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ABSTRACT: In the present study, we have gathered a collection (that we term TMC151)
of accurate reference data for transition-metal reactions for the assessment of quantum
chemistry methods. It comprises diatomic dissociation energies and reaction energies and
barriers for prototypical transition-metal reactions. Our assessment of a diverse range of
different types of DFT methods shows that the most accurate functionals include ωB97M-
V, ωB97X-V, MN15, and B97M-rV. Notably, they have also been previously validated to be
highly robust for main-group chemistry. Nevertheless, even these methods show
substantially worse accuracies for transition metals than for main-group chemistry. For less accurate methods, there is not a
good correlation between their accuracies for main-group and transition-metal chemistries. Thus, in the development of new
DFT, it is important to assess the accuracies for both types of data. In this regard, we have formulated the TMC34 model for
efficient assessment of the performance for transition metals, which complements our previously developed MG8 model for
main-group chemistry. Together, they provide a cost-effective means for initial assessment of new methodologies.

■ INTRODUCTION

Density functional theory (DFT) is an indispensable tool in
modern day chemical research. With decades of development, it
is now applicable to a wide range of systems and properties.1 For
instance, the emergence of hybrid DFT methods such as B3-
LYP2 has provided a useful tool for estimating thermochemical
properties. The later development of kinetic/general-purpose
functionals such as M06-2X3 further enables reliable computa-
tion of reaction barriers without significantly compromising the
accuracy for thermochemistry. The deficiency of DFT in
treating noncovalent interactions has also been largely rectified
with the introduction of dispersion corrections.4,5 In addition,
the use of range-separated DFT leads to a viable means for
calculating excited state properties (e.g., with LC-DFT)6 and
extended systems (with screened-exchange functionals),7 in
particular when combined with advanced techniques such as the
maximum overlap method.8

Until the recent past, the development of a functional that is
equally applicable to both main-group and transition-metal
chemistry remained one of the key problems facing DFT.
However, with the advent of functionals (e.g., MN159) that are
in part designed for transition-metal systems, this challenge has
begun to be overcome. Nonetheless, most DFT methods,
including many recently devised ones, are intended for the
modeling of main-group chemistry. These include ωB97M-V10

that has been formulated recently by “training”with an extensive
set of main-group molecular properties. Although ωB97M-V is
fitted with main-group chemistry, it has been shown in a
subsequent assessment11 that its accuracy for a transition-metal
reaction is close to that achieved by MN15. This remarkable

observation raises the question of whether a DFT trained with
only main-group species can be as accurate for transition-metal
chemistry when compared with those that perform equally well
for main group but also include transitionmetals in their training
sets.
In recent years, we have also been interested in the

development of new functionals,12−15 in which we generally
use main-group thermochemical data16−20 for training and
assessment purposes. In our other studies, we have applied
established DFT methods to the study of transition-metal
catalysis.21−25 As a result, the question of how accurate a main-
group-trainedmethod can bewhen used for transitionmetal is of
interest to us and we believe also to a wide range of developers
and users of DFT. The primary aim of the present study is to
provide additional benchmarks toward answering this question.
In addition, our results also yield further insights and tools for
future development of DFT methods.

■ COMPUTATIONAL DETAILS

Standard computational chemistry calculations were carried out
with Q-Chem 5.0.26 Geometries and benchmark relative
energies were obtained from previous studies. Notably, the
ones in the MGCDB82 set27 were taken from ref 11. Those for
the TMD60 set were taken from ref 28. The geometries in ref 29
were used for the reactions in the MOR13 model, which is a
statistical representation of the MOR41 test set.29 The TMB50
set employs structures given in refs 30−33. The default
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quadrature grids of Q-Chem are used for all DFT computations.
Importantly, this corresponds to the largest “SG-3” grid for
Minnesota functionals that have been shown to have such a
requirement.34

Unless otherwise noted, we used the def2-TZVP basis set35

and, where appropriate, associated effective core potentials in
our single-point energy calculations. It has been shown that, for a
set of 20 transition-metal species, the basis-set effect beyond
triple-ζ is small at the Hartree−Fock level.36 We note that,
however, some DFT methods show larger than expected basis
set dependences.37 We have briefly examined this aspect and
find that, while the use of a triple-ζ basis set may not yield
quantitatively converged results, the remaining basis-set effects
are small and would not lead to different qualitative conclusions
(Supporting Information). Statistical analyses were carried out
with JMP Pro 14.38,39 Energies in the text are vibrationless values
given in kJ mol−1. Deviations are defined as calculated value
minus reference value.

■ RESULTS AND DISCUSSION
DFT Methods Assessed. In the present study, we intend to

evaluate the performance of a wide range of DFT methods for
transition-metal chemistry. While one may choose a selection of
methods based on subjective prior knowledge, we attempt to be
somewhat more objective in our choice. In a recent extensive
study,11 ∼200 DFT methods have been assessed for their
accuracies for calculating main-group molecular properties, and
we will use a subset of these methods for our assessment.
We will not consider local-density-approximation (LDA)

functionals and methods with Hartree−Fock as the only
exchange component as candidates. This is because they are
rarely an appropriate choice for calculatingmolecular properties.
At the other end of the spectrum, we will not consider double-
hybrid (DH) DFT methods because these methods are (in our
opinion) closer in spirit to wave function methods than to DFT.
For example, the various DSD-DFT methods of Kozuch and
Martin40 generally contain ∼70% HF and ∼50% MP2. In
addition, because of the substantial advantage gained from the
inclusion of MP2, when DH-DFT methods are optimally fitted,
their accuracies show little dependence on the underlying DFT
method. For instance, even an LDA-based DSD-DFT performs
comparably to those based on GGA and meta-GGA methods.40

We will select the DFT methods from the rest using a few
different approaches.
In ref 11, the ∼200 methods are grouped into the following

categories. They are divided into nonhybrid functionals and
global-hybrid (GH) and range-separated (RS)methods depend-
ing on if and how Hartree−Fock exchange is incorporated. Each
of these three groups is subdivided into general gradient
approximation (GGA) and meta-GGA (mGGA) methods
according to whether a kinetic energy density component is
included (mGGA) or not (GGA). A further division for each of
the six types into non-dispersion-corrected and dispersion-
corrected methods leads to 12 categories. Because we intend to
have a set of methods that span the range of performance for the
MGCDB82 set of main-group thermochemical properties, from
each of these subsets of methods, we include the functionals with
the lowest and highest overall mean absolute deviations
(MADs) in our assessment.
The resulting 24 DFTmethods selected in this way are shown

in Table 1. Importantly, among this collection are ωB97M-V
and MN15. The former is one of the most accurate functionals
formulated with just main-group properties, whereas the latter is

a highly accurate method intended for both main-group and
transition-metal chemistry. It is noteworthy that, for some
categories, the performances of the functionals with the smallest
and largest MADs are in fact not very different. For example, all
dispersion-corrected global-hybrid GGA and range-separated
meta-GGA methods in Table 1 perform well, with MADs below
10 kJ mol−1.
We also include additional functionals chosen with an

alternative strategy. In a recent study,27 we have used standard
statistical techniques to formulate a model for accurately
representing the MGCDB82 set with just eight out of its 82
subsets. In other words, a small set of chemical data can be
chosen to serve as a proxy for a much wider range of data. In a
similar manner, we can use the same methodology to build a
model that includes just a small number of functionals but
represents a large variety of methods. Our intention is to provide
an independent set of functionals and that this set can be utilized
with low computational cost.
To select these DFT methods, we obtain the average MADs

for the ∼200 methods for each of the 82 subsets of MGCDB82,
as well as an estimated MAD (EMAD) by expressing the actual
MADs as linear combinations of the MADs for a variable
number of functionals (plus a constant term). The quality of the
form of EMAD is judged by the correlation of the estimated
values for the 82 subsets with the actual MADs, as indicated by
the coefficient of determination (R2) for a linear fit. To arrive at
an accurate EMADmodel with aminimal number of functionals,

Table 1. 24 DFT Methods Selected from Ref 11 for 12 Types
of Functionals and the Corresponding MAD (kJ mol−1) for
the MGCDB82 Data Set

method hybrid form
functional

type
dispersion
correction MAD

GAM nonhybrid GGA not included 10.5
B-OP nonhybrid GGA not included 22.6
B97-D3BJ nonhybrid GGA included 8.6
PBEsol-D3 nonhybrid GGA included 21.1
mBEEF nonhybrid meta-GGA not included 7.9
PKZB nonhybrid meta-GGA not included 19.2
B97M-rV nonhybrid meta-GGA included 4.9
MS0-D3 nonhybrid meta-GGA included 10.1
B97-1 global-hybrid GGA not included 8.6
revPBE0 global-hybrid GGA not included 15.1
B97-3-D2 global-hybrid GGA included 5.1
revPBE0-D30 global-hybrid GGA included 7.9
MN15 global-hybrid meta-GGA not included 5.3
TPSSh global-hybrid meta-GGA not included 11.8
PW6-B95-D2 global-hybrid meta-GGA included 4.9
M06-HF-D3 global-hybrid meta-GGA included 10.0
ωB97X range-

separated
GGA not included 6.2

LRC-ωPBE range-
separated

GGA not included 11.5

ωB97X-V range-
separated

GGA included 4.5

N12-SX-D3BJ range-
separated

GGA included 8.1

M11 range-
separated

meta-GGA not included 6.4

MN12-SX range-
separated

meta-GGA not included 8.6

ωB97M-V range-
separated

meta-GGA included 3.3

MN12-SX-
D3BJ

range-
separated

meta-GGA included 7.4
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we exploit the forward selection technique while maintaining a
criterion of R2 > 0.995. The resulting model contains just six
functionals out of the ∼200 candidates, and we term it the DF6
model and designate the associated EMAD as EMADDF6, which
is defined by the formula

= × + ×

+ × + ×

+ × + ×

−
ω

‐

‐

‐ ‐
−

EMAD 0.2024 MAD 0.3013 MAD

0.0524 MAD 0.0649 MAD

0.1087 MAD 0.2875 MAD

0.1044 (kJ mol )

DF6 B LYP SCAN

PBEsol M06 L

PW B6K B97x rV
1

There is no overlap between the six methods in DF6 and the
24 functionals in Table 1, and thus the two sets together
represent 30 unique DFT methods. However, neither of these
two compendia contain several widely used ones that we deem
to be necessary inclusions for DFT benchmark. They are PBE,41

B3-LYP,2 PBE0,42 and M06-2X,3 and we additionally incorpo-
rate them into our collection of methods. Furthermore, we note
that the M06 method3 is often applied to transition-metal
chemistry; we therefore also include it in the present study. As a
result, we have examined a total of 35 functionals. The full
citations of these methods are given in the Supporting
Information. We also refer readers to ref 11 for a recent
discussion on the various types of DFT methods.
Benchmark Test Sets. Transition metals have attracted the

attention of theoretical and computational chemists for a
number of reasons. From a theoretical perspective, they
represent a significant challenge to typical (single-reference)
quantum chemistry methods because many transition-metal
species contain considerable multireference character43−45 (see
also the Supporting Information for additional discussions).
From a practical perspective, transition metals are indispensable
for modern-day chemistry due to their remarkable catalytic
activities,46 and the reliable prediction of their reactivities has
been a notable objective for computational chemists.47 In the
present study, we aim to assess the chosen DFT methods from
both theoretical and practical perspectives. Some of the systems
used in our assessment are given in Figure 1.
In a recent study,28 a systematic and diverse set of bond

energies for 60 diatomic transition-metal species has been
compiled for the assessment of DFT methods (Figure 1a).

While the accurate calculations of some of these bond energies
have been shown to be reasonably straightforward, others are
more challenging. Among the 60 systems, 20 have been studied
using high-level coupled-cluster methods up to CCSDTQ, and
the results demonstrate considerable multireference character
for some species, as indicated by large post-CCSD(T)
contributions to bond energies.36 This latter collection of 20
systems has been referred to in ref 36 as the 3dMLBE20 set. In
the present study, we will instead designate these transition-
metal dimer dissociation energies as the TMD20 set for the sake
of simplicity.
We will use the full set of 60 systems to assess the accuracy of

the selected DFT methods for fundamental thermochemistry.
For the 20 species for which experimental values have been
critically assessed with high-level [composite post-CCSD(T) at
the complete-basis-set (CBS) limit] bond energies, we will use
the recommended values as our reference benchmark energies.
For some of the remaining compounds, two sets of experimental
bond energies are given in ref 28. In these cases, we adopt the
ones that are believed to be more accurate; they are shown in the
Supporting Information of ref 28 as the red-colored values in
their Table S1. We will designate the complete 60-data-point set
as TMD60.
For the assessment of practically more relevant properties, we

use two sets of data of transition-metal complexes. In a recent
study, a set of 41 metal−organic reactions was presented with
high-level local-CCSD(T)/CBS reference energies.29 We have
subsequently used the aforementioned statistical strategy
(forward selection) to formulate a model with a subset of 13
reactions (Figure 1b) to represent the complete set.27 A linear
combination of the absolute deviations for the 13 reactions is
used to obtain an estimated MAD that corresponds to the 41
reactions. This model, that we termed MOR13, and the
associated estimated MAD (EMADMOR13) will be employed in
the present study. The value of EMADMOR13 is defined according
to the formula in which ΔE (kJ mol−1) is the deviation in
reaction energies relative to reference values:

= × |Δ | + × |Δ |

+ × |Δ | + × |Δ | + × |Δ |

+ × |Δ | + × |Δ | + × |Δ |

+ × |Δ | + × |Δ | + × |Δ |

+ × |Δ | + × |Δ | + −

EMAD 0.1455 E 0.0839 E

0.0273 E 0.0380 E 0.0358 E

0.0152 E 0.0605 E 0.0956 E

0.0694 E 0.0647 E 0.0604 E

0.1210 E 0.2146 E 1.0116 (kJ mol )

MOR13 1 2

3 4 5

6 7 8

9 10 11

12 13
1

Importantly, the EMADMOR13 values correlate with the actual
MADs for MOR41 with an R2 of 0.995 for a set of 41 DFT
methods.27 This model is thus a computationally efficient and
accurate alternative to conducting an assessment using the full
MOR41 set. In order to further validate MOR13 as a
representation for MOR41, in the present study, we have
obtained the actualMADs for several DFTmethods examined in
the present study (Supporting Information). The results show
that EMADMOR13 provides a good estimate of MADMOR41 in
each of these cases, with deviations of ∼1 kJ mol−1.
Another set of data that we will use is a compilation of reaction

barriers involving complexes of second- and third-row transition
metals, which were obtained by Chen and co-workers in a series
of investigations.30−33 A total of 50 reaction barriers are included
in this collection, for which the reference values were obtained
previously with CCSD(T)/CBS or local-CCSD(T)/CBS
protocols. They cover the elements Zr, Mo, W, Re, Ir, Pt, and
Au, and reaction types insertion, C−H activation, hydration,

Figure 1. Systems contained in (a) the TMD60 set and (b) theMOR13
model. For MOR13, ligands in the transition-metal complexes that do
not participate directly are omitted for clarity. The abbreviations for
chemical groups and species are “Me” for methyl, “Ac” for acetyl”, “Cy”
for cyclohexyl, “dmpe” for “1,2-bis(dimethylphosphino)ethane”, and
“Ph” for phenyl.
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oxidation, reduction, metathesis, epoxidation, isomerization,
and Friedel−Crafts reaction (Figure 2). For detailed descrip-

tions of these reactions, we refer readers to the original literature,
specifically Scheme 1 in each of the refs 30−33. We will
designate these 50 transition-metal barriers as the TMB50 set.
In total, TMD60, MOR13, and TMB50 comprise 123 data

points, from which a total MAD can be obtained for a DFT
method as an overall gauge of its general accuracy for the
computation of thermochemical properties of transition-metal
species. As mentioned above, the data points in MOR13 are
intended for obtaining EMADMOR13 by a linear-combination
model as an estimation to the MAD for a 41-data-point set. We
will therefore employ EMADMOR13 instead of treating the
reaction energies in MOR13 as simple individual data points.
With the same reasoning, we will scale EMADMOR13 accordingly
when obtaining an overall MAD for the three collections of data.
As a result, we define the overall MAD for the combined
compilation as follows:

Figure 2. Metals and reaction types covered by the TMB50 set.

Table 2. Average Magnitudes (kJ mol−1) of the Reference Data and Mean Absolute Deviations for the MGCDB82 Set of Main-
Group Thermochemical Data and the TMC151 Set and Its Subsets TMD20, TMD60, MOR13, and TMB50 for Transition-Metal
Chemistry

method MGCDB82 TMC151 TMD20 TMD60 MOR13a TMB50

av magnitude 187.4 196.7 302.0 365.0 130.9 48.8
selected for method type and MAD for MGCDB82 (Table 1)

GAM 10.5 29.4 21.1 27.4 50.0 14.8
B-OP 22.6 39.5 32.0 37.1 66.7 20.1
B97-D3BJ 8.6 21.3 15.8 23.6 22.1 17.7
PBEsol-D3 21.1 39.6 60.3 65.1 22.7 22.8
mBEEF 7.9 24.1 29.6 34.0 23.1 13.0
PKZB 19.2 31.0 33.6 37.9 42.1 13.5
B97M-rV 4.9 19.8 29.1 32.0 12.5 11.1
MS0-D3 10.1 21.6 24.5 32.2 15.9 13.6
B97-1 8.6 21.9 15.5 25.2 32.9 8.8
revPBE0 15.1 30.1 26.5 39.1 42.1 9.5
B97-3-D2 5.1 20.3 17.6 32.6 18.0 7.4
revPBE0-D3 7.9 21.5 26.5 39.0 12.3 8.0
MN15 5.3 15.4 22.3 26.8 9.2 6.9
TPSSh 11.8 23.4 30.3 31.0 28.9 9.8
PW6-B95-D2 4.9 20.7 19.3 29.0 23.1 8.7
M06-HF-D3 10.0 42.0 60.2 76.3 21.7 17.5
ωB97X 6.2 22.7 26.3 32.2 23.5 10.7
LRC-ωPBE 11.5 22.2 27.9 30.5 24.4 10.4
ωB97X-V 4.5 15.3 20.4 25.7 8.9 8.0
N12-SX-D3BJ 8.1 18.7 27.6 29.2 15.2 8.9
M11 6.4 22.2 40.8 37.8 14.6 9.7
MN12-SX 8.6 25.5 45.7 47.0 16.5 7.1
ωB97M-V 3.3 16.3 21.7 30.6 8.3 5.8
MN12-SX-D3BJ 7.4 26.5 45.7 46.8 20.3 7.3

statistically chosen for the DF6 model
B-LYP 18.0 35.6 31.6 36.0 54.7 19.4
SCAN 9.1 22.5 30.4 35.7 13.1 14.5
PBEsol 21.1 40.6 60.3 65.1 28.9 20.9
M06-L 8.5 22.6 21.3 28.9 23.8 14.1
PW-B6K 9.1 26.7 26.0 46.3 19.4 9.2
ωB97X-rV 4.5 15.3 20.3 25.8 8.9 8.0

additional widely used functionals
PBE 14.3 31.7 38.8 45.0 32.1 15.3
B3-LYP 18.0 28.1 20.5 29.6 45.9 11.8
PBE0 8.8 22.1 24.6 30.7 26.1 8.5
M06 6.0 25.0 25.1 39.2 24.4 8.5
M06-2X 5.4 31.1 29.5 52.4 26.7 9.1

aEMAD values for MOR41 obtained by the linear-combination model given in ref 27.
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= [ × + ×

+ × ]

MAD 60 MAD 41 EMAD

50 MAD /151
TMC151 TMD60 MOR13

TMB50

Correspondingly, we will refer to the complete set of transition-
metal chemistry data used in the present study as TMC151.
Background Discussion on the Accuracy for

MGCDB82. In the coming sections, we will assess the 35
DFT methods with the three sets of transition-metal
thermochemistry data. Before we do so, let us reiterate that a
motivation for the present study is based on a previous
observation11 that suggests a highly accurate DFT method
designed for main-group chemistry (ωB97M-V) also shows
promising initial results for a transition-metal system. It is thus
appropriate to first provide an overview of the accuracies of the
35 functionals for main-group chemistry as a baseline for
comparison.
We will use the MADs for the MGCDB82 set and its eight

categories of subsets as the benchmark for main-group
thermochemical properties. The values for MGCDB82 are
shown in Table 2, alongside the results for the various transition-
metal data sets. The MADs for the various categories of data
points within MGCDB82 are given in the Supporting
Information. They contain noncovalent interactions (categories
NCED, NCEC, and NCD), isomerization energies (IE and ID),
thermochemistries (TCE and TCD), and barrier heights (BH).
For the complete MGCDB82 set, ωB97M-V10 has the smallest
MAD of 3.3 kJ mol−1, which is followed by closely related
ωB97X-V48 and ωB97X-rV,49 with a value of 4.5 kJ mol−1,
coincidentally, for both of these two latter methods. A number of
other functionals also show good accuracies for the MGCDB82
set. Specifically, five other methods (B97M-rV,49 B97-3-D2,50,51

PW6-B95-D2,51,52 M06-2X,3 and MN159) have MAD values
that are less than 6 kJ mol−1.
Notably, B97M-rV shows a remarkably small MAD of just 4.9

kJ mol−1 for a nonhybrid functional; it is competitive with some
of the most accurate hybrid-DFT methods, and it achieves this
with a lower cost by completely excluding the computation of
Hartree−Fock exchange. We also note that MN15 (MAD = 5.3
kJ mol−1), which is formulated for both main-group and
transition-metal chemistries, is also among the top performers. It
is also noteworthy that the group of methods with the smallest
overall MADs also shows good performances across the board
for the eight categories (Supporting Information). For example,
ωB97M-V ranks first in six of the eight categories and second for
the remaining two. Similarly, MN15 is among the top five in four
categories, but even in the case (IE) where it has the lowest
ranking among its eight rankings, theMAD is just 2.3 kJ mol−1 in
comparison with 0.8 kJ mol−1 for ωB97M-V.
At the other end of the scale, several methods (B-OP,53

PBEsol,54 and PBEsol-D354,55) show large MADs of over 20 kJ
mol−1. While these are all nonhybrid functionals, we reiterate
that, as demonstrated by the good accuracy of B97M-rV, the
inclusion of Hartree−Fock may not be critical unless the highest
level of accuracy is an absolute necessity in a main-group
thermochemistry application.
Dissociation Energies for Diatomic Transition-Metal

Species. We begin our discussion on the accuracies of the
various DFT methods for transition-metal chemistry by
examining the results for the TMD60 set (Table 2). In addition
to the MADs for the entire set, we have also obtained the
corresponding ones for the TMD20 subset for which highly
accurate reference values are available. By and large, the trends in

the MADs between the two sets of data follow one another, with
an R2 of 0.80 and a standard error of 5.5 kJ mol−1 for the MAD
values for TMD60 over the range of 23.6−76.3 kJ mol−1.
The reasonable correlation with the TMD20 subset is

important because some of the reference data in TMD60
carry no or large quoted uncertainties,28 and the fair
correspondence provides a degree of reassurance for the use
of the full TMD60 set for benchmark purposes. A notable
difference between the 20- and 60-point data sets is that the
MADs for TMD60 are generally larger, sometimes by a
significant margin. Large differences in the MAD values are
more often associated with large MADs. Conversely, for
functionals with small MADs for TMD20, the corresponding
MADs for TMD60 are usually not significantly larger. This
suggests that the most accurate methods examined here show a
certain robustness across the different systems, though the
accuracies themselves are not outstanding, as we shall discuss.
Let us now examine the accuracies of the DFT methods for

these transition-metal diatomics dissociation energies. An
immediate observation is that the MAD values are much larger
than those for MGCDB82. This is the case even for the most
accurate methods found for main-group chemistry. For example,
ωB97M-V hasMADs of 21.7 and 30.6 kJ mol−1, respectively, for
TMD20 and TMD60, in comparison with 3.3 kJ mol−1 for
MGCDB82. Nonetheless, such an accuracy is in fact similar to
that forMN15 (22.3 and 26.8 kJmol−1, respectively, for TMD20
and TMD60), which has been designed for both main-group
and transition-metal chemistries.
In addition to the comparison with the overall MADs for

MGCDB82, it is instructive to compare the accuracies for
TMD60 with the difficult thermochemical data within
MGCDB82. In this regard, the MADs of ωB97M-V and
MN15 for the TCD (thermochemistry, difficult) category are
14.2 and 21.0 kJ mol−1. This puts the TMD60 set of dissociation
energies at a similar level of difficulty to some of the most
challenging main-group systems. In passing, we also note that
B97M-rV also shows reasonable accuracy for TMD20 and
TMD60 in comparison with ωB97M-V and MN15, with
corresponding MADs of 29.1 and 32.0 kJ mol−1. Functionals
with the smallest MADs for these two sets of systems are several
B97-type methods (e.g., B97-D3BJ,56,57 B97-1,58ωB97X-V, and
ωB97X-rV). Their values for TMD20 are∼15−20 kJ mol−1, and
the ones for TMD60 are ∼25 kJ mol−1.
At the other end of the scale, methods that show the largest

deviations are PBEsol, PBEsol-D3, and M06-HF-D3,59 with
MAD values that are larger than 60 kJ mol−1 for both TMD20
and TMD60 sets. We note that a common practice for the
treatment of transition metals is to use nonhybrid functionals or
hybrid methods with a small proportion of Hartree−Fock
exchange. In this regard, the poor performance of M06-HF-D3
may appear to be supportive of this preference. However, the
negative impact on the accuracy for transition-metal systems by
including a large amount of Hartree−Fock exchange60 appears
to be smaller than commonly believed, as demonstrated by the
relatively good performances achieved by functionals with large
proportions of Hartree−Fock exchange, such as MN15 (44%)
and the various ωB97-type methods (15−100%).
At this point, we note that many of the methods examined

here that yield the smallest MADs for TMD20 and TMD60
(e.g., B97-type methods such as ωB97X-V) were devised with
only main-group data. Their decent accuracies for TMD20 and
TMD60 may be a sign of characteristics in transition metals
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being partially and implicitly captured by the protocol for
formulating these “main-group” functionals.
Reaction Energies and Barriers in Catalytic Systems.

We now turn our attention to the systems that are of practical
relevance to transition-metal catalysis. In general, the EMADs
for the MOR13 model of reaction energies and the MADs for
the TMB50 set of barriers are smaller than those for the
dissociation energies (Table 2). To illustrate this quantitatively,
the averages of the MADs/EMADs for TMD20, TMD60,
MOR13, and TMC50 are 30.0, 37.2, 25.1, and 11.7 kJ mol−1,
respectively. Of course, if one were to take the magnitudes of the
reference data into account, it can also be argued that the
dissociation energies represent a smaller percentage deviation
(10%) than those for reaction energies (19%) and barriers
(24%).
A comparison of the trends between the three types of data

shows that TMD60, MOR13, and TMC50 do not correspond
particularly well with one another. The R2 values for the linear
correlations for TMD60/MOR13, MOR13/TMB50, and
TMD60/TMB50 are 0.002, 0.26, and 0.20, respectively. Despite
the generally poor correlations, methods that have small MAD
values for TMD60 also show fair to good accuracies more
generally. The smallest MADTMD60, EMADMOR13, and
MADTMB50 values are 23.6 (B97-D3BJ), 8.3 (ωB97M-V), and
5.8 (ωB97M-V) kJ mol−1, respectively. In comparison, for
ωB97X-V the corresponding values are 25.7, 8.9, and 8.0 kJ
mol−1, and for MN15 they are 26.8, 9.2, and 6.9 kJ mol−1. To
further put these numbers into perspective, we can compare
them with the average MAD/EMAD values mentioned above
[37.2 (TMD60), 25.1 (MOR13), and 11.7 (TMC50)], as well
as the largest MADTMD60, EMADMOR13, and MADTMB50 of 76.3
(M06-HF-D3), 66.7 (B-OP), and 22.8 (PBEsol-D3) kJ mol−1,
respectively.
Overall Performance andComparisonwithMGCDB82.

When the three sets of transition-metal chemistry data are
combined to give the TMC151 set, we arrive at a single metric
for assessing the DFT methods within the scope of the present
study. As discussed above, a DFT that shows decent accuracy for
one of the three subsets of TMC151 is also generally quite good
for the other two sets. As a result, some of the best performing
methods for the complete transition-metal test set remain the
fairly accurate ones that we have mentioned above for the
subsets (Table 2).
Specifically, the six functionals with the smallest MADTMC151

values are, in ascending order of their MADs, ωB97X-V48 and
ωB97X-rV49 (15.3 kJ mol−1), MN159 (15.4), ωB97M-V10

(16.3), N12-SX-D3BJ61 (18.7), and B97M-rV49 (19.8). The
general accuracies of the first four methods are, in our opinion,
indistinguishable for TMC151. As noted in our discussion of the
previous results for MGCDB82, their accuracies for main-group
systems are also quite similar [MAD = 4.5 (ωB97X-V and
ωB97X-rV), 5.3 (MN15), and 3.3 (ωB97M-V) kJmol−1]. These
functionals appear to be the most dependable choice for the
computation of molecular thermochemical quantities covering
both main-group and transition-metal elements.
The next two methods (N12-SX-D3BJ and B97M-rV) have

MADTMC151 values of ∼19 kJ mol−1, which are larger than ∼16
kJ mol−1 achieved by the four most accurate methods but not
significantly so. Between N12-SX-D3BJ and B97M-rV, the latter
has a better accuracy for MGCDB82 (MAD = 4.9 kJ mol−1

versus 8.1 for N12-SX-D3BJ). In principle, it is also computa-
tionally less demanding for it is a nonhybrid functional, whereas
N12-SX-D3BJ is a screened-exchange DFT. We therefore deem

B97M-rV to be an attractive option when the use of a global-
hybrid functional (MN15) or a long-range-corrected DFT
(ωB97X-V, ωB97X-rV, and ωB97M-V) is computationally
impractical for a particular application to molecular systems. We
also note that functionals that are least accurate for MGCDB82
(e.g., PBEsol, MAD = 21.1 kJ mol−1) generally do not fare well
for the transition-metal systems examined in the present study
(MAD = 40.6 kJ mol−1 for PBEsol for TMC151).
Given that the most/least accurate batch of methods for

MGCDB82 is also found to be the most/least accurate for
TMC151, it is of interest to inspect whether the former set of
main-group chemical properties is more generally a good
indicator for the latter compilation for transition-metal
chemistry. We use the MADs for the 35 DFT methods for the
TMC151 and MGCDB82 sets and their subsets/subcategories
as a probe. Table 3 shows the R2 values when drawing

correlations between the transition-metal data sets and the
main-group sets. It is apparent that, in an overall sense, there is a
moderate correlation between the two types of quantities, with
an R2 value of 0.62 between TMC151 and MGCDB82. With
that being said, for functionals that do not belong to the most
and least accurate extremes, there is considerable uncertainty in
deducing the performance for one type of data by looking at
another type (Supporting Information). Interestingly, the TCD
subset of MGCDB82 appears to be a better indicator for the
performance for TMC151, with an R2 value of 0.76.
We now examine the correlations between the subsets of

TMC151 and those of MGCDB82. We can see that the TCD-
type of main-group data has the largest R2 values for the
correlations with TMD20 and TMD60, but these R2 values of
∼0.5 are still poor. In comparison, the EMADs of MOR13
correlate reasonably with the MADs for the NCED subset of
noncovalent interactions (R2 = 0.74). This is somewhat curious
because one might expect that the metal−organic reactions in
MOR13, which can be considered as changes in covalent bonds,
would correlate better with the main-group thermochemistry
data sets (TCE andTCD). The stronger correlation withNCED
is associated with the large sizes of the metal complexes, which
lead to large additional noncovalent interactions upon binding
of substrates, as pointed out in ref 29. Lastly, we find a good R2

Table 3. Correlations (R2) between theMADs/EMADs of the
35 DFT Methods for the TMC151 Set and Its Subsets and
Those for the MGCDB82 Set and Its Subcategories of Data
Pointsa

TMC151 TMD20 TMD60 MOR13 TMB50

MGCDB82 0.62 0.22 0.15 0.54 0.57
NCED 0.28 0.01 0.00 0.74 0.15
NCEC 0.36 0.11 0.06 0.45 0.24
NCD 0.49 0.32 0.19 0.22 0.69
IE 0.40 0.05 0.02 0.71 0.29
ID 0.37 0.02 0.01 0.61 0.56
TCE 0.49 0.38 0.31 0.12 0.56
TCD 0.76 0.53 0.49 0.22 0.69
BH 0.47 0.22 0.13 0.24 0.87

aNCED = noncovalent interaction, easy, dimer; NCEC = noncovalent
interaction, easy, cluster; NCD = noncovalent interaction, difficult; IE
= isomerization energy, easy; ID = isomerization energy, difficult;
TCE = thermochemistry, easy; TCD = thermochemistry, difficult; and
BH = barrier height.
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value of 0.87 for the correlation between TMB50 and the main-
group BH subset.
Taking all the above results into consideration, we propose

that a small MAD for the MGCDB82 data set may indicate
robustness for both main-group and transition-metal chem-
istries. We have previously suggestedMADMGCDB82≲ 4 kJ mol−1

to be a general guideline,27 and we believe that this would
continue to be relevant given the seemingly broadened scope
beyond main-group chemistry.
We have previously formulated a model (termed MG8 with

64 data points) for estimating MADMGCDB82, which may be used
for rapid evaluation of the accuracies of new quantum chemistry
methods.27 As an aside but in a similar vein, if we obtain the
EMADs with the DF6model for all 123 data points in TMC151,
they correlate reasonably with the MADs calculated using the
deviations for the other 29models, with an R2 of 0.91. This result
serves as a validation for the use of the DF6 model as a probe for
the difficulty of a particular problem for an “average” functional.
Investigation into Some Systems with Large Devia-

tions.We now proceed to examine the MADs (for the 29 DFT
methods) for the various systems in the TMC151 set.Within the
TMD60 subset of BDEs, the MADs vary from a modest 12.9 kJ
mol−1 (for ZnS) to a very substantial 112.0 kJ mol−1 (for ScCl)
(Table 4). Overall, two species have MADs that are larger than
90 kJ mol−1 [ZnF (94.5) and ScCl (112.0)], whereas for other
species the MADs are∼60 kJ mol−1 or smaller. We will examine
the cases of ZnF and ScCl in greater detail.
For ScCl, it has been suggested that the reference

experimental value (BDE of 341.1 kJ mol−1) is too low,28 as
indicated by an alternative high-level theoretical value of 447.7
kJ mol−1.62 We note that several of the best performing DFTs,
for example, ωB97M-V and MN15, show large positive
deviations for ScCl (+99.6 and +107.3 kJ mol−1, respectively).
Most of the DFT methods examined also yield BDEs that are
significantly larger than the experimental value; the mean
deviation (MD) for the 29 DFT methods is +111.2 kJ mol−1,

which is virtually identical in magnitude to the MAD. The
agreements between the theoretical reference BDE and the DFT
values are quite reasonable, with a mild MAD of 12.1 kJ mol−1.
The story for the BDE of ZnF is similar to that for the ScCl

BDE. It is characterized by a large MD of −94.5 kJ mol−1 that is
virtually identical in magnitude when compared with the MAD
and by a moderate standard deviation (SD) of the deviations
(29.2 kJ mol−1, cf. 17.1 kJ mol−1 for ScCl). A high-level
theoretical study has reported a value (292.3 kJ mol−1) that is
very different from the experimental BDE of 381.9 kJ mol−1.63

The DFT values agree considerably better with the theoretical
reference value, with an MAD of 20.8 kJ mol−1. For both ScCl
and ZnF, it seems desirable to re-evaluate the experimental
BDEs.
We also note that systems such as ScBr, FeH, NiF, and NiBr

are also associated with large MADs and large magnitudes for
the MDs (>50 kJ mol−1) but relatively modest SDs (<30 kJ
mol−1). We believe that re-examination of these BDEs may also
be desirable. When these six systems are excluded from our
analysis, the average of the MADs for the TMD60 set reduces
from 37.2 kJ mol−1 to 30.1 kJ mol−1. The correlation between
the TMD20 and TMD60 sets also improves, with an R2 value of
0.86 (versus 0.80 when all 60 data points are used).
The SD values for the oxides (and to a somewhat lesser extent,

the sulfides) are quite large. Indeed, the largest SD for the
TMD60 set can be seen for MnO (74.2 kJ mol−1). In this case,
high-level multireference computations support the experimen-
tal reference value.64 The deviations for ωB97M-V and MN15
are −42.3 and +8.2 kJ mol−1, which is large in the former case
but, arguably, not excessively larger than its MAD of 30.6 kJ
mol−1 for the TMD60 set (Table 2). TheMD value for MnO for
the set of DFT methods is just +10.6 kJ mol−1, which is
considerably smaller in magnitude than the MAD of 54.0 kJ
mol−1. Thus, the nonsystematic component for the deviations is
much larger than the systematic component. Taking all of these
statistical measures into account, it seems that the BDEs of

Table 4. Mean Absolute Deviations (kJ mol−1) over 29 DFT Methods for the Individual Systems in the TMD60 Set and the
Corresponding Mean Deviations and Standard Deviations (SD) of the Deviationsa

Sc Ti V Cr Mn Fe Co Ni Cu Zn

mean absolute deviation
H 22.9 36.0 47.3 19.1 32.3 58.5 40.5 17.5 15.0 15.2
F 20.1 31.6 52.3 44.2 36.2 28.6 33.9 57.3 29.1 94.5
Cl 112.0 32.5 30.3 19.2 28.5 21.8 36.1 16.9 19.9 17.5
Br 58.4 25.1 61.5 21.7 36.0 40.1 33.9 50.8 20.3 30.3
O 39.0 47.3 50.3 40.8 54.0 45.1 54.7 47.8 29.5 33.5
S 27.4 50.9 38.4 27.1 36.4 29.7 28.0 48.2 17.4 12.9

mean deviation
H 22.6 25.0 40.3 15.5 15.8 58.3 38.5 8.0 −3.4 8.3
F −2.3 −5.5 −44.2 −43.2 −18.5 −15.4 −31.4 −57.3 −25.8 −94.5
Cl 112.0 23.3 16.5 5.0 4.9 11.8 33.3 −1.2 −12.2 −6.6
Br −58.4 4.8 −60.0 8.7 −27.9 37.3 −31.6 −50.8 −11.6 28.3
O −15.8 −13.4 −3.3 −21.2 10.6 −10.0 −39.7 −20.6 −22.0 −27.3
S −7.8 41.4 −1.4 −10.5 18.3 −6.9 −11.4 −38.3 −2.5 −1.0

SD of the deviations
H 15.2 34.8 36.8 21.7 36.2 24.7 19.4 23.1 22.8 19.9
F 26.6 42.0 43.2 25.5 41.0 32.2 25.0 25.5 22.8 29.2
Cl 17.1 32.1 34.3 26.8 33.6 27.4 24.6 22.3 21.3 22.9
Br 15.7 30.6 32.6 30.4 34.8 33.7 23.4 21.2 20.5 27.9
O 49.1 62.4 71.8 44.5 74.2 58.1 60.8 61.7 33.1 28.3
S 36.5 48.6 52.0 32.3 47.6 37.8 38.5 49.8 24.6 16.3

aMethods included in Table 2, excluding those for the DF6 model.
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diatomic transition-metal oxides such as MnO represent a
challenging case for DFT methods, including some of the best
performing ones.
TheMADs for the individual reaction energies in theMOR13

model are generally quite modest, with values of ∼10−30 kJ
mol−1. However, two reactions (Figure 3) are associated with

large MADs of 55.3 and 42.4 kJ mol−1. It is noteworthy that
these two reactions are also associated with large deviations for
the methods assessed in ref 29. An examination of the individual
deviations that contribute to these MADs shows that, in both
cases, the non-dispersion-corrected methods generally perform
much poorer than the dispersion-corrected ones. In the case of
the association reaction (a), the MAD for non-dispersion-
corrected methods is very substantial (81.9 kJ mol−1), which is
in stark contrast to the modest value of 17.5 kJ mol−1 for the
dispersion-corrected functionals. We see a similar but less

dramatic difference between the two types of methods for the
ligand substitution reaction (b).
These observations again demonstrate the importance of

adequate treatment of dispersion interactions for organometallic
species, in which large ligands and substrates that can lead to
substantial dispersion interactions are often part of the system.
With that being said, we note that some methods that do not
include external dispersion corrections, such as MN15, perform
quite well for these two reactions [deviations of −9.7 (a) and
+11.2 (b) kJ mol−1]. In comparison, the deviations for reactions
(a) and (b) for ωB97M-V are −22.2 and +6.6 kJ mol−1,
respectively.
For the TMB50 set of barriers, the MADs for most of the

reactions are considerably below 20 kJ mol−1. Six reactions, on
the other hand, have larger MADs that are above this threshold
(Figure 4). Four of these are (de)oxygenation reactions (9, 16,
17, and 24), whereas two are pericyclic-type reactions (15 and
45). We note that, for the pericyclic-type reactions, the
deviations for ωB97M-V and MN15 are modest. The
corresponding deviations for the de(oxygenation) reactions
are more substantial, particularly forωB97M-V despite it having
a smallMAD of 5.8 kJmol−1 for the complete TMB50 set (Table
4).
We have inspected the deviations for other functionals for

these four reactions. By comparing the results for PBE [with no
Hartree−Fock exchange (HFX)] and PBE0 (25% HFX), it
appears that these barriers are fairly sensitive to the proportion
of HFX in the functional. This would account for the large
deviations forωB97M-V, which contains 15%HFX in the short-
range, but it increases rapidly to over 40% at an interelectronic
distance of ∼1 Å and over 90% at ∼4 Å. The MN15 method,

Figure 3. Reactions in the MOR13 model that generally show large
deviations from benchmark reaction energies for a set of 29 DFT
methods assessed and MADs for all 29 methods and those for non-
dispersion-corrected and dispersion-corrected subsets of functionals.

Figure 4. Reactions in the TMB50 set that generally show large deviations from benchmark reaction barriers for a set of 29 DFTmethods assessed and
MADs and deviations (kJ mol−1) for selected functionals.
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which incorporates a constant 44% HFX, has somewhat smaller
deviations.
Overall, the observations on the systems with large deviations

carry three messages: (1) while transition metals represent
challenges to modern DFT methods, the source of deviations
from experimental values may well be the experimental values
themselves; (2) adequate account of (midrange) dispersions,
either by explicit inclusion of dispersion corrections or by
implicit parametrization, is indispensable; and (3) Hartree−
Fock exchange represents a useful inclusion in modern
functionals, but achieving a proportion that is optimal in all
cases is still elusive. These messages are by no means news, but
our results, including those for some of the currently most
accurate and robust methods, show that these understandings
developed in the past are still relevant. It is worth reminding
ourselves of them when formulating new methods and applying
existing ones.
Small Data-Set Models for Rapid Assessment. The

MG8model mentioned previously provides a convenient means
for assessing the accuracy of a computational chemistry method
for main-group thermochemistry. As noted above, the results
discussed so far suggest that, when developing a new method,

the achievement of an excellent EMADMG8 could be a useful
initial indicator for robustness for not only main-group but also
transition-metal chemistry. However, such a target may be
elusive during the exploration stage of development. It would
therefore be useful to additionally have a rapid assessment
protocol for transition-metal chemistry, which may provide
additional physical insights. To enable such a task, we herein use
the same statistical methodology (forward selection) that we
used to formulate MG8, MOR13, and DF6 to devise small-data-
set models for TMD60 and TMB50.
For each set, we build a minimal subset of data points such

that, for the 35 functionals, the EMADs obtained as a linear
combination of the absolute deviations correlate with the actual
MADs with R2 > 0.995. For TMD60, this gives a group of 10
constituent deviations for dissociation energies (ΔD), namely
those for TiBr, VO, CrS, MnBr, FeCl, FeS, CoH, CoF, CuBr,
and ZnS. We term this model TMD10, and the corresponding
EMADTMD10 is defined by

Figure 5. Reactions contained in the TMB11 model of barrier heights.
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= × |Δ | + × |Δ |

+ × |Δ | + × |Δ | + × |Δ |

+ × |Δ | + × |Δ | + × |Δ |

+ × |Δ | + × |Δ | + −

EMAD 0.0372 D 0.1410 D

0.0670 D 0.0434 D 0.1447 D

0.0457 D 0.0629 D 0.1857 D

0.0552 D 0.0833 D 9.7526 (kJ mol )

TMD10 TiBr VO

CrS MnBr FeCl

FeS CoH CoF

CuBr ZnS
1

For the TMB50 set, a collection of 11 reaction barriers is
chosen statistically, and we designate the model as TMB11
accordingly. The associated EMADTMB11 can be obtained by the
following formula using deviations for the barriers (ΔB), with
the included reactions shown in Figure 5.

= × |Δ | + × |Δ | + × |Δ |

+ × |Δ | + × |Δ | + × |Δ |

+ × |Δ | + × |Δ | + × |Δ |

+ × |Δ | + × |Δ | + −

EMAD 0.0878 B 0.0450 B 0.0693 B

0.0577 B 0.1444 B 0.0220 B

0.0674 B 0.1223 B 0.1631 B

0.0650 B 0.0911 B 0.9963 (kJ mol )

TMB11 1 7 9

11 21 22

23 33 35

38 48
1

As a whole, the combination of the TMD10, MOR13, and
TMB11 models employs 34 data points to represent TMC151.
We term this collection of 34 energies and the associated linear-
combination equations the TMC34 model. We deem it to be a
cost-effective means for assessing the robustness of a quantum
chemistry method when it is used for cross-validating the
findings from the results for the MG8 model of main-group
chemistry data.
Prospects for Expansion. At this final stage of our

discussion, let us reiterate that a question that we seek to
answer is whether the accuracy of a functional for main-group
properties would reflect its accuracy for transition-metal
chemistry. The preliminary answer is in part positive. When a
method is shown to be highly robust for an extensive and diverse
set of main-group data, the robustness may also extend to
transition metals. However, such a connection may be weaker
for less accurate methods.
To further test the validity of this proposition, assessments

with an expanded collection of data sets and a wider range of
transition-metal properties would be desirable. One of us has in
the past experimentally examined a wide range of transition-
metal-catalyzed reactions, and we have begun to computation-
ally elucidate themechanistic details for some of these processes.
They include, for example, the use of relatively inert
nucleophiles such as alkenes, alkynes, and conjugated dienes
for regio- and stereoselective CO2 fixation.

65−67 In due course,
the results for the studies on some of these catalytic reactions
may provide suitable benchmark data for assessing quantum
chemistry methods.
It is also noteworthy that, in addition to homogeneous

catalysis, heterogeneous catalysis is also a major use of transition
metals. Highly accurate data that can serve as suitable reference
for benchmark purpose is, to the best of our knowledge, not
available at present. Nonetheless, CCSD(T) reaction energies
and barriers for some symbolic reactions of small metal clusters
have been obtained in recent years.68,69 Further works along this
line of research would be desirable. In relation to the chemistry
of metal particles, we have in the past obtained benchmark-
quality atomization energies of small gold clusters.70 A larger
collection of highly accurate fundamental properties of these
species would also be valuable for the evaluation of quantum
chemistry methods. We will expand the present study upon
emergence of suitable additional data in the future.

■ CONCLUDING REMARKS
In the present study, we have gathered a collection of accurate
reference data for transition-metal reactions for the assessment
of DFT methods. This compilation, termed TMC151,
comprises the TMD60 set of 60 dissociation energies for
diatomic species of first-row transition metals, the MOR13
model for reaction energies of common catalytic processes, and
the TMB50 set of 50 barriers for prototypical transition-metal
reactions. With MOR13 being a statistically devised model that
represents 41 reactions in a previously formulated MOR41 set,
TMC151 accounts for 151 relative energies for transition-metal-
containing compounds.
We have used this compendium to assess a diverse range of

different types of DFT methods. The most accurate functionals
found for TMC151 include ωB97M-V, ωB97X-V, MN15, and
B97M-rV. While MN15 has been optimized for both main-
group and transition-metal species, ωB97M-V, ωB97X-V, and
B97M-rV are devised with only main-group data. Our results
suggest that a functional that is highly accurate and robust for
main-group data may also be among the most accurate for
transition-metal chemistry. Nonetheless, even the most accurate
functionals show worse accuracies for transition metals than for
main-group chemistry. We are therefore still far from the end of
pursuit toward universally applicable DFT.
We find that, for the most accurate methods examined, the

accuracies for main-group chemistry appear to be a reasonable
indicator for the accuracies for transition metals. However, such
a correlation is less apparent for functionals that perform less
well. In the development of new DFT, it is thus important to
assess the accuracies for both types of data along the way of
achieving an outstanding accuracy. We have previously used
objective statistical techniques to devise the MG8 model (with
just 64 data points) for reliable and rapid evaluation of the
accuracy for MGCDB82 (with ∼4400 data points). Similarly, in
the present study, we have formulated the TMC34 model as a
representation of TMC151 for efficient assessment of the
performance for transition metals. We deem the combination of
MG8 and TMC34 to be a cost-effective means for initial
development of new quantum chemistry methods.
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