III), hydrogen atom transfer (IV), hydride transfer (V), boron- and silicon-containing reactions (VI), proton
transfer (VII), nucleophilic substitution (VIII), and nucleophilic addition (IX).

3. RESULTS AND DISCUSSION

3.1. Barrier Heights. Table 1 gathers the performance of 91
density functional approximations on the BH9 barrier heights.
In general, the range-separated hybrids clearly outperform their
global counterparts for B97, PBE_-PBE,, and B88-LYP-based
functionals.

Among the B97-family functionals, the BMK-D3BJ global
hybrid outperforms the pure meta-GGA functionals B97, B97-
D3BJ, and B97M-V for all nine subsets. Except for hydride
transfer and nucleophilic substitution reactions, BMK is a better
pick than B97—1 for the remaining subsets. With MAD = 1.50
and 1.81 kcal/mol, the range-separated hybrids, @B97X-D and
®wB97M-V, perform remarkably well. They even outperform the
older range-separated double hybrid ®B97X-2 (2.83 kcal/mol),
while the top performer among all B97-family functionals is
Mardirossian and Head-Gordon’s combinatorially optimized
range-separated double hybrid @B97M(2), with an MAD of just
1.32 kcal/mol.

Let us compare the performance of ®B97M(2) and ®B97M-
V for each of the nine reaction types in BH9. For the Diels—
Alder, hydride transfer, B- and Si-containing reactions,
nucleophilic substitution, and nucleophilic additions,
®B97M(2) is the best pick. In contrast, for the remaining four
subsets, ¥B97M-V wins the race.

If we consider the PBE,-PBE_-based functionals, except for
hydride transfer, B- and Si-containing reactions, and nucleo-
philic substitutions, LRC-wPBEh outperforms its global hybrid
counterpart (PBE20) for the remaining barrier heights of BH9.
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Brémond et al.”® reported the nonempirical double hybrid,
PBEO-DH, as their best pick for the reduced BH9 barrier heights.
Similarly, among the global double hybrid functionals of this
family, PBEO-DH offers the lowest MAD (1.77 kcal/mol) when
all of BHY is considered (898 entries). Adding a D3B]J correction
to any of PBEO-DH, PBE-QIDH, or PBE0-2 does more harm
than good: detailed inspection of the performance statistics
reveals that the dispersion corrections overstabilize the
transition state relative to reactant and product, leading to
systematic underestimation of barrier heights. It has already
been pointed out repeatedly (see refs 48 and 84 and references
therein) that if adding dispersion correction adversely affects the
performance of a density functional method; it is most likely that
the dispersion uncorrected form benefits from error compensa-
tion. Hence, although dispersion corrected functional does not
offer better accuracy, it paints a “truer picture” of the functional
suitability. Nucleophilic substitutions are the only types of
reactions where all three dispersion-corrected functionals
perform better than the uncorrected counterparts. That being
said, for the opposite spin scaled variants of PBEO-DH and PBE-
QIDH (i.e,, SOSO-PBE-DH and SOS1-PBE-QIDH), disper-
sion-corrected forms perform better than the respective
uncorrected forms. Now, going forward, similar to refs 30, 31,
and 51, here too the PBE,-PBE-based range-separated double
hybrids are worse performers than the global double hybrids
(see Table 1). Closer scrutiny of each subset reveals that range
separation of the exchange term is only beneficial for the
hydrogen atom transfer and hydride transfer reactions when the
QIDH model is considered. On the other hand, hydrogen atom
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Table 2. Mean Absolute Deviations of 91 Density Functionals for Full BH9 Reaction Energy Set and Its Nine Subsets”

Family Functionals w MAD (keal/mol)
1 1l 11 v Vv \'l VIl VIl IX Total
B97M-V®> 1.71 5.12 3.82 2.31 2.72 1.65 1.94 1.64 2.45 3.23
B97-D3BJE6S7 4.30 11.21 5.13 2.55 2.47 2.16 2.83 2.19 3.49 5.69
B97%¢ 7.18 19.98 6.19 2.87 2.19 10.74 2.83 2.63 9.80 9.92
B97-188 2.44 8.09 3.79 2.08 2.03 3.64 1.68 1.43 2.89 4.29
BMK-D3BJ37:89,%0 2.55 3.10 1.67 1.63 2.26 4.49 1.41 1.16 2.29 2.49
B97 based | BMK?® 1.62 3.44 2.17 1.75 2.64 1.99 1.48 1.20 1.75 2.38
wB97X-D%* 0.20 1.24 1.76 2.31 1.61 0.93 2.50 1.20 1.19 1.28 1.65
wB97X-v° 0.30 2.41 3.83 1.32 1.75 0.81 3.04 0.96 1.13 2.16 2.43
wB97M-V2* 0.30 1.04 1.46 1.50 1.21 1.34 1.98 0.73 1.11 1.23 1.36
wB97X-2-D3BJ%7:92 0.30 2.56 0.91 2.10 191 0.61 1.32 0.52 0.78 0.95 1.39
wB97X-2%2 0.30 2.56 0.91 2.10 1.91 0.61 1.32 0.52 0.78 0.95 1.39
wB9I7M(2)%° 0.30 1.18 1.50 0.82 1.19 0.46 1.50 0.43 0.68 1.23 1.17
PBE-D3BJ87:93:%4 1.89 5.35 5.63 2.91 2.81 1.39 2.87 2.74 3.61 3.73
PBE®3:94 2.68 8.89 6.03 3.02 2.64 4.41 2.85 2.57 2.99 5.15
PBE20 2.05 4.76 3.85 2.10 1.49 3.02 1.84 1.61 191 3.07
LRC-wPBEh*? 0.20 2.89 3.21 2,91 1.88 1.14 241 1.27 1.19 1.52 2.42
PBE0-2-D3BJ%%¢ 5.45 4.79 2.76 2.75 0.60 2.77 0.66 0.65 3.51 3.40
PBEOQ-2% 5.35 4.10 2.77 2.73 0.62 2.11 0.65 0.52 2.95 3.09
SOS0-PBE0-2-D3BJ%3°7 431 3.58 2.65 2.45 0.55 1.84 0.52 0.54 2.07 2.67
SOS0-PBE0-2%7 4.03 1.88 2.73 2.47 0.65 1.24 0.50 0.59 0.79 2.00
PBEO-DH-D3BJ%%:%8 3.91 4.98 1.79 1.42 1.16 3.29 0.95 1.22 4.42 3.11
E:E:(;PBEC PBEO-DH®® 2.96 3.07 2.18 1.45 1.28 1.24 0.96 0.95 2.22 2.17
SOS0-PBEO-DH-D3BJ%3%7 3.26 4.13 1.76 1.34 1.19 3.15 0.91 1.21 3.59 2.70
SOS0-PBEQ-DH?? 2.50 2.80 2.15 1.39 1.36 1.60 0.91 0.97 1.53 2.02
PBE-QIDH-D3BJ38%° 3.78 4.71 1.41 1.77 0.84 2.33 0.67 0.71 3.54 2.87
PBE-QIDH3# 3.66 3.83 1.44 1.75 0.90 1.47 0.67 0.64 2.82 2.47
SOS1-PBE-QIDH-D3BJ%%100 3.04 3.91 1.29 1.59 0.86 2.07 0.57 0.75 2.54 2.41
SOS1-PBE-QIDH!® 2.77 2.44 1.42 1.62 1.00 1.19 0.56 0.74 1.18 1.81
RSX-QIDH-D3BJ37,5%,52 0.27 6.11 10.04 1.33 1.58 131 3.50 0.61 1.21 6.19 5.03
RSX-QIDH37/52 0.27 6.08 9.92 1.32 1.57 131 3.32 0.61 1.19 6.09 4.97
RSX-0DH-D3BJ5%%2 0.33 7.55 12.18 1.57 1.14 1.88 3.96 0.80 1.65 7.06 5.95
RSX-0DH>? 0.33 7.52 12.06 1.57 1.14 1.89 3.78 0.80 1.65 6.96 5.89
BLYP-D3B87,20,101,102 5.55 13.30 5.21 2.74 2.34 2.50 2.67 2.61 4.15 6.59
BLYp101,102 7.85 20.68 6.08 2.96 2.34 10.28 2.67 2.54 9.76 10.19
B3LYP-D3BJ&7,90,103,104 3.33 8.18 3.11 1.83 2.11 1.61 1.69 1.80 2.61 4.14
B3LYp103104 5.15 14.27 3.85 2.06 2.34 7.66 1.68 1.59 7.11 7.10
BH&HLYP-D3BJ&7,20:105 1.69 3.37 1.74 1.55 3.39 2.39 0.80 1.88 1.37 2.37
BH&HLYP0® 2.89 7.79 2.24 1.77 3.73 4.92 0.81 1.88 4.35 4.37
CAM-B3LYP-D3BJ%87:%0 0.33 1.59 3.54 2.04 1.28 1.98 1.75 0.95 1.83 1.61 2.22
Egsge:(I;YP CAM-B3LYP!? 0.33 2.36 6.72 2.41 1.42 2.24 4.50 0.93 1.47 3.56 3.70
B2PLYP-D3BJ87/106 1.96 5.06 1.58 1.37 141 0.98 1.05 1.02 1.78 2.58
B2PLYP10® 2.69 7.99 1.95 1.44 1.54 3.83 1.04 1.07 3.76 3.97
B2GP-PLYP-D3BJ87:107 1.87 2.95 1.39 1.58 1.33 0.83 0.65 0.80 1.24 1.87
B2GP-PLYP07 2.06 5.01 1.52 1.63 141 2.48 0.65 0.78 2.24 2.75
wB2PLYP-D3BJ?>>1 0.30 2.14 3.33 1.05 1.08 1.74 1.98 0.47 1.28 2.66 2.11
wB2PLYP? 0.30 2.13 3.27 1.05 1.08 1.74 1.87 0.47 1.26 2.60 2.08
wB2GP-PLYP-D3BJ?%5! 0.27 2.64 3.23 1.32 1.38 1.62 1.80 0.49 1.08 2.62 2.18
wB2GP-PLYP? 0.27 2.64 3.23 1.32 1.38 1.62 1.79 0.49 1.08 2.62 2.18
DSD-PBEP86-D3BJ1%® 2.94 1.09 2.07 2.10 0.62 1.51 0.68 0.83 1.59 1.58
revDSD-PBEP86-D3BJ1*° 2.59 1.05 2.14 2.04 0.60 0.86 0.68 0.66 0.87 1.43
revDOD-PBEP86-D3BJ!%° 2.48 0.93 2.10 2.00 0.61 0.83 0.66 0.65 0.90 1.37
noDispSD-PBEP861%° 3.28 1.61 2.43 2.55 0.76 1.08 0.75 0.95 1.15 1.87
xDSD7s-PBEP86-D3BJ3® 2.19 0.90 1.85 1.84 0.59 0.86 0.52 0.53 0.79 1.26
xDOD75-PBEP86-D3BJ® 2.09 0.70 1.85 1.80 0.59 0.82 0.55 0.52 0.77 1.17
E:se_zge xnoDispSDs-PBEP863¢ 2.65 1.32 2.08 2.28 0.79 0.97 0.58 0.74 1.02 1.60
wDSD,o-PBEP86-D3BJ 0.30 0.97 1.14 1.57 1.36 1.16 1.26 1.10 1.63 0.87 1.22
wDOD,0-PBEP86-D3BJ 0.30 0.92 1.17 1.55 1.30 1.23 1.28 1.10 1.60 0.87 1.22
wnoDispSD,o-PBEP86 0.30 1.85 1.90 2.25 2.17 1.82 1.46 1.42 1.83 1.58 191
wDSD4o-PBEP86-D3BJ 0.30 1.38 1.36 1.19 1.26 0.96 1.26 0.85 1.23 0.84 1.23
wDOD4,-PBEP86-D3B)J 0.30 1.31 1.53 1.15 1.18 1.04 1.24 0.89 1.19 0.82 1.26
wnoDispSD40-PBEP86 0.30 2.12 1.69 1.64 1.89 1.33 1.24 1.02 1.31 1.35 1.65
wDSDso-PBEP86-D3BJ 0.30 1.79 1.53 1.16 131 0.86 1.29 0.70 0.99 0.89 1.32
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Table 2. continued

Family Functionals w MAD (kcal/mol)
I ] ]} v \") Vi Vil Vil IX Total
wDODs,-PBEP86-D3BJ 0.30 1.66 1.71 1.12 1.21 0.93 1.21 0.83 0.99 0.84 1.34
wnoDispSDso-PBEP86 0.30 2.46 1.66 1.52 1.92 1.11 1.24 0.81 1.05 1.28 1.64
wDSDgo-PBEP86-D3BJ3® 0.22 1.67 1.06 1.23 1.33 0.70 1.07 0.68 0.79 0.77 1.13
wDODgo-PBEP86-D3BJ3® 0.22 1.56 1.12 1.19 1.28 0.74 1.00 0.71 0.79 0.76 1.12
wnoDispSDeo-PBEP863® 0.22 2.30 1.41 1.55 1.98 1.02 1.12 0.80 0.99 1.18 1.53
wDSDgo-PBEP86-D3B)J 0.30 2.35 1.82 1.54 1.55 0.74 1.35 0.56 0.79 0.98 1.55
wDODg,-PBEP86-D3BJ 0.30 2.23 2.08 1.56 1.47 0.87 1.30 0.75 0.81 0.94 1.61
wnoDispSDeo-PBEP86 0.30 2.92 1.69 1.87 2.17 1.01 1.30 0.66 0.87 1.20 1.76
wDSDgo-PBEP86-D3BI3® 0.10 1.68 0.93 1.40 1.51 0.59 0.82 0.65 0.58 0.78 1.11
wDODgs-PBEP86-D3BJ3® 0.10 1.59 0.78 1.38 1.48 0.60 0.80 0.63 0.56 0.78 1.04
wnoDispSDgy-PBEP863¢ 0.10 2.24 1.43 1.65 2.03 0.83 0.99 0.74 0.84 1.11 1.51
wDSDgs-PBEP86-D3BJ3® 0.16 1.99 0.87 1.57 1.62 0.60 0.99 0.59 0.58 0.74 1.17
PBE-PS6 wDODgs-PBEP86-D3BJ3¢ 0.16 1.87 0.96 1.51 1.52 0.62 0.94 0.63 0.58 0.77 1.16
based wnoDispSDeo-PBEP86 016 | 252 128 181 214 08 106 066 080 110 | 154
wDSDgy-PBEP86-D3BJ 0.20 2.25 1.13 1.69 1.69 0.62 1.12 0.52 0.60 0.79 1.32
wDODgs-PBEP86-D3BJ 0.20 2.13 1.29 1.67 1.60 0.68 1.07 0.64 0.61 0.79 1.34
wnoDispSDey-PBEP86 0.20 2.77 1.32 1.97 2.24 0.88 1.13 0.62 0.79 1.10 1.62
wDSDgs-PBEP86-D3B)J 0.25 2.62 1.63 1.86 1.80 0.65 1.30 0.49 0.61 0.94 1.58
wDODgs-PBEP86-D3B)J 0.25 2.53 1.99 1.85 1.71 0.73 1.27 0.69 0.62 0.99 1.67
wnoDispSDes-PBEP86 0.25 3.10 1.50 2.13 2.31 0.85 1.25 0.56 0.71 1.11 1.74
wDSDgy-PBEP86-D3BJ 0.30 3.06 2.08 2.10 2.01 0.69 1.46 0.52 0.61 1.08 1.85
wDODgo-PBEP86-D3BJ 0.30 2.92 2.49 2.08 1.88 0.81 1.41 0.75 0.62 1.10 1.95
wnoDispSDey-PBEP86 0.30 3.47 1.83 2.36 2.46 0.89 1.39 0.53 0.68 1.20 1.96
wDSD7,-PBEP86-D3BJ3® 0.08 1.93 0.88 1.61 1.67 0.58 0.85 0.59 0.56 0.78 1.17
wDOD;,-PBEP86-D3BJ>® 0.08 1.83 0.71 1.58 1.61 0.58 0.82 0.59 0.53 0.78 1.09
wnoDispSD7,-PBEP86%® 0.08 2.45 1.35 1.86 2.17 0.82 0.99 0.66 0.80 1.08 1.55
wDSD7,-PBEP86-D3BJ3¢ 0.13 2.13 0.84 1.70 1.73 0.58 0.97 0.54 0.55 0.75 1.20
wDOD7,-PBEP86-D3BJ3® 0.13 2.02 0.88 1.67 1.65 0.59 0.91 0.60 0.52 0.76 1.18
wnoDispSD7,-PBEP863¢ 0.13 2.61 1.24 1.95 2.23 0.81 1.04 0.62 0.78 1.06 1.56

“Range separation parameters (@) are included in a separate column. The nine reaction types of BH9 are radical rearrangement (I), Diels—Alder
(1II), halogen atom transfer (III), hydrogen atom transfer (IV), hydride transfer (V), boron- and silicon-containing reactions (VI), proton transfer

(VII), nucleophilic substitution (VIII), and nucleophilic addition (IX).

transfer is the only reaction type where RSX-0DH outperforms
the PBE-ODH functional.

Among the B88-LYP-based functionals, global hybrids clearly
outperform the pure GGA form. Adding an empirical dispersion
correction only helps hybrid functionals with a relatively large
percentage of HF exchange (see Table 1). Except for the hydride
transfer reactions and nucleophilic substitutions, the range-
separated hybrid (i.e, CAM-B3LYP) offers better performance
than B3LYP for all other barrier height subsets. However, adding
dispersion on top of CAM-B3LYP noticeably improves
performance for the aforementioned two subsets of BHY.
With MAD = 1.98 kcal/mol, CAM-B3LYP-D3BJ even outper-
forms the higher-rung functionals B2PLYP and B2GP-PLYP.
Unlike what we found for the PBE,-PBE_-based functionals,
range-separated double hybrids, @B2PLYP and wB2GP-PLYP,
offer significantly better performance than their global counter-
parts. Although inclusion of D3BJ degrades the performance for
B2PLYP and B2GP-PLYP, it does not affect the statistics for
@B2PLYP and wB2GP-PLYP. Except for the radical rearrange-
ments, nucleophilic substitutions, halogen atom, and proton
transfer reactions, wB2GP-PLYP offers better performance than
the corresponding global DH for the remaining five subsets. In
addition to these five reaction types, @B2PLYP outperforms the
B2PLYP functional for halogen atom transfers, too.

Turning to the PBE-P86-based functionals, our revised DSD
double hybrids clearly outperform the original DSD-PBEP86-
D3BJ. Except for the radical rearrangement reactions, only
opposite spin scaled, revDOD-PBEP86-D3B]J, performs better
than the revDSD variant for the remaining eight subsets. Similar

to what we found'?” for the GMTKNSS (general main-group
thermochemistry, kinetics, and noncovalent interactions, 55
problem types*®) benchmark, xDSD,;-PBEP86-D3BJ and
xDOD,s-PBEP86-D3B] marginally outperform the correspond-
ing revDSD and revDOD functionals, respectively. However,
the revDSD-PBEP86-D3B] functional outperforms xDSD for
hydride transfer reactions. With MAD = 1.73 kcal/mo],
xDOD,s-PBEP86-D3B] is this family’s best performing global
double hybrid, marginally outperforming the winner of ref 76
(i.e, PBEO-DH). Like B97 and B88-LYP-family, range-
separated PBE-P86-based DHs clearly outperform the global
double-hybrid counterparts. With MAD = 1.23 kcal/mol,
@DOD,,-PBEP86-D3B] (w = 0.3) and wDODg,-PBEPS6-
D3BJ (w = 0.22) are the two best performers for the full BH9
barrier height data set, even slightly better than wB97M(2)
(1.32 keal/mol). Except for the proton transfer and nucleophilic
substitution reactions, range separation of the exchange part
benefits the performance of the seven remaining categories.
Now, comparing @DOD,,-PBEP86-D3B] (@ = 0.3) and
®DODy,-PBEP86-D3B] (@ = 0.22), we found that except for
the radical rearrangements, hydride transfer, and nucleophilic
addition, the first one performs better than the second functional
for all other subsets. For a specific value of w (e.g,, @ = 0.3),
@wDOD functionals prefer a relatively small fraction of HF
exchange at short-range when radical rearrangement, Diels—
Alder, and hydride transfer reactions are considered. However,
for the proton transfer reactions, an @DOD functional with a
large percentage of HF exchange performs better. Performance
assessment of @DOD,-PBEP86-D3B] functional at different
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Figure 1. Dependence of mean absolute deviations (MAD, in kcal/mol) of BH9 barrier heights and reaction energies on the percentage of HF

exchange for PBEx, r’'SCANx, and TPSSx series.

“@” reveals that a relatively large range separation parameter is
preferred for the hydrogen atom and hydride transfer reactions.
In contrast, for the radical rearrangement, Diels—Alder, B- and
Si-containing reactions, and nucleophilic substitutions small “@”
yields better results. Discarding the empirical dispersion
correction term on average degrades performance for this family
of global and range-separated double hybrid functionals.

In response to a reviewer’s query, we also evaluated the
performance of revPBE and PWPB9S with and without
dispersion correction. For BH9 barrier heights, adding a D3BJ
or D4 correction does more harm than good for both
functionals. With MAD = 1.93 kcal/mol, the dispersion-
uncorrected global double hybrid PWPB9S offers similar
accuracy to revDOD-PBEP86-D3BJ (see Table S6 in the
Supporting Information).

3.2. Reaction Energies. Table 2 gathers the mean absolute
deviations of 91 dispersion-corrected and -uncorrected density
functionals for the 449 reaction energies. Similar to what we
found for the BH9 barrier heights, the B97, PBE,-PBE,, and
B88-LYP-based range-separated hybrids outperform their global
hybrid counterparts for BH9 reaction energies.

Among the B97-family functionals, as expected, the global
hybrid performs better than the pure mGGA, and range-
separated hybrids outperform the global hybrid functionals.
Unlike what we found for the BH9 barrier heights, here the
®B97M-V (1.36 kcal/mol) only marginally outperforms the
higher-rung functional @B97X-2 (1.39 kcal/mol). However,
with 1.17 kcal/mol mean absolute deviation, wB97M(2)
perform noticeably better than wB97M-V. The lion’s share of
this improvement comes from five subsets: nucleophilic
substitutions, B- and Si-containing reactions, halogen atom,
hydride, and proton transfer reactions.

Turning to the PBE,-PBE -based functionals, except for the
radical rearrangement reactions, LRC-wPBEh outperforms
PBE20 for the remaining eight types of reaction energies.
Only opposite spin-scaled PBE,-PBE_-based nonempirical
global double hybrid functionals are more efficient than the
regular DH counterparts (i.e, PBEO-2, PBEO-DH, and PBE-
QIDH) for reaction energies. Similar to our observations for
BHO barrier heights, here exchange range-separation of PBE
double hybrids on average impacts performance negatively. The
three subsets most affected are the radical rearrangement,
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Diels—Alder, and B- and Si-containing reactions. The halogen
atom transfer, hydrogen atom transfer, and proton transfer
reactions are the only subsets where range-separated DHs offer
better accuracy than their global counterparts. SOS1-PBE-
QIDH is the best performer (1.81 kcal/mol) among all the
functionals tested of this family.

Next, among the B88-LYP-based functionals, range-separated
hybrid outperforms the global hybrids functionals when the full
BHY reaction energy set is considered. Adding an empirical
dispersion correction helps improve the performance of both
global and range-separated hybrids. CAM-B3LYP-D3B] out-
performs the B3LYP-D3BJ for all reaction energies except B-
and Si-containing reactions. The D3BJ-corrected B88-LYP-
based global double hybrids (i.e., B2PLYP-D3BJ and B2GP-
PLYP-D3B]J) offer lower MAD values than their uncorrected
counterparts. Interestingly enough, range separation of the
exchange part only helps for B2PLYP-D3B]J, but for the B2GP-
PLYP-D3B]J, it does the opposite (see Table 2). Three subsets
where wB2PLYP-D3B] and wB2GP-PLYP-D3BJ offer better
performance than their global DH counterparts are halogen
atom, hydrogen atom, and proton transfer reactions. With 1.87
kcal/mol mean absolute deviation, BAGP-PLYP-D3B]J is the
best pick among all the B88-LYP family functionals tested in the
present study.

Now, if we consider the PBE-P86-based global and range-
separated DHs, revDSD-PBEP86-D3B]J clearly outperforms the
original DSD-PBEP86-D3BJ functional. Similar to BH9 barrier
heights, here, revDOD-PBEP86-D3BJ and xDOD,;-PBEP86-
D3B]J offer better accuracy than their DSD counterparts. A
significant share of this performance improvement comes from
the radical rearrangement and Diels—Alder reactions. If all 449
reaction energies are considered, xDOD,s-PBEP86-D3B]
performs similarly to the range-separated Berkeley double
hybrid @B97M(2) (see Table 2). Comparing these two
functionals for nine subsets, we found that except for Diels—
Alder, B- and Si-containing reactions, nucleophilic substitution,
and addition reactions, ®B97M(2) outperforms global double
hybrid xDOD,s-PBEP86-D3B] for all other subsets. A number
of our range-separated @DSD functionals offer better accuracy
than the best global double hybrid of this family, xDOD,-
PBEP86-D3B]J. Hence, range separation of the exchange part of
our DSD-family double hybrids clearly benefits for the BH9
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Table 3. Mean Absolute Deviations of Different Pure and Hybrid GGA and Meta-GGA Functionals for Full BH9 Barrier Height

Set and Its Nine Subsets”

Functionals MAD (kcal/mol)

1 1 1 v \' Vi VIl VIl IX Total
PBE®3%4 4.52 8.00 9.80 8.50 9.87 3.80 5.48 4.35 5.17 7.41
PBE10 3.08 5.69 6.69 6.24 6.99 2.85 4.36 2.26 3.80 5.26
PBE20 1.92 3.64 4.03 4.21 4.07 2.11 3.26 1.63 2.43 3.38
PBEQ!0111 1.56 2.85 2.89 3.35 2.99 1.86 2.72 1.98 1.81 2.66
PBE32 1.39 2.30 1.95 2.51 2.82 1.73 2.01 3.23 1.27 2.18
PBE38% 1.52 2.74 2.23 2.19 3.92 1.95 1.46 4.27 1.23 2.44
PBES0 2.24 5.39 5.12 2.88 7.69 2.95 1.13 6.54 2.28 4.31
PBE60 2.87 7.89 7.69 4.30 10.92 3.78 1.41 8.18 3.51 6.19
r2SCAN112.113 3.32 7.14 8.37 7.50 10.68 2.80 3.87 4.64 4.53 6.61
r’SCANh4 2.36 4.93 5.67 5.38 7.46 1.97 2.96 2.57 3.32 4.61
r’SCANQ4 1.35 2.32 2.20 2.59 2.79 1.19 1.77 1.19 1.61 2.12
r’SCAN30 1.26 1.92 1.55 2.01 2.01 1.16 1.53 1.79 1.34 1.73
r’SCAN32 1.25 1.91 1.48 1.87 2.04 1.21 1.48 2.09 1.29 1.71
r2SCAN35 1.27 2.05 1.68 1.74 2.43 1.34 1.41 2.58 1.23 1.81
r’SCAN504 1.80 4.33 4.37 2.63 6.34 2.26 1.14 5.07 1.95 3.57
r2SCAN60 2.26 6.53 6.45 3.94 9.43 2.86 1.38 6.62 2.90 5.21
TPSS> 4.44 8.83 7.81 5.55 6.08 4.55 3.81 4.31 4.71 6.51
TPSSh1t6 3.16 6.59 5.01 4.01 3.86 3.83 2.81 2.46 3.39 4.68
TPSS0Y 1.62 3.67 2.32 2.70 3.65 2.91 1.46 2.33 1.67 2.86
TPSS30 1.30 3.05 2.23 2.63 4.67 2.75 1.14 2.93 1.25 2.68
TPSS38 1.26 3.04 3.33 2.97 6.60 2.77 1.02 4.19 1.20 3.06
TPSS45 1.58 4.37 4.97 3.71 8.72 3.26 1.30 5.52 1.84 4.14
TPSS50 1.91 5.59 6.22 4.30 10.14 3.60 1.65 6.42 2.45 5.03
TPSS60 2.59 8.11 8.58 5.52 12.97 4.27 2.40 8.12 3.68 6.82
PBE-D3BJ87/9394 5.22 10.01 12.74 12.02 16.20 6.42 6.11 7.80 6.36 10.09
PBEO-D3BJ87:110.111 2.10 3.73 4.97 6.21 7.88 3.27 3.10 1.75 2.87 4.40
PBE38-D3BJ&70 1.82 2.51 1.54 3.50 3.44 2.20 1.76 1.28 2.10 2.52
r’SCAN-D3BJ4 3.59 8.05 9.85 9.17 14.09 4.32 431 6.34 5.04 7.93
r2SCANh-D3BJ%4 2.65 5.85 7.22 7.11 11.04 3.41 3.38 4.22 3.85 5.96
r’SCANO-D3BJ1* 1.62 3.04 3.38 4.23 6.28 2.38 2.13 1.40 2.20 3.29
r’SCAN50-D3BJ 1.91 3.61 2.83 1.64 2.81 2.44 1.38 3.06 2.05 2.64
TPSS-D3BJ%0115 5.26 10.59 11.50 9.54 13.30 6.14 4.13 8.74 6.08 9.33
TPSSh-D3BJ%%116 3.90 7.82 8.48 7.44 10.34 4.93 3.05 6.21 4.65 7.06
TPSS0-D3BJ%0:117 2.30 4.14 4.05 4.49 5.41 3.22 1.60 2.77 2.60 3.86

“Nine subsets of BH9 are radical rearrangement (I), Diels—Alder (II), halogen atom transfer (III), hydrogen atom transfer (IV), hydride transfer
(V), boron- and silicon-containing reactions (VI), proton transfer (VII), nucleophilic substitution (VIII), and nucleophilic addition (IX).

reaction energies. Unlike for BH9 barrier heights, the overall
performance of the @wDSD and wDOD-PBEP86-D3B] func-
tionals are comparable for reactions energies. With 1.04 kcal/
mol mean absolute deviation, the ¥DOD¢,-PBEP86-D3BJ (w =
0.10) is the best pick among the PBE-P86 family as well as all the
functionals tested in the present study for BH9 reactions
energies. Comparing the performance of best global and range-
separated DHs of this family, we found that radical rearrange-
ments, halogen, and hydrogen atom transfer reactions enjoy the
lion’s share of the benefit from range separation.

Opposite of what we found for BH9 barrier heights, for
reaction energies, adding a dispersion correction significantly
improves the accuracy of revPBE and PWPB9S (see Table S7 in
the Supporting Information). Our revDSD- and revDOD-
PBEP86-D3BJ marginally outperformed PWPB95-D3B]J.

Now, what if we gradually increase the percentage of short-
range HF exchange while keeping the range separation
parameter (w) fixed? Except for hydride transfer, proton
transfer, and nucleophilic substitution reactions, @DSD func-

tionals prefer 50% or less short-range HF exchange for all other
reactions. We have also checked the performance of ®DSDg¢o-
PBEP86-D3B]J at five different values of @ ranging from 0.1 to
0.3. Interestingly, for the hydride transfer, proton transfer, and
nucleophilic substitution reactions, the range separation
parameter has little to no influence on the mean absolute
deviations.

Next, to answer the second research question, we have
considered pure and hybrid PBE,”*°* TPSS,''® and
?SCAN,""™'" varying the percentage of exact exchange from
10 to 60% for hybrid GGA and meta-GGA functionals.
Considering the 898 barrier heights of BH9, we obtained the
best performance near 33% (~1/3) HF exchange for the PBEx
and r*SCANx series (where x represents the percentage of exact
exchange used in the hybrid functional). However, among the
TPSS-based hybrids, TPSS30 offers marginally lower MAD than
TPSS33 (see Figure 1, left). For BH9 reaction energies, we
obtain the best performance near 38%, 45%, and 30% HF
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Table 4. Mean Absolute Deviations of Different Pure and Hybrid GGA and Meta-GGA Functionals for Full BH9 Reaction Energy

Set and Its Nine Subsets”

MAD (kcal/mol)

Functionals I I i v v Vi Vil vill X Total
PBE®39 2.68 8.89 6.03 3.02 264 441 2.85 257 2.99 5.15
PBE10 2.15 6.67 4.84 251 176 372 228 2.09 239 3.99
PBE20 2.05 476 3.85 2.10 149  3.02 1.84 1.61 1.91 3.07
PBEQ1IOALL 2.16 4.04 55 1.95 147 270 1.63 1.44 1.75 275
PBE32 2.47 335 3.07 1.73 1530 2.5 1.31 1.23 1.74 2.44
PBE38 2.80 s 2.79 1.60 175  2.02 1.10 1.22 1.86 2.42
PBES0 3.86 4.50 234 1.47 237 168 0.77 1.43 2.54 2.90
PBEGO 4.82 6.18 2.18 1.57 287 205 0.94 1.84 3.34 3.67
r2SCANI12113 1.39 5.64 436 2.07 171 167 2.21 1.69 258 328
r2SCANh114 1.33 421 3.57 1.75 159 147 1.81 1.50 2.23 2.63
r2SCANQ!4 1.77 2.85 2.80 1.42 188 146 1.25 135 2.03 2.11
r2SCAN30 2.02 2.64 2.63 1.35 206 154 1.10 132 2.03 2.06
r2SCAN32 213 2.64 257 1.33 214 157 1.04 1.32 2.05 2.07
r2SCAN35 2.30 273 2.49 1.32 226  1.64 0.95 1.35 2.09 2.12
r2SCAN5OL14 3.29 4.02 2.16 1.47 285 223 0.81 1.56 550 2.76
r2SCAN60 3.98 5.14 2.15 1.73 322 270 0.89 1.89 3.06 3.35
TpsSiis 345 | 1219 566 2.97 266 681 Ee 2.42 441 6.47
TPSShlie 2.68 9.68 461 2.58 182 592 1.88 2.08 3.64 5.22
PSSO 1.95 6.16 3.47 2.1 131 454 1.28 1.77 234 3.60
TPSS30 1.97 5.10 3.17 214 131 406 1.08 1.73 1.92 3.17
TPSS38 2.21 3.91 2.83 2.06 151  3.40 0.90 1.69 1.42 271
TPSS45 263 3.54 255 2.03 184  2.83 0.88 171 1.15 257
TPSS50 3.02 3.67 239 2.03 210 253 0.94 1.79 1.19 265
TPSS60 3.99 478 s 2.13 267 229 1.08 2.08 1.97 3.20
PBE-D3BJE79394 1.89 535 563 291 281 139 2.87 2.74 361 373
PBE0-D3BJE7110111 243 235 3.10 1.84 125 220 1.65 1.46 3.44 225
PBE38-D3BJE%%0 EEE 412 2.40 1.54 156  3.03 1.10 1.45 3.98 2.88
r2SCAN-D3BJ114 1.27 438 423 2.03 171 201 e 1.81 3.16 2.92
r2SCANh-D3BJ14 | 133 3.02 3.42 1.71 N 2.1 1.83 1.65 2.95 233
r2SCANO-D3BJ14 2,04 2.26 2.64 1.39 179 278 1.27 1.48 2.88 2.08
r2SCANS0-D3BJ14  3.72 5.08 1.98 1.47 270  4.00 0.82 1.60 3.82 332
TPSS-D3BJO011S 2.19 7.44 5.11 2.87 290 214 234 2.11 2.69 4.34
TPSSh-D3BJ%.116 1.60 5.17 4.08 250 198  2.03 1.90 1.85 2.26 3.6
TPSS0-D3B90117 1.78 2.02 2.90 2.15 P70 231 1.29 1.61 2.24 2.03

“Nine subsets of BH9 are radical rearrangement (I), Diels—Alder (II), halogen atom transfer (III), hydrogen atom transfer (IV), hydride transfer
(V), boron- and silicon-containing reactions (VI), proton transfer (VII), nucleophilic substitution (VIII), and nucleophilic addition (IX).

exchange for the PBE, TPSS, and r’SCAN-based functionals,
respectively (see Figure 1, right).

Irrespective of GGA or mGGA functional choice, using a
small fraction of HF exchange underestimates the barrier
heights, while a higher fraction overestimates them. On the
other hand, the trend is the opposite for the reaction energies
(see Tables S4 and SS$ in the Supporting Information).

For BH9 barrier heights, adding a D3B]J dispersion correction
does more harm than good for pure and hybrid functionals with
25% or less HF exchange. This behavior again hints at problems
with the suitability of the functional itself. However, for the
reaction energies, dispersion corrected forms of these func-
tionals offer better accuracy than the uncorrected ones (see
Tables 3 and 4).

Closer scrutiny of the performance of nine different reaction
energy subsets reveals that for the Diels—Alder reactions, PBE,
TPSS, and r’SCAN-based hybrids perform best near 38%, 45%,
and 33% HF exchange, respectively. However, for the
nucleophilic substitutions, both the PBEx and TPSSx series
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have minima near the same percentage (38%), whereas the
r?SCANx series offers the lowest MAD near 33%. A
comparatively lower percentage (~20—25%) of HF exchange
is preferred by PBEx and r’SCANx series for the radical
rearrangements and hydride transfer reactions. For the halogen
atom transfer, B- and Si-containing reactions, hydrogen atom,
and proton transfer reactions, the PBE and TPSS-based hybrids
with a relatively large percentage of exact exchanges offer the
best accuracy. However, among the r*SCAN-based hybrids, the
first two types of reactions prefer a fairly large, and the last two a
fairly small, percentage of HF exchange. Finally, the best
performers for the nucleophilic addition reactions are PBE32,
r*SCAN30, and TPSS45 (see Table 4).

Thus far, we have considered the older D3BJ and nonlocal
VV10 dispersion corrections. A reviewer inquired what happens
if we use D4 instead, which includes both partial charge
dependence and three-body corrections? A small test using ten
selected functionals suggests that for BH9 barrier heights, range-
separated hybrid and double hybrids do not benefit from

https://doi.org/10.1021/acs.jpca.2c03922
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Table 5. Mean Absolute Deviations of Pure and Hybrid Self-Consistent and HF-DFT Functionals for BH9 Barrier Heights and

Reaction Energies”

MAD (kcal/mol)

Functionals Barrier Heights

| I 11l v Vv VI Vil VI IX Total
PBE®324 4.52 8.00 9.80 8.50 9.87 3.80 5.48 4.35 5.17 7.41
HF-PBE!8 4.43 7.93 8.25 6.69 7.62 4.75 3.42 5.53 3.52 6.62
PBEQ10:111 1.56 2.85 2.89 3.35 2.99 1.86 2.72 1.98 1.81 2.66
HF-PBEQ'?® 4.44 3.09 9.64 6.27 2.98 4.26 1.59 6.85 1.35 4.57
PBE-D493°4120 5.29 10.17 12.95 12.18 16.20  6.64 6.24 8.03 6.50 10.23
HF-PBE-D41? 3.57 9.92 6.02 5.80 14.54  3.28 3.91 2.13 4.69 7.26
PBEQ!10,111,120 2.16 3.84 5.05 6.27 7.75 3.33 3.20 1.87 2.96 4.46
HF-PBEQ-D4'%° 3.88 4.02 6.60 4.00 6.14 2.07 1.93 2.88 2.14 4.10
Functionals Reaction Energies
PBE®3%4 2.68 8.89 6.03 3.02 2.64 4.41 2.85 2.57 2.99 5.15
HF-PBE!%8 3.77 8.46 7.14 6.90 1.37 8.16 1.75 2.49 4.21 6.24
PBEQ!0.111 2.16 4.04 3.52 1.95 1.47 2.70 1.63 1.44 1.75 2.75
HF-PBEQ®® 4.05 4.08 5.11 4.74 1.26 4.79 1.24 1.55 1.70 3.82
PBE-D4°3,94120 1.86 4.93 5.65 2.92 2.63 1.35 2.81 2.84 3.71 3.59
HF-PBE-D41° 3.72 3.40 6.99 6.90 1.26 3.25 1.69 2.05 2.06 4.11
PBEQ?!10.111,120 2.59 2.49 3.14 1.85 1.33 2.13 1.60 1.50 3.61 2.31
HF-PBEO-D4° 4.75 3.19 4.97 4.73 1.16 2.84 1.20 1.19 2.78 3.48

“Nine subsets of BH9 are radical rearrangement (I), Diels—Alder (II), halogen atom transfer (III), hydrogen atom transfer (IV), hydride transfer
(V), boron- and silicon-containing reactions (VI), proton transfer (VII), nucleophilic substitution (VIII), and nucleophilic addition (IX).

substituting D4 for D3BJ (see Table S6 in the Supporting
Information). However, global double hybrid functionals,
xDSD-PBEP86-D4 and xDOD-PBEP86-D4 perform marginally
better than their D3BJ corrected counterparts. For barrier
heights, D4 on average somewhat spoils performance for PBE,
but B97-D4 performs significantly better than B97-D3B]. Now,
for the BH9 reaction energies, ®B97X-D3BJ performs better
than wB97X-D4. However, using D4 dispersion correction
instead of D3BJ has no additional benefit for our DSD-family
range separated and global double hybrids. For reaction
energies, B97-D3BJ offers better accuracy than B97-D4 (see
Table S7 in the Supporting Information).

In previous studies, Sim and Burke, the Goerigk
group,”* and the present authors''”'*’ have shown that the
use of HF densities instead of self-consistent KS densities can
significantly improve the performance of pure and hybrid (with
25% or less exact exchange) GGA and mGGA functionals for
noncovalent interactions and barrier heights. Except for the B-
and Si-containing reactions and nucleophilic substitutions, HF-
PBE outperforms its self-consistent counterpart, PBE, for the
remaining seven subsets of BH9 barrier heights. However, with a
D4 dispersion correction, HF-PBE-D4 fares better than PBE-D4
throughout. Using the HF density on average is detrimental for
PBEO, but with D4 dispersion correction, HF-PBEO-D4
marginally outperforms PBE0-D4 (see Table S).

Now, for the BH9 reaction energies, self-consistent func-
tionals perform better than the density-corrected counterparts
except for hydride and proton transfer reactions. Using the D4
dispersion correction only reduces the mean absolute error of
each functional without affecting the trend (see Table S).

121,122

IV. CONCLUSIONS

From an extensive survey of global and range-separated hybrid
and double hybrid functionals using a large and, more
importantly, diverse data set for barrier heights and reaction
energies, we can conclude the following:
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e Both for the BH9 barrier heights and reaction energies,
B97, PBE,-PBEc, and B88-LYP-family range-separated
hybrids functionals outperform their global hybrid
counterparts.

e Except for the PBE,-PBE -family functionals, the range-
separated double hybrid functionals perform significantly
better than the corresponding global double hybrids for
BHs and REs.

e RSX-PBE-QIDH and RSX-PBE-ODH offer better accu-
racy than the respective global counterparts only for the
barrier heights of hydrogen atom transfer reactions.
However, among the nine subsets of the BH9 reaction
energies, halogen atom transfer, hydrogen atom transfer,
and proton transfer reactions are the only three subsets
that benefit from range separation in the same family.

e Among all the functionals tested here, ¥DOD ,,-PBEP86-
D3BJ (@ = 0.3) and @wDOD,, PBEP86-D3BJ (@ = 0.22)
are the two best picks (MAD = 1.23 kcal/mol) for barrier
heights and @DOD¢,-PBEP86-D3B] (@ = 0.10) is the
best pick for reaction energies overall. Using the more
modern D4 dispersion correction instead of D3BJ imparts
no additional benefit. In previous work®® for the
GMTKNSS benchmark, we found that our six-parameter
empirical range-separated double hybrids slightly outper-
form Mardirossian and Head-Gordon’s 16-parameter
range-separated double hybrid ®B97M(2); for the BH9
set considered here, we find a somewhat more
pronounced advantage.

e PBE and r’SCAN-based hybrid functionals offer the
lowest mean absolute deviation for BH9 barrier heights
near 33% (~1/3) HF exchange, whereas for the TPSSx
series, it is near 30%. However, for the reaction energies,
we obtain the best performance near 38%, 45%, and 30%
for the PBEx, TPSSx, and r*SCANX series, respectively.

https://doi.org/10.1021/acs.jpca.2c03922
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