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The energy difference between different spin states of systems with transition metals is an outstanding
challenge for electronic structure calculation methods. The small energy difference between high- and
low-spin states in spin-crossover systems makes most post-Hartree—Fock or density functional theory-
based methods provide inaccurate values. A test case of twenty systems showing spin transitions has
been used to evaluate the accuracy of a new family of training meta-GGA (Generalized Gradient
Approximation) functionals. One of the functionals of this new family provides comparable or even better
values than the best functional reported so far for this type of system, the TPSSh hybrid meta-GGA func-

Received 2nd April 2024,
Accepted 14th June 2024

DOI: 10.1039/d4dt00975d

tional, but without having to use the exact exchange term. It also improves the results obtained with the
r’SCAN meta-GGA functional, which was the best alternative to the TPSSh hybrid functional. This makes
it possible to calculate the spin energetics of any kind of compound, especially large systems or periodic
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1. Introduction

One of the challenges that still exist in computational chem-
istry at the level of energy calculations is a correct description
of the relative energies of the different spin states of metal
complexes.”” Within this field, systems with spin transitions
are particularly difficult to obtain accurate results for.>”” The
fundamental spin state at low temperature in spin-crossover
compounds is low spin, and with increasing temperature, the
spin transition occurs, due to entropic contributions favouring
it. These enthalpic contributions can only compensate for an
energy approximately below 10 kcal mol™.>” It means that the
energy difference between the low- and high-spin states must
be under this relatively small value. This makes spin-crossover
systems probably the most demanding test for assessing the
accuracy of spin energetics calculations.

From the outset, one would expect that standard ab initio
methods such as complete active space self-consistent field
(CASSCF) methods with the addition of dynamical correlation
(CASPT2 or NEVPT2) or coupled cluster should provide good

Departament de Quimica Inorganica i Organica and Institut de Recerca de Quimica
Teorica i Computacional, Universitat de Barcelona, Diagonal 645, 08028 Barcelona,
Spain. E-mail: silvia.gomez.coca@ub.edu, eliseo.ruiz@gqi.ub.edu

tElectronic supplementary information (ESI) available: Tables with additional
high- and low-spin energy differences. Normalized training weights for the
KBTM meta-GGA family of exchange functionals. Calculated electronic energies
to reproduce the experimental transition temperatures. A text file containing xyz
coordinates with the optimized structures and an excel file with the calculated
and experimental bond distances. See DOI: https://doi.org/10.1039/d4dt00975d

This journal is © The Royal Society of Chemistry 2024

structures where the exact exchange requires large computational resources.

results in calculating the energy difference between the low
and high spin states.>® However, these post-Hartree-Fock
methods have one problem, which is the strong overestimation
of the stability of the high-spin state provided by the Hartree—
Fock method. Only the inclusion of additional terms
(3s3p metal correlation effects)®® provides reasonable results
for some Fe" model complexes, similar to those obtained with
the (multiconfiguration pair-density functional theory)
MCpDFT approach.'®'" Hence, conventional post-Hartree-
Fock methods, for instance CASSCF approaches, produce con-
siderable overestimation of the high-spin state stability, typi-
cally finding high-spin energies on the order of 10-30 kcal
mol~" more stable than the low-spin state. In addition to the
problem of estimating the energy difference of the states,'” it
is worth mentioning that spin-crossover systems exhibit this
spin transition when measured in the solid state.'® Thus, it
would be preferable to use methods with periodic boundary
conditions (PBCs) for extended system calculations."*™*® In
addition, an important challenge is to calculate the tempera-
ture at which the spin transition occurs. At that temperature,
the free energies of the low- and high-spin states are equal by
compensation with the entropic contribution. Therefore, it will
be necessary to calculate the energies associated with the
vibrations. Obviously, in this case, the ideal situation would be
to combine the calculations of periodic systems and the
phonons associated with the low- and high-spin states of such
compounds.'® This makes methods based on density func-
tional theory (DFT) probably the best alternative for a complete
study of these complex periodic systems. Calculations of peri-
odic systems and vibrations (phonons) are in most cases not
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implemented in post Hartree-Fock methods. In the case of the
few available implementations, typically at the coupled cluster
level, or the GW' and Random-Phase Approximations
(RPA)'®" methods with PBC, these approaches are limited to
computing relatively simple systems.>*>!

The simplest DFT functionals such as local approximations
or generalized gradient approximation (GGA) provide results
with an overestimation of the stability of low-spin states.’
Logically, taking into account the opposite situation provided
by the Hartree-Fock method, as mentioned above, hybrid
functionals can compensate for both errors. To check the accu-
racy of DFT methods, a test case of twenty systems (Fig. 1) was
employed.>"™ Such systems were selected because they cover
different families of ligands with diverse transition metal
cations and they show abrupt spin transitions. Hybrid func-
tionals like TPSSh (Tao-Perdew-Staroverov-Scuseria), with
10% exact exchange,>'>*? give the best results. They reproduce
well which one is the fundamental state. A modification of the
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popular B3LYP (Becke’s 3-parameter exchange + Lee-Yang-—
Parr),>® including only 15% exact exchange,® especially
designed for spin-crossover systems results in less accurate
values. However, the energy differences, even with the TPSSh
functional, are usually still a bit larger in many systems,
slightly over-stabilizing the low spin states. These hybrid func-
tionals also carry the problem of their use in periodic system
calculations due to the enormous computational cost, both
CPU time and memoty, to compute the exact exchange term.>’

Meta-GGA functionals are an alternative that include, in
addition to the density gradient as the GGA functionals, a
dependence on the density Laplacian or through the orbital
kinetic energy density.">*® Within these functionals, there is
also the TPSS functional,?”?® without including the exact
exchange as in TPSSh, but the SCAN (Strongly Constrained and
Appropriately Normed) family of functionals are currently the
ones that provide the best results at the meta-GGA level.*
Although the original SCAN functional®® already provides quite
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Fig. 1 Representation of the spin-crossover systems employed as a benchmark set, indicating the label, the metal cation and the spin of the low-
and high-spin states. s1 [Cr'(Lsp)ala] Ly = 1,2-bis(diethylphosphino)ethane-P,P’, s2 MN"(L)] Lep = tris(2-(( pyrrol-2-yl)methyleneamino) ethyl)amine,
s3 IMn"(Le3)I*! Les = 2,2'-(2,6,9,13-tetraazatetradeca-1,13-diene-1,14-diyl)bis(4,6-dibromophenolato), s4 [Mn" (L)% Lo, = 2,2'-(2,6,9,13-tetra-azate-
tradeca-1,13-diene-1,14-diyl)bis(phenolato), s5 [Mn"(Lss),] Lis = n°-methylcyclopentadiene, s6 [Mn'(L)s] Lis = n-tert-butylcyclopentadienyl, s7
Mn"(Le)2] Loy = ns—1,3—tert—butylcyclopentadienyl, s8 [Fe"'(Leg)l** Lyg = N, N*-bis(acetylacetonato)triethylenetetramine, s9 [Fe"(Loa)(Lsop)2l™* Leoa =
ethylenebis(acetylacetoneiminato), Leop = 3,4-dimethylpyridyl, s10 [Fe"(Lg10)21 Ls1o = 2-(((2-(ethylamino)ethyl)imino)methyl)-6-methoxyphenolato-
N,N',0, s11 [Fe"(Ls11)>(NCS),] Ly = bis(1,10-phenanthroline-N,N’), s12 [Fe(Ls5)4(NCS)] Lgi» = 4-styrylpyridine, s13 [Fe'(Lg13)12 Lyis = ((2,6-dipyrazol-
1-yl)pyridine), s14 [Fe"(Lg142)2(Ls140)] Le14a = dinydrogen bis(pyrazol-1-yl)borate, Lgya, = 2,2’ -bipyridyl, s15 [Fe"(Lss5)2(NCS),] Lgs = 3-(2-pyridyl)(1,2,3)
triazolo(1,5-a)pyridine, s16 [Co'"(Lue)al? Lae = 2.2':6.2"-terpyridine, s17 [Co"(Ly)(py)al Lsy = 3-formylsalicylic acid-ethylendiamine, s18
[Co"(La1g)a]*? Lag = (2,27:6",2"-terpyridin-4'-ol), s19 [Co"(Lgo)2] Leis = 10-((pyridin-2-yl)diazenyl)phenanthren-9-olato, s20 [Co"(Ls0)2l*? Leoo = 4'-
methoxy-2,2":6',2" -terpyridine.
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accurate values of the energy difference, it is the revised version
r’SCAN functional,*® the one that stands out above other func-
tionals of this family,>'* including r*SCAN or rSCAN.**"® The
’SCAN functional provides values almost comparable to those
of the hybrid functional TPSSh for spin-state energy differences
of spin-crossover systems but with the obvious advantage of not
having to include the exact exchange.*”

In this paper, new results are provided using an extensive
recently developed family of functionals for solids with the
aim of weighting errors in the lattice structure, cohesive
energy and gap values in the functional expression.’” These
results using meta-GGA functionals without exact exchange
provide more accurate values for spin-crossover systems than
those previously reported. Also, the way these functionals have
been developed shows that the calculation of the energy differ-
ence between spin states is directly related to the weights of
the band gap energy and cohesive energy in the functional
expression. This provides important information for further
improving the accuracy of the DFT functionals to reproduce
the values of the spin state energies in systems with transition
metals which are crucial in many research fields, from mole-
cular magnetism, transition metal catalysis and bioinorganic
chemistry among others.

2. Results and discussion

Recently, Kovacs et al. have developed a new series of meta-
GGA-type training functionals specially dedicated to reproduce
cell parameters, cohesive energies and band gaps.*” In this
case, three coefficients in the expression of the functionals are
used to control the weight of the average errors in these magni-
tudes. In this way, these coefficients can be used to weight
which of these three quantities will be best reproduced by the
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functional. These authors have proposed 25 combinations of
these three coefficients generating 25 expressions for the
exchange part of the functional (KTBMO-KTBM24, Kovacs—
Tran-Blaha-Madsen), while correlation contribution is
included with that of the SCAN functional (see Table S21).%°

As mentioned above, some of us had proposed a set of 20
spin-crossover systems to evaluate the accuracy of theoretical
approaches performing calculations with the isolated mole-
cules, and this set of cases has been lately employed by
different authors.>'>'®** The results for the 25 KTBM func-
tionals are collected in Fig. 2 and Table S1.f All functionals
reproduce well the fundamental low-spin state at 0 K of
systems with spin transition. However, in many cases, the
high- and low-spin energy difference is too high, above 10 kcal
mol™', for most molecular models. The results of the func-
tionals KTBM14, KTBM19 and especially KTBM24 are remark-
able. For the functional with the best results, the criterion to
choose the parameters is based on the reduction of the cell
parameter and band gap estimation errors. However, the
element that all three functionals have in common is that
they do not consider the error in the cohesive energy (see
Table S27).

To compare the results obtained with the KTBM24 func-
tional and the best functionals reported so far, TPSSh and
r’SCAN for spin-crossover systems, the values of high- and low-
spin states energy differences with these functionals are
shown in Table 1. In the case of r*SCAN, the results are pre-
sented with the same program, basis set, and grid to allow a
direct comparison of the functionals.

Results from Trickey and co-workers were also published
for these systems with the r’SCAN functional with a different
computer code.'®*'*> For meta-GGA functionals, two sets of
values are shown in Table 1, one using the optimized geometry
with the PBE (Perdew-Burke-Ernzerhof) functional®® including
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Fig. 2 High- and low-spin energy differences (in kcal mol™) using s1-s20 molecular models (positive values indicate a low-spin ground state)
using the twenty-five KTBMO-KTBM24 exchange functionals + SCAN correlation using PBE + MB optimized geometry. The green region corres-

ponds to the usual energy differences of spin crossover systems.

This journal is © The Royal Society of Chemistry 2024

Dalton Trans., 2024, 53, 11895-11902 | 11897


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4dt00975d

Open Access Article. Published on 17 June 2024. Downloaded on 2/21/2026 2:42:40 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

View Article Online

Dalton Transactions

Table 1 High- and low-spin state energy differences (in kcal mol™) using discrete molecular models (positive values indicate a low-spin ground
state). If two functionals are indicated, the first one was employed for the energy values and the second one to optimize the geometry. MB indicates
the inclusion of many-body dispersion in the geometry optimization. See ligand formulas in the caption of Fig. 1. Calculations were performed with

the FHI-aims code*?

by using the Libxc 6.2 library of the exchange—correlation functionals*®

using by default the tight basis set. The last column

corresponds to an estimation of the high- and low-spin states energy difference by using the experimental transition temperature (see text and

Table S37 for details)*4~%3

Molecular system Ref. TPSSh® ’SCAN r’SCAN//PBE + MB KTBM24 KTBM24//PBE + MB From Exp. Ty,
s1 [Cr"(Lgy),15] 44 6.5 8.6 5.7 5.8 5.8 1.7
s2 [Mn"(Lg,)] 45 and 46 4.3 5.0 5.0 4.7 4.8 1.2
s3 [Mn"(Lg3)]" 47 5.5 5.5 5.5 5.4 5.7 2.7
s4 [Mn""(Lgy)]™ 48 4.1 4.0 3.1 4.4 3.5 2.3
s5 [Mn"(Lgs),] 49 11.2 4.0 10.1 9.7 9.7 7.9
$6 [Mn"(Lgg)s] 50 10.7 10.2 10.4 11.3 11.4 6.4
s7 [Mn"(Lg;),] 50 9.4 10.0 10.3 11.6 11.6 9.2
s8 [Fe(Lgg)]™" 51 9.8 5.2 5.3 6.6 7.2 2.9
$9 [Fe™(Lgoa)(Lsob)2]" 52 11.5 12.4 12.6 13.4 13.8 4.0
$10 [Fe™(Lgy0)2]" 53 10.7 8.5 8.6 9.0 9.5 3.1
s11 [Fe'(Lg;4),(NCS),] 54 6.1 7.4 7.4 3.5 3.6 4.3
s12 Fe(Ls12)4(NCS)] 55 8.5 9.3 9.4 5.9 6.2 5.4
13 [Fe'(Lgy3),]*" 56 9.3 14.0 14.0 8.5 8.2 5.3
$14 [Fe" (Lgy4a)(L Sl4b)] 57 9.3 12.7 12.6 9.5 9.3 4.0
s15 [Fe “( s15)2(NCS),] 58 5.0 5.8 5.8 3.1 2.8 1.7
$16 [C0"(Lgy6)o]*" 59 3.0 9.5 9.6 2.1 2.3 2.0
$17 [C0o"(Lgy7 (p 60 2.2 7.8 7.8 3.0 2.8 1.2
$18 [C0"(Lgy5)o ™" 61 2.1 8.1 8.7 0.6 1.3 1.6
19 [Co I(leg)z] 62 3.8 15.1 15.1 6.8 7.1 1.5
$20 [C0"(Lg0)o > 63 6.6 10.4 10.3 5.9 5.7 1.7
“Ref. 15.

dispersion with the many-body methodology®® and the other
optimizing the geometries with the same meta-GGA functionals
without dispersion. It has been reported that the inclusion of
the dispersion term in some meta-GGA functionals over-
estimates, due to a double-counting problem, these dispersion
effects.*” Due to the lack of thermodynamic data for all com-
pounds, it is not easy to make a comparison. For example, one
of the most studied spin-crossover systems s11 has experi-
mental enthalpy and entropy values 2.06 kcal mol™* and 11.66
cal mol "-K™",*" respectively. The difference of thermal correc-
tion to the energy between high- and low-spin states is practi-
cally negligible. Thus, if energy and enthalpy differences are
comparable, that would imply that the KTBM24 results are the
closest among the employed functionals (see Table 1).

To make a comparison between experimental data and
theoretical results for all the systems, the transition tempera-
ture has been used, which is the experimentally available data
(see Table S37t) for all the systems studied. At this temperature,
the free energy of the system at high-spin and low-spin states
is the same. Therefore, if we calculate the thermal correction
(E™™ in eqn (1), which is the value to be added to the energy
to obtain the free energy) of each of the states, the difference
between them must be equal to the expected high- and low-
spin energy splitting that would reproduce the experimental
transition temperature (see eqn (3)).

Gis = Eis + EX™; Gyg = Eyg 4 ELS™,

(1)

The thermal correction E™™ term contains all the contri-
butions that must be added to the energy to obtain the free

11898 | Dalton Trans., 2024, 53, 1895-11902

energy: thermal corrections to the translational, rotational and
electronic energy, the zero-point correction and translational,
rotational and electronic entropies.

At the transition temperature T4,

Grs = Gus,

(2)

and consequently,

Eus — Bis = E™ — B 3)

Moreover, considering that the DFT functionals provide
reliable values of the thermal E™e™
coming from zero-point energy and entropic terms, such an
approach can provide a reasonable estimation of the energy
difference between high- and low-spin states based on the
experimental T;,,. Details about the calculated values of this
difference in the thermal correction for the free energy are
given in Table S3.7 If we take as reference such estimation
from the experimental T;,,, the smallest mean average error
for KTBM24 and KTBM24//PBE + MB is 3.2 kcal mol™*, while
the hybrid TPSSh and the two r?SCAN options, have values of
3.5 and 5.5 kecal mol ™, respectively. If we consider a qualitative
criterion of the number of cases with the high- and low-spin
energy difference above 10 kcal mol™" (see Table 1 and Fig. 3),
the KTBM24 functional has the least number of cases, even
below the TPSSh hybrid functional.

The metal bond distances to the atoms of the first coordi-
nation sphere have been collected as the ESL{ The optimized
structures with the three functionals, PBE + MB, r*SCAN and
KTBM24, show very similar values with a mean average error

corrections mainly

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 High- and low-spin energy differences for the test case with
different exchange—correlation functionals. The green energy range
indicates the region where the energy difference (below 10 kcal mol™)
can be compensated by the entropy in a common spin-crossover com-
pound. TPSSh results were previously published.’® For the six non-
hybrid meta-GGA functionals, the same PBE-MB optimized geometry
was employed.

around 0.012 A between them. No clear trend is observed;
mostly the PBE-MB distances are in general slightly longer
than those with the meta-GGA functionals. Comparison with
the experimental data (also in the ESIf) shows larger differ-
ences probably due to packing effects. It is important to keep
in mind that experimental data correspond to the structures
solved with single-crystal X-ray diffraction, while the DFT opti-
mized structures are for the isolated molecules. The compari-
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son between experimental and calculated metal-ligand bond
distances shows that in low-spin structures the difference is
very small. However, in high-spin systems, especially in metal-
locene molecules, the distance differences are larger. In the
manganocene molecules, the high spin system structures are
the cases with the largest discrepancy with respect to the dis-
tance values obtained in the optimizations with the DFT calcu-
lations, which is probably due to the rotation of the cyclopen-
tadienyl ligand and long metal-ligand distances.

Additionally, a series of changes have been considered in
the calculations with the KTBM24 functional, such as repla-
cing the correlation part of the SCAN functional with that of
the r’SCAN functional, which does not provide improved
results (see Table 2). Also, both the quality of the grid and the
quality of the base have been improved and the results remain
practically unchanged (see Table 2). The inclusion of a many-
body dispersion term does not improve the results as it tends
to over-stabilize the low spin state as previously reported by
Trickey et al.®” Finally, it has been considered an option pro-
posed in the original paper of Kovacs et al®’ specifically
designed for the band gap of solid state systems (KTBM_GAP
functional, see Table S2t) being the best functional of the
KTBM family to reproduce experimental band gaps.’”
However, this functional gives values with a large overestima-
tion of the stability of the high-spin state (see Table S41 and
Fig. 3). Other meta-GGA functionals also specially designed to
reproduce band gap values such as TASK (Thilo Aschebrock-
Stephan Kiimmel),"* mBEEF (Bayesian Error Estimation
Functional)®® and HLE17 (High Local Exchange)®® have been
tested for this problem (see Table S4t and Fig. 3).

Table 2 High- and low-spin state energy differences (in kcal mol™, positive values indicate a low-spin ground state). If two functionals are indi-
cated, the first one was employed for the energy values and the second one to optimize the geometry. MB indicates the inclusion of many-body dis-
persion in the geometry optimization. See ligand formulas in the caption of Fig. 1. The first column is the reference value using KTBM24/PBE + MB
approach using the FHI-aims code with radial_mutiplier = 2 for the grid the tight basis set. The next columns correspond to replace the SCAN corre-
lation functional by the r’SCAN one, increasing the grid size with radial_multiplier = 4, improving the basis set quality with the very tight basis set

and the addition of the many-body dispersion to the KTBM24 functional

KTBM24// KTBM24-r>SCAN// KTBM24// KTBM24// KTBM24 + MB//

Molecular system Ref. PBE + MB PBE + MB PBE + MB grid rm4 PBE + MB (very tight) PBE + MB

s1[Cr' Q 1)210] 44 5.8 7.2 5.8 5.7 8.8
s2 [Mn' I(Ls )] 45 and 46 4.8 5.6 4.8 4.8 4.8
s3 [Mn"(Lg3)]" 47 5.7 6.8 5.7 5.6 5.6
s4 [Mn""(Lgy)]" 48 3.5 4.8 3.6 3.5 3.5
s5 [Mn"(Lgs),] 49 9.7 12.9 9.7 9.7 9.7
$6 [Mn"(Lgg)s] 50 11.4 14.3 11.4 11.4 14.2
s7 [Mn"(Lg;),] 50 11.6 14.3 11.6 11.6 15.3
s8 [Fe™(Lgg)]™" 51 7.2 9.9 7.2 7.4 9.8
s9 [Fel"glLsga)(LS%)Z]+1 52 13.8 16.3 13.9 13.9 18.3
$10 [Fe™(Lgy0),]"" 53 9.5 12.3 9.5 9.6 13.9
$11 [Fe"(Lg11),(NCS),] 54 3.6 5.8 3.7 3.7 6.4
s12 [Fe L512)4(NCS) ] 55 6.2 8.9 6.2 6.2 12.3
$13 [Fe"(Lgy3),]>" 56 8.2 10.6 8.2 8.2 12.8
$14 [Fe" (Lg14a)(Ls14p)] 57 9.3 12.2 9.3 9.3 14.7
s15 [Fe“(Lsh)z(Ncs) ] 58 2.8 4.2 2.8 2.9 3.3
$16 [C0"(Lgy6)o > 59 2.3 3.0 2.3 2.2 4.7
s17 [Co“(Lm)(py)z] 60 2.8 3.6 2.8 2.2 3.9
$18 [Co"(Lg1g)a)*" 61 1.3 2.0 1.3 1.8 3.6
$19 [Co"(Lg10)a) 62 7.1 9.2 7.2 7.4 10.1
$20 [Co"(Lgs0)o )" 63 5.7 7.0 5.7 5.7 8.1

This journal is © The Royal Society of Chemistry 2024
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A similar behaviour is found with the TASK functional, pro-
viding results always with the high-spin state as the lowest
energy state. This problem is partially solved with the HLE17
functional, but still in quite a few cases a high-spin ground
state is found. While with the mBEEF functional, it again pro-
vides in all cases a correct description of the nature of the
ground state, but with very large high- and low-spin energy
differences overestimating the stability of the systems in the
low-spin state. These results indicate that these functionals
especially dedicated to reproduce band gaps are not suitable to
calculate the spin energetics of transition metal compounds.

3. Computational details

DFT calculations of high- and low-spin energy differences were
carried out with the all-electron FHI-aims computer code
using a numerical local orbital basis set (tight basis) and
including scalar relativistic effects.*” This approach allows for
full-potential calculations at a low computational cost without
using any a priori approximations for the potential, such as
pseudopotentials or frozen cores. The geometry optimizations
were performed using the molecular structures using the PBE,
’SCAN®® and KTBM24*” exchange-correlation functionals
including in some cases many-body dispersion effects® (xyz
files of the optimized structures are in the ESIt). All the calcu-
lations were performed using non-periodic molecular struc-
tures. Despite that usually, the spin-crossover properties are
determined in the solid state, comparison of the high- and
low-spin energy differences obtained from the calculations of
non-periodic molecular structures or from the solid state with
PBC shows differences in the order of 2-3 kcal mol™,***¢ so
the use of molecular structures is a good approximation. The
calculations with the two meta-GGA functionals were per-
formed by using the Libxc 6.2 library of exchange-correlation
functionals.*’ It is well-known the influence of the grid size for
some meta-GGA functionals;**® thus, the usual number of
radial points in FHI-aims, controlled by the radial multiplier
parameter equal 2 has been increased until 4 in the results of
Table 2. However, in this case, such an influence seems to be
practically negligible as well as the quality of the basis set
using a very tight basis set (Table 2).

Additional calculations to estimate the thermal energy cor-
rection were performed using the Gaussian16 code with the
hybrid B3LYP*® and hybrid meta-GGA TPSSh functionals using
6-311G%”°® and def2-TZVP*® basis sets, respectively (see
Table S31). For the B3LYP calculations, also the D3 approach”®
was employed to calculate the dispersion contributions. The
B3LYP results will be employed because that approach was
benchmarked as the best to reproduce the vibrational frequen-
cies, such a term being the main contributor to the thermal
energy differences through the zero-point correction and entro-
pic terms.”! Thus, such B3LYP values were included in the last
column of Table 1 for the difference of the thermal correction
for the high- and low-spin states to compare with the calcu-
lated energy differences.
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4. Conclusions

In summary, several meta-GGA functionals have been
employed to calculate the energy differences between high-
and low-spin states for a test case of 20 molecules. Such energy
differences are very challenging from the computational point
of view because most of the theoretical methods fail not only
in a quantitative approach, but also in predicting the right
ground spin state and reasonable high- and low-spin energy
differences. Previously, it was reported that the hybrid meta-
GGA TPSSh functional provided a good estimation of such
energy differences with the right ground state for the whole set
of calculated systems. Among the non-hybrid functionals, the
meta-GGA r*SCAN functional is the one that provides accuracy
close to TPSSh, but still somewhat overestimates the stability
of the low-spin state. Within the family of KTBM + SCAN
exchange-correlation functionals, studied in this paper, some
of them, for instance the KTBM14 and KTBM19 exchange
functionals show slightly better results than the r’SCAN func-
tional. However, the KTBM24 functional is the best in both
qualitative criteria considered. When analysing values outside
the range to have spin transitions below room temperature
(entropy can compensate energy differences below 10 keal
mol ™, see Fig. 3), it shows fewer cases, behaving even better
than the hybrid TPSSh functional. And when comparing with
the energy differences estimated from the experimental tran-
sition temperatures, it is the one with the smallest mean
average error, 3.2 kcal mol™". It is worth noting the almost neg-
ligible dependence of the results on the grid size using the
KTBM24 functional. We have analysed the performance of
band gap-dedicated meta-GGA functionals (KTBM_GAP, TASK,
mBEEF and HLE17, see Fig. 3), but only mBEEF does not
provide wrong ground spin-states, but over-stabilizes the low-
spin state. To conclude, the lack of exact-type exchange contri-
butions in the meta-GGA KTBM24 functional makes it an excel-
lent method for accurate spin energetics studies in large mole-
cular transition metal systems or extended materials with peri-
odic boundary conditions. However, there is still room for the
development of new functionals to reach the “chemical accu-
racy” in the field of spin energetics.
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