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In this communication, we assess a panel of 18 double-hybrid (DH) density functionals
for the modeling of the thermochemistry and kinetics properties of an extended dataset
of 449 organic chemistry reactions belonging to the BH9 database. We show that most
of DHs provide a statistically robust performance to model barrier height and reaction
energies in reaching the ‘chemical accuracy’. In particular, we show that nonempirical DHs
like PBEO-DH and PBE-QIDH, or minimally parameterized alternatives like wB2PLYP
and B2K-PLYP succeed to model accurately both properties in a balanced fashion. We
demonstrate however that parameterized approaches like @B97X-2 or DSD-like DHs are

more biased to only one of both properties.
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Communication

Thermochemistry and kinetics rule the chemical reactivity of molecular systems. The former
studies the equilibrium state between reactants and products and delivers the concept of reaction
yield. The latter focuses on the path followed by the transformation of reactants into products, and
particularly to the rate constant driving the reversibility of the reaction. Both fields rely on two
different energy quantities that have been routinely assessed at theoretical chemistry level along
the last century as the reaction and barrier height energies (RE and BH, respectively) !

RE is the energy variation between products (P) and reactants (R). Here dubbed AERE, it is
defined as

AERg = Ep — ER, (1)

where ER and Ep are the energies of the reactant and product at their minimum-energy structures,
respectively. Dubbed AELy, the BH energy involves a third quantity, namely the energy of the
transition-state (TS) structure Etg which connects R and P. According to its definition, AEI"3H

characterizes a forward (i = f) or reverse (i = r) reaction
AEgy = Ets — Enin, )

where E, refers to the minimum energy structure of R or P whether a forward or reverse process
is targeted.

The computation of these energy quantities requires a robust computational chemistry proto-
col that guarantees an homogeneous and reproducible accuracy while conserving a daily afford-
able cost when applied to sizable molecular systems.2™ Within the computational energy land-
scape, highly accurate ab initio composite methods (e.g., WnX)**Z are often claimed as being the
‘Holy Grail’ of reactivity. However, even alleviated by the domain-based local pair natural orbital
(DLPNO) framework, %! their computational cost prevents them from being applied to very large
molecules commonly employed in chemistry. For these reasons, electronic structure methods, and
notably the Kohn-Sham variant of density-functional theory (KS-DFT), has continously drawn
attention since the middle of the 80’s1#13

KS-DFT cost/accuracy trade-off has indeed regularly improved with the recurrent efforts
done by the community to develop new and sophisticated density-functional approximations
(DFAs) 1413 The double-hybrid (DH) class of approximations is one of their modern (striking)
representation 1911% By adding nonlocality to both the exchange and correlation energies, it sys-

tematically improves the well-known and widely used global-hybrid class of approximations.2"
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The exchange-correlation energy term is now defined as
Ex'[p] = a7 {9} + (1 = a) EL™A ) +acEd P ({90 9a}] + (1 —a) EX™ P, (3)

where a, and (1 — a,) govern the fractions of nonlocal exact-like (EXX) and semilocal DFA ex-
change energies, respectively, which depend on the set of occupied orbitals {¢;}. a. and (1 —a)
denote the parts of second-order perturbation theory (PT2) correlation energy and its semilocal
complementary, respectively, the former adding also a dependence on the set of virtual orbitals

{9a}-

In literature, the DH class of approximation and its adaptations into range-separated exchange

21424 25H29

and/or correlation, and/or spin-component-scaled variants, are often found as overper-

forming other exchange-correlation approximations in extensive benchmark sets probing for

30H32

energy, structure”>-=4

and density-based properties*>>% On the one hand, their large frac-
tion of EXX energy (mostly a, > 50%) helps to cancel the self-interaction error (SIE*238 which
spuriously contaminates elongated bonds in TS structures resulting in an underestimation of en-
ergy BHs. On the other hand, their PT2 energy term brings the nonlocal dynamic correlation
required to accurately describe covalent bond energies, and thus REs. It is thus expected, and con-
firmed on some previous benchmark sets, that DHs are excellent candidates to model reactivity of
molecular systems 27223942

In kinetics and thermochemistry, 1.4 kcal mol~! is often recalled as being the ‘chemical ac-
curacy’ threshold for an accurate determination of BHs and REs! At room temperature, it cor-
responds to an error of about one order of magnitude for equilibrium or rate constants. With the
aim to identify which variant of DHs is able to reach this energy threshold for a wide variety of
molecular reactions, we will thus assess these expressions on the newly developed BH9 compre-
hensive benchmark set for BHs and REs.*® The dataset contains a total of 449 real-size molecular
reactions and 898 barrier heights (i.e., 449 forward and 449 reverse BHs), all of them characterized
by reference energies computed at the DLPNO coupled-cluster singles and doubles plus perturba-
tive triples [CCSD(T)] level of theory at the complete basis set limit (CBS). DLPNO-CCSD(T)
is indeed becoming a standard owing to its linearly-scaled computational cost and high accuracy
(tenth of kcal mol™!) with respect to pristine CCSD(T). It is thus an excellent compromise to
obtain reference energy values for large systems like those implied in BH9 4344

During the reviewing process of this communication, one of the reviewer warned us about the

presence of some unreliable reference barrier height and reaction energies in the original publi-
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cation of the BH9 dataset. According to his advise and after discussion with the original authors
of the dataset, we removed 15 entries, > reducing thus the size of the dataset to 434 real-size
molecular reactions and 868 barrier heights.

The originality of BH9 is not only its extensive size which guarantees the calculation of robust
error bars, but also the chemical diversity of the molecular systems (reaching 71 atoms) involved
and the energy diversity of their reactions. More precisely, it probes for 9 types of reactions
involved in highly important organic and biochemistry reactions. They belong to (i) radical rear-
rangement and addition, (ii) pericyclic, (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.

Table |I| gathers the performance of a set of 10 pristine DHs augmented by their dispersion-
corrected variants on the BH9 barrier height energy database (see Table SI of Supplementary
Material*® for more detailed informations about their composition). They are selected to be rep-
resentative of the modern DH variety, i.e., to belong to (i) nonempirical, minimally or highly
parameterized DHs*” (if) global or range-separated exchange DHs, (iii) spin-component-scaled
DHs, and (iv) dispersion-corrected with Grimme’s -D3(BJ) model 434 For the BH energy prop-
erty, the total mean absolute deviations (MADs) span between 1.71 (PBEO-DH) and 4.89 kcal
mol~! (RSX-ODH), and the MADs calculated from subsets are relatively homogeneous with the
related total MAD. We notice however that in average DHs tend to better perform on subsets (vi),
(vii), and (ix), but obtain worse MADs on subset (iii).

The best performance is reached by the PBEO-DH nonempirical global DH (1.71 kcal mol 1),
and by the dispersion-corrected and uncorrected variants of @ B2PLYP, a minimally parameterized
range-separated exchange (RSX) DH trained to accurately reproduce excitation energies (1.72 and
1.73 kcal mol™!, respectively). They are followed by the PBE-QIDH nonempirical global DH
(1.93 kcal mol™1), by B2K-PLYP (2.08 kcal mol™!), a minimally parameterized DH trained for
kinetics purpose, and by their dispersion-corrected variants (2.38 and 2.53 kcal mol~!, respec-
tively). We find then the highly parameterized ®B97X-2 RSX-DH (2.80 kcal mol 1), its disper-
sion corrected variant (2.81 kcal mol~!), and PBE0-DH-D3(BJ) (2.86 kcal mol~!). The remaining
8 DHs considered in this work provide deviations larger than 3 kcal mol~!, i.e. deviations larger
than ~2 times the ‘chemical accuracy’ threshold.

Even if it seems difficult to rationalize trends between the nature of the DHs and their per-

formances, it is easy to realize that the on-top addition of the -D3(BJ) correction systematically
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deteriorates, or at least marginally improves for few of them, the estimation of BH energies (Ta-
ble [I). It is generally found an overstabilization of the TS with respect to reactants and products,
leading to underestimation of BHs induced by a double counting of dispersion forces (see mean
signed deviations in Table SIT of Supplementary Material*®). This behavior confirms some previ-
ous investigations showing that a dispersion correction does not a fortiori improve the accuracy of
nonempirical DHs ”? However, it contradicts some others which highly recommend to systemati-
cally add it on-top of a DH 3!

In terms of performance/features rationalization, it is worth noting that nonempirical global
DHs including between 50 to 70% of EXX, and between 10 to 35% of PT2 correlation energies,
provide promising results. It is however not the case of their RSX variants. We remark also that to
get an accurate measure of BH energies, minimally parameterized global DHs need to include a
large fraction of EXX (~70%) and PT2 correlation energies (~40%) like in B2K-PLYP, while the
performance of B2-PLYP (a, = 0.53 and a, = 0.27) remains more modest. Finally, we note the
excellent performance of @B2PLYP which is the only RSX-DH able to well behave with respect
to BHs.

At this point, it is also important to compare the DH performances with respect to other (non-
DH) density-functional approximations reported in Ref. 43. The comparison is of course not
completely strict since we removed here 30 troublemaker BHs energies from the original BH9
dataset *> However, it provides a (slightly overestimated) flavour of their MADs. On this line, only
some global- or RSX-hybrid approximations displays MADs lower than 3 kcal mol~!. Among
them, we note highly parameterized density functionals from the Head-Gordon (e.g., ®B97M-V>2
and ®B97XD??) or Truhlar (e.g., M05-2X > M06-2X>> and MN15°%) groups for which the BH
property is an integral part of their training set, and MADs compete with the best DHs (MADs
between 2.1 and 2.3 kcal mol~!). Good results are also found with the CAM-B3LYP>Z minimally
parameterized RSX and PBE0°%>? nonempirical global hybrids when coupled with the XDM dis-
persion correction®®®l' (2.37 and 2.85 kcal mol~!, respectively). Unlike with DHs (exception
made with Minnesota density functionals), we notice here that the on-top addition of a dispersion
correction is recommended.

Looking now at the BH9 database from the thermochemistry point of view, Table|ll| gathers the
performance of all DHs on REs. For most of the DHs, the total MADs are here better than for
BHs. They span from 1.37 to 6.24 kcal mol~! with a better average performance on subsets (v) and

(vii) than on subset (1). The best approach is the highly parameterized ®B97X-2 range-separated
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exchange DH (1.37 kcal mol™!). It is directly followed by the minimally parameterized DSD-
PBEP86-D3(BJ) and DSD-BLYP-D3(BJ) spin-component scaled, and B2K-PLYP-D3(BJ) global
DHs (1.56, 1.63 and 1.72 kcal mol~!, respectively), all of them being corrected for dispersion
forces. We find then the @B2PLYP range-separated exchange DH (2.10 kcal mol™'), and the
PBE(-DH and PBE-QIDH nonempirical DHs (2.23 and 2.48 kcal mol~!, respectively). The last
one yielding a MAD below 3 kcal mol~! is B2-PLYP-D3(BJ), a minimally parameterized DH
corrected for dispersion interactions. The 6 other approaches considered in this work are above
this threshold.

Except for B2K-PLYP and B2-PLYP, we notice that -D3(BJ) overcorrects REs of all DHs con-
sidered in this work. The larger improvements are of about 0.5 kcal mol~! for the former and 1.4
kcal mol~! for the latter. They are obtained for pericyclic reactions [subset (ii)]. Just like within
the Diels-Alder reaction (DARC) testset,®* the repulsive nonbonded interactions at highly com-
pressed distance ruling the reactants are overestimated, leading to their larger destabilization with
respect to the product (see mean signed deviations in Table SIII of Supplementary Material*®).
Even if this error is claimed to be closely related to SIE, %% -D3(BJ) artificially stabilizes the prod-
uct and improves the estimation of the RE property. This observation is confirmed by the good
performance of the @B2PLYP RSX-DH variant which better corrects SIE. The other subsets are
revealed as less affected by the use of the a posteriori correction.

The performance/features trade-off is less restrictive for the estimation of RE than for BH
energies. Except nonempirical RSX-DHs and B2-PLYP, most of the DHs tested in this work
provide excellent performances with respect to this property. This is however not the case for other
density-functional approximations as semilocal or hybrids. Like for BHs, highly parameterized
global and RSX hybrids from the Head-Gordon and Truhlar groups compete with the best DHs
even if MADs are biased by 15 more troublemaker REs 43> The best performance is found for
®wB97M-V (1.62 kcal mol~!) and the deviations remain below 3 kcal mol~! for M05-2X, M06-2X
and ®B97XD. Other approximations are found less accurate than DHs.

Since the accuracy in kinetics and thermochemistry is ruled by the ‘chemical accuracy’ energy
threshold, Figure [I] depicts the success of DHs in reaching it for BH and RE properties. It is
calculated as the number of reactions included in the BH9 database with an absolute energy error
lower than 1.4 kcal mol~! divided by the total number of reactions. The higher this percentage
is, the better a DH fulfills the ‘chemical accuracy’ criteria. At a first glance, most of the DHs

investigated here gather a similar success for BH and RE properties. Only the ®B97X-2 and
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®wB97X-2-D3(BJ) highly, and DSD-PBEP86-D3(BJ), DSD-BLYP-D3(BJ) and B2-PLYP-D3(BJ)
minimally parameterized DHs display unbalanced performance versus both properties. ®B97X-2
is by far the most successful in predicting REs (67.5%). Its parameterization is likely the source
of its large success. However, it is also probably at the origin of its poor success with respect to
BHs (27.4%). Similar remarks can be made for DSD-PBEP86-D3(BJ) and DSD-BLYP-D3(BJ),
and in a lower extent to B2-PLYP-D3(BJ).

The other DHs provide a well balanced and more stable success versus both properties, proving
that the parameterization of a DFA can give an unbalanced performance (Figure [I). The best DH
is @B2PLYP while the worse is B2-PLYP-D3(BJ). Their successes are of about 51.7% (41.7%)
and 17.5% (42.4%) for BH (RE), respectively. In between, the B2K-PLYP minimally parameter-
ized, and PBEO-DH and PBE-QIDH nonempirical global DHs are found as very promising with a
success ranging from 45 to 49% for BH, and from 35 and to 49% for REs. The other DHs present

a more moderate success positioned around 30% for both properties.

Despite their excellent performance, DHs are often criticized for their larger computational
cost with respect to more standard DFAs. It scales as O(n°) (n referring to the size of the basis
set) compared with O(n*) for standard hybrids. Even if it is common practice to alleviate their
computational effort by using the resolution-of-the-identity (RI) or similar fitting techniques, we
recently developed a novel protocol able to reduce again the computational cost, and extend in
the same time their domain of applicability (in terms of molecular size). Dubbed DHthermo,%
the protocol rests on the development of a small split-valence basis set (DH-SVPD),%* which by
error compensation between basis set superposition and basis set incompleteness errors (BSSE
and BSIE, respectively), assures a good performance for a DH at a relatively cheap computa-
tional effort. Since DHthermo turns out to be a protocol of choice to model the thermochemistry

properties of hydrocarbons, 0302160

we investigate here its impact while assessing the kinetics and
thermochemistry properties of reactions gathered into the BH9 database. Figure [2] compares the
MAD:s of 8 DHs uncorrected for dispersion forces and calculated over the 9 subsets with the very
large def2-QZVPP and small DH-SVPD basis sets. At a first glance, we observe that most of the
correlation points (i.e., 83% for BHs and 83% for REs) are located lower to the diagonal, i.e. that
DHs better perform at def2-QZVPP level than at DH-SVPD level. However, this loss of accuracy
goes well with a large saving in computational effort. For instance, the full assessment of the BH9

database costs 130.4 versus 27.5 wall-time hours on Intel Xeon Gold 6134 (3.20GHz) CPUs at
def2-QZVPP and DH-SVPD levels, respectively, that corresponds to a saving factor of 4.7.

7



Communication

Going deeper into details, we remark that just like dispersion corrections, the loss of accuracy
provided by DH-SVPD is a consequence of an underestimation of BHs and REs (see mean signed
deviations in Tables SIV and SV of Supplementary Material*®). Over the 8 dispersion-uncorrected
DHs assessed in this work, 21% (54%) of subsets are in the conic area of +20% (£40%) error for
the BH property. It is of about 33% (60%) for the RE property. Nevertheless, coupling DH-SVPD
to a DH tends to improve the estimation of BHs for subsets (i), (iii) and (viii), and of REs for

subsets (iv), (v) and (vii).

In summary, by assessing 868 BHs and 434 REs contained into the novel and extended BH9
database, we show that DHs can provide a statistically-verified and accurate answer to the kinetics
and thermochemistry modeling issue. Over the whole set of BHs and REs, minimally parameter-
ized DHs like @B2PLYP or B2K-PLYP, and nonempirical DHs like PBEO-DH and PBE-QIDH
succeed to reach the ‘chemical accuracy’ energy threshold by more than 40% for both properties
in a balanced fashion. This success corresponds to MADs lower than 2.5 kcal mol~!. Other DHs
like the highly parameterized @B97X-2, or minimally parameterized DSD-PBEP86-D3(BJ) and
DSD-BLYP-D3(BJ) spin-component-scaled DHs provide also an excellent estimate of RE prop-
erties. Their performance remains however lower than expected probably due to their empirical
parameterization. Furthermore, we notice that coupling an empirical dispersion correction like
-D3(BJ) to a DH tends to deteriorate its accuracy. Unlike with more standard semilocal or hybrid

DFAs 43 we thus discourage their use for this type of investigation.

Computational details: All the computations are performed with the release 5.0 of Orca.” For
each energy single point, a tight SCF convergence criteria together with the DefGrid3 integration
grid are taken as default. The BH9 database is both assessed with the very large def2-QZVPP
Ahlrichs’ quadruple-£°® and small DH-SVPD split-valence® basis sets, the former assuring a
nearly complete basis set convergence and minimizing BSSE while the latter assuming compen-
sation between BSSE and BSIE. The DH-SVPD basis set being only available for H, C, N and
0, we replace it by def2-SVPD for the missing elements®3” The resolution-of-the-identity in
combination with the “chain-of-spheres’ algorithm70 (COSX) and an automatic construction of a

general purpose auxiliary basis set is systematically turned on.

8



Communication
SUPPLEMENTARY MATERIAL

Mean signed and absolute deviations regarding all the subsets and density-functional approxi-

mations investigated herein are reported within the Supplementary Material.

DATA AVAILABILITY

The data that supports the findings of this study are available within the article [and its supple-

mentary material].
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TABLE I. Mean absolute deviations (kcal mol~!) over the 9 subsets of the BH9 barrier height energy

database (868 entries) computed with the 18 double hybrids considered in this workd at the def2-QZVPP

level of theory.

Ref. 1 @G @G @Gv)y  (v)  (vi) (vi)) (viii) (ix) total
PBEO-DH 71 1.53 195 151 158 1.84 134 155 272 125 171
wB2PLYP-D3(BJ) 22 1.69 223 094 169 123 147 173 1.68 147 1.72
wB2PLYP 220300 1.69 223 1.00 1.60 1.41 152 1.69 1.74 147 1.73
PBE-QIDH 72 204 239 162 131 252 152 128 2.06 146 193
B2K-PLYP 42 208 296 132 132 278 1.74 062 121 1.16 2.08
PBE-QIDH-D3(BJ) 72773 2.06 288 1.13 194 464 179 150 1.06 1.82 2.38
B2K-PLYP-D3(BJ) 427740 2.02 358 1.21 1.69 532 087 0.74 144 147 2353
wB97X-2 75 198 395 177 222 449 135 138 202 1.67 280
®wB97X-2-D3(BJ) S1U75 198 396 177 222 450 136 138 202 1.67 281
PBEO-DH-D3(BJ) S0471 198 299 180 339 487 253 191 093 233 2286
DSD-PBEP86-D3(BJ) 76 230 370 165 255 729 147 129 215 198 3.11
B2-PLYP 77 146 5.00 257 191 369 252 119 1.8 234 3.5
RSX-QIDH-D3(BJ) 21230300 3.35 541 327 1.11 150 248 1.79 329 3.12 3.28
RSX-QIDH 2123 334 535 352 106 182 252 1.71 3.58 3.07 3.32
DSD-BLYP-D3(BJ) 76 192 512 219 276 7.73 136 1.07 273 227 3.68
B2-PLYP-D3(BJ) 778 153 572 480 399 8.10 2.06 131 394 3.00 4.49
RSX-0DH-D3(BJ) 21300  3.79 746 434 098 536 3.04 196 541 392 461
RSX-0DH 21 374 742 513 130 6.82 3.18 1.76 622 391 4.89
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TABLE II. Mean absolute deviations (kcal mol~!) over the 9 subsets of the BH9 reaction energy database

(434 entries) computed with the 18 double hybrids considered in this work at the def2-QZVPP level of

theory.

Ref. 1 @) @) @[Gv)  (v)  (vi) (vil) (viii) (ix) total
wB97X-2 75 251 091 190 189 0.62 133 052 147 096 1.37
®wB97X-2-D3(BJ) SI750 251 091 190 1.89 0.62 133 052 147 096 1.37

DSD-PBEP86-D3(BJ) 76 290 1.09 195 207 062 151 067 147 159 1.56

DSD-BLYP-D3(BJ) 76 243 148 177 202 1.08 138 055 152 128 1.63
B2K-PLYP-D3(BJ) 42074/ 227 2.06 1.72 183 130 092 048 1.17 1.12 1.72
oB2PLYP 22 214 327 1.01 110 1.71 188 049 1.05 260 2.10
wB2PLYP-D3(BJ) 224300  2.15 333 101 1.10 1.70 199 049 1.06 266 2.13
PBEO-DH 71 298 3.06 233 153 128 124 096 150 222 223
B2K-PLYP 42 226 333 177 185 137 171 048 126 144 223
PBE-QIDH 72 370 379 136 172 090 146 0.67 1.19 282 248
B2-PLYP-D3(BJ) 778 1.87 506 148 144 140 099 1.03 1.77 177 2.64
PBE-QIDH-D3(BJ) 720731 3.86 4.67 133 174 0.83 232 0.67 1.14 354 2.89
PBEO-DH-D3(BJ) S0071 391 498 1.89 149 1.15 330 095 149 443 3.18
B2-PLYP 77 257 799 190 152 154 382 1.03 1.83 375 4.07
RSX-QIDH 2123 6.11 992 137 156 129 333 061 112 6.09 5.06

RSX-QIDH-D3(BJ) 211231301 6.14 10.07 1.37 1.56 128 356 0.61 1.14 6.22 5.14
RSX-0DH 21 744 1205 159 1.19 1.85 3.79 081 145 697 6.00
RSX-0DH-D3(BJ) 210300 7.54 1251 1.55 1.21 1.83 455 081 1.54 736 6.24
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FIG. 1. Percentage of success of each DH in reaching the ‘chemical accuracy’ threshold (1.4 kcal mol~')
for the (red) 868 barrier height (BH) energies, and (blue) 434 reaction energies (RE). From left to right,
DHs are ranked from the more to the less successful in reaching the ‘chemical accuracy’ threshold for both

BH and RE properties.
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FIG. 2. Correlation diagrams comparing the mean absolute deviations (MAD in kcal mol~!) calculated
over the 9 subsets of the BH9 dataset at DH-SVPD and def2-QZVPP level of theories for (left) barrier
height (BH) and (right) reaction energy (RE) properties. The thin and large gray areas depict a =20 and
+40% error with respect to the diagonal, respectively. A lower deviation to the diagonal indicates a better

performance with the def2-QZVPP basis set.
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