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ABSTRACT: The predictive ability of density functional theory is fundamental
to its usefulness in chemical applications. Recent work has compared solution-
phase enthalpies of activation for metal—ligand bond dissociation to enthalpies of
reaction for bond dissociation, and the present work continues those comparisons
for 43 density functional methods. The results for ligand dissociation enthalpies of
30 metal—ligand complexes tested in this work reveal significant inadequacies of
some functionals as well as challenges from the dispersion corrections to some
functionals. The analysis presented here demonstrates the excellent performance
of a recent density functional, M1lplus, which contains nonlocal rung-3.5
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correlation. We also find a good agreement between theory and experiment for

some functionals without empirical dispersion corrections such as M06, r*SCAN, M06-L, and revM11, as well as good performance
for some functionals with added dispersion corrections such as ®B97X-D (which always has a correction) and BLYP, B3LYP, CAM-
B3LYP, and PBEO when the optional dispersion corrections are added.

1. INTRODUCTION

An important aspect of recent advances in density functional
theory (DFT) has been validating its predictions against
physical quantities of known values, e.g,, bond distances, bond
enthalpies, heats of formation, and excitation energies. For a
gateway into this enormous literature, see the GMTKNSS
paper' and the CF22D paper” and the extensive references
therein. The target data in the test sets used for such validation
typically come from experiments; however, sometimes they
come from high-level calculations. Very often DFT has been
shown to give excellent agreement with the target values,
justifying DFT’s widespread use for a variety of applications.
Two of the authors of the present paper and a co-worker
have previously compiled a set of experimental enthalpies of
activation for solution-phase metal—ligand bond dissociation
of 30 metal—ligand complexes (see Figure 1 and Table 1).*
This was compared to density functional enthalpies of reaction
for the bond-dissociation reactions. Although these quantities
are not the same, there was an expectation that they are
comparable, and this kind of comparison provides a test of
whether DFT thermodynamic predictions agree with the
experimental thermochemical kinetics data. In the present
article, we continue this kind of comparison with additional
density functionals for 30 metal—ligand complexes, and we also
consider the effects of frozen versus optimized geometries, of
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solvation models, and of dispersion corrections. We also look
at the worst cases (the largest deviation between theory and
experiment) because identifying pathological cases can be as
important for validation as the consideration of average errors.
A special focus of the present benchmark study is the inclusion
of the Mllplus functional,” an empirically parametrized
functional that contains nonlocal rung-3.5 correlation,™® an
ingredient not present in the other functionals tested in this
work.

A vast majority of experiments producing the enthalpies of
activation for dissociative displacement of photolytically
generated organometallic complexes were conducted by the
Bengali group at Texas A&M University at Qatar, with a few
additional measurements following the same protocol from
earlier work. The test set comprising 30 complexes is shown in
Figure 1, which establishes the nomenclature for identifying
the systems, with a letter for the complex and a number for the
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A07. L = tetrahydrothiophene B15. L =TES F23. L = THF H30. L = n2-2,3-dihydrofuran
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Figure 1. Test set. All enthalpies of activation are for the separation of the ligand (L = 1, 2,..,,30) from the complex (CL = A, B,..,H) in the reaction
CL — C + L and are positive numbers. The specific target values are in Table 1 and the Supporting Information [full forms of ligand acronyms: Cp
= cyclopentadienyl, Bz = benzene, DMP = 2,5-dimethylpyrrole, Tp = trispyrazolylborate, and p-pdt = propane-1,3-dithiolate].

Table 1. Experimental Activation Energy (kcal/mol) and Solvent Used in Experiments for All Complexes in the Test Suite

name complex (CL) ligand (L) experimental activation energy solvent ref
A01 CpMn(CO),L 1*-2,3-dihydrofuran 284 + 1.0 cyclohexane 7

A02 CpMn(CO),L chloropropane 16.0 + 0.6 dichloromethane 8

A03 CpMn(CO),L i*-cycloheptene 28.5 + 0.8 methylcyclohexane 9

A04 CpMn(CO),L n-cyclooctene 349 + 0.7 methylcyclohexane 9

A0S CpMn(CO),L n*-furan 219 + 1.0 cyclohexane 7

A06 CpMn(CO),L S(n-But), 36.0 £ 1.0 methylcyclohexane 10
A07 CpMn(CO),L tetrahydrothiophene 37.0 £ 1.0 heptane 10
A08 CpMn(CO),L tetrahydrofuran (THF) 24.0 + 3.0 THF 11
A09 CpMn(CO),L thiophene 19.5 + 2.0 heptane 3

Al0 CpMn(CO),L toluene 142 + 0.8 heptane 12
All CpMn(CO),L triethyl silane (TES) 274 + 0.8 heptane 13
B12 BzCr(CO),L 1*-2,3-dihydrofuran 21.0 + 1.0 cyclohexane 7

B13 BzCr(CO),L 1*-3-hexyne 22.8 + 0.4 heptane 14
B14 BzCr(CO),L 1*-benzene 11.5 + 0.9 benzene 15
B1S BzCr(CO),L TES 243 + 12 heptane 16
B16 BzCr(CO),L THF 214 + 0.8 THF 16
C17 Cr(CO)sL 1*-benzene 114 + 1.1 benzene 17
C18 Cr(CO)sL 1*-3-hexyne 183 + 0.7 heptane 14
D19 CpRe(CO),L heptane 13.7 £ 0.2 heptane 18
E20 (DMP)MnCO),L THF 22.1 +£ 0.5 cyclohexane 19
E21 (DMP)MnCO),L *-benzene 149 + 1.4 cyclohexane 19
E22 (DMP)Mn(CO),L 1-bromohexane 21.1 + 0.4 cyclohexane 19
F23 TpRe(CO),L THF 239 + 0.9 THF 20
G24 CpRu(CO)(CI)L 1*-cyclopentene 188 + 1.1 THF 21
G2S CpRu(CO)(CI)L 1’-cylcohexene 172 + 1.4 THF 21
G26 CpRu(CO)(CI)L *-cyclooctene 21.0 + 0.6 THF 21
G27 CpRu(CO)(CI)L THF 137 + 0.3 THF 21
H28 (u-pdt)Fe,(CO);L 1>-3-hexyne 20.9 + 0.4 cyclohexane 22
H29 (u-pdt)Fe,(CO);L 1*-cyclohexene 19.7 £ 0.6 cyclohexane 22
H30 (u-pdt)Fe,(CO)SL 1-2,3-dihydrofuran 209 + 1.6 cyclohexane 22

ligand that detaches; e.g., “A08” denotes the detachment of individual references for each value and the experimental

tetrahydrofuran (THF) from CpMn(CO),(THF). Table 1
continues presenting details about the test set by showing the
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uncertainties for all target values, as well as listing the solvent
used for each experimental result.
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Prior to the 2016 paper,’ one of the authors published an
experimental test set of transition-metal compounds in 2013,>
and in 2014 and 2018,”**° Reiher et al. published a test set
using experimental ligand dissociation energies gathered from
the literature. There have also been previous tests a%ainst
experimental and computationally derived best estimates.”*® A
full review of the literature of DFT being applied to transition-
metal complexes would be several times longer than this paper,
but it is worth noting that much of the previous work has
focused on two-atom systems (discussed in ref 3). There have
been two recent papers that deal with larger metal—ligand
systems,””** but the larger point to be made here is that this
kind of chemistry is a less well studied area of DFT prediction
efficacy than (say) organic enthalpies of formation, and it
deserves further study.

The theoretical procedure used here differs from that used in
the 2016 paper.’ In the original study, the M06>” functional
was used to optimize the geometries because it was found to
have the lowest overall deviations from experiments. In the
present study, geometries were reoptimized for several
functionals, including some functionals not available when
the original work was published. Additional differences
between the present study and the previous studies are
described in Section 2.

2. COMPUTATIONAL DETAILS

All calculations were done in a development version™ of the
Gaussian software using program defaults, except as noted.
Generalized internal coordinates (GICs), a facility that allows
arbitrary redundant internal coordinates to be defined and
chosen for optimization constraints and other purposes, were
used. The “superfine” integration grid was used in all
calculations, and we used the def2-TZVPP basis set,”’ which
should be sufficient to avoid significant errors due to basis set
incompleteness. All of the species (the overall system CL, the
ligand L, and the complex C obtained after breaking the C-L
bond) calculated in this work are neutral and in a singlet spin
state. Stability calculations performed on the wave function
optimized with the MO06 functional and a smaller basis set
indicate no instabilities for these complexes.

Single-point energies are denoted X//Y, which means that
method Y was used to optimize geometries and calculate
vibrational contributions to the enthalpy, and the energy was
calculated by method X at the method-Y geometry. Rows of
tables without // use consistently optimized geometries, i.e., X
=Y.

Solvation energies were evaluated using the SMD solvation
model® with the density functional used to optimize the
geometry, e.g, to include solvation in 2SCAN*?//M06
calculations, we subtracted the gas-phase MO6 energies from
MO06/SMD results and then added the difference to the
*SCAN gas-phase energies. A brief comparison of SMD and
IEFPCM solvation method* is included below.

The differences between this study and previous work are as
follows: First, some structures have been refined because we
have now found lower-energy conformations by conforma-
tional sampling. Second, because the experimental enthalpies
of activation come from an analysis in which they are assumed
to be independent of temperature, all enthalpies of reaction
were evaluated at a single temperature, which we take here to
be 0 K. Third, except in one preliminary comparison, solvation
was always included.

Table 2. Density Functionals Tested

functional ref(s) reason included
local functionals

gradient approximations

BLYP 35,36 historically popular
PW91 39 performed well previously
PBE 42 popular

gradient approximations with empirical dispersion corrections

BLYP-D3 35,36,46 test the effect of D3
BLYP-D3(BJ) 35,36,51 test the effect of D3(BJ)
PW91-D3(BJ) 39,51 test the effect of D3(BJ)
PBE-D3 42,46 test the effect of D3
PBE-D3(BJ) 42,51 test the effect of D3(BJ)
local meta functionals

mPWB9S 40,41 performed well previously
MO06-L 43 performed well previously
MN15-L 44 not tested previously
*SCAN 33 not tested previously

hybrid functionals
global hybrid functionals

APF 45 performed well previously
B3LYP 37,38 popular

PBEO 52 popular

BMK S3 test effect of large HF %
mPW1B9S S4 not tested previously
B1B9S SS midperformer previously
PW6B9S 56 not tested previously

Mo06 29 top performer previously
Mo06-2X 29 test effect of large HF %
MNI1S$ S0 not tested previously
range-separated hybrid functionals

CAM-B3LYP S7 midperformer previously
Ml1 48 for comparison to M1lplus
revM11 S8 for comparison to M11plus

global hybrid functionals with empirical dispersion corrections

APE-D EN test this dispersion correction

B3LYP-D3 37,38,46 test the effect of D3
B3LYP-D3(BJ) 37,38,51 test the effect of D3(BJ)
PBE0-D3 52,46 test the effect of D3
PBE0-D3(BJ) 52,51 test the effect of D3(BJ)
BMK-D3 53,46 test the effect of D3
BMK-D3(BJ) 53,51 test the effect of D3(BJ)
mPW1B95-D3 54,46 test the effect of D3
mPW1B95-D3(BJ) 54,51 test the effect of D3(BJ)
B1B95-D3 55,46 test the effect of D3
B1B9S-D3(BJ) 55,51 test the effect of D3(BJ)

range-separated hybrid functionals with empirical dispersion corrections
CAM-B3LYP-D3 57,46 test the effect of D3

CAM-B3LYP-D3(BJ) 57,51 test the effect of D3(BJ)
wB97X-D 47 performed well previously
range-separated hybrid functional with nonlocal rung-3.5 correlation
Mllplus 4,49 not tested previously
doubly hybrid functional

B2PLYP 59 completeness

doubly hybrid functionals with empirical dispersion correction
B2PLYP-D 59,60 test the effect of D2
B2PLYP-D3 59,46 test the effect of D3(BJ)

In reporting the deviations of the calculated enthalpies of
reaction from the experimental enthalpies of activation, we use
the following notation:

https://doi.org/10.1021/acs.jpca.3c04838
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Table 3. Deviations (kcal/mol) of Calculated Metal—Ligand Enthalpies of Dissociation from Experimental Enthalpies of

Activation
gas-phase solvated

method MSD MUD RMSD MaxD worst MSD MUD RMSD MaxD worst
wB97X-D 0.20 1.72 2.41 6.60 F23 —2.06 2.42 3.16 —8.22 A07
r’SCAN 3.50 3.51 4.04 7.30 A01 1.03 2.47 3.09 —-8.01 F23
Mo06 0.58 1.54 191 3.72 F23 —1.58 2.29 291 —-7.89 F23
Ml11 —0.68 241 3.31 —-8.37 A07 —2.98 3.73 4.37 —10.17 A04
Mllplus 3.03 3.27 3.73 7.78 F23 0.93 1.99 2.55 5.64 C18

MSD: mean signed deviation, where negative means
underestimation of the target value

MUD: mean unsigned deviation

RMSD: root-mean-square deviation

MaxD: signed deviation of the maximum absolute
deviation

Worst: identity of the molecule with largest [MaxDI

The set of functionals tested includes M11plus, popular
functionals, functionals that did well in the previous study,’
functionals not previously tested, and functionals with
empirical damped-dispersion corrections. The functionals
tested are listed in Table 2 along with their references 29,
33, 35—60 and a brief explanation of why they were included.

3. RESULTS AND DISCUSSION

The Cartesian coordinates for all of the systems, the calculated
results, and the experimental target values are in the
Supporting Information.

Table 4. Deviations (kcal/mol) of Calculated Metal—Ligand
Enthalpies of Dissociation from Experimental Enthalpies of
Activation

MO06 Ml1 M11Plus
default default default
deviation SMD IEFPCM SMD IEFPCM SMD IEFPCM
MSD —1.58 -0.78 —-2.98 —-2.18 0.93 1.67
MUD 2.29 1.59 3.73 3.00 1.99 2.19
RMSD 291 1.96 4.37 3.73 2.55 2.61
MaxD —7.89 —4.77 -10.17 —9.46 5.64 5.18
worst F23 A04 A04 A07 C18 C18

We first considered gas-phase results obtained with
consistently optimized geometries. These results are in Table
3. The M06 and wB97X-D functionals appeared in the
previous paper; the values presented here are slightly changed
compared to that work because, in several cases, a lower-
energy geometry was found for the ligand, the complex without
the ligand, or the bound pair, meaning the ligand dissociation
energy could be changed to a higher or lower value, and in
addition to that, we are using zero-point energy (ZPE)
corrections (which yield 0 K enthalpies) in place of finite-
temperature enthalpies used in the previous work.

In Table 3, the “worst” complex is the same (F23) for three
of the five functionals, and it is also the largest complex in the
test set. (This difference is commented on more Iater,
following the “fixed geometry” test.)

For the gas-phase tests in Table 3, the M06 functional has
the smallest MUD, RMSD, and MaxD, while ®B97X-D has the
second smallest. In addition, M11 and M11plus have similar
performances, although they have a sign difference for the
maximum outlier; this is discussed below. The r*SCAN
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functional has the largest MUD and RMSD. The gas-phase
calculations in Table 3 are less appropriate for comparison to
the solution-phase experiments than all the other calculations
in this paper because all the other calculations include
solvation, but they are included primarily for comparison to
the solvated results to show whether inclusion of solvation
changes the conclusions.

The solvated results in Table 3 differ significantly from the
gas-phase results; for example, M11plus now has a lower MUD
and RMSD than M06. More specifically, in the gas phase, the
errors are in the order M06 < wB97X-D < M11 < Ml1plus <
r*SCAN, while solvent corrections change the order to
Mllplus < *SCAN = M06 = @B97X-D < M11. This shows
the importance of including solvation, and thus the rest of the
results in this paper include solvation.

The question then becomes which solvation method to
choose. The SMD solvent model was specifically parametrized
to reproduce solvation-free energies accurately, and due to this,
it has been used in the previous study for this test set.”
Although the Gaussian manual recommends SMD for
calculating free energies of solvation, the Gaussian default
solvation method®* is different, and it was tested; the results
are shown in Table 4. Using the default IEFPCM method
changes the MSE by 0.7—0.8 kcal/mol and modifies all related
statistical values. Because the use of the SMD method for
solvation-free energies is well validated, we will use the SMD
method for testing the density functionals presented in the rest
of this paper.

Table 5 shows the effect of changing the geometry. Looking
across any row, one can see that the values change very little.
We conclude that the ligand dissociation enthalpies are not
sensitive to the geometry at which the zero-point energies and
electronic energies are calculated. It is therefore acceptable to
consider a basket of functionals using fixed geometries. Tables
6—8 contain the primary results of this study. In keeping with
the previous work,” we comment here on the results obtained
with M06 geometries (Table 6), although the conclusions
would be the same if the MIllplus geometries were used
(Table 7) and only slightly different if M11 geometries were
used (Table 8).

Table 6 shows that the vast majority of local functionals have
the same worst case (F23), which is also the largest complex
considered; size-dependent errors are well-known for DFT.
Another large complex, A04, also is the first or second worst
complex for many functionals, but the trend is not particularly
clear beyond those two systems, and more generally, we find
that different functionals have problems with different systems.
When one considers all the functionals, there is no single
outlier complex that functionals failed to model effectively,
which could have indicated an error in the experiments or a
case where the potential energy along the dissociation path is
significantly nonmonotonic. We also considered the second or

https://doi.org/10.1021/acs.jpca.3c04838
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Table 5. Root-Mean-Square Deviation (RMSD, kcal/mol) of
Ligand Dissociation Enthalpies from Experimental
Enthalpies of Activation

method X = M06 X = Ml1 X = Mllplus
local functionals
BLYP//X 13.45 14.13 14.23
BLYP-D3//X 2.71 3.10 3.08
BLYP-D3(BJ)//X 323 3.51 324
PW91//X 4.01 475 425
PW91-D3(BJ)//X 434 422 424
PBE//X 447 525 4.74
PBE-D3//X 4.59 4.40 4.47
PBE-D3(BJ)//X 5.55 5.35 5.45
mPWB95//X 4.06 4.54 4.16
M06-L//X 3.55 3.72 3.62
MN15-L//X 3.90 3.70 3.87
*SCAN//X 323 327 3.20
global hybrid functionals
B3LYP//X 12.61 13.17 13.18
B3LYP-D3//X 3.41 3.69 3.67
B3LYP-D3(BJ)//X 2.87 3.14 2.93
PBE0//X 5.59 6.27 5.74
PBE0-D3//X 3.12 2.97 2.99
PBE0-D3(BJ)//X 3.65 3.51 3.55
BMK 7.73 8.28 8.01
BMK-D3//X 3.96 3.75 3.89
BMK-D3(BJ)//X 422 3.99 4.07
mPW1B95//X 445 4.82 4.4
mPW1B95-D3//X 3.76 3.6 3.8
mPW1B95-D3(BJ)//X 3.77 3.65 3.77
B1B9S//X 6.35 6.78 6.34
B1B95-D3//X 4.47 432 4.56
B1B95-D3(B])//X 5.36 525 5.44
PW6B95//X 5.41 5.72 5.41
APE//X 7.04 7.77 7.27
APE-D//X 13.42 13.43 13.00
MO06//X 2.91¢ 3.29 3.01
M06-2X//X 5.96 5.91 6.17
MN15//X 3.76 3.48 3.80
range-separated hybrid functionals
CAM-B3LYP//X 9.38 9.85 9.7
CAM-B3LYP-D3//X 3.24 3.41 3.3
CAM-B3LYP-D3(BJ)//X 323 348 3.31
wB97X-D//X 2.94 3.15 2.98
Mi11//X 4.59 4.37° 4.52
revM11//X 3.17 3.26 3.05
Mliplus//X 2.65 2.48 2.55%
doubly hybrid functionals
B2PLYP//X 4.15 4.19 427
B2PLYP-D//X 8.91 7.94 8.95
B2PLYP-D3//X 8.15 7.31 8.18

“Energy and geometry from the same method.

third worst-modeled complexes, but there is still no common
outlier. This provides some support for the argument that this
is a valid and useful test set for comparing density functionals.
Although we are comparing calculated enthalpies of reaction to
experimental enthalpies of activation, we conclude from the
above considerations that large MUDs and RMSDs (for
example, MUDs larger than 4 kcal/mol) probably indicate a
deficiency of the functional rather than a deficiency of the test
protocol.
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Table 6. Deviations (kcal/mol) of Ligand Dissociation
Enthalpies from Experimental Enthalpies of Activation with
MO06 Geometries

method MSD MUD RMSD MaxD worst
local functionals
BLYP//M06 —13.10 1310 1345 -—18.84 F23
BLYP-D3//M06 -1.36 2.13 2.71 -7.66  F23
BLYP-D3(BJ)//M06 0.57 2.44 3.23 -9.66 F23
PW91//M06 -2.42 3.10 401 -1270 F23
PW91-D3(B])//M06 2.59 3.71 4.34 -8.14 F23
PBE//MO06 -3.01 3.53 447  -13.62 F23
PBE-D3//MO06 2.95 3.99 4.59 871  All
PBE-D3(BJ)//M06 3.91 4.89 5.55 1036  All
mPWB9S5//M06 -2.20 3.07 406 -1290 F23
MO6-L//M06 —-2.53 2.82 3.55 -838 F23
MN15-L//M06 1.92 3.48 3.90 -6.83 F23
r*SCAN//M06 1.22 2.63 323 -791  F23
global hybrid functionals
B3LYP//M06 —1227 1227 1261 —1931  A04
B3LYP-D3//M06 —-2.59 2.95 3.41 —-8.63  A04
B3LYP-D3(BJ)//M06 —0.85 2.09 2.87 -861 F23
PBEO//MO06 —4.91 4.91 559 —1297 F23
PBE0-D3//M06 126 2.70 3.12 -674 F23
PBE0-D3(BJ)//M06 1.83 3.10 3.65 -7.73  F23
BMK//MO06 -7.15 7.15 773 —1329  A04
BMK-D3//M06 2.31 3.31 3.96 719 C18
BMK-D3(BJ)//M06 2.61 3.61 422 820 C17
mPW1B95//M06 —3.47 3.56 445  -1159  F23
mPW1B95-D3//M06 2.04 3.32 3.76 —647  F23
mPW1B95-D3(BJ)// 1.9 3.28 3.77 7.6 F23

Mo6
B1B95//M06 -5.72 5.72 635 —13.52 F23
B1B95-D3//M06 2.95 3.97 4.47 751 G24
B1B9S-D3(BJ)//M06 3.79 4.75 5.36 9.02 C17
PW6B9S//M06 —4.73 473 541  —1138 F23
APE//M06 —6.55 6.55 7.04  —1444  F23
APF-D//M06 1220 1220 13.42 2427  G24
MO06 -1.58 2.29 2.91 -7.89  F23
M06-2X//M06 —4.51 5.06 596 —13.58  A04
MN15//M06 2.66 3.33 3.76 694 C18
range-separated hybrid functionals
CAM-B3LYP//MO06 —8.94 8.94 938  —1594  A04
CAM-B3LYP-D3//M06 -2.16 2.76 324 -842  A04
CAM-B3LYP-D3(BJ)// —-2.00 2.77 323 —-8.8 A04
Mo6

®B97X-D//M06 -1.82 228 2.94 -7.16  A04
M11//M06 -3.12 3.96 459  —1041  A04
revM11//MO06 -1.71 2.46 3.17 —6.83  A04
M11plus//M06 0.98 2.14 2.65 581 C18
doubly hybrid functionals
B2PLYP//M06 0.97 3.45 4.15 -859  F23
B2PLYP-D//M06 7.67 7.74 8.91 1586  All
B2PLYP-D3//M06 6.78 7.13 8.15 1556 All

There are many functionals that do quite well, with RMSD <
3.7 kcal/mol, and these are either modern functionals
(M1lplus, revM11, M06-L, @wB97X-D, r*SCAN) or older
hybrid functionals with dispersion corrections (BLYP, B3LYP,
CAM-B3LYP, PBEO). Adding a dispersion correction greatly
improves BLYP, PBE0, CAM-B3LYP, and B3LYP, for which
the dispersion terms are added without reparametrizing the
rest of the functional; wB97X-D, which has an empirical
dispersion correction that is included in the functional during
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Table 7. Deviations (kcal/mol) of Ligand Dissociation
Enthalpies from Experimental Enthalpies of Activation with

M11 Geometries

method MSD MUD RMSD MaxD  worst
local functionals
BLYP//M11 —13.72 13.72 14.13 —20.88 F23
BLYP-D3//M11 —1.70 2.45 3.10 —8.73 F23
BLYP-D3(BJ)//M11 023 275 351 —1088 F23
PW91//M11 —3.18 3.89 4.75 —14.38 F23
PW91-D3(BJ)//M11 1.9 3.37 422 -9.53  F23
PBE//M11 -3.78 4.36 5.25 —15.27 F23
PBE-D3//M11 2.28 3.61 44 —-8.70 F23
PBE-D3(BJ)//M11 3.27 4.46 5.35 1040  All
mPWB95//M11 —2.72 3.64 4.54 —14.13 F23
MO06-L//M11 —2.72 2.94 3.72 —9.06 F23
MNI15-L//M11 1.77 3.25 3.70 —6.88 F23
*SCAN//M11 0.63 2.56 3.27 —9.08 F23
global hybrid functionals
B3LYP//M11 —12.82 12.82 13.17 —19.09 A04
B3LYP-D3//M11 —-2.90 3.18 3.69 —8.50 A04
B3LYP-D3(BJ)//MI1 —118 241 314  -973 F23
PBEO//M11 —5.63 5.63 6.27 —14.47 F23
PBE0-D3//M11 0.68 2.50 2.97 —7.83 F23
PBE0-D3(BJ)//M11 123 285 351  —885 F23
BMK//M11 -7.76 7.76 8.28 —13.40 A04
BMK-D3//M11 2.01 3.11 3.78 7.80 C18
BMK-D3(BJ)//M11 218 333 3.99 942  CI18
mPWIB95//M11 -3.93 4.00 4.82 —12.64 F23
mPW1B95-D3//M11 175 3.11 3.6 —7.08 F23
mPW1B95-D3(BJ)// 152 305 365 -840 F23

Ml11
B1B95//M11 —6.20 6.20 6.78 —14.64 F23
B1B9S-D3//Ml11 2.74 3.79 4.32 7.15 C18
B1B95-D3(BJ)//M11 3.50 4.47 5.25 9.51 C18
PW6B95//M11 =5.10 5.10 5.72 —12.41 F23
APF//M11 —7.28 7.28 7.77 —16.05 F23
APF-D//M11 12.30 12.31 13.43 23.94 G24
MO06//M11 —2.20 2.62 3.29 —8.79 F23
M06-2X//M11 —4.45 4.89 591 —13.42 A04
MN15//Ml11 2.30 2.99 3.48 6.63 C18
range-separated hybrid functionals
CAM-B3LYP//M11 —9.44 9.44 9.85 —15.83  A04
CAM-B3LYP-D3//M11 —2.48 2.92 3.41 —8.37 A04
CAM-B3LYP-D3(BJ)// -2.39 3.02 3.48 —8.77 A04
Mil11

®B97X-D//Ml1 —2.28 2.53 3.15 —7.29 A04
Mil1 —2.98 3.73 4.37 —10.17 A04
revM11//M11 —2.08 2.62 3.26 —7.28 F23
Mllplus//Ml11 0.54 1.92 2.48 5.33 C18
doubly hydrid functionals
B2PLYP//M11 -0.29 3.38 4.19 —10.10 F23
B2PLYP-D//M11 6.54 6.70 7.94 15.85 All
B2PLYP-D3//M11 5.64 6.15 7.31 15.48 All
its original optimization, also gives good results. The

effectiveness of dispersion corrections for modeling organo-
metallic compounds has been studied elsewhere,”® and these
corrections generally improve the accuracy of most functionals.
It is well known that the efficacy of some empirically corrected
functionals arises not from getting dispersion right but rather
because the correction acts more generally to cancel errors. We
should keep in mind that the so-called dispersion correction
only represents true dispersion at large interfragment
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Table 8. Deviations (kcal/mol) of Ligand Dissociation
Enthalpies from Experimental Enthalpies of Activation with
Ml1plus Geometries

method MSD MUD RMSD MaxD  worst
local functionals
BLYP//M11plus —13.85 13.85 14.23 —-19.77 F23
BLYP-D3//Mllplus —1.86 2.44 3.08 —7.89 F23
BLYP-D3(BJ)//MlIplus 016 249 324 —1000 F23
PW91//M11plus —2.69 3.36 425 —13.17 F23
PW91-D3(BJ)// 2.38 3.60 424 -840 F23
Mllplus
PBE//Ml1plus —3.30 3.82 4.74 —-14.11 F23
PBE-D3//M11plus 2.74 3.85 447 7.95 All
PBE-D3(BJ)//Ml1plus 377 480 545 9.67 All
mPWB95//M11plus —2.28 3.19 4.16 —13.16 F23
MO06-L//M11plus —2.57 2.87 3.62 —8.18 F23
MN15-L//Ml1plus 2.02 3.42 3.87 —6.33 F23
*SCAN//M11plus 1.14 2.57 3.20 —7.94 F23
global hybrid functionals
B3LYP//Mllplus —12.84 12.84 13.18 —19.55 A04
B3LYP-D3//M11plus —-2.95 3.24 3.67 —8.75 A04
B3LYP-D3(BJ)// —-1.15 2.17 293 -873  F23
Mllplus
PBEO//Ml1plus =5.10 5.10 5.74 —13.21 F23
PBE0-D3//M11plus 1.18 2.57 2.99 —6.66 F23
PBE0-D3(BJ)//M11plus 1.76 2.98 3.55 =7.70 F23
BMK//M11plus —7.47 7.47 8.01 —13.39 A04
BMK-D3//M11plus 227 3.26 3.89 7.21 C18
BMK-D3(BJ)//M11plus 2.46 3.48 4.07 8.33 C17
mPW1B9S5//Ml1plus —3.44 3.55 4.40 —-11.57 F23
mPW1B95-D3// 222 3.35 3.80 6.47 B12
Mllplus
mPW1B95-D3(BJ)// 2.00 328 3.77 -741  F23
Mllplus
B1B95//Ml11plus —=5.74 5.74 6.34 —13.55 F23
B1B95-D3//M1lplus 3.17 4.04 4.56 7.27 B12
B1B9S-D3(BJ)// 397 481 5.44 957 C17
Mllplus
PW6B9S//Ml1plus —4.77 4.77 S5.41 —11.38 F23
APF//Mllplus —6.80 6.80 7.27 —14.77 F23
APF-D//M11plus 11.99 11.99 13.00 21.74 G26
MO06//Ml11plus -1.79 2.43 3.01 —7.65 F23
MO06-2X//M11plus —4.80 5.22 6.17 —13.86 A04
MN15//M11plus 2.78 3.33 3.80 6.86 C18
range-separated hybrid functionals
CAM-B3LYP//M11plus —9.29 9.29 9.70 —15.98 A04
CAM-B3LYP-D3// -2.35 2.86 3.30 —8.38 A04
Mllplus
CAM-B3LYP-D3(BJ)// —2.24 2.87 3.31 -8.79  A04
Mllplus
wB97X-D//M11plus —2.06 2.36 2.98 —7.14 A04
M11//Ml1plus -3.16 3.89 4.52 —10.38 A04
revM11//Ml11plus —-1.68 2.38 3.05 —6.50  A04
Mllplus 0.93 1.99 2.55 5.64 C18
doubly hybrid functionals
B2PLYP//M11plus 0.84 3.59 4.27 —8.76 F23
B2PLYP-D//Ml1plus 7.72 7.78 8.95 16.43 A03
B2PLYP-D3//Ml11plus 6.78 7.13 8.18 15.04 All

distances;’" at bonding distances, it is simply an empirical
correction to all components of the energy (for this reason, it is
probably better to call it a damped-dispersion correction or a
molecular mechanics correction than to use the shorthand of
calling it a dispersion correction). It should also be noted that

https://doi.org/10.1021/acs.jpca.3c04838
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Figure 2. Calculated ligand dissociation enthalpies (LDE) plotted against target values with a perfect-agreement line to guide the eye. All

geometries and energies are calculated consistently, and all points are labeled with the identity of the complex.
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Figure 3. Signed deviations of ligand dissociation enthalpy (kcal/mol) for three functionals, M06, M11, and M11plus. The systems are ordered by
the signed error of the M11plus results. All geometries and energies are calculated consistently.

there are multiple ways to dampen the dispersion correction at
bonding distances, including the original D3 functional form
(sometimes called D3(0)) and the Becke—Johnson (BJ)
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recommended for these systems.

version of D3. We find that the BJ version of dispersion
generally does slightly worse, and therefore, it is not

https://doi.org/10.1021/acs.jpca.3c04838
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Contrary to the general benefit of dispersion corrections,
adding dispersion terms to the APF functional makes the
results much worse. This is unfortunate because the APF
functional was originally designed to avoid spurious long-range
attractions so that adding dispersion terms would be more
physical. The results of APF-D deserve more study, as the
results both without and with sampled dispersion terms agree
less well with experiments than all the other functionals studied
except BLYP and B3LYP. Since the mean signed error of APF
has the same sign as that of BLYP and B3LYP, which are both
improved by dispersion terms, it is likely that APF could also
be improved by dispersion terms if they were reparametrized.
Also deserving of more study are the doubly hybrid results
obtained by applying dispersion correction to B2PLYP. The
dispersion correction dramatically increases the error for
B2PLYP. This is a surprising result because B2PLYP already
contains some dispersion in its MP2 term, so the size of the
dispersion correction should be small. (We should also keep in
mind that MP2 itself often overestimates the dispersion, but
the percentage of MP2 correlation in B2PLYP is only 27%, so
it should still underestimate dispersion.)

The enthalpies calculated with M06 and M06-L agree better
with experiments than those calculated with MNI1S and
MNI15-L, although on broader comparison sets, the latter
functionals, which were developed more recently, are usually
better. It should also be noted that functionals with the original
B9S correlation term generally do not perform well for this test
set.

Of all the functionals studied, M1lplus agrees best with
experiments for this data set, especially in terms of the
maximum outlier. This is a very encouraging result for the
rung-3.5 correlation terms included in M11plus.

Figure 2 illustrates how M06, M11, and M11plus do not all
have their best or worst agreements with the same ligand/
complex pairing. The MO06 results cluster around the perfect-
agreement line with some significant underestimation through-
out; M11 shows the same underestimation, with the deviation
increasing with larger binding enthalpies; and M11plus clearly
worked well throughout the range.

To better compare the three functionals, the complexes were
sorted by the signed deviation of M11plus, and then the results
of M06 and M11 were placed in the same order; the resulting
comparison is presented in Figure 3. This figure makes it clear
that the order of these deviations differs for different
functionals, and that there are no common problem cases.
Sometimes M06 agrees with the experiment much better than
Mllplus, and in some other cases Mllplus agrees much
better. If the data is further subdivided, by looking at the
results for the most common ligand (THF) or for a single
parent complex (A, CpMn(CO),), one still finds that the order
of these deviations differs for different functionals, which
further supports the diversity of the test set. Finally, examining
the maximum outliers on either end of the range for M11plus
reveals no common structural characteristic or ligand, i.e., the
edge cases do not have something chemical in common.

4. CONCLUSIONS

In light of the situation where we are comparing calculated
enthalpies of reaction to experimental enthalpies of activation,
we should probably not place too much emphasis on small
differences of the MUD or RMSD of functionals whose MUD
is less than 4 kcal/mol. Therefore, we consider an RMSD less
than 4 kcal/mol as a mark of success for agreeing well with the
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experimental data. With this criterion of success, we find there
are two groups of functionals that are successful, namely, (i)
modern functionals like M11plus, revM11, ®B97X-D, ?SCAN,
MN15, and MN15-L and (i) traditional local and hybrid
functionals with dispersion corrections like BLYP+D, B3LYP
+D, CAM-B3LYP+D, and PBEO+D. It is encouraging for the
efficacy of rung-3.5 correlation terms that M11plus agrees best
with the experimental data.
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