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ABSTRACT: Spin energetics is one of the biggest challenges
associated with energy calculations for electronic structure
methods. The energy differences of the spin states in spin-
crossover compounds are very small, making them one of the most
difficult systems to calculate. Few methods provide accurate results
for calculating these energy differences. In addition, studies have
usually focused on calculating energetics of single molecules, while
spin-crossover properties are usually experimentally studied in the
solid phase. In this paper, we have used periodic boundary
conditions employing methods based on density functional theory
to calculate the high- and low-spin energy differences for a test case
of 20 extended systems. Compounds with different metals and ligands have been selected, and the results indicate that a
semiquantitative description of the energy differences can be obtained with the combination of geometry optimization using the PBE
functional including many-body dispersion approach and the use of meta-GGA functionals, such as r2SCAN but especially KTBM24,
for the energy calculation. Other hybrid functionals, such as TPSSh, give generally good results, but the calculation of the exact
exchange with periodic boundary conditions involves a huge increase in computer time and computational resources. It makes the
proposed nonhybrid functional approach (KTBM24//PBE+MB) a great advantage for the study of periodic systems.

1. INTRODUCTION
Spin-crossover systems present extraordinary characteristics
that make them interesting both from an experimental point of
view, where their switching capabilities find applications in
electronic devices, and from a theoretical perspective, due to the
computational challenges associated with the precise calculation
of the energy differences between spin states.1−3 From an
experimental point of view, the characterization of thousands of
compounds with this property has mainly involved magnetic
measurements to determine the transition temperature (T1/2)
between low- and high-spin states.4 In many cases, there is also
the hysteresis of the magnetization with temperature, which
gives them additional potential applications.3,5 This behavior
was normally assigned to the difference in the cooperative
interactions between neighboring molecules in the high- and
low-spin states, although recently it has been observed hysteresis
behavior in a single-molecule complex.6

From the theoretical point of view, these systems still have
many open challenges.7 Although magnetic properties are often
determined on solid-state powder samples, many computational
studies focus only on molecular calculations mainly due to the
computational resources needed.8,9 Second, the calculation of
T1/2 requires taking into account entropic contributions, which
leads to the necessity of the calculation of vibrational
energies.10,11 This is particularly demanding due to the
sensitivity of the entropic contributions to small errors in the
vibrational energies.12 Furthermore, in periodic boundary

condition (PBC) approximations, equivalent phonon calcu-
lations pose challenges, given the absence of analytical
derivatives.8 Third, despite that numerous theoretical ap-
proaches have been explored to calculate the electronic energy
difference between low- and high-spin states, surprisingly, high-
precision post-Hartree−Fock methods based on complete active
space self-consistent field (CASSCF), including dynamical
correlation such as CASPT2 or NEVPT2, do not consistently
outperform density functional theory (DFT) approaches.13 This
is mainly because the Hartree−Fock starting function produces
a high overstabilization of the high-spin state;14 thus, non-
conventional methods, as combinations of CASPT2 with
coupled cluster and MRCI approaches, must be consid-
ered.15−19 In general spin-transition systems pose a demanding
test of accuracy for the computational approaches because the
low-spin state must be about 1−10 kcal/mol more stable than
the high-spin state at 0 K, and the compensation with entropic
contributions allows the system to exhibit spin-crossover
behavior at higher temperatures.20,21
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The quantitative calculation of transition temperatures faces
several drawbacks, prompting the DFT method as a potential
solution. DFT allows for both molecular and periodic systems
calculations,9,22 offering analytic gradient and frequency
calculations in molecular systems and numerical approaches in
periodic structures.8,23,24 Despite several implementations of
some post-Hartree−Fock methods with periodic boundary
conditions, such approaches are difficult to consider because
they face limitations in handling large systems and performing
phonon calculations.25,26 Furthermore, DFT provides relatively
accurate energy differences between low- and high-spin states
even better than such ab initio methods.8,27−29 In recent
works,8,9,27,28 a benchmark set of 20 spin-crossover systems was
established, spanning all first-row transition metals showing such
property and each of them exhibiting a well-defined abrupt low-
high-spin transition.

Among the plethora of exchange correlation functionals
tested since the first DFT studies of molecular spin-crossover
systems,20,30−35 the hybrid meta-GGA TPSSh functional36,37

consistently described the ground state for the entire set,
demonstrating relatively small high- and low-spin energy
differences.27 Hybrid functionals pose a major problem when
dealing with periodic systems, as the exchange term requires a
lot of computational resources both in terms of time and
memory.26,38 In this sense, the meta-GGA functionals of the
SCAN family have recently emerged as a good alternative,39−42

since the results are similar to those obtained with the TPSSh
functional but without including the exchange term. Within this
family, the best results are obtained with the r2SCAN
functional.28,43,44 However, we have tried the performance of
a family of functionals recently developed by Kov́acs et al. for
molecular spin-crossover systems.45 These functionals are a new
series of meta-GGA-type training functionals specially dedicated

to reproduce cell parameters, cohesive energies and bandgaps.46

These authors have proposed 25 combinations of three
coefficients that control the reliability with which each of the
three magnitudes previously mentioned can be reproduced. It
generates 25 expressions for the exchange part of the functional
(KTBM0-KTBM24, Kovaćs-Tran-Blaha-Madsen), while the
correlation contribution is included with the SCAN functional.
One of these functionals, KTBM24,46 provides very good values
for spin energy differences of molecular spin-crossover systems,
even better than TPSSh or r2SCAN.45

This work aims to analyze the accuracy of meta-GGA
functionals, especially the r2SCAN and KTBM24 functionals, to
reproduce the energy differences between low- and high-spin
states in a benchmark set of 20 periodic systems. Previously for
molecular calculations, a set of 20 systems was already proposed,
but in the case of the periodic structures, three of them have
been substituted due to a lack of crystal structures or in one case
for a huge unit cell with a bad structural resolution.8,27−29 The
availability of accurate calculation methods is crucial for spin
energetics of metal complexes in the field of spin-crossover
systems but also vital for the correct description of the local spins
in single-molecule magnets,47,48 bioinorganic systems,49 catal-
ysis involving metal spin,50 and a long etcetera of cases.

2. COMPUTATIONAL DETAILS
DFT calculations were performed with the all-electron FHI-
aims computer code using numerical local orbital basis sets for
either molecular or periodic systems.51 Molecular calculations
were performed with different types of GGA and meta-GGA
functionals. Different options have been employed and analyzed,
such as optimizing the structure at the GGA level and
determining the energies at the GGA or meta-GGA level.
Thus, the geometry optimizations for the periodic structures

Table 1. High-and low-spin state energy differences (in kcal/mol) permolecule using periodic structures (positive values indicate
a low-spin ground state)abcd

crystal system ref. PBE+MB r2SCAN// PBE+MB r2SCAN+MB// PBE+MB KTBM24// PBE+MB T1/2

s1 [CrII(Ls1)2I2] 65 6.4 (15.1) 0.45 (5.7) 4.5 (8.8) 0.1 (5.8) 1.7
s2new [MnIII(Ls2new)][AsF6] 60 15.0 (12.0) 6.6 (4.0) 9.6 (4.4) 7.1 (4.6) 2.5
s3 [MnIII(Ls3)][BF4] 66 11.2 (13.4) 6.8 (5.5) 10.7 (8.8) 6.9 (5.7) 2.7
s4 [MnIII(Ls4)][PF6] 67 12.0 (12.1) 6.1 (3.1) 9.4 (6.2) 6.7 (3.5) 2.3
s5new [MnIII(Ls5new)2]Cl·3H2O 61 19.2 (10.9) 7.5 (1.6) 10.9 (14.8) 3.9 (2.3) 2.9
s6 [MnII(Ls6)2] 68 25.9 (29.0) 8.2 (10.4) 10.5 (13.2) 8.8 (11.4) 6.4
s7 [MnII(Ls7)2] 68 25.3 (29.2) 10.7 (10.3) 14.4 (14.0) 12.0 (11.6) 9.2
s8new [FeIII(Ls8new)2][ClO4]·H2O 62 25.0 (28.3) 8.8 (12.2) 9.4 (7.2) 6.8 (9.4) 2.7
s9 [FeIII(Ls9a)(Ls9b)2][ClO4] 69 21.9 (28.8) 10.7 (12.6) 16.4 (17.0) 10.9 (13.8) 4.0
s10 [FeIII(Ls10)2][PF6] 70 21.8 (23.8) 9.4 (8.6) 12.7 (13.0) 11.1 (9.5) 3.1
s11 [FeII(Ls11)2(NCS)2] 71 23.1 (23.1) 9.8 (7.4) 12.6 (10.2) 6.4 (3.6) 4.3
s12 [FeII(Ls12)4(NCS)2] 72 21.6 (24.3) 11.4 (9.4) 17.9 (15.4) 8.9 (6.2) 5.4
s13 [FeII(Ls13)2][BF4]2 73,74 29.7 (30.0) 16.5 (14.0) 20.7 (18.5) 9.5 (8.2) 5.3
s14 [FeII(Ls14a)(Ls14b)] 75 21.2 (28.3) 11.3 (12.6) 17.4 (18.0) 8.1 (9.3) 4.0
s15 [FeII(Ls15)2(NCS)2] 76 27.8 (20.1) 12.1 (5.8) 16.3 (6.3) 9.6 (2.8) 1.7
s16 [CoII(Ls16)2]I2·4H2O 77 24.3 (20.0) 11.2 (9.6) 13.5 (12.0) 4.6 (2.3) 2.0
s17 [CoII(Ls17)(Py)2] 78 15.4 (15.2) 9.3 (7.8) 11.2 (8.9) 3.2 (2.8) 1.2
s18 [CoII(Ls18)2][ClO4]2·H2O 79,80 20.5 (20.8) 9.5 (8.7) 11.4 (11.0) 2.4 (1.3) 1.6
s19 [CoII(Ls19)2] 81 19.4 (25.0) 11.7 (15.1) 13.6 (18.1) 4.2 (7.1) 1.5
s20 [CoII(Ls20)2][BF4]2·H2O·EtOH 82 21.5 (20.0) 9.3 (10.3) 10.5 (12.7) 2.3 (5.7) 1.7

aIf two functionals are indicated, the first one was employed in the energy calculations and the second one in the optimization of the structure.
bMB indicates the inclusion of many-body dispersion in the geometry optimization. cValues in parenthesis correspond to the energy difference for
equivalent discrete molecular systems with the same theoretical method. dLast column corresponds to the energy difference between high- and low-
spin states obtained from eq 33 for the discrete molecular systems and considering the thermal energy corrections to reproduce the experimental T
1/2. Ligand names are in Figure 1 caption.
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were done using the PBE exchange-correlation functional52

including dispersion effects through a many-body approach
(PBE+MB approach)53 and using such optimized structures for
the energy calculation with the meta-GGA r2SCAN or KTBM24
functionals (r2SCAN//PBE+MB and KTBM24//PBE+MB
methods). Different numerical basis sets and grids have been
tested with molecular calculations to check their influence
(Table S1). Scalar relativistic effects were included using the
scaled zeroth order regular approximation (ZORA) approach.54

The number of k-points and the split grids for the reciprocal
space employed in the periodic calculations were tested and are
collected in Table S2. The KTBM24 despite including the
correlation contribution using the SCAN functional does not
show the problem to require a very large grid to converge the
results indicating that this drawback is mainly related to the
exchange part of the SCAN functional, as already noticed.41,42

To make a comparison between experimental data and
theoretical results for all the systems, the transition temperature
was used, which is the experimental available data (see Table S3)
for all the systems studied. At this temperature, the free energy of

the system at high-spin and low-spin states has the same value
because the entropy compensates for the more stable low spin at
low temperature (see eq 2). Thus, we can calculate the thermal
correction (Etherm in eq 1, which is the value to be added to the
energy to obtain the free energy) of each of the two spin states.
The difference between them must be equal to the expected
high- and low-spin energy splitting that would reproduce the
experimental transition temperature (eq 3). Hence, such energy
can be employed as a semiquantitative experimental value to
facilitate the comparison with the calculated values.

= + = +G E E G E E;LS LS LS
therm

HS HS HS
therm (1)

At the transition temperature T1/2

=G GLS HS (2)

and consequently,

=E E E EHS LS LS
therm

HS
therm (3)

Figure 1. Representation of the spin-crossover systems employed as benchmark set, indicating the label, the number of molecules in the unit cell, and
the spin of the low- and high-spin states. Ligands for the 23 systems: Ls1 = 1,2-bis(diethylphosphino)ethane-P,P’, Ls2 = tris(2-((pyrrol-2-
yl)methyleneamino)ethyl)amine, Ls3 = 2,2′-(2,6,9,13-tetraazatetradeca-1,13-diene-1,14-diyl)bis(4,6-dibromophenolato), Ls4 = 2,2′-(2,6,9,13-tetra-
azatetradeca-1,13-diene-1,14-diyl)bis(phenolato), Ls5 = η5-methylcyclopentadiene, Ls6 = η5-tert-butylcyclopentadienyl, Ls7 = η5-1,3-tert-
butylcyclopentadienyl, Ls8 = N1,N4-bis(acetylacetonato)triethylenetetramine, Ls9a = ethylenebis(acetylacetoneiminato), Ls9b = 3,4-dimethylpyridyl,
Ls10= 2-(((2-(ethylamino)ethyl)imino)methyl)-6-methoxyphenolato-N,N′,O, Ls11 = bis(1,10-phenanthroline-N,N’), Ls12 = 4-styrylpyridine, Ls13 =
(2,6-dipyrazol-1-yl)pyridine), Ls14a = dihydrogen bis(pyrazol-1-yl)borate, Ls14b = 2,2′-bipyridyl, Ls15 = 3-(2-pyridyl)(1,2,3)triazolo(1,5-a)pyridine,
Ls16= 2,2’:6′,2’’-terpyridine, Ls17 = 3-formylsalicylic acid-ethylendiamine, Ls18 = 2,2’:6′,2’’-terpyridin-4′-ol), Ls19 = 10-((pyridin-2-yl)diazenyl)-
phenanthren-9-olato, Ls20 = 4′-methoxy-2,2’:6′,2’’-terpyridine, Ls2new = Schiff-base (sal-N-1,5,8,12)2−, Ls5new = (2-pyridiyl)(2-pyridylamino)methoxy,
Ls8new = deprotonated bis[2-hydroxyphenyl-(2-pyridyl)-methaneimine.
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The calculations to obtain such estimation of the spin state
energy difference were performed by calculating the thermal
energy correction at the transition temperature for the two states
of each system using the Gaussian16 code55 with the hybrid
B3LYP functional56 using the 6-311G basis set57 and the D3
approach58 to include the dispersion contributions (Table S3).
The B3LYP results were employed because it was considered the
best approach to reproduce the vibrational frequencies (scaling
parameter closest to one); being this term the main contribution
to the thermal energy differences through the zero-point
correction and entropic terms.59 Therefore, the difference of
the thermal correction for the high- and low-spin states obtained
with B3LYP was included in the last column of Table 1 to
compare with the calculated energy differences between low-
and high-spin states.

3. RESULTS AND DISCUSSION
3.1. Molecular Systems. As mentioned above, a set of 20

spin-crossover systems has been used to check the accuracy of
the theoretical approaches by performing calculations with the
isolated molecules. For the theoretical study using periodic
calculations to be presented in the next section, three systems,
s2, s5, and s8 (see Figure 1), have been replaced by three new
systems (s2new,60 s5new,61 and s8new)62 as no crystal structural
data are available for s5 and s8, while s2 has a huge unit cell with
16 molecules with relatively high flexibility that makes very
difficult the geometry optimization. In this system,63,64 in the X-
ray single-crystal structure, there are quite different distances
between the metal and the atoms of the first coordination sphere
between the 16 molecules showing a high dispersion in the
structural parameters.

One of the usual criteria for assessing the reliability of the
calculation methods is the number of cases with an energy
difference outside the range 0−10 kcal/mol (the low-spin state
being more stable the low-spin state). This is the energy that can
be compensated for by increasing the temperature and
stabilizing the high-spin state. However, as we can see from
the results using eq 3, last column in Table 1, in most cases, the
values of the high- and low-spin energy difference are below 4

kcal/mol, and only in a few isolated cases with relatively high
transition temperatures does the energy difference approach 10
kcal/mol. In this case, the use of meta-GGA functionals is
fundamental (see Table 1, values between parentheses) as it has
been previously studied.28,43,44

As mentioned in the Introduction section, r2SCAN provide an
accuracy close to the hybrid TPSSh functional but without the
calculation of exact-type exchange.24,25 The inclusion of the
dispersion term in the meta-GGA functional causes an
overstabilization of the low spin state resulting in worse results
(see Table 1 and Figure 2).28,40 The stability of the results was
verified with the r2SCAN//PBE+MB and KTBM24//PBE+MB
methodologies by increasing the grid size and the quality of the
base (from tight to very tight). These improvements provide
negligible variations in the calculated energy difference (Table
S1). The comparison between the two meta-GGA functionals,
r2SCAN and KTBM24, reveals that for s1−s10 molecular
systems, the results are relatively similar. However, for FeII and
CoII molecules (s11−s20), KTBM24 gives results much closer
to the estimate from the transition temperatures while r2SCAN
slightly overestimates the stability of the low-spin state.
3.2. Extended Systems. The set case has been studied,

including periodic boundary conditions and using the
experimental data of elementary cells and atomic positions
determined by X-ray diffraction as starting structures. In this
type of calculations, the meta-GGA functional (see Table 1)
constitutes an excellent compromise compared to the TPSSh
functional, since the calculation of the exact exchange term
requires a lot of computational resources. The conclusions
drawn from molecular calculations hold when extended systems.
Although computations with the meta-GGA functionals require
much fewer computational resources than hybrid functionals,
performing geometry optimizations with it still requires
considerable computational time. In this sense, the combination
with a GGA functional that provides good results in geometry
optimizations at a low computational cost is the best option.
Furthermore, we have seen at the level of molecular calculations
that the differences in energy and optimized geometrical
parameters between the PBE+MB and r2SCAN methods are

Figure 2.High- and low-spin energy differences for the 20 test cases employed in Table 1 with different exchange-correlation functionals for molecules
(blue) and for periodic systems (black). The results for the PBE+MB, r2SCAN and KTBM24 functionals were obtained by optimizing the geometry
with PBE+MB and calculating a single-point energy with the meta-GGA functional. The values under the T1/2 label correspond to those energy
differences in reproducing the experimental transition temperatures. Green energy range of 10 kcal/mol was usually considered as an energy difference
that can be compensated by the entropy in spin-crossover compounds.
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very small (see SI). Thus, the combination of optimizing at the
PBE plus dispersion level and calculating the energy with the
meta-GGA functional provides excellent results for the high- and
low-spin energy differences (Table 1). Although the PBE
functional gives results with a high overestimation of the low
spin stability, it is noteworthy that the relative values follow a
qualitatively similar trend to those obtained with the meta-GGA
functionals. Comparison of the results for periodic systems with
the two meta-GGA functionals, r2SCAN and KTBM24, shows a
similar trend as with the molecular models. The values for the
FeIII and MnIII systems are relatively similar, although slightly
lower with KTBM24 and closer to the estimated energy
difference with the experimental transition temperature. But
with the FeII and CoII systems, the difference between the two
functionals is larger and the values obtained with KTBM24 are
closer to the experimentally expected values. A comparison of
these methodologies between molecular and periodic calcu-
lations does not show a clear trend in the variation of the high-
and low-spin energy difference with packing. The energy
difference diminishes with the packing in practically half of the
cases depending on the DFT method. In the rest, it increases
when passing from the molecule to the solid (Table 1 and Figure
2).

Analysis of the structures indicates that in most cases,
especially in the smaller low-spin structures, the optimized
geometries for the molecules are very similar to those obtained
by packing the molecules (see the metal−ligand distances in
Supporting Information 2). However, there is one exception
within the case set which is the MnII metallocenes. In these cases,
it is known that the isolated molecules either using gas-phase
electron diffraction or calculations of the isolated molecules lead
to an eclipsed arrangement of the cyclopentadiene ligands. But
in the optimized structure of the solid structures or
experimentally using single-crystal X-ray diffraction, the cyclo-
pentadiene ligands are arranged staggered. In the high-spin state
of the molecular manganocene calculations, weak metal−ligand
bonding leads to very distorted structures and also relative
arrangements of the substituents of the cyclopentadiene ligands
that are difficult to avoid if the molecule is not packed in the
crystal.

When comparing the unit cell volumes optimized with PBE
+MB together with the available experimental values (Table S2),
it can be seen that the volume increase at spin transitions is
typically below 5% in the calculated values. However,
experimentally, the variations obtained are larger. This indicates
that the calculated values for the cells in high-spin states are too
small. This may be mainly because the geometry optimization at
the DFT level is performed in the high-spin state as if it were at 0
K temperature. It must also be considered the thermal effects on
the structures that produce an increase in volume. For instance,
in the s13 system74,83 which transitions very abruptly at 256 K,
the volume change with the low-spin structure between 30 and
240 K is of the order of 3%, while the change between 240 and
300 K with the transition is approximately the same. This
indicates that thermal effects over a wide temperature range can
cause a structural change equivalent to a spin transition. All of
this affects the comparison of experimental data with the results
of optimizations with theoretical methods.

4. CONCLUDING REMARKS
The main objective has been to verify the reliability of methods
based on density functional theory to calculate high- and low-
spin energy differences in spin-crossover systems employing

periodic structures. The calculation of these systems involves
important challenges since in many cases, the unit cells of these
systems contain a large number of molecules. This makes post-
Hartree−Fock methods unadvisable, as essentially they can only
be used with discrete molecules and they also have a problem of
overestimating the stability of high-spin states. It converts DFT
methods as the most plausible option to calculate systems with
many atoms and periodic properties. Previous studies have
shown that the two functionals that present high accuracy in the
calculation of energy differences of spin-crossover compounds
are the hybrid meta-GGA TPSSh functional and the meta-GGA
r2SCAN. The TPSSh functional is recommended for molecular
systems, but the calculation of the exact exchange in periodic
systems is a major problem both in the accuracy of the
calculation and in the high computational resources even to
calculate only the energy. We show that the recently developed
KTBM24 functional improves both the results of the r2SCAN
functional at the level of periodic calculations and even those
obtained with the hybrid TPSSh at the molecular level.27 Hence,
an important alternative to have a good estimation of the spin
energetics is to use a GGA functional such as PBE including
dispersion terms to optimize the geometry and then calculate
the energy with the KTBM24 functional, as we propose here.
Additionally, we have used a new criterion calculating the energy
difference between the two states that reproduces the
experimental transition temperature calculated as the difference
in thermal energy corrections.
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