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160STM10: a new open-shell transition metal
conformational energy database to challenge
contemporary semiempirical and force field
methods+

Arseniy A. Otlyotov,? Andrey D. Moshchenkov,?® Luigi Cavallo ¢ * and

Yury Minenkov**“

A new database, 160STM10, containing 10 conformations for each of 16 non-multireference realistic-
size open-shell transition metal (OSTM) complexes has been developed. Contemporary composite
density functional theory (DFT) (PBEh-3c and B97-3c), semiempirical (PM6 and PM7) and the GFNn-xTB/
FF family methods were examined against conventional DFT (PBE-D3(BJ), PBEO-D3(BJ), M06 and
®B97X-V) to reproduce the conformational energies. While good performance is observed for the
conventional (the average Pearson correlation coefficient is p = 0.91) and composite DFT (average p = 0.93),
semiempirical and force-field methods should still be used with caution for these challenging compounds.
The corresponding average p values are 0.53 (PM6 and PM7), 0.75 (GFN1-xTB and GFN2-xTB) and 0.62
(GFN-FF). Accounting for the intramolecular dispersion interactions turned out to be crucial for 4 OSTM
complexes bearing bulky substituents in close proximity to each other. The influence of the scalar relativistic

rsc.li/pcecp

1. Introduction

Open-shell (OS) transition metal (TM) complexes are vital pre-
cursors for a number of industrial and academic applications.
TM compounds act as catalysts in a number of important
processes relevant to chemistry' and biology.® These com-
plexes often possess magnetic anisotropy,”® making them
applicable as a base for promising information storage devices.
To unravel their chemical and physical properties, molecular
modeling is often required. The latter is anything but a simple
task as, apart from the problems stemming from the complex
electronic structures,”** many open-shell transition metal
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effects on the conformational energies is negligible for the considered 3d metal species.

complexes bear bulky flexible ligands giving rise to conforma-
tional issues that have to be dealt carefully.'>>? The crucial role
of a thorough conformational analysis in the investigations of
the reaction pathways driven by transition metal catalysts has
been revealed in a recent study by Vitek et al.*®

Contemporary computational chemistry offers a number of
methods for conformational sampling/search ranging from
cheap force-fields (FF)**™° to the high-level DFT and ab initio
approaches.”” An efficient method should provide desirable
accuracy to ensure the realistic PES, but still possess low
computational cost to cover a larger part of the conformational
space. The development, further tuning and validation of
potential energy function approaches require databases con-
taining the spatial structures and relative conformational ener-
gies of the relevant compounds. Such datasets have been
recently generated for flexible organic molecules®® and closed-
shell TM complexes'>'® and used for the systematic investiga-
tions of the performance of contemporary semiempirical (SE),
force-field and composite DFT methods. The conformational
energies obtained with SE methods PM6*/PM7 were found to
be in poor agreement with their DFT*>'® and high-level
DLPNO-CCSD(T)*® counterparts. A better, yet moderate perfor-
mance is demonstrated by GFNn-xTB SE methods.'>?® Accord-
ing to Bursch et al.,'® reasonable conformational energies of
closed-shell TM complexes can be obtained from single-point
energy (SPE) calculations using a composite density functional
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method (e.g B97-3c) performed on GFN2-XTB optimized
geometries.

However, there have been no systematic investigations on
the performance of fast SE, FF and composite DFT approaches
for the conformational energies of open-shell TM complexes.
To fill this gap, we first develop a new database, 160STM10,
containing 10 energetically and structurally diverse conforma-
tions for each of 16 realistic-size open-shell transition metal
complexes. Second, we examine well-established DFT methods
(PBE-D3(BJ), PBE0-D3(BJ), M06, and ®B97X-V), their recent
composite versions (PBEh-3c and B97-3c) and contemporary
SE (PM6, PM7, and GFNn-xTB) and FF (GFN-FF) schemes. The
influence of scalar relativistic effects and intramolecular disper-
sion interactions on the conformational energies is discussed.
A detailed statistical analysis was performed to find out the
relative performance of the tested groups of methods.

Within a broader chemical context, we believe that the
160STM10 database together with its previously developed
analogues for closed-shell TM complexes'>'® can serve as a
prototype for the machine-learning (ML) training tool to yield
high-quality conformational energies. Very recently, the use of
trained artificial neural networks (ANNs) was demonstrated>®
to predict adiabatic spin splitting and ionization potentials of
CCSD(T) quality at significantly reduced computational cost.

2. Methods

2.1 Compound selection

The initial structures of transition metal complexes were
retrieved from the online version of the Cambridge Structural
Database (CSD).*® The pre-selection procedure was based on
the following criteria:

(1) A compound should contain a first row transition metal
and (potentially) possess an open-shell electron configuration.

(2) A compound has at least 5 rotatable bonds implying a
conformational manifold.

(3) A compound is of fundamental or applied scientific
interest.

2.2 Conformer generation

The spatial structures of all the pre-selected compounds were
optimized using the ORCA 5.0.2 suite of programs®'~*? at the
PBE-D3(B]J)/def2-svp level of theory. Electronic states with relevant
multiplicities, namely, 1, 3, 5 for species with an even number of
electrons and 2, 4, 6 in the case of an odd number of electrons,
were considered. The energies of the optimized structures were re-
evaluated at the PBEO0-D3(BJ)/def2-tzvp level of theory. Only the
species with non-singlet ground electronic states were selected for
further processing. As the present study focuses on the applicability
of single-reference methods for the calculation of conformational
energies, compounds exhibiting significant multireference charac-
ter were excluded. A well-established T1/T2 diagnostics based on
the DLPNO-CCSD(T)/cc-pVDZ calculations was utilized for this
purpose. In the case of T; > 0.025 and/or T, > 0.15, a compound
was considered to be of significant multireference character and
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excluded from the selection. For the species (FUDNIB, UZEYAA,
FIYMEI, LIBLEN, YIKLUC and AJOMIX) for which DLPNO-CCSD(T)
turned out not to be accessible, we performed FOD diagnostics®
(see Fig. S1-S6, ESIT). Finally, 16 open-shell transition metal
compounds satisfying all the above-mentioned criteria were chosen
to form our database. Their structures with CSD names are given
in Fig. 1.

In the second step, the sets containing 30-35 spatially
diverse conformations of the selected compounds were auto-
matically generated using an in-house code. All these structures
were pre-optimized using a computationally undemanding
approximation combining the standard PBE functional®****
and double-{ quality Gaussian-type nuclei-centered A1 basis
sets (their detailed compositions are given in the ESIt)*® as
implemented in the Priroda code’” and then checked to
exclude possible duplicates. Our experience®® suggests the PBE/
A1 approach to be suitable for the cheap preliminary optimiza-
tions. The spatial structures of the survived unique conformations
were optimized at the PBE-D3(B])/def2-svp level of theory and
further used for the calculations of the conformational energies
(Section 2.3).

2.3 Examined methods for the calculations of conformational
energies

A set of computationally efficient quantum-chemical appro-
aches was used to obtain the conformational energies. First,
we should note that the high-level DLPNO-CCSD(T1)/CBS
method**™*° often used to obtain accurate reference conforma-
tional energies turned out to be prohibitively expensive for
many species containing up to 200 atoms. As dispersion-
corrected DFT methods provide reliable conformational
energies, these have been used as references. To be unbiased,
reference conformational energies were obtained with all-
electron triple-{ def2-tzvp basis sets*' and four DFT functionals
including standard PBE***® and PBE0** complemented by
D3(BJ) Grimme’s dispersion correction,**** hybrid meta-GGA
M06"° and range-separated hybrid ®B97X-V*® functionals.
In order to reveal the influence of scalar relativistic effects on
the conformational energies we performed additional single-
point (SP) calculations utilizing PBE functional and triple-{
quality Gaussian-type nuclei-centered A2 basis sets (see the
ESIf for their detailed compositions)*® with and without the
Dyall scalar relativistic Hamiltonian®” as implemented in the
Priroda code.?” This method accounts for the scalar relativistic
effects, while spin-orbit coupling is neglected. The impact
of dispersion interactions was evaluated by adding -D3(BJ) disper-
sion energy corrections**** to the total PBE/A2 electronic energies.

As practical conformational sampling prioritizes not only
accuracy, but also computational efficiency, we have investi-
gated the performance of the recently developed composite
methods PBEh-3c¢*® and B97-3¢.*’ The cheapest approaches to
obtain conformational energies are various semiempirical and
force field methods. In the present contribution we examine
the standard PM6°° and PM7>" SE methods as implemented in
the MOPAC2016 program® and contemporary GFNn-XTB/FF>*~>>
family of methods with use of the xtb 6.4.1 code.*
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Fig.1 160STM10 database comprising open-shell transition metal complexes with their CSD names.
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3. Results and discussion
3.1 Comparison of the relative conformational energies

The quantitative comparison of the conformational energies
calculated with different methods was based on the Pearson
inter-correlation coefficients:

i (Exi —
V(B - )2

where X and Y are the examined electronic structure methods,
E; are the relative conformational energies, and E are the
average conformational energies for a given method. The
positive p values close to 1 indicate a strong correlation between
the tested methods, while negative p values close to —1 signify an
anti-correlation.

Mean absolute error (MAE) was also used to quantify the
difference between absolute conformational energies according
to the formula:

2 )(E}, — Ey)
')Z(Ey«,i -

5

p(X, Y) =

s
o

i1 [Ei(X) — Ei(Y))|

MAE(X, Y) = 2

where X and Y are the examined electronic structure methods,
n is the number of conformations for the compound (in our
case n = 10), and E; are the relative conformational energies.

For the conventional DFT functionals (PBE-D3(BJ), PBEO-
D3(BJ), M06 and ®B97X-V), the mean Pearson correlation
coefficients were calculated as follows: (1) the p values for the
examined functional and each of the 3 remaining functionals
were averaged for each compound; (2) the obtained values were
averaged over all 16 OSTM complexes.

In the case of the composite DFT (PBEh-3¢ and B97-3c),
semiempirical methods (PM6 and PM7) and the methods
belonging to the GFNn-xTB/FF family (GFN1-xTB, GFN2-xTB
and GFN-FF), the mean Pearson coefficients for each com-
pound were obtained by averaging of the four p values calcu-
lated for the examined method and each of the conventional
DFT functionals (PBE-D3(BJ), PBE0-D3(B]), M06 and ®B97X-V).

MAEs were calculated in the same fashion as the Pearson
correlation coefficients for all the examined electronic structure
methods.

In the case of the YIKLUC complex, the GFN1-xTB method
produced unreasonable results and this set of values was
excluded from statistical analysis. A similar problem was pre-
viously mentioned for some TM complexes from the compila-
tion of Bursch et al.*®

3.1.1 Conventional DFT methods. As expected, conven-
tional DFT functionals (PBE-D3(BJ), PBE0-D3(BJ), M06 and
®B97X-V) produce conformational energies satisfactorily corre-
lated with one another (Fig. 2). Based on the Pearson coefficient
Pavg = 0.91, averaged over the four examined methods, we will
further consider the p > 0.9 values as indicators of the good
correlation between the tested methods. Average mean abso-
lute errors (MAE) for a conformational energy of 1.2 kcal mol ™"
obtained for PBE, PBEO and M06 functionals can be considered
as acceptable, bearing in mind the large size of the OSTM
complexes. A MAE of 1.5 kcal mol " and a relatively low mean
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Fig. 2 Mean Pearson correlation coefficients (p) for the examined con-
ventional DFT functional and each of the 3 remaining functionals, averaged
over 16 OSTM complexes. The solid bars indicate the average p values, and
the ends of the solid lines at each bar give the lowest and the largest
values.

correlation coefficient p = 0.87 with the 3 other methods were
obtained for ®B97X-V, but we also include it in the set of the
reference DFT functionals to be unbiased. Overall, these results
additionally corroborate the protocol suggested in our previous
work,"” proving well-established DFT methods to be a reliable
source of the conformational energies.

However, several two-coordinate complexes (LUFCIZ,
FIYMEI and FUDNIB) remain challenging for the tested con-
ventional methods, revealing low correlation coefficients
(0 = 0.53-0.82) and large (up to 4.5 kcal mol ') MAEs, and
apparently require more sophisticated theoretical treatment.>”®

3.1.2 Composite DFT methods. Recently developed com-
posite approaches like PBEh-3c and especially B97-3c were
found to reproduce conformational energies highly correlated
with the set of the conventional DFT functionals (see Fig. 3).
The mean Person correlation coefficients for these methods
averaged over all compounds are p = 0.90 and 0.95 for PBEh-3c
and B97-3c, respectively. Low average MAEs of ca. 1.0 kcal mol ™"
for both composite DFT functionals additionally indicate their
good performance.

The worst correlation for AJOMIX stems from the narrow
(0-3.3 keal mol ') span in the absolute conformational energies
for this compound. The conformational energies for LUFCIZ,
FIYMEI and FUDNIB also exhibit a moderate correlation similar
to the case of the conventional DFT methods (Section 3.1.1).

3.1.3 Semiempirical PM6 and PM7 methods. Computa-
tionally cheap SE PM6 and PM7 methods perform moderately
for the most considered species. The low correlation p,,e = 0.51
(PM6), 0.55 (PM7), or even anti-correlation (AQINUK and
FIYMEI) with the standard DFT functionals once again'’
admonishes to use these methods with caution for the con-
formational sampling of transition metal compounds. The
largest error intervals for LUFCIZ, FIYMEI, AJOMIX and FUDNIB
(Fig. 4) reflect the low correlation between the reference DFT
methods for these compounds (see Section 3.1.1).

3.1.4 GFNnxTB/FF family of methods. The contemporary
SE methods GFN1-xTB and GFN2-xTB produce conformational

Phys. Chem. Chem. Phys., 2022, 24,17314-17322 | 17317
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Fig. 3 Mean Pearson correlation coefficients (p) between composite
(PBEh-3c and B97-3c) and standard (PBE-D3(BJ), PBEO-D3(BJ), M06 and
®B97X-V) DFT conformational energies. The solid bars indicate the aver-
age p values, and the ends of the solid lines at each bar give the lowest and
the largest values.

energies better correlated with their reference DFT counter-
parts as compared to their PM6 and PM7 competitors. Mean
Pearson correlation coefficients are p = 0.72 (GFN1-xTB) and
0.79 (GFN2-xTB). Some compounds (AQINUK, LIBLEN and
LUFCIZ) remain challenging for both methods. Despite the
relatively good ranking of the conformations (Fig. 5), an average
MAE between GFN2-xTB and standard DFT methods is
2.4 keal mol ™", which is larger as compared to the composite
DFT approaches. The force-field method GFN-FF is a worse
performer with the mean p = 0.62.

3.1.5 Recommendations. The choice of the method for the
conformational sampling is often a compromise between the
desired accuracy and computational efficiency. The accuracy of
each method is represented (Fig. 6) by the common statistical
measures: median, first (Q1) and third (Q3) quartile values. The
computational efficiency was estimated in terms of the relative
time per 1 SCF iteration at the same computer architecture (Fig. 7).
Among the examined conventional and composite DFT methods,
B97-3c is the least computationally demanding, yet accurate. It thus
can be a good tool for the conformational analysis of open-shell TM
complexes, in line with their closed-shell analogues.'®
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Fig. 4 Mean Pearson correlation coefficients (p) between semiempirical
(PM6 and PM7) and standard (PBE-D3(BJ), PBEO-D3(BJ), M06 and ®B97X-
V) DFT conformational energies. The solid bars indicate the average p
values, and the ends of the solid lines at each bar give the lowest and the
largest values.

1.0

Very fast semiempirical and force-field methods should be
used with caution and proper validation for a target compound
as they are characterized by large interquartile Q1/Q3 ranges as
compared to the conventional and composite DFT (Fig. 6).
Comparison of the NDDO PM6/7 methods with their tight-
binding GFN counterparts in Fig. 6 illustrates a clear progress
in semiempirical method development, still leaving them com-
putationally affordable.

3.2 Impact of scalar relativistic effects on the conformational
energies

For the 3d-metal species considered in this work relativistic
effects start to be relevant.>® In order to quantify their influence
on the conformational energies, we performed separate calcu-
lations with and without the Dyall scalar-relativistic Hamilto-
nian (see Section 2.3). Accounting for the relativistic effects
slightly (less than 0.4 kcal mol ') changes the absolute values
of the relative conformational energies, but not the ranking of
the conformations (p = 1.00) for all the considered compounds.
This conclusion is true with and without a posteriori D3(B])
dispersion correction added to the DFT energies.
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Fig. 5 Mean Pearson correlation coefficients (p) between GFNn-xTB/FF
and standard (PBE-D3(BJ), PBEO-D3(BJ), M06 and wB97X-V) DFT con-
formational energies. The solid bars indicate the average p values, and the
ends of the solid lines at each bar give the lowest and the largest values.
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Fig. 6 Pearson correlation coefficients (p) for the examined methods: the
left and right sides of the boxes correspond to the first (Q1) and third (Q3)
quartiles, respectively. The vertical solid line inside each box gives the
median p value. The whiskers give the lowest and largest p values for each
method.

3.3 Influence of dispersion interactions on the
conformational energies

Intramolecular dispersion interactions play a crucial role for
many compounds of the 160STM10 compilation (Fig. 8).
It becomes immediately clear from the selected correlation
coefficients between PBE/i2 and PBE-D3(BJ)/A2 energies:
p = —0.03 (AVIXIO), p = 0.36 (OQOQOB), p = 0.43 (FIYMEI),
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Fig. 8 Pearson correlation coefficients for the conformational energies
obtained with (PBE-D3(BJ)/42) and without (PBE/Z2) accounting for the
intramolecular dispersion interactions.
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p =0.57 (FUDNIB). Low correlation for these compounds can be
explained by a major impact of the non-covalent interactions
between their bulky substituents (see Fig. 1) located in the close
proximity to each other. Overall, the obtained results indicate
that conformational analysis performed without accounting
for the dispersion interactions can lead to even qualitatively
erroneous results.

4. Conclusions

A new database, 160STM10, containing 10 conformations for
each of 16 realistic-size open-shell transition metal complexes
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has been developed. Contemporary composite DFT, semiempi-
rical and force-field methods have been examined against a
set of conventional DFT methods (PBE-D3(BJ), PBE0-D3(BJ),
MO06 and ®B97X-V) in reproducing the relative conformational
energies of the PBE-D3(BJ)/def2-svp optimized spatial struc-
tures. Similar to their closed-shell analogues, open-shell transi-
tion metal complexes remain challenging for PM6/PM7
semiempirical methods exhibiting the lowest Pearson correla-
tion coefficients with the standard DFT methods. Significantly
better performance was achieved for the GFN2-XTB semi-
empirical method, but still with particular failures for some
compounds. The conformational energies obtained with the
composite DFT methods B97-3c and PBEh-3c correlate well
with their standard DFT counterparts. The recommendation
to use the B97-3c approach for the reasonable single-point
energies made in ref. 16 for the closed-shell species can be
transferred to the open-shell ones.

Accounting for the relativistic effects results in a slight shift
of the absolute conformational energies, but has no influence
on the ranking of the conformations. The influence of the
intramolecular dispersion interactions on the conformational
energies is much more pronounced.
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