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1 Introduction

A look at the density functional theory zoo with
the advanced GMTKNS5 database for general
main group thermochemistry, kinetics and
noncovalent interactionsy

*@ Andreas Hansen, (2° Christoph Bauer, ©2'° Stephan Ehrlich,#°

@ and Stefan Grimme (2 *©

Lars Goerigk,
Asim Najibi

We present the GMTKN55 benchmark database for general main group thermochemistry, kinetics and
noncovalent interactions. Compared to its popular predecessor GMTKN30 [Goerigk and Grimme
J. Chem. Theory Comput., 2011, 7, 291], it allows assessment across a larger variety of chemical
problems—with 13 new benchmark sets being presented for the first time—and it also provides
reference values of significantly higher quality for most sets. GMTKN55 comprises 1505 relative energies
based on 2462 single-point calculations and it is accessible to the user community via a dedicated
website. Herein, we demonstrate the importance of better reference values, and we re-emphasise the
need for London-dispersion corrections in density functional theory (DFT) treatments of thermochemical
problems, including Minnesota methods. We assessed 217 variations of dispersion-corrected and
-uncorrected density functional approximations, and carried out a detailed analysis of 83 of them to
identify robust and reliable approaches. Double-hybrid functionals are the most reliable approaches for
thermochemistry and noncovalent interactions, and they should be used whenever technically feasible.
These are, in particular, DSD-BLYP-D3(BJ), DSD-PBEP86-D3(BJ), and B2GPPLYP-D3(BJ). The best hybrids
are ®B97X-V, M052X-D3(0), and ®B97X-D3, but we also recommend PW6B95-D3(BJ) as the best
conventional global hybrid. At the meta-generalised-gradient (meta-GGA) level, the SCAN-D3(BJ) method
can be recommended. Other meta-GGAs are outperformed by the GGA functionals revPBE-D3(BJ),
B97-D3(BJ), and OLYP-D3(BJ). We note that many popular methods, such as B3LYP, are not part of our
recommendations. In fact, with our results we hope to inspire a change in the user community’'s
perception of common DFT methods. We also encourage method developers to use GMTKNS55 for
cross-validation studies of new methodologies.

frequently applied approach used by computational chemists.>
Its implementation into standard quantum-chemical software

Kohn-Sham (KS) density functional theory' (DFT) has without
doubt shaped modern molecular quantum chemistry like no
other methodology in recent years, and it is now the by far most
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packages has also made it easily accessible to the non-expert that
may want to support their experimental results with computational
insights. While exact in nature, the true exchange-correlation
functional in DFT remains elusive, and instead the user has to rely
on density functional approximation (DFAs). As a consequence,
hundreds of DFAs have been developed, each with their own
advantages and disadvantages. This means that despite DFT
calculations being technically easy to perform, it is no trivial
task to choose the right DFA for a specific problem.
Benchmarking—an assessment of DFA results against a set
of reference data—has become a vital tool in method develop-
ment and validation, which provides invaluable information to
method users. Early benchmark sets focussed mostly on heat of
formations (HoFs), electron affinities (EAs), ionisation potentials
(IPs) and proton affinities (PAs) of relatively small molecules
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with experimental reference values; popular examples are the
G2-1,> G2/97,* G3/99,° and G3/05° test sets. Those sets rely
heavily on HoFs, which are derived from total atomisation
energies (TAEs). While TAEs are without doubt an important
test case for any new method, it was also pointed out in 2011
that the results of TAE benchmark studies are not necessarily
representative for the treatment of thermochemical problems.’
In 2017, Bartlett and co-workers automatically created 11247
reaction-energy benchmark values from the 140 TAEs in the
W4-11 set® and they confirmed the aforementioned conclusion
from 2011.° Moreover, they showed that the usually expected
error cancellations between the product and reactant species in
reaction-energy calculations do not always happen, but that
errors can in fact be amplified. This demonstrates the need to
specifically design various benchmark sets covering reaction
energies.

Others also share the latter view, which is why most
sets developed after the turn of the millennium introduced chemi-
cally more relevant problems, such as reaction energies, barrier
heights (BHs) or noncovalent interactions (NCIs). Some sets would
still depend on experimental reference data, but gradually, zero-
point vibrational-energy (ZPVE) exclusive, non-relativistic high-level
ab initio values became the preferred benchmarks. Some popular
examples are Truhlar’s BH test sets HTBH38'® and NHTBH38,*
the isomerisation set 1ISO34,'* and Hobza’s sets for inter- and
intramolecular NCI energies. In particular, we would like to
mention the S22 set from 2006" and the Benchmark Energy
and Geometry DataBase (BEGDB), which provides online access
to Hobza’s other seminal contributions to this field."*

Carrying out studies on a single benchmark set may give a
biased picture of a DFA’s accuracy and applicability, and using
a different benchmark set may even give an opposing outcome.
One way of introducing an unbiased approach to benchmarking
is Korth and Grimme’s MB08-165 set"> of randomly generated
artificial molecules (AMs), which turned out to be a good
indicator for a DFA’s robustness.”'> A different strategy to
identify a robust method was first rigorously carried out by
Truhlar, who compiled databases that consist of different bench-
mark sets covering various chemical problems."®' The latest of
those compilations is the “Database 2015B”, which comprises
471 molecular and atomic data (relative energies).>> A DFA is
deemed robust if it performs equally well over different bench-
mark sets. In that case, there is a higher probability that it can
also be safely employed to new problems. Also, two of us developed
benchmark databases that focussed on general main-group
thermochemistry, kinetics, and noncovalent interactions (GMTKN)
that we dubbed GMTKN24>* and GMTKN30.>* Alternative large
databases that took parts of GMTKN30 and combined them
with other benchmark sets have also been recently promoted by
Mardirossian and Head-Gordon.>**®

Our herein presented work focusses entirely on our GMTKN
databases. The first version, GMTKN24, contained 24 benchmark
sets and was initially used to establish that non-empirically derived
DFAs belonging to the generalised-gradient-approximation (GGA)
or meta-GGA classes were not necessarily better equipped
to describe thermochemistry than (semi-)empirical ones.>*
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In 2011, GMTKN24 was extended by six additional sets and
renamed GMTKN30. While it was initially used to cross-validate
the PWPB95 double-hybrid DFA, two of us later used GMTKN30
to test 45 DFAs from all five rungs of Jacob’s Ladder, with
the lowest rung being the local-density approximation (LDA),
followed by GGAs or non-separable gradient approximations
(NGAs),”” meta-GGAs/NGAs, hybrid DFAs, and double-hybrid
DFAs. Double hybrids are one representative for the fifth rung, as
they incorporate information from virtual KS orbitals through a
second-order Moller-Plesset-type (MP2) term.*®*° The motiva-
tion behind Jacob’s Ladder was to be able to classify the chaotic
“z0o0” of DFAs according to their underlying components, with
the expectation that a higher rung would guarantee a more
accurate outcome. The 2011 GMTKN30 study showed that
this is indeed the case, with double hybrids being the most
reliable and accurate functionals, clearly outperforming related
MP2-type methods.” While hybrid functionals followed in this
ranking, the difference between meta-GGAs and GGAs was not
very pronounced. As no surprise came the finding that LDAs
were not competitive at all for molecular chemistry.

The large GMTKN30 study also provided the user community
with clear guidelines on which functionals to trust and which to
avoid.” Based on GMTKN30, the best DFAs turned out to be all
double hybrids, with the exception of non-empirical double
hybrids.*® In particular, Kozuch and Martin’s DSD**** func-
tionals and the PWPB95°*D3* functional were the clear
winners.”*® The best hybrid DFAs were Truhlar's M062X-D3,**
M052X-D3,* and PW6B95-D3°® DFAs, with the latter showing
generally larger robustness and less technical issues, such as
occasionally occurring strong quadrature-grid and convergence
problems.” With the exception of ®B97X-D,*” range-separated
hybrids showed no better behaviour than global hybrids. Most
important was probably the finding that the most popular DFA by
far, namely B3LYP,***° turned out to be the worst of 23 hybrids
for the calculation of reaction energies.” Some GGAs turned
out to be competitive with meta-GGAs, and the revPBE-D3*°
and B97-D3"' approaches were recommended. Furthermore
the study demonstrated that London-dispersion effects do also
influence reaction energies and BHs, contrary to the common
perception that they are weak and, thus, negligible in those
cases.” The large GMTKN30 study also indicated that Minnesota
DFAs needed to be long-range dispersion-corrected despite the
wide-spread belief that they already incorporate dispersion
effects;” subsequent studies*>** confirmed these early indications
(also see ref. 25 for a related, more recent study).

Shortly after their introduction, GMTKN24 and GMTKN30
became very popular tools in method development and evalua-
tion, with selected examples being ref. 44-51. However, despite
this success, some questions became evident to us over time.
Are 30 benchmark sets really sufficient to assess a method’s
robustness? Would the overall picture change if we added
new sets? Are the system sizes covered in GMTKN30 still
representative of current problems? Is the letter “K” in
GMTKN—namely BHs—underrepresented with only two test
sets? Are all reference values reliable? Particularly the last
question is important. It was inspired by a 2015 study, which
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GMTKNS55
55 sets
2462 single point calculations
1505 relative energies

barrier heights
7 sets
312 single point calculations
194 relative energies

intramolecular
noncovalent interactions

9 sets
, 339 single point calculations
291 relative energies

noncovalent interactions

21 sets
1038 single point calculations
595 relative energies

Fig.1 The new GMTKNS55 database and its various categories.

showed that the popular CBS-QB3°>** composite approach
used to generate reference BHs of pericyclic reactions (BHPERI
set) had a surprisingly large mean absolute deviation (MAD)
of 2.1 kcal mol™' with respect to the explicitly-correlated
Weizmann protocols W1-F12 and W2-F12.>* This value turned
out to be larger than the MADs for double-hybrid DFAs, and thus
evaluating DFT methods against CBS-QB3 numbers became
questionable.” Indeed, DFA rankings based on the older reference
values changed significantly when the newer ones were used.
Herein, we intend to answer those questions, and we present
the advanced and improved GMTKN55 database, which now
covers 55 test sets (Fig. 1). With seven sets for BHs, that category
is much better represented than in the two predecessors. We
present 13 completely new sets to become part of GMTKN55. In
addition, existing sets were modified or the database was further
extended by sets (partially) taken from the literature, for which
we present new reference values in most cases. For most of the
sets that remain identical to GMTKN30, we also present updated
reference values. Contrary to related large databases, we tried to
increase the accuracy of the reference values substantially by
relying on Weizmann composite protocols whenever possible. In
GMTKNS55, we also provide a higher number of large systems,
such as Cgp isomers, and we also include more ionic systems. An
overview of the new database is given in Table 1. A detailed
description of each of the 55 test sets follows in Section 2.
Having established the new database, we then proceed with
a detailed evaluation of DFAs to re-assess whether the old
recommendations for GMTKN30 are still valid, and how
approaches published since then compare to them as well as
methods that were not considered in 2011. As outlined in
Section 3, we carefully selected 83 out of 217 DFAs for this
task. Contrary to other comprehensive benchmark studies that
avoided testing double hybrids,">*>?® we again include those
herein. Moreover, all 83 DFAs are dispersion corrected, which
enables us to conduct a more consistent analysis compared to
other studies.'®?*?® New DFT-D3**** dispersion-correction
damping parameters are presented for 35 methods for the first
time. In Section 4, we suggest how to best analyse GMTKNS55,
before we proceed with a detailed discussion in Section 5. We
will conclude with an update of our previous recommendations

32186 | Phys. Chem. Chem. Phys., 2017, 19, 32184-32215
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for each of the four highest rungs on Jacob’s Ladder to guide
the DFT user and method developer for future applications.

2 Description of the GMTKNS55
database

The new GMTKN55 database covers 55 different test sets and
for each tested method, the user has to conduct 2462 single-
point calculations to obtain 1505 relative energies for subse-
quent statistical analysis, as opposed to GMKTKN30 with
1218 systems and 841 relative energies. As shown in Fig. 1,
these 55 sets can be distributed amongst four categories.
Similarly to the GMTKN24 and GMTKN30 predecessors, the
first category comprises what we call “basic properties”, and it
includes standard benchmarking problems, such as TAEs, EAs,
or IPs. Contrary to its predecessors, though, we also include
reactions between smaller systems, as is reflected in the
name for this category, which in total comprises 18 test sets.
Reactions between larger systems and isomerisations are
covered by the second category (nine sets in total). A drawback
of GMTKN24 and GMTKN30 is that BHs are underrepresented
with only two benchmark sets in the old “basic properties”
category. GMTKN55 now features seven different test sets that
are collected in a separate category. 21 sets directly allow
assessing a method’s ability to describe NCIs. This category
can be further divided into two subcategories focussing on
intermolecular (12 sets) or intramolecular interactions (nine
sets), respectively.

Table 1 lists all 55 benchmark sets including a short
description, the number of data points for each set, the number
of single-point calculations that need to be carried out, and
the nature of the reference data. For users familiar with the
GMTKN30 predecessor, Table 1 also summarises which sets
were modified, left unchanged or newly added.

Out of the 55 sets, only three are identical to GMTKN30
(G21EA, G21IP, ACONF). 15 sets have the same geometries
as before, but updated reference values, which were either
published elsewhere or that were calculated for this work. These
are the sets: NBPRC, G2RC, BH76RC, DARC, RSE43, BSR36,
1SO34, BH76, BHPERI, ADIM6, S22, HEAVY28, WATER27, IDISP,
and SCONF. Five sets are extensions or modifications of existing
sets and, in addition, we determined new reference values for
these. To reflect these changes, we gave those sets new names.
The set formerly known as PA becomes PA26, AL2X becomes
AL2X6, ISOL22 was extended to ISOL24, and PCONF is now
known as PCONF21. The DC13 set is an extension of DC9 and it
also contains parts of the O3ADD6 set, which has become
obsolete and will no longer be a part of GMTKN55. Six sets were
replaced by new ones: the W4-11 set replaces W4-08, the newly
developed SIE4x4 is a replacement for SIE11, the new ALKS8 set
replaces ALK6, we present the new MB16-43 set as a substitute
for MB08-165, the new RG18 set replaces RG6, and AMINO20x4
makes CYCONF obsolete. 26 sets are an addition to GMTKN55.
Out of those, 13 were taken from the literature without any
or with only minor modifications: ALKBDE10, FH51, CDIE20,

This journal is © the Owner Societies 2017
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Table 1 Description of the subsets within the GMTKN55 database and changes compared to its predecessor GMTKN30
Changes with respect o Ref.
Set Description to GMTKN30 # [AE]®  method
Basic properties and reaction energies for small systems
w4-11° Total atomisation energies Replaces W4-08>° 140 (152) 306.91 ¢
G21EA>*? Adiabatic electron affinities None 25 (50) 3362 ¢
G211p*?*? Adiabatic ionisation potentials None 36 (71) 257.61 ¢
DIPCS10 Double-ionisation potentials of closed-shell systems New* 10 (20) 654.26
PA26 Adiabatic proton affinities (incl. of amino acids) Extension of PA;**%7°8 26 (52) 189.05 S&h
new ref.
SIE4x4° Self-interaction-error related problems New;* replaces SIE11%* 16 (23) 33.72 ¢
ALKBDE10>° Dissociation energies in group-1 and -2 diatomics New from lit. 10 (20) 100.69 ¢
YBDE18% Bond-dissociation energies in ylides New from lit.; new ref.® 18 (29) 49.28 ¢
AL2x6 Dimerisation energies of AlX; compounds Modification of AL2X; 6 (11) 35.88 S
new ref.’
HEAVYSB11 Dissociation energies in heavy-element compounds New*® 11 (22) 58.02 "
NBPRC?>*2%61 Oligomerisations and H, fragmentations of NH;/BH; systems New ref.®? 12 (21) 27.71  f¢
H2 activation reactions with PH;/BH; systems
ALK8 Dissociation and other reactions of alkaline compounds New;* replaces ALK6 8 (17) 62.60 "
RC21 Fragmentations and rearrangements in radical cations New* 21 (41) 3570
G2RC"?? Reaction energies of selected G2/97 systems New ref.® 25 (47) 51.26 ¢
BH76RC> Reaction energies of the BH76'"'"** set New ref.’ 30 2139 ¢
FH51%%4 Reaction energies in various (in-)organic systems New from lit. 51 (87) 31.01 ¢
TAUT15 Relative energies in tautomers New*® 15 (25) 3.05 S
DC13'%2%2865°73 13 difficult cases for DFT methods Extension of DC9;* 13 (30) 54,98  Semikl
new ref.
Reaction energies for large systems and isomerisation reactions )
MB16-43 Decomposition energies of artificial molecules New;°® replaces 43 (58) 414.73
MB08-165"°
DARC>7* Reaction energies of Diels-Alder reactions New ref.®* 14 (22) 3247 7
RSE437° Radical-stabilisation energies New ref.® 43 (88) 760
BSR367%77 Bond-separation reactions of saturated hydrocarbons New ref.® 36 (38) 1620 ¢
CDIE207® Double-bond isomerisation energies in cyclic systems New from lit. 20 (36) 4.06 !
1S034" Isomerisation energies of small and medium-sized New ref.’ 34 (63) 1457 7
organic molecules
ISOL24"° Isomerisation energies of large organic molecules Extension of ISOL22;** 24 (48) 21.92 %
new ref.’
C601SO%° Relative energies between Cg, isomers New from lit. 9 (10) 98.25 ™
PArel Relative energies in protonated isomers New*’ 20 (31) 4.63 h
Reaction barrier heights
BH76'*'123 Barrier heights of hydrogen transfer, heavy atom transfer, New ref.® 76 (86) 18.61 ¢
nucleophilic substitution, unimolecular and association reactions
BHPERI>*%1783 Barrier heights of pericyclic reactions New ref.>® 26 (61) 20.87 f¢
BHDIV10 Diverse reaction barrier heights New*’ 10 (20) 4533 /¢
INV2434 Inversion/racemisation barrier heights New from lit. 24 (48) 31.85 fek
BHROT27 Barrier heights for rotation around single bonds New*® 27 (40) 6.27 re
PX13% Proton-exchange barriers in H,0, NH;, and HF clusters Modified set from lit. 13 (29) 3336
WCPT18% Proton-transfer barriers in uncatalysed and Modified set from lit. 18 (28) 3499 "
water-catalysed reactions
Intermolecular noncovalent interactions
RG18 Interaction energies in rare-gas complexes New;* replaces RG6™* 18 (25) 0.58 ¢
ADIM6>? Interaction energies of n-alkane dimers New ref.® 6 (12) 336
s22"3 Binding energies of noncovalently bound dimers New ref.®” 22 (57) 7.30 !
S66%° Binding energies of noncovalently bound dimers New from lit. 66 (198) 5.47 !
HEAVY28* Noncovalent interaction energies between heavy element hydrides New ref. 28 (38) 1.24 h
WATER27%° Binding energies in (H,0),, H'(H,0), and OH (H,0), New ref.”® 27 (30) 81.14 ?
CARBHB12 Hydrogen-bonded complexes between carbene analogues New*’ 12 (36) 6.04 s
and H,O, NH;, or HCI
PNICO23%* Interaction energies in pnicogen-containing dimers Modifies set from lit.; 23 (69) 4.27 fe
new ref.’
HAL59°>%? Binding energies in halogenated dimers (incl. halogen bonds) Combination of two 59 (105)  4.59 !
sets from lit.
AHB21%* Interaction energies in anion-neutral dimers New from lit. 21 (63) 2249 M
CHB6”* Interaction energies in cation-neutral dimers New from lit. 6 (18) 26.79 M
16 Interaction energies in anion-cation dimers New from lit. 16 (48) 109.04 !
Intramolecular noncovalent interactions
IDISP'*23249%:96  Intramolecular dispersion interactions New ref.® 6 (13) 1422 F
ICONF Relative energies in conformers of inorganic systems New* 17 (27) 3.27 !
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Table 1 (continued)

Changes with respect Ref.
Set Description to GMTKN30 # [AE]®  method
ACONF*’ Relative energies of alkane conformers None 15 (18) 1.83 a
AMINO20x4°® Relative energies in amino acid conformers Replaces CYCONF®® 80 (100) 2.44 7
PCONF21'°%°"  Relative energies in tri- and tetrapeptide conformers Extension of PCONF;*>'% 18 (21) 1.62 k

new ref.’
MCONF'*? Relative energies in melatonin conformers New from lit.; new ref.® 51(52) 497
SCONF>*103 Relative energies of sugar conformers New ref.® 17 (19) 4.60 K
UPU23' Relative energies between RNA-backbone conformers New from lit. 23 (24) 5.72 m
BUT14DIOL'®  Relative energies in butane-1,4-diol conformers New from lit.; new ref.® 64 (65) 2.80

¢ Number of relative ener§ies and single-point calculations (in parentheses), except for BH76RC, for which the single-point calculations carried out

for BH76 are sufficient.

Averaged absolute relative energy (kcal mol™). ¢ W4.'% ¥ (Theoretically back-corrected) exp. ¢ This work.’ W1-F12.%*

£ Ww2-F12.°* " CCSD(T)'*7/CBS. | CCSD(T)-F12'%%/CBS.” W3.2.'°° ¥ DLPNO-CCSD(T)/CBS.'* ! Estimated CCSD(T)/CBS. ™ DLPNO-CCSD(T)/CBS*.'*
" W2.2.'% ° CP-corrected''® CCSD(T)/CBS. ? Estimated CCSD(T)-F12/CBS. ¢ Wih-val.'"*

C60ISO, INV24, PX13, WCPT18, S66, HAL59, AHB21, CHBS,
IL16, and UPU23. Four sets were taken from the literature, but
we present new reference values for them: YBDE18, PNICO23,
MCONF, and BUT14DIOL. Finally, we add nine entirely new test
sets under the names DIPCS10, HEAVYSB11, RC21, TAUT15,
PArel, BHDIV10, BHROT27, CARBHB12, and ICONF.

Detailed descriptions of each test set follow below. Similarly
to its predecessors, all reference values in GMTKN55 are non-
relativistic and ZPVE exclusive, and in the majority of the
cases obtained from all-electron treatments. All structures
and other information can be obtained from a dedicated
website.''?

2.1 Basic properties and reaction energies for small systems

2.1.1 The new W4-11 set. The W4-11 set for TAEs by Karton
et al® is an extension of their older W4-08 database.’® It
contains the same 99 small molecules as W4-08, with the
addition of 41 medium-sized organic molecules, for which
London-dispersion can play an additional stabilising role.*
99 molecules consist of first-row elements, 19 are second-row
species, 21 are mixed first- and second-row species; addition-
ally, the set also contains dihydrogen. 16 systems exhibit some
multi-reference character.® All reference values are based on the
highly accurate W4 composite level of theory,'*® for which a
95% confidence interval of about 0.17 keal mol™" has been
reported.® These reference TAEs range from 2.7 kcal mol ™"
(Be,) to 1007.9 kcal mol™" (propane), with the average value
being 306.91 kcal mol ™. 152 single-point calculations have to
be carried out to treat W4-11.

2.1.2 The unchanged G21EA set. The G21EA set for 25
adiabatic EAs taken from the G2-1 set® was left unchanged and
is the same as for the GMTKN24 and GMTKN30 predecessors.
The EAs range from —0.2 kcal mol™' (NO) to 89.5 kcal mol !
(CN). The average absolute electron affinity for this set is
33.62 keal mol ™", for which 50 single-point calculations need
to be carried out.

2.1.3 The unchanged G21IP set. Also, the G211P set with 36
adiabatic IPs taken from G2-1 has been left unchanged.**
These IPs range from 118.5 kcal mol " (Na) to 401.7 keal mol ™" (F),
with an average of 257.61 kcal mol ", In total, 71 single-point
energies have to be calculated to evaluate this set.

32188 | Phys. Chem. Chem. Phys., 2017, 19, 32184-32215

2.1.4 The new DIPCS10 set. Herein, we present the new
DIPCS10 set which contains 10 double-ionisation potentials of
closed-shell systems, namely ethylene, ethane, cyclobutadiene,
diazene, ammonia, formaldehyde, dihydrogen sulphide, phos-
phine, magnesium, and beryllium. All molecular structures
were obtained at the TPSS'"*-D3(BJ)****/def2-TZVP''* level
of theory and all reference values at the explicitly-correlated
W1-F12 level. The only exception to the latter are the reference
values for Mg and Be, for which all-electron CCSD(T)/cc-pVC5Z'"°
calculations were carried out due to technical reasons. The
10 double-ionisation potentials range from 522.1 kcal mol " (Be)
to 776.5 kcal mol " (NHj;), with an average of 654.26 kcal mol .
In total, 20 single-point energies have to be calculated to
evaluate this set.

2.1.5 The new PA26 set. The PA26 set for PAs is an exten-
sion of the PA set from GMTKN24 and GMTKN30. The original
12 systems were kept, however, their reference values were
changed from W1°” to W2-F12 (ammonia, water, ethyne, silane,
phosphine, dihydrogen sulphide, hydrogen chloride, and
dihydrogen) and from estimated CCSD(T)/complete-basis-set
(CBS) numbers to W1-F12 (ethene, butadiene, hexatriene, and
octatetraene).®® In addition, we extended this set by 14 mole-
cules, for which reference values were obtained at the CCSD(T)/
CBS(def2-TZVPP/def2-QZVPP"'*)//PBEh-3¢'"® level of theory:
C,Fs, ethanol, CH;COOH, glycine, phenol, acetylsalicylic acid,
CH,S, Si,Hs, cysteine, phosphapyrrole, and the four nucleo-
bases adenine, thymine, guanine, and cytosine. The new set
contains 26 PAs that range from 106.2 (H,) to 236.0 kcal mol "
(guanine), with an average value of 189.05 kcal mol ™. A total of
52 single-point calculations have to be carried out for this set.

2.1.6 The new SIE4x4 set. In GMTKN24, the SIE11 test set for
self-interaction-error (SIE) related problems was introduced.*
However, closer analysis shows that “pure” one-electron SIE-
effects are hard to capture with this set, and therefore we herein
introduce the new SIE4x4 set as a replacement. It contains four
positively charged dimers (H,', He,", (NH3),", and (H,0),") for
which their dissociation energies at four different points along
their dissociation potential energy curves are calculated: at their
respective inter-monomeric equilibrium distance, 1.25 times,
1.5 times and 1.75 times their equilibrium distance. The relevant
structures were optimised at the SCS-MP2''”/def2-TZVPP level
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of theory, and all reference values are W2-F12 energies, which
are identical to the Hartree-Fock (HF)/CBS values for H,". The
dissociation energies range from 4.9 ((NH;)," at 1.75 times its
equilibrium distance) to 64.4 keal mol " (H," in its equilibrium
distance). The average absolute reference energy is 33.72 kecal mol .
23 single-point calculations need to be carried out for this set.

2.1.7 The new ALKBDE10 set. In 2015, Yu and Truhlar
presented a study on bond-dissociation energies (BDEs) of
polar diatomics containing either a group-1 or group-2
atom.>® We adopted ten of those dimers from their study to
form the new ALKBDE10 test set: BeF, BeO, CaO, HF, KF, LiF,
KF, LiF, LiO, MgO, MgS, and NaO. All structures are based
on the PW6B95-D3(B])/def2-QZVPP level of theory. The ZPVE-
corrected experimental reference values were taken from the
original study. The BDEs range from 56.7 kcal mol " (MgS) to
139.2 keal mol " (LiF) with an average value of 100.69 kcal mol .
20 single-point calculations have to be carried out for this set.

2.1.8 The new YBDE18S set. In 2012, Truhlar and co-workers
presented the YBDE18 benchmark database for BDEs in 18
ylidic systems to assess DFT-based methods for the treatment
of this important class of organic reagents.®® We adopt this set
with the same MP2/aug-cc-pVTZ''® geometries. The original
study used the CCSD(T)-F12a'%*/VTZ-F12 level of theory to obtain
reference values, herein we present new values based on the
W2-F12 composite approach. We observed absolute differences
between both levels of theories of up to 0.94 kcal mol *
(NF;-CH, system). Compared to the new W2-F12 values, the
original CCSD(T)-F12a/VTZ-F12 values had a mean deviation of
—0.36 keal mol™" and a mean absolute deviation (MAD) of the
same magnitude, indicating a systematic underestimation. The
new W2-F12 BDEs range from 12.31 kecal mol ' (NF;-C(BH,),)
to 91.14 kcal mol ' (F,S-CH,) with an average value of
49.28 keal mol . 29 single-point calculations have to be carried
out for this set.

2.1.9 The updated AL2X6 set. AL2X6 is an updated version
of the AL2X set in GMTKN24 and GMTKN30. The original set
contained binding energies of seven dimers of alane derivatives
with theoretically back-corrected experimental data compiled
by Johnson et al.”* Herein, we present new reference values for
the W2-F12 level of theory with the exception of Al,(CHj)e,
for which W1-F12 was technically more feasible. The largest
difference between W2-F12 and W1-F12 for the other systems
was 0.3 kcal mol™ ' for AlL,Cl,. As Wn-F12 treatments are
currently not defined for bromine, we deleted the Al,Brs system
from this benchmark set and renamed the resulting set AL2X6.
The largest difference between the old and new reference values
was 2.7 kecal mol™* for Al,Hg and the MAD for the old values
compared to the new ones is significant at 1.4 kcal mol . The
new binding energies in AL2X6 range from 23.1 kcal mol ™"
(Al(CH3)6) to 51.6 kcal mol™"' (Al,Fe) with an average value
of 35.88 kcal mol . 11 single-point calculations need to be
carried out for this set.

2.1.10 The new HEAVYSB11 set. The new HEAVYSB11
benchmark set contains 11 homolytic bond-cleavage energies
of covalently bound dimers of the heavy element hydrides
GeHj;, SH, SeH, of the methylated heavy elements Sn(CHj;)s;,
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Pb(CH3)3, TeCH3, P(CHj3),, As(CH3),, Sb(CHzs),, and of Cl and
Br. All molecular structures were obtained at the PBE0Q"*'*°
-D3(BJ)/def2-TZVP level of theory. The reference data were
computed at the CCSD(T)/CBS"*"'?? (aug-cc-pwCVTZ-PP/aug-
cc-pwCVQZ-PP)"?>'** level. The exception are the reactions
involving SnCH; and PbCH3;, for which the diffuse functions
were neglected. The bond-dissociation energies range from 43.79
([Sb(CH3),],) to 73.82 keal mol™" ((GeHy),) with an average of
58.02 kcal mol . A total of 22 single-point calculations need to
be carried out for this set.

2.1.11 The updated NBPRC set. The NBPRC***®" set for 12
oligomerisation and H, fragmentation reactions of NH3/BH;
systems, as well as binding and dihydrogen-splitting energies
for frustrated Lewis-pair (FLP) models keeps its general form
introduced for GMTKN30. However, we replaced the old esti-
mated CCSD(T)/CBS references with newer W2-F12 ones, except
for the hydrogen-splitting reactions involving BCl;-P(CHj3)s and
BF;-P(CH3)g, for which W1-F12 numbers were obtained.®® The
largest difference between the old and new reference values is
1.04 keal mol ' (3NH,BH, — (NH,BH,);). The MAD for the old
values with respect the newer ones is 0.42 kcal mol™'. The new
reaction energies in this set range from —48.9 kcal mol "
(3NH,BH, — (NHBH); + 3H,) to 40.4 kcal mol~* (PH;BH; +
H, — [PH4]'[BH4] ), with an averaged absolute energy of
27.71 keal mol™". 21 single-point calculations need to be
carried out for this set.

2.1.12 The new ALKS8 set. The new ALKS set replaces the
ALK®6 set in GMTNKA30. It contains two decomposition reactions
of alkaline metal complexes into their dimers (taken from
the previous ALK6®® set) complemented by six reactions of
additional alkaline compounds (mainly lithium organyls). The
new CCSD(T)/CBS(aug-cc-pwCVTZ/aug-cc-pwCVQZ)'>*//PBEh-3¢
reference values range from 25.30 kcal mol " for the reaction
Na' + LiNaH, — Li" + Na,H, up to 131.13 kcal mol~" for the
reaction Li,(CH;), — 4LiCHj3, with an averaged absolute energy
of 62.60 kcal mol . 17 single-point calculations need to be
carried out for this set.

2.1.13 The new RC21
set created in the context of the QCEIMS"® mass-spectrum
simulation project. It comprises 21 reaction energies of organic
radical cation fragmentation and rearrangement reactions
of various types (o- and heterocyclic cleavage, benzylium for-
mation and tropylium rearrangement of the toluene radical
cation, allylic and non-activated bond cleavage, McLafferty
rearrangement, H,O elimination from the isocrotonic acid
radical cation, retro-Diels-Alder reaction, and CO elimination
from the phenol radical cation). The reference values are obtained
with the W1-F12 protocol based on PBE0-D3(BJ)/def2-TZVP opti-
mised geometries. They range from —6.72 kcal mol~ " for the
McLafferty rearrangement of 2-pentanone up to 126.56 kcal mol
for the HCN loss from pyridine, with an averaged absolute
energy of 35.70 kcal mol . 41 single-point calculations need to
be carried out for this set.

2.1.14 The updated G2RC set. The composition of the
G2RC subset, with 25 reactions whose reactants and products
had been taken from the G2/97 set of HoFs,* remains the same

set. RC21 is a new benchmark
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as in GMTKN24 and GMTKN30. However, we replaced the
original back-corrected experimental reference data with new
W2-F12 values. The biggest difference between the old and new
reference values was found for the last reaction in the set
(3.41 kecal mol ™" for Li, + F, — 2LiF). The MAD for the old values
relative to the new ones is 0.9 keal mol ™. The reaction energies cover
an energy range from —2.18 kecal mol " (CH;CHO — CO + CH,) to
—216.11 keal mol ™ (Li, + F, — 2LiF), with an averaged absolute
energy of 51.26 kcal mol . A total of 47 single-point calculations
need to be carried out for this set.

2.1.15 The updated BH76RC set. As in GMTKN24 and
GMTKN30, the BH76RC set contains 30 reaction energies for
the reactions investigated in the BH76 barrier-height test set.
The original reference values were based on either W1 values or
other ‘best theoretical estimates’ (see ref. 10 and 11 for more
details). Herein, we provide more consistent values based on
the W2-F12 composite approach. Differences between these values
can be as large as 1.64 kcal mol " (H + PH; — H, + PH,), while the
MAD for the old values compared to the new ones is 0.51 keal mol .
The reaction energies range from —103.28 kcal mol !
(H + F, » HF + F) to 3.69 kcal mol™' (H + N, — HN,), with
an averaged absolute energy of 21.39 kcal mol . As the systems
are taken from BH76, no additional single-point calculations
have to be carried out if BH76 is also analysed.

2.1.16 The new FH51 set. The FH51 set contains 51 reaction
energies in small inorganic and organic systems and was developed
by Friedrich and Hinchen in 2013.°> Herein, we use Friedrich’s
updated CCSD(T)-F12/CBS reference values from 2015,** which
have an averaged absolute value of 31.01 kcal mol . The energies
in FH51 range from —150.81 kcal mol™* (CgH,0 + 2H,0, —
ethyl-y-butyrolactone + 3H,0) to —0.18 kcal mol " (C3H,CO,H +
NH; — C3H,CONH, + H,0). 87 single-point calculations need
to be carried out for this set.

2.1.17 The new TAUT15 set. TAUT15 is a set of 15 chemi-
cally different tautomerisations: keto-enol tautomerism of
acetyl acetone and malone aldehyde, beta-imine ketone tauto-
merism, heterocycle and nucleobase tautomerism, the tauto-
merism of 2-hydroxypyridine vs. pyridone, relative energies of
low-lying cytosine and guanine tautomers, N-heterocycle tauto-
merism, relative energies of 1H-tetrazole vs. 2H-tetrazole and
proxy- vs. tele-methylimidazole, respectively, and thiol-thione
tautomerism of thioformic acid and 2-pyridinethiol. The reference
values obtained at the W1-F12//SCS(1.1,0.6)-MP2"*"/def2-QZVP
level range from —5.44 kecal mol™" up to 13.03 kcal mol ', with
an average absolute energy of 3.05 kcal mol . 25 single-point
calculations need to be carried out for this set.

2.1.18 The extended DC13 set. In GMTKN24 and GMTKN30,
we used the DC9 test set, which was a compilation of nine
reactions taken from the literature that were known to be
difficult for DFT methods.>***%>%° The reference values were
based on different levels of theory or experimental numbers.
Herein, we present the extended DC13 set that contains the same
nine reactions with updated, entirely theoretical reference values
and four additional reactions. For the original nine reactions,
different levels of theories were employed depending on system
size. W3.2 was used for the decomposition of Be, into beryllium
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atoms, W2-F12 for the formation of Sg from S, as well as for the
1,3-dipolar cycloaddition between ethene and diazomethane.
The W1-F12 composite approach was used for the the tauto-
meric 2-pyridone/2-hydroxypyridine system, the isomerisation
from hepta-1,2,3,5,6-hexaene to hepta-1,3,5-triyne, and the carbo-
[3]-oxacarbon isomerisation. The DLPNO-CCSD(T)/TightPNO"'**/
CBS(aug-cc-pVTZ/aug-cc-pVQZ) level provides new reference
values for the isomerisation between two (CH);, isomers. The
reference value for the dimerisation of tetramethyl-ethene to
octamethyl-cyclobutane was updated from SCS-MP2/CBS to
CCSD(T)/CBS(cc-pVIZ/ce-pVQZ).

In 2016, Manna and Martin carried out a detailed study on
C,o isomers and confirmed that those are very challenging
systems, as their electronic structures can differ quite strongly,
which often prevents error-cancellation effects when calculating
the related isomerisation energies.”® Two of those isomers—C,,
in its cage and bowl configurations—were already a part of the
original DC9 set. Manna and Martin obtained a reliable and
accurate isomerisation energy of —8.2 kcal mol ' based on
estimated CCSD(T)/CBS values (MP2/CBS(aug-cc-pVQZ/aug-cc-
pV5Z) corrected with the correlation-energy difference between
CCSD(T)/cc-pVTZ and MP2/cc-pVTZ). Unfortunately, the authors
used geometries that had been obtained at a level of theory
different from the structures used in DC9. However, we prefer
to keep the original DC9 structures to allow users that have
their own local version of GMTKN30 to easily upgrade it to
GMTKNS55. To solve this dilemma, we estimated the influence
of the geometry on the isomerisation energy with the help of
DLPNO-CCSD(T)/TightPNO/cc-pVTZ calculations on both sets
of geometries. The resulting correction value of 0.5 keal mol ™+
was then added to the reference value proposed by Manna and
Martin, thus, yielding a value of —7.7 kecal mol ", which we will
use for the extended DC13 set in GMTKN55.

The changes between the old and new references range from
being marginal (0 kcal mol " for the tautomeric 2-pyridone/
2-hydroxypyridine system) to being sizeable (5 kcal mol " for the
reaction involving Sg and 5.6 kcal mol ™" for the C,, isomers).

As a tenth system, we include an example from Karton and
Martin’s study on 45 isomerisation energies in CgHg systems.”*
As GMTKNS55 itself already contains a large number of isomer-
isation energies for hydrocarbons, we decided to include the
most difficult reaction from the Karton and Martin study in the
DC13 set. This is the 41st reaction in Karton and Martin’s set
with a W1-F12 reaction energy of 109.92 kcal mol '. The
GMTKN24 and GMTKN30 databases contained the O3ADD6
set that considered the addition of ozone to either ethane or
ethyne.”” We decided to leave this set out of GMTKN55, as its
analysis is difficult because it involves a mixture of reaction
energies, BHs, and association energies. Instead, we took the
two reaction energies, re-evaluated them at the W2-F12 level of
theory and included them as eleventh and twelfth entries in
DC13. The thirteenth and final reaction was taken from a
similar test set by Zhao and Truhlar,'® namely the reaction of
hexachlorobenzene with hydrogen chloride to dichlorine
and benzene. For this reaction, we present new data at the
W1-F12 level of theory.
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The reaction energies in the extended DC13 set range
from —106.0 kcal mol™" (Sg reaction) to 152.6 kcal mol™*
(reaction 13) with an averaged absolute reaction energy of
54.98 kcal mol . A total of 30 single-point calculations need
to be carried out for this set.

2.2 Reaction energies for large systems and isomerisation
reactions

2.2.1 The new MB16-43 set. In 2010, Korth and Grimme
introduced the idea of “mindless benchmarking”, i.e., reac-
tions of randomly created structures are used to compile a test
set without any subconscious bias from the developers.”> The
resulting MB08-165 test set contained 165 randomly created
systems that consisted of eight atoms each. MB08-165 turned
out to be insightful in the assessment of a method’s robustness
and, thus, formed a crucial component in the GMTKN24 and
GMTKN30 test sets. Systems containing only eight atoms,
however, may not be representative for usual applications,
and therefore we replace MB08-165 with our newly developed
MB16-43 set, which contains the decomposition of 43 AMs—each
containing 16 atoms—into element hydrides (for elements of the
groups 1, 2, and 13-15) or diatomics (for the other elements). An
example reaction is: 2H¢B,N,0,FNaAlCl + 4H, — 4BH; + 2N, +
20, + F, + 2NaH + 2AlH; + Cl,. More details on the formation of
the AMs and determining the final composition of the MB16-43
set can be found in the ESIL.f The 43 reference energies were
obtained at the W1-F12 level of theory. The resulting reaction
energies range from —362.98 to 1290.73 kcal mol ', with an
averaged absolute reaction energy of 414.73 keal mol . A total of
58 single-point calculations need to be carried out for this set.

2.2.2 The updated DARC set. The DARC set with 14
Diels-Alder reactions has been updated for this work with
new reference values. Instead of the original estimated
CCSD(T)/CBS,>* we propose to now use W1-F12 values.®” The
differences can be as large as 1.6 kcal mol " (reaction of ethene
with butadiene) and the MAD for the old values relatively to the
new ones is 0.54 kcal mol '. The reaction energies range
from —60.8 kcal mol™" (reaction of ethyne with butadiene) to
—14.0 kcal mol ™" (reaction of furan with maleine to form the
endo-product). The averaged absolute reaction energies for this
set is 32.47 keal mol™", and a total of 22 single-point calcula-
tions need to be carried out.

2.2.3 The updated RSE43 set. The RSE43”° set contains 43
radical-stabilisation energies (RSEs), with an RSE being the
reaction energy for the hydrogen abstraction in hydrocarbons
by a methyl radical. The reference values for this set are herein
updated from estimated CCSD(T)/CBS to W1-F12 values,
with a slight change in the averaged absolute RSE from 7.5 to
7.60 kcal mol . While this seems like an overall small change,
we note that for individual systems the difference can be as
large as 7.7 kcal mol " (CCl3CH,). The new RSEs range from
—26.4 keal mol " (H,NCHCOOH) to 6.9 kcal mol ' (CCI;CH,).
A total of 88 single-point calculations need to be carried out
for this set.

2.2.4 The updated BSR36 set. We keep the BSR36 set
of 36 bond-separation reactions of saturated hydrocarbons, as
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introduced by Steinmann et al’® and then later updated
with estimated CCSD(T)/CBS reference values by Krieg and
Grimme.”” Contrary to GMTKN30, however, we replace the
estimated CCSD(T)/CBS values with rigorously extrapolated ones
(DLPNO-CCSD(T)/TightPNO/CBS(aug-cc-pVTZ/aug-cc-pVQZ)). The
MAD of the old reference values with respect to the newer ones
is 0.5 kcal mol™", and individual differences get as big as
1.6 kecal mol " in some cases. The new reaction energies range
from 2.24 kcal mol " (ring system 1) to 48.82 kcal mol ' (cage
system 4), with an average of 16.20 kcal mol . 38 single-point
calculations need to be carried out for this set.

2.2.5 The new CDIE20 set. In 2014, Yu and Karton
presented the DIE60 set with 60 double-bond isomerisation
reactions in linear, branched and cyclic conjugated dienes. As
our new GMTKN55 database already contains various isomer-
isation reactions, particularly for linear and branched systems,
we have compiled a subset of 20 reactions in cyclic dienes from
Yu and Karton’s data (reactions 20-22, 25, 26, 28, 29, 40, 43-49,
51, 52, 56, 57 and 60 in ref. 78) We dub this subset CDIE20. The
geometries and W1-F12 reference values are the same as in the
original DIE60 set. These energies range from —5.9 to 8.6 kcal mol
with an averaged absolute value of 4.06 keal mol ™" for the entire set.
36 single-point calculations need to be carried out for this set.

2.2.6 The updated 1SO34 set. The popular 1SO34'* set
with 34 organic isomerisation reactions remains a part of
GMTKNS55, however, we herein present new W1-F12 reference
values that replace the original back-corrected experimental
ones. The largest absolute difference was observed for reaction 33
(3.08 keal mol™"), and the MAD for the old values with respect to
the new ones is 0.71 kcal mol . The new isomerisation energies
range from 1.06 kcal mol ' (reaction 4) to 66.06 kcal mol *
(reaction 27), with an average value of 14.57 kcal mol . 63
single-point calculations need to be carried out for this set.

2.2.7 The extended ISOL24 set. In 2010, Huenerbein et al.
presented a set of 24 isomerisation reactions of large molecules
of general, “real-life” interest, such as a steroid, a dye, or a
sugar.”® For GMTKN30, two of those systems—dubbed systems
1 and 4 in the original publication—were initially discarded
because it was feared their size would prevent black-box bench-
mark studies; the resulting set was named ISOL22.>* Over the
past 6 years, computational architectures have improved, and
we no longer see a reason to exclude those two systems. Thus,
we reintroduce them herein and rename the set ISOL24. Note,
that the reactant and product of reaction 22 are interchanged
compared to the original ISOL24 set. Furthermore, we replace
the original SCS-MP3'2°/CBS reference values with DLPNO-
CCSD(T)/TightPNO/CBS(def2-TZVPP/def2-QZVPP) ones. The
MAD for the old reference values of ISOL22 with respect to
our new ones is with 1.29 kcal mol ' significant. The isomer-
isation energies of this updated set range from 0.14 kcal mol ™"
(system 22) to 71.01 kcal mol " (system 1), with an average
value of 21.92 keal mol . A total of 48 single-point calculations
need to be carried out for this set.

2.2.8 The new C60ISO set. In 2017, Sure et al. published
the C60ISO benchmark® consisting of relative energies for
the five energetically most stable Cqo isomers, and for five
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additional Ce, isomers with different geometrical features. The
latter are up to 166 kcal mol~* higher in energy compared to the
lowest Cgo-l;, isomer and the average of the respective nine
relative energies is 98.25 keal mol . This test set aims to identify
methods that are accurate for modelling carbon nano-structures.
The reference relative energies were obtained at the DLPNO-
CCSD(T)/CBS*//PBE-D3(B])/def2-TZVP level of theory.

2.2.9 The new PArel set. In GMTKN30, only absolute PAs
were included. Since relative PAs play an important role in
chemistry, particularly in biochemical applications, we com-
piled a new benchmark set of 20 relative energies between
31 tautomers of the protonated forms of the nucleobases
adenosine and thymine, a methyl hexofuranoside, para-
aminobenzoic acid, H,P,0,, S,0,, C,H,F,, and C,Cl,. The
structures of the most stable protomers were searched with
GFN-xTB"*° and subsequently optimised with PBEh-3c. The
CCSD(T)/CBS(def2-TZVPP,def2-QZVPP) reference values for
the relative energies of the respective protomers range from
0.60 keal mol ™" (para-aminobenzoic acid) to 11.20 keal mol ™"
(protonated S,04), with an average value of 4.63 kcal mol .

2.3 Reaction barrier heights

2.3.1 The updated BH76 set. The BH76 subset is a combi-
nation of the HTBH38'® and NHTBH38"" sets by Truhlar and
co-workers, and was also used in GMTKN24 and GMTKN30.
It contains 76 forward and reverse BHs for 38 different
hydrogen-transfer, heavy-atom transfer, nucleophilic-substitution,
unimolecular and association reactions. As outlined above for
BH76RC, we herein adopt new W2-F12 reference values. While
most reference values only change marginally (the MAD for the
old values is only 0.4 kcal mol "), we also observed outliers.
For instance, the forward barrier for the hydrogen-transfer
reaction between NH, and the ethyl radical is underestimated
by 2.3 kcal mol™" by the old reference value. The new averaged
absolute BH is 18.61 kcal mol .

2.3.2 The updated BHPERI set. The original BHPERI set
used in GMTKN24 and GMTKN30 contained 26 BHs of
pericyclic reactions that had been obtained with the popular
CBS-QB3°** composite approach.”>®** In 2015, Karton and
Goerigk derived new W2-F12 and W1-F12 reference data, and they
demonstrated that the MAD for CBS-QB3 was with 2.1 keal mol™*
much larger than the typical error for double-hybrid DFT
methods.”> We therefore adopt their new reference values for
GMTKN55. They range from 0.5 keal mol " to 35.3 kecal mol™ %,
resulting in an average BH of 20.87 kcal mol . 61 single-point
calculations need to be carried out for this set.

2.3.3 The new BHDIV10 set. Our newly composed bench-
mark set BHDIV10 has the scope to also assess BHs of larger
and chemically more diverse reactions. It includes 10 chemi-
cally interesting transition states for, e.g.,, the B-N dewar
benzene formation, H, activation with an FLP model complex,
a Si/BHCI, exchange reaction, C,H, trimerisation to benzene,
and the 1,3-silyl shift in allylsilane. The reference values were
obtained with W2-F12 or W1-F12 (for BH 3 and 7) based on
PBEh-3c geometries, including the continuum solvation model
COSMO™" for the optimisation of the species involved in
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reactions 5 and 6. They range from 13.64 kcal mol™" for the
barrier of the CO, activation reaction with an FLP model
complex up to 96.17 kcal mol " for the barrier of the reaction
of methane with ethene, with an average of 45.33 kcal mol .
A total of 20 single-point calculations need to be carried out for
this test set.

2.3.4 The new INV24 set. In 2016, Goerigk and Sharma
presented the first comprehensive benchmark set for BHs in
inversion and racemisation reactions (INV24).%* It comprises
24 BHs for inversion in triatomic, pyramidal, cyclic, helical and
bowl-shaped systems calculated at the W2-F12, W1-F12 or
DLPNO-CCSD(T)/TightPNO/CBS(def2-TZVPP/def2-QZVPP) levels
of theory ranging from 4.5 to 79.7 kcal mol™". The average
barrier is 31.85 kcal mol . 48 single-point calculations need
to be carried out for this set.

2.3.5 The new BHROT27 set. Our new BHROT27 set is the
first comprehensive benchmark set allowing investigation
of barriers for rotation around single bonds. Together with
INV24, it is one of two BH test sets for processes that do not
involve any bond breaking or formation. The set contains
27 barriers for 14 molecules. All geometries were obtained
at the TPSS-D3(BJ)/def2-TZVP level of theory. The BHs are
based on the W2-F12 and W1-F12 levels of theory and they
range from 1.01 to 17.24 kcal mol~" with an average value of
6.27 keal mol ™. 40 single-point calculations need to be carried
out for this set.

2.3.6 The new PX13 set. In 2012, Radom and co-workers
studied the complexation energies of 13 water, ammonia and
hydrogen-fluoride clusters of varying sizes, as well as the BHs
for proton transfer in them.®* Reference values for all energies
were based on the W1-F12 level of theory. The reference points
for all 13 barriers were the separated monomers. Herein we
adopt a modified version of this set, where the BHs have the
clusters in their minimum-energy configuration as reference
points. Those new barriers were calculated from the difference
between the complexation energies and barriers presented
in the original paper. The new reference energies range from
14.6 keal mol ™" ([HF]s cluster) to 59.3 kcal mol " ([NH;], cluster)
with an average value of 33.36 kcal mol™". 29 single-point
calculations need to be carried out for this set.

2.3.7 The new WCPT18 set. In 2012, Karton et al.®®
presented 27 accurate BHs (WCPT27) for nine proton-
transfer tautomerisation reactions including carbonyls, imines,
propene, and thiocarbonyls, either uncatalysed, or catalysed by
one or two water molecules. The latter case is omitted in
GMTKNS55 since the formation of a hydrogen bond between
the water molecules is already assessed separately in the
WATER27 set and hence only 18 BHs of the original set were
considered in GMTKN55 (denoted WCPT18). The BHs are
calculated with respect to the seperated species. The W2.2//
B3LYP/A'VTZ reference values range from 2.68 kcal mol *
(catalysed reaction 2) to 81.24 kcal mol ' (uncatalysed
reaction 6), with an average value of 34.99 kcal mol '. Note
that the WCPT27 article reported those reference values for the
reverse reactions.’® 28 single-point calculations need to be
carried out for this set.
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2.4 Intermolecular noncovalent interactions

2.4.1 The new RG18 set. The new RG18 set of interaction
energies in rare-gas complexes replaces the RG6 set in
GMTKN30. Besides the interaction energies of the Ne, Ar and
Kr dimers and trimers, the tetramers of Ne and Ar, the hexamer
of Ne, and complexes with HF, ethyne, ethane and benzene
are included. The high-level reference interaction energies were
calculated with counterpoise (CP) corrected CCSD(T)/CBS(aug-
cc-pVTZ/aug-cc-pvVQZ) for all dimer interaction energies and
CCSD(T)/CBS(aug-cc-pwCVTZ/aug-cc-pwCVQZ) (all
correlated) for trimer, tetramer, and hexamer interaction ener-
gies (CP correction not applicable). Ne,, Ar, and Kr, geometries
were taken from the RG6 set, monomer geometries of the
complexes were taken from the W4-11 set, all other geometries
were optimised at the TPSS-D3(BJ)/def2-TZVP level of theory.
They range from 0.08 kcal mol " (Ne,) to 1.51 kecal mol " (Ar),
with an average value of 0.58 kcal mol ™", which is the smallest
among all sets in GMTKN55. A total of 25 single-point calcula-
tions need to be carried out for this set.

2.4.2 The updated ADIM6 set. The ADIM6 test set in
GMTKN30 contains binding energies of six alkane dimers ranging
from the ethane to the n-heptane dimers. For GMTKN55 we replaced
the original estimated CCSD(T)/CBS*® with new W1-F12 values. The
MAD for the original values is only 0.05 kcal mol*, indicating that
in this case the original reference values were already of sufficient
accuracy. The binding energies in ADIM6 range from 1.34 to 5.55
keal mol " with an average value of 3.36 kcal mol ™. 12 single-
point calculations need to be carried out for this set.

2.4.3 The updated S22 set. Since its introduction in 2006,"?
the reference values for the famous S22 set for interaction
energies in noncovalently bound dimers have been updated
several times. In GMTKN30, we used the estimated CCSD(T)/CBS
values calculated by Sherrill and co-workers in 2010, also
often referred to as the S22A set."*> Herein, we update those
numbers and adopt their revised reference values (S22B).*” The
binding energies range from 0.53 kcal mol ' (methane dimer)
to 18.75 kecal mol ' (formic-acid dimer) and have an average
value of 7.30 kecal mol . 57 single-point calculations have to be
carried out for this set.

2.4.4 The new S66 set. In 2011, Hobza and co-workers
presented the S66 set as a larger “cousin” of S22 with 66 NCI
energies obtained at the estimated CCSD(T)/CBS level of
theory.®® In 2011, some of us thoroughly tested DFT methods
for S66 and concluded that this set ideally complemented the
data presented in the NCI section of GMTKN30.** Therefore, we
decided to make this set a part of GMTKN55. The interaction
energies range from 2.82 kcal mol ™" (benzene-ethene dimer) to
19.49 kecal mol™' (acetamide-uracil dimer) with an average
value of 5.47 kcal mol . 198 single-point calculations need to
be carried out for this set.

2.4.5 The updated HEAVY28 set. Herein, we present new
reference values for the HEAVY28® test set with 28 binding
energies in non-covalently bound heavy-element-hydride dimers.
While the old values were based on CP-corrected, estimated
CCSD(T)/CBS data, we herein used the same strategy as for

electrons
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HEAVYSB11 to obtain CCSD(T)/CBS numbers, with the only
difference that also a CP correction was employed. The
changes, however, turned out to be marginal and the MAD
for the old references with respect to the new ones is only
0.08 kcal mol™". The interaction energies in HEAVY28 range
from 0.52 kcal mol " [(TeH,),] to 3.35 kcal mol ™" (TeH,-NHj,),
with an averaged interaction energy of 1.24 kcal mol . A total of
38 single-point calculations need to be conducted for this set.

2.4.6 The updated WATER27 set. The first reference values
for the WATER27 set for binding energies of neutral, positively,
and negatively charged water clusters were presented by Bryantsev
et al.*® These were estimated CCSD(T)/CBS values for all clusters
except for the four largest (H,O),, clusters, for which only
MP2/CBS data were presented. Herein, we replace all 27 values by
more accurate estimated CCSD(T)-F12/CBS numbers presented by
Martin and co-workers in 2017.°° The MAD of the old with respect to
the new values is 1.00 kcal mol ™%, which is a sizeable difference. The
largest deviations are seen for the (H,0),, clusters (changes between
2.23 to 8.82 kecal mol "), as well as for the reaction from (H,0)s (in S,
symmetry) to (H;0)"(H,0)s(OH)~ (change of 1.1 kcal mol *). Note
that a reference value for the latter was not directly given in ref. 90,
but it was obtained from the published total energies.'* The
smallest (revised) interaction energy in WATER27 is that for the
water dimer (4.97 kcal mol ') and the largest for the (H;0),
cluster in its edge-sharing form (209.08 kcal mol ). The average
interaction energy for WATER27 is 81.14 kcal mol . This set
involves 30 single-point calculations.

2.4.7 The new CARBHB12 set. The CARBHB12 set is a
newly compiled benchmark set for interaction energies of
12 hydrogen-bonded complexes between singlet carbene and
its CCICH3, SiH,, and 1,3-dimethylimidazol-2-ylidene (NHC)
analogues with H,O, NH3, and HCI, respectively. This special
but important class of intermolecular NCIs was missing in
GMTKN30. The high-level reference interaction energies were
obtained with the W2-F12 protocol (without CP and geometry
relaxation) based on PBEh-3c optimised geometries. The struc-
ture of the HCI-NHC complex is a result of an intermediate step
in the optimisation because the minimum corresponded to a
full HCI-NHC proton transfer. The reference values range from
1.21 keal mol " (NH;-SiH,) to 16.30 kcal mol ' (HCI-NHC),
with an average value of 6.04 kcal mol . 36 single-point
calculations need to be carried out for this set.

2.4.8 The new PNICO23 set. In 2015, Setiawan et al. studied
pnicogen-pnicogen interactions in 36 noncovalently bound
homo and hetero dimers of the form R3;E-ER; and R;E-E'R’;
with E, E' = N, P, or As, and R, R’ = H, BH,, CH;,CN, NH,, F, Cl,
Br, and 1.°! Geometries and binding energies were presented
and discussed at the ®B97X-D/aug-cc-pVTZ level of theory.
While the nature of such interactions is worthwhile to be
explored, accurate reference numbers need to be obtained for
those systems. For that purpose we discarded all dimers con-
taining As, Br, or I and took the geometries of the remaining 23
dimers from the 2015 study and obtained binding energies at
the W2-F12 level of theory. For three systems that level was
not feasible and we employed W1-F12 instead (H3N-P(CN)s,
H3;N-PH(CN),, (PHFCHj3;),). The interaction energies range from
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0.64 kcal mol ™" ((PF;),) to 10.97 kcal mol ', with an average
value of 4.27 kcal mol . The resulting set is dubbed PNICO23,
for which a total of 69 single-point calculations need to be
carried out.

2.4.9 The new HAL59 set. The new HAL59 set for binding
energies in halogenated noncovalently bound dimers is a
combination of parts of two existing sets in the literature:
XB51%* and X40.°*> We took the geometries and estimated
CCSD(T)/CBS reference numbers for XB51 published by Kozuch
and Martin in 2013, but excluded the Pd and Li species, which
resulted in 45 systems. We then complemented these dimers
with halogenated aromatic systems from Hobza’s X40 set; these
were systems 11, 12, and 19-30 with references obtained at
the estimated CCSD(T)/CBS level. We have, thus, created one
balanced set that explores 59 interaction energies, which range
from 0.29 keal mol ' (FI-FCCH) to 20.34 kcal mol " (FI-pyridine),
with an average value of 4.59 kcal mol". A total of 105 single-
point calculations need to be carried out for this set.

2410 The new AHB21 set. With the exception of some
systems in the WATER27 set, the GMTKN24 and GMTKN30
databases only explored NCIs in neutral species. Herein, we
introduce a more comprehensive description of these interactions
by introducing three test sets that also contain charged species.
The first of these sets is AHB21 introduced by Jansen, Herbert and
co-workers in 2015.°* It contains the interaction energies between
anionic and neutral monomers in 21 noncovalently bound
dimers. We took the geometries and CCSD(T)-(F12)/CBS reference
values from the original study without any modification. The
interaction energies range from —7.97 kcal mol ™' (N; -NHj) to
—65.68 kecal mol™* (F~-HF), with an average absolute interaction
energy of 22.49 keal mol . A total of 63 single-point calculations
need to be carried out for this set.

2.4.11 The new CHB6 set. CHB6 has also been taken from
ref. 94. It contains six cationic-neutral dimers with interaction
energies obtained at the CCSD(T)/CBS level of theory, and
estimated CCSD(T)/CBS level for three alkali-benzene complexes.
The interaction energies range from —17.83 kcal mol " (K*-H,0)
to —39.09 kcal mol™' (Li-C¢Hg), with an average absolute
interaction energy of 26.79 kcal mol™'. A total of 18 single-
point calculations need to be carried out for this set.

2.4.12 The new IL16 set. Also IL16 is taken from the same
study as AHB21 and CHB6. It contains 16 model dimers
representative of typical cation-anion pairs in ionic liquids,
hence the acronym “IL”. In fact, those geometries were originally
published by Izgorodina and co-workers as part of their larger
1L-2013 set,"** however for IL16 a different estimated CCSD(T)/
CBS scheme was applied compared to the earlier study in 2013.
The resulting interaction energies range from —87.42 kcal mol !
to —120.80 kcal mol~ ', with an averaged absolute interaction
energy of 109.04 kcal mol . A total of 48 single-point calcula-
tions need to be carried out for this set.

2.5 Intramolecular noncovalent interactions

2.5.1 The updated IDISP set. The IDISP'*?*?%9%9 get for
intramolecular interactions in large hydrocarbon molecules
was already used in GMTKN24 and GMTKN30. The set includes
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the dimerisation reaction of anthracene, the folding of two longer
alkane chains (tetradecane and docosane), the isomerisation of
octane and undecane, and the formation of [2.2]paracyclophane.
The new DLPNO-CCSD(T)/(Tcutpairs = 10> Ep)/CBS(aug-cc-pVTZ/
aug-cc-pVQZ) reference values range from —1.21 kecal mol ™' to
—60.28 kecal mol ', with an averaged absolute relative energy of
14.22 keal mol . They differ from the GMTKN30 reference values
by 1.07 kcal mol ' on average with a significant maximum
deviation of 2.36 kcal for the folding of docosane. 13 single-
point calculations need to be carried out for this set.

2.5.2 The new ICONF set. To also assess intramolecular
interactions in inorganic molecules, we compiled a new set of
inorganic conformers denoted ICONF. It includes conformers
of N3Hs, NyHg, N3P3Hyy, SisHyy, SigHus, P7Hy, S404, Sg, HaS,07,
and H,P,0;,. The ICONF set consists of 17 relative conformer
energies obtained with the W1-F12 protocol and TPSS-D3(BJ)/
def2-TZVP optimised geometries in the range of 0.10 kcal mol ™
to 12.16 kcal mol !, with an average value of 3.27 kcal mol .
27 single-point calculations need to be carried out for this set.

2.5.3 The unchanged ACONF set. The ACONF set for
alkane conformers was also used in GMTKN24 and GMTKN30.
The set includes 15 relative energies of n-butane, n-pentane and
n-hexane conformers. It was originally published by Gruzman
et al.,” who presented accurate W1h-val reference values that
range from 0.60 kcal mol™* (between two butane conformers)
to 4.93 kcal mol~ " (between two hexane conformers), with an
average value of 1.83 kcal mol™'. A total of 18 single-point
calculations need to be carried out for this set.

2.5.4 The new AMINO20x4 set. In 2014, Popelier, Jensen,
and co-workers published the YMPJ database containing
conformers of the 20 proteogenic amino acids, each capped
with peptide bonds at the N and C termini and with neutral side
chains.’® Martin and co-workers then took those structures,
reoptimised them and presented highly reliable estimated
CCSD(T)-F12/CBS data.”® With more than 500 conformers, using
the complete set would have been overbearing compared to the
others. To maintain a balance between the various sets, we
therefore only adopt the five energetically lowest-lying confor-
mers for each amino acids, thus, resulting in 100 single-point
calculations and 80 relative energies. We dub this subset
of Martin and co-workers’ database AMINO20x4. The relative
conformational energies range from 0.06 kcal mol " (between
two lysine conformers) to 7.37 kecal mol " (between two histidine
conformers), with an average relative energy of 2.44 kcal mol .

2.5.5 The extended PCONF21 set. The PCONF21 set is an
extension of the PCONF set'® of ten relative energies between
eleven phenylalanyl-glycyl-glycine tripeptide conformers, which
was already included in GMTKN24 and GMTNK30. The addi-
tional data points are eight relative energies of ten tetrapeptide
conformers taken from the TPCONF benchmark set of Goerigk
et al.*** They have the form ACE-ALA-X-ALA-NME, where ALA
is alanine, X is either glycine (GLY) or serine (SER), ACE is an
acetyl group, and NME a methylamide group. The tetrapeptides
reflect biologically relevant backbone conformations, namely
those of parallel and anti-parallel B-sheets, right-handed and
left-handed o-helices, and the polyproline-II helix. For both the
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tri- and tetrapeptides, estimated CCSD(T)-(F12)/CBS were
originally used. We replaced those with DLPNO-CCSD(T)/
TightPNO/CBS(aug-cc-pVTZ/aug-cc-pVQZ)  numbers  while
keeping the original geometries. The resulting relative energies
range from 0.02 kcal mol™' (conformer 444 of the original
PCONF set) up to 2.74 kcal mol ' (the SER-containing
tetrapeptide in its B-sheet form), with an average value of
1.62 keal mol~'. On average, they differ from the old PCONF
and TPCONF reference values by 0.26 kecal mol™" (maximum
deviation 0.62 kcal mol ") and 0.30 kcal mol ' (maximum
deviation 0.52 kcal mol "), respectively, resulting also in a
new energy ordering of the some tripeptide conformers.

2.5.6 The new MCONF set. In 2013, Martin and co-workers'*>
published a benchmark set of relative energies for 52 conformers
of melatonin. These are dominated by quadrupole-dipole,
aromatic-amide interactions, and weak intramolecular hydro-
gen bonds, which are important in many biomolecules. The
SCS-MP2/cc-pVTZ structures of the original publication were
adopted, but the reference values ((CCSD(T)/cc-pVTZ(p on H) —
MP2/cc-pVTZ(p on H) + MP2-F12/cc-pVTZ-F12)'*) were updated.
The new reference values obtained at the DLPNO-CCSD(T)/
TightPNO/CBS(aug-cc-pVTZ/aug-cc-pvQZ) level range from
0.39 kcal mol ™" up to 8.75 kcal mol™", with an average value
of 4.97 kcal mol *. They differ from the old reference values
by 0.25 kcal mol " on average with a maximum deviation of
0.40 keal mol .

2.5.7 The updated SCONF set. The SCONF set of 14 relative
energies of 3,6-anhydro-4-O-methyl-p-galactitol (AnGol15)
conformers and three relative energies of B-p-glucopyranose
conformers'® also forms part of GMTKN55, however, we
updated the estimated CCSD(T)/CBS values introduced together
with GMTKN24* with new DLPNO-CCSD(T)/TightPNO/CBS(aug-
cc-pVTZ/aug-cc-pVQZ) ones. The MAD of the old values with
respect to the new ones is with 0.32 kcal mol " significant for
a conformational-energy test set. The updated SCONF has an
average relative energy of 4.60 kcal mol™'; 19 single-point
calculations need to be carried out.

2.5.8 The new UPU23 set. In 2015, Kruse et al. created a
benchmark set of 46 uracil dinucleotides denoted as UpU46,
which represents all backbone conformational families of
RNA.'* It is an important test for methods used to study the
conformational ranking of nucleic acids and biomolecules in
general. Since the molecules of the UpU46 set are relatively
large, we decided to include only 23 relative energies between
24 randomly chosen uracil dinucleotide structures from the
original benchmark in the GMTNK55 database in order to keep
the computational effort reasonable. Hence, we name this
set UPU23 in GMTKN55. We adopted the original reference
values, which were obtained at the DLPNO-CCSD(T)/CBS*//
TPSS-D3(BJ)/def2-TZVP(COSMO) level of theory. They range
from 0.57 kcal mol ™! to 14.41 kcal mol *, with an average
value of 5.72 kcal mol .

2.5.9 The new BUT14DIOL set. In 2014, Kozuch, Bachrach,
and Martin presented a benchmark set of 65 conformers
of butane-1,4-diol, with the majority of them having strong
intramolecular hydrogen bonds.'”® Reference energies were
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obtained at the CCSD(T)-F12b/cc-pVTZ-F12 level of theory. We
adopted these structures, but updated the reference values with
W1-F12 data that range from 0.15 to 4.70 kcal mol *, with
an average value of 2.80 kcal mol '. In GMTKN55, we name
this set BUT14DIOL.

3 Computational details
3.1 Selected density functional approximations

We selected the DFAs for the subsequent benchmark study on
GMTKN55 based on the following reasoning. DFAs that
had performed well for GMTKN30—see, for instance, those
mentioned in the introduction—were included again in this
study. The same was also true for methods that experience high
popularity, such as PBE,"*” BP86,'*71° pLyp,"?%141:142 B3Lyp,
PBEO,'**2° BHLYP,'*? or TPSSh.'** On the other hand,
methods with low accuracy for GMTKN30"*° were excluded
from this study, as it was unlikely that their performance
relative to other DFAs would significantly improve for
GMTKNS55. Our previous advice on those functionals will, thus,
remain valid; examples are LDA functionals,"*>**” PBEsol,"*®
SSB,™*® MO6HF,"*° “non-empirical” and “one-parameter” double
hybrids,*® or the range-separated hybrids CAM-B3LYP"*" and
LC-oPBE."®®> The well-performing range-separated hybrid
©B97X-D*” with a DFT-D2*' dispersion-correction term was
replaced by two newer versions that had been reparametrised
with the DFT-D3*® correction with zero-damping (DFT-D3(0))
or the nonlocal van der Waals (vdW) VV10'>® kernel; these
versions are called ®B97X-D3"** and ®B97X-V,'*® respectively.

Additional DFAs are either those that had not been published
by the time of the GMTKN30 study—for instance, SCAN'*® or
Minnesota-type DFAs published since 2011—or older approaches
available in Gaussian or ORCA that had never been tested for
GMTKN30 before, such as the HCTH family,"”” DFAs based on
PBE-hole exchange,®® or MOSHX."® In 2011, we reported an
incompatibility between dispersion corrections and the VSXC'®
meta-GGA functional as well as severe self-consistent-field (SCF)
convergence problems for most systems in GMTKN30.” Unusual
problems for NCIs have already been reported for SOGGA11,"**
and we additionally observed convergence problems for
GMTKNS55, which made its routine application unfeasible.
The same can be reported for the GLYP'*""**'%> GGA func-
tional, which was consequently also excluded from this study.

In this article, we will, thus, investigate the 83 dispersion-
corrected DFAs listed in Table 2: 19 GGAS/NGAs, 9 meta-GGAs/
NGAs, 48 hybrids, and 7 double hybrids. Note that in some
cases different versions of a dispersion correction were applied to
the same underlying exchange-correlation functional approxima-
tions: ®B97X-D3 and ©vB97X-V, VV10 and rPW86PBE-D3(BJ), and
B3LYP-D3(BJ) and B3LYP-NL."® We therefore assess 80 unique
exchange—correlation DFAs. In addition, we also analysed the
results for dispersion-uncorrected DFAs and for DFAs corrected
with the D3(0) variant, even though D3(B]) should be the preferred
one in most cases. This results in a total of 217 DFA variations,
whose results are all presented on the GMTKN55 website.'?
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A recent related study promoted the study of 200 DFAs,
however, that number also includes a mixture of dispersion-
uncorrected and various dispersion-corrected versions of the
same underlying DFA.>® When correcting for this, the 200 DFAs
break down to 91 unique exchange-correlation DFAs—10 of
which were ruled out from our study, as mentioned above—as
well as the HF wave function method.

3.2 Dispersion corrections

Contrary to other related studies, all 83 methods were consistently
assessed with a dispersion-correction term. For the majority of
functionals, this was achieved with the DFT-D3(BJ) dispersion
correction with Becke-Johnson damping,®***°* which has become
the default version due to its physically more correct behaviour

Table 2 Overview of the 83 dispersion-corrected DFAs tested in this study
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for short- and medium-range distances between two interacting
non-covalently bound fragments. In some cases—for instance,
the majority of older Minnesota functionals—this damping
function turned out to be incompatible due to short-range
double-counting effects. In those instances, the older zero-
damping version was applied. Three functionals were tested
with a non-local vdW kernel (VV10, B3LYP-NL, and ®B97X-V),
while the APFD functional was developed together with its own
correction. The recommended dispersion-correction for each
DFA is listed in Table 2 alongside the reference that presented
the relevant dispersion-correction parameters for the first time.

For 35 DFAs, we had to determine DFT-D3 parameters
for the first time. While we did this for both versions, we still
recommend DFT-D3(B]) in most cases, except for PW91P86,

b

b

Name Dispersion correction® Program Name Dispersion correction” Program
GGA PW1PW! 19120163 D3(0)° ORCA
PBE"’ D3(B])* ™ MPW1KCIS" D3(BJ) G09
PBEhPBE'*® D3(B])° G09 MPWKCIS1K" D3(BJ)* G09
revPBE"’ D3(B))* ORCA PBEQ'"*'%° D3(B))* ™
RPBE'®* D3(B])° ORCA PBEh1PBE'!*120:158 D3(BJ) G09
PW91'%3 D3(B])"* G09 PBE1KCIS"” D3(BJ)* G09
BLYP!3®141,142 D3(B])* ™ X3LYP'®° D3(BJ)° ORCA
BPg6'*¥ 140 D3(B))* ™ 03LYP'®” D3(BJ)* ORCA
BPBE'?""'%8 D3(B])’ ORCA B97-1'°® D3(BJ)* G09
OPBE %1% D3(BJ)’ ORCA B97-2'7° D3(BJ)* G09
oLyp!*142.169 D3(B])’ ORCA B9g'"! D3(BJ) G09
XLYp!41142:166 D3(BJ)° ORCA HISS'7? D3(BJ)° G09
mPWLYP!* 142173 D3(BJ)’ ORCA HSE03'7* D3(BJ)° G09
PW91Pge!3%140:163 D3(0)° ORCA HSE06'7*'7> D3(B])'"® G09
mPWPW91'¢%173 D3(B])° ORCA TPSSh'** D3(B])’ ORCA
rPW86PBE'*"17” D3(B])* ORCA revIPSSh'**'78 D3(BJ) G09
B97-D3(BJ)* D3(B])* ™ TPSS0'7° D3(B))* ORCA
HCTH/407"%7 D3(BJ)° G09 revIPSS0'7%17° D3(BJ)° G09
N12%7 D3(0)* G09 TPSS1KCIS'®° D3(BJ)* G09
vv10'*? vv10'*? ORCA BMK'®' D3(BJ)’ G09
THCTHhyb'#> D3(BJ)° G09
Meta-GGA M05'8 D3(0)” G09
PKZB'®* D3(0)° G09 M052X%° D3(0)” G09
TPSS''? D3(B))* ORCA Mo6>* D3(0)’ ™
revIPSS'’® D3(B])° G09 MO062X>* D3(0)” ™
SCAN'%¢ D3(BJ)'* T™? MOS