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In this paper, the spin-crossover (SCO) behavior of 26 transition metal complexes has been investigated by
Density Functional Theory (DFT) using nine density functionals such as TPSS, BLYP, TPSSh, B3LYP, B3LYP*,
OPBE, O3LYP, B3P86, and X3LYP, providing a comprehensive analysis of their effect towards computing
spin-state energy gaps and spin transition temperature (Ty,,) of these SCO complexes. The SCO behavior
of a complex highly depends on the free energy balance of high- and low-spin states, which is likewise
influenced by physical properties including dispersion and vibrational entropy, which are all considered in
the performed DFT calculations. Among all the tested functionals, the hybrid meta-GGA TPSSh
functional and the B3LYP* functional predict the correct ground state and a reasonable HS—-LS energy
gap for all the SCO complexes. Their contemporary functionals, such as pure meta-GGA TPSS and GGA
BLYP functionals, also predict the correct GS for all the complexes, but they overestimate the HS-LS
gaps. Interestingly, the OPBE and the B3P86 functionals also predict the correct ground state for nearly
50% of the studied complexes. The TPSSh-predicted energy gap is in the proper range for SCO to occur
in the majority of cases, including the SCO complexes with unusual geometry, and the T;,, predicted
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Introduction

Spin crossover (SCO) complexes are a fascinating class of
coordination compounds that exhibit a remarkable change in
their electronic spin state between high-spin and low-spin
states but similar electronic energies in response to external
stimuli such as temperature, pressure, or light. These
complexes typically consist of first-row transition metal ions
with the d*-d” electronic configuration, coordinated to various
organic ligands, significantly changing their magnetic and
optical properties. Cambi and coworkers' pioneering work in
the 1930s on the anomalous magnetism of iron(m) tris-
derivatives of various bidentatedithiocarbamates resulted in
the first detection of the interconversion of two spin states due
to temperature change.'” It was then defined that the SCO
phenomenon originates from the competition between the
crystal field splitting energy and the energy difference between
different spin states of the metal ion. In the high-spin state,
unpaired electrons occupy higher-energy orbitals due to weaker
crystal field effects, whereas in the low-spin state, these elec-
trons occupy lower-energy orbitals as a result of stronger crystal
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using this functional is also in good agreement with the experimental ones.

field splitting. Such a spin transition can lead to alterations in
color, magnetic susceptibility, and other physical properties,
making SCO complexes valuable in applications ranging from
molecular switches to sensor devices.*” Over the past few
decades, advancements in the field have increased the number
of metal centers and coordination settings capable of exhibiting
this behavior. In particular, these SCO molecules have been
used in metal-organic frameworks (MOFs) to create spin-
crossover frameworks (SCOFs), which indeed became an ideal
candidate for sensing applications.*** Although interest in
these systems continues to grow, for the recent experimental
magnetic data limits the extent to which computational
methods can be benchmarked and, consequently, constrains
the rational design of spin-crossover materials with tailored
electronic and structural characteristic,"** however, such
a benchmark study was exceptionally performed on 95 Fe(u)
complexes very recently by Kulik and co-workers.* It is partic-
ularly challenging to construct a molecule with a specific tran-
sition temperature. The transition temperature (7},,), where the
spin state of the complex changes from low-spin states to high-
spin states, is a crucial factor in determining the physical
properties of a system when both spin-state populations are
equal. Understanding the factors influencing T/, is crucial for
harnessing these complexes for future technologies, including
sensors, data storage, and molecular devices. In this regard,
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significant advancements have been made in the field of
computational modeling of SCO systems, and
approaches have been put forth to simulate the behavior of
these systems, among which density functional theory (DFT)
plays a crucial role. Because it is difficult to theoretically model
SCO systems using ab initio methods such as CASSCF, CASPT2,
NEVPT2, Coupled Cluster (CC), etc., which can be used to
precisely calculate the electronic energy difference between the
two spin states,** whereas the DFT functionals were also
found to predict these parameters correctly with reasonable
computational cost.>»*

One key aspect in applying DFT to spin crossover complexes
is the choice of exchange-correlation functional, for which the
different exchange-correlation functionals, such as hybrid
functionals, having different amounts of Hartree-Fock (HF)
exchange, can influence the energy splitting between LS and HS
states. We can explore how different molecular environments
influence the spin state equilibrium and transition tempera-
tures by systematically varying the amount of Hartree-Fock
exchange in different hybrid functionals. To rationalize the
effect of energy gaps of HS-LS and spin state equilibrium, we
have chosen the combinations of pure DFT functionals, the mix
of HF exchange and meta-generalised gradient approximation
(GGA) exchange functionals, such as TPSS,** OPBE,*” TPSSh,*®
O3LYP,” BLYP,* B3LYP* %2 B3LYP,* B3P86,* and X3LYP* for
this study. The selected exchange-correlation functionals are
placed within the framework of Jacob's ladder in DFT.** The
GGAs (OPBE, BLYP) represent the second rung, while TPSS
belongs to the meta-GGA rung. The hybrid DFT functionals
(B3LYP, B3LYP*, B3P86, O3LYP, X3LYP) and the hybrid meta-
GGA functional TPSSh occupy higher rungs, as they incorporate
fractions of exact HF exchange and, in some cases, additional
semilocal ingredients. This hierarchical organization provides
a systematic way to examine how the inclusion of gradient
corrections, kinetic-energy density, and exact exchange affects
the description of spin-crossover energetics. By benchmarking
these functionals against experimental data, we evaluate the
impact of increasing functional sophistication on spin-state
energetics. The BLYP and OPBE are pure DFT functionals.
TPSS is a pure meta-GGA functional, whereas TPSSh is a hybrid
meta-GGA functional that incorporates 10% of the HF exchange
functional. The B3LYP* hybrid functional is derived from the
original B3LYP functional but modifies the amount of Hartree-
Fock exchange to 15%, where the latter has 20% of HF
exchange. Similarly, the O3LYP, B3P86, and X3LYP have HF
exchange of 12%, 20%, and 21.8%, respectively. The difference
between B3LYP and B3P86 is that B3LYP has 81% LYP GGA
correlation, whereas B3P86 has 81% P86 GGA correlation; the
amount of HF is the same for both the hybrid functional, i.e.,
20%. These functionals were chosen based on the previous
reports, which predicted that DFT methods can improve spin-
state energetics in iron systems (Fe" and Fe™) by incorpo-
rating 10% to 17% of HF exchange into the functional. Using
some of these functionals, Ruiz and coworkers have performed
a detailed analysis of a few SCO complexes** and rationalized
that the hybrid meta-GGA functional TPSSh is the better one
compared to other studied hybrid functionals for predicting the
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correct ground state as well as the transition temperature (7},,)
value." The B3LYP* has been designed to reproduce the HS-LS
gap of Fe(ur) complexes." thus, these two functionals have been
reconsidered for their tailored performance for Fe complexes
and the implications for our study.

In this work, we have systematically studied twenty-six SCO
complexes (including Cr", Mn™, Mn", Fe™, Fe"", and Co™ metal
ions with electronic configurations ranging from d* to d’)
having better transition temperature (7;,,) as compared to their
respective metal ions' SCO complexes reported to date. Using
the above-mentioned functionals and rationalizing the effect of
these functionals on the energy gaps of HS-LS, spin-pairing
energy, spin density of metal and donor atoms, and ligand
splitting of these SCO complexes. These recent SCO complexes
were chosen to have a series of complexes with proven SCO
behaviour including two-step transition temperature, good
quality structures and a reasonably diverse ligand set to explore
the impact of functional on these compounds (Fig. 1 and Table 1).
To understand the source of functional performance in our
computations, we have broken down the energy contributions,
including exchange and correlation. If the calculation is
compared to observed ground states, which reflect free energies,
then one cannot ignore vibrational entropy, which largely deter-
mines the spin transition process. This entropy can be estimated
decently but not very precisely from frequency analysis using
standard quantum-chemical programs and is less sensitive to the
DFT functional used.® To the best of our knowledge, except for
a previously published study on other SCO compounds, this is the
first systematic work that includes new functionals such as TPSS,
BLYP, O3LYP, B3P86, and X3LYP, which were not studied earlier,
and could predict the correct ground state for Cr(ir), Mn(u), Co(u)
and Mn(m) based SCO complexes as well."** Even though
numerous benchmark studies on the accuracy of various
exchange-correlation functionals to estimate energy differences
between spin states and T, for Fe(u)/Co(u)-SCO systems have
been published earlier, the origin of SCO of these complexes by
bond parameters analysis, spin-pairing energy, and spin-density
analysis were not explained in those studies which we
additionally explained in this study.**™

Computational details

The geometry optimizations were initiated from X-ray struc-
tures in the gas phase of all 26 complexes have been performed
with different density functionals, such as TPSS,*® OPBE,”
TPSSh,2* O3LYP,?° BLYP,*® B3LYP* %2 B3LYP,*® B3P86,** and
X3LYP* using Gaussian 16. Although crystal packing, coun-
terion interactions, and lattice vibrations are known to influ-
ence the thermodynamics of spin crossover in the solid state,
gas-phase calculations provide a controlled framework to
assess the intrinsic electronic preference of the isolated
complex. This allows us to disentangle the fundamental
performance of a functional in predicting spin-state energetics
from external perturbations, ensuring that comparisons across
different complexes are consistent and not biased by system-
specific crystal environments. The fully optimized contracted
def2-TZVP all-electron Gaussian basis set, developed by

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Molecular structure of the 26 studied spin-crossover molecules. The solvent molecules, counteranions and H atoms were omitted for
clarity. Color scheme: Cr(i): green; Mn (i/m): pink; Fe (1/m): orange; Co(i): light blue; O: red; N: blue; C: light grey; Br: dark pink; S: yellow; Se:

green; B: light pink.
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Table 1 Molecular formula and transition temperature of SCO systems studied in this work®

Complex no. Molecular formula Oxidation state of the metal center Ref. code a? Ty (K) Ref.
1 [Cr(1,3-Si-indenyl),] +2 MOSXEX d* 350 39
2 [Cr(4,7-Me-indenyl),] +2 — a* 250 40
3 [Mn(naphth-sal-1,5,8,12)] +3 TUFXIEO1 d* 164 41
4 [Mn(5azo-sal2-323)](Cl) +3 FEHKOW d* 560 42
5 [Mn(Me;SiCp),] +2 BUBGAH d° 125 43
6 [Mn(1,3-(tBu),Cp)a,] +2 BUBGOV & 314, 327 44
7 [Fe(bztpen)(OEtg)](PFs), +3 UGOLE] d? 284 45
8 [Fe(bztpen)(OButn)](PFs), +3 UGOMIO &® 282 45
9 [Fe(bztpen)(OProp)](PFe), +3 UGOMUA d® 255 45
10 [Fe(2amp);]Cl, +2 FEPICC d° 196 46
1 [Fe(tacn),](OTf), +2 DETTOL d° 330 47
12 [Fe(LOM™NP),(NCS),] +2 LEYTAO d° 100 48
13 [Fe (L"P9%),(NCS),] +2 VARDUR d° 110 49
14 [Fe (L"P4),(NCSe),] +2 VARFAZ d° 154 49
15 [Fe(bpte)(blm)](ClO4)2 +2 MEJVIJ d° 330 50
16 [Fe(H-ptp ).’ +2 WILTES d° 296 51
17 [Fe(CH,OH-ptp),]° +2 — d° 302 52
18 [Fe(COOCH;-ptp ),]° +2 LUTGEO d° 347 53
19 [Fe(LOME NaP),(NCBHs)s] +2 LEYTIW d° 290 48
20 [Fe(L*P),(NCBH,),] +2 LEYSUH d° 160, 300 48
21 [Fe(bpte )(NCBH3)2] +2 GOSZUM d° 243 54
22 [Fe(H,L"),] (BF4),-x(solv.) +2 NIXWEZ d° 200 55
23 [Co(L)s] (ClOy), +2 KAKTID d’ 175 56
24 [Co(L)(N(CN),),] +2 XUVQEN d’ 238 57
25 [Co(Brphtpy),](OTf),- DMF-2H,0 +2 FICHAE d’ 360 58
26 [Co(tppz),](tem), +2 HUCWIN d’ 200 59

“ Where, naphth-sal-N-1,5,8,12 =

2,6,9,13-tetraazatetradeca-1,13-diene-1,14-diyl)bis(4-((E)-phenyldiazenyl)phenolate),
= n-butyl, 1-OProp =

ethylenedlamlne 1-OEtg = ethylene glycoxide, 1-OBut”

(2,2"-((1E,14E)-2,6,10,14-tetraazapentadeca-1,14-diene-1,15-diyl)diphenolate),

5azo-sal2-323 = 2,2'-((1Z,13Z2)-
bztpen = N-benzyl-N,N',N'-tris(2- pyridylmethyl)
propyl, 2amp = Zamlnomethylpyrldlne tacn = 1,4,7-

triazacyclononane, LOMNP = 2-(6-methoxynaphthalen-2- yl) 5-(pyridin-2-y1)-1,3,4-thiadiazole, L"P%* = (2-naphthyl-5-pyridyl-1,2,4- thladlazole)
bpte = 8,5'-bis(2-pyridylmethyl)-1,2-thioethane, bim = 2,2’-biimidazole, ptp = 2-(1H-pyrazol-1-yl)-6-(1H-tetrazol-5-yl)pyridine, H,L' = 2-[5-(R-
phenyl)—lH—pyrazole—3—yl] 6-benzimidazole pyridine, L= 2,5—bis[(Z—pyridylmethyl)thio]methyl—1,3,4—thiadiazole, L(N(CN),) = N,N'-di-tertbutyl-2,11-
diaza[3,3](2,6)pyridinophane, Brphtpy = 4’-(4-bromophenyl)-2,2:6',2"-terpyridine; OTf = trifluoromethanesulfonate, tppz = 2,3,5,6-tetrakis(2-

pyridyl)pyrazine and tcm = tricyanomethanide anion.

Ahlrichs and co-workers, was employed for the metal ions Cr,
Mn, Fe, Co, and heavier Se and Br atoms. For smaller atoms,
such as S, O, C, N, and H, the 6-31G** basis set was used.?”*® For
all the functionals, Grimme's dispersion correction D3B]J has
been implemented to consider weak interactions in the ligand
environment by providing the necessary internal options in our
calculations.®”® It is well known that the SCO phenomenon is
highly temperature-dependent, where low temperatures favor
the low-spin (LS) state and high temperatures favor the high-
spin (HS) state. Furthermore, the SCO behavior is possible for
any complexes when there should be a thermodynamic equi-
librium between both the spin states, the low-spin (LS) and the
high-spin (HS) state. To understand it further, we calculated the
spin transition temperature (Ty;) for all the complexes by
computing the enthalpy change (AH) and entropy change (AS).
For any ideal system, the Gibbs free energy change (AG) for the
equilibrium of HS and LS states can be written as®

AG = G" — G" = AH — TAS (1)
When the populations of two spin states are in thermodynamic
equilibrium, the AG becomes zero; thus, the transition

2244 | RSC Adv, 2026, 16, 2241-2254

temperature (T3,,) can simply be calculated from the enthalpy
and entropy changes using eqn (2).

Ty, = o2 2
2= 1 (2)

This equation defines the enthalpy difference (AH) and
entropy difference (AS) between the HS and LS states. These
values were computed considering the zero-point energy
correction changes and vibrational frequencies of the systems.

Results and discussion

Twenty-six mononuclear complexes comprising Cr", Mn™,
Mn", Fe", Fe™, and Co" spin-crossover systems were chosen to
assess the precision of different DFT functionals in calculating
the expected spin-state energy gaps, spin transition, and the
correct ground state. These systems were chosen based on the
criterion of the transition temperature. The experimental spin-
transition values, as given in the respective references, along
with the crystallographic chemical formula, are given in Table 1.
A schematic illustration of every system under study is di-
splayed in Fig. 1. Although DFT has been widely used to

© 2026 The Author(s). Published by the Royal Society of Chemistry
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calculate other physical parameters,**® including exchange
coupling constants,** it is still not easy to calculate the energy
gaps between electronic states. The TPSSh functional has been
extensively employed in SCO systems, with a primary focus on
Fe(u) systems; however, its applicability to Cr", Mn™, Mn", and
Co™ SCO systems has not been extensively studied. Thus, we
performed a benchmark study on these 26 complexes with other
distinct functionals along with TPSSh. Structure optimizations
were carried out for each of the chosen systems in both acces-
sible spin states utilizing the OPBE, TPSS, BLYP, TPSSh, O3LYP,
B3LYP*, B3LYP, B3P86, and X3LYP functionals.

Prediction of HS-LS gap by different functionals

The spin-state energy gap computed for all the complexes using
nine different functionals is tabulated in Table S1, and the
predicted GS can be visualized in Fig. 2, S1 and S2. The results
that we observed for each functional are discussed below as
follows:

OPBE. This pure DFT functional performs well in computing
spin-state energy differences in SCO systems; however, its
performance is insufficient for all systems. It predicted accurate

250
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spin ground state as low spin states for almost 50% of the
complexes, which are 2, 5, 6, 10, 15, 16, 17, 18, 19, 20, 21, 22, 23,
24, and 26, and their gap between the two spin states is found to
be 3.2, 33.9, 25.2, 7.6, 16.3, 57.8, 55.7, 55.7, 11.9, 11, 19.5, 23.2,
31.3, 36.6 and 36.4 kJ mol *, respectively.

TPSS. This pure meta-GGA functional without HF exchange
performs well in computing spin-state energy differences in
SCO systems; however, its performance is not best for all
systems. It predicted an accurate spin ground state, but it
overestimated the energy window range to show SCO for all the
complexes.

TPSSh. The TPSSh meta-GGA functional, which contains
10% of the HF exchange functional, predicts the correct ground
state for all the complexes except for complex 24.>%*” Further-
more, the energy gap computed between the two spin states
falls in the range of 0 to 33.4 k] mol ', which is expected for
a molecule to exhibit SCO behaviour for all the complexes.**** It
has been proven several times that the TPSSh functional works
well for Fe(u) complexes. Interestingly, the TPSSh predicts the
exact ground state and an energy gap for both the d* ions, such
as Cr'" and Mn™ (complexes 1-4), as well as for the d’ Co"

1 | OPBE
200{ W TPSS

| I TPSSh
150 { | BLYP

1 M B3LYP*
100 -

19)]
o
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Energy(kJ/mol)

o
l
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o
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I B3P36
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B X3LYP

'100 L T T
0 2 4 6
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Complex number

Fig. 2 Energy difference (HS-LS) for the 26 studied systems plotted for all nine hybrid functional methods: OPBE, TPSS, TPSSh, BLYP, B3LYP,

B3LYP* B3P86, O3LYP, and X3LYP.
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complexes (Table S1 and Fig. 2)."*** However, for the Mn(u)
complexes (5 and 6), and neutral Fe(u) complexes (16, 17, and
18) based on pyrazol-1-yl-6-(1H-tetrazol-5-yl) pyridine (ptp)
ligand having a general formula of [Fe'(R-ptp7),], the gap
between the two spin states is slightly overestimated and are
found to be 40.9, 43.6, 51.4, 49.6, and 49.6 k] mol " respectively.
The overestimation of the energy gap for complexes 5, 6, 16, 17,
and 18 and the incorrect GS prediction for complex 24 (a Co(u)
complex, which also does not have any counterion) can be
considered as a limitation of the performance of the TPSSh
functional.

BLYP. This pure DFT functional also performs well in
computing spin-state energy differences in SCO systems. It
predicted an accurate spin ground state; however, it over-
estimated the energy gap to show SCO for all the complexes as
the same as TPSS, but the gaps are comparatively less than the
TPSS predicted ones.

B3LYP*. The B3LYP* hybrid functional with 15% HF
exchange has predicted the accurate ground state for all the
complexes. However, it overestimated the expected gap between
HS-LS states for most of the complexes except for complexes 3
and 4 with d* (Mn™), 10, 15, and 16 with d° (Fe™), and 26 with d”
(Co™) configurations. The energy gap between the two spin
states is calculated to be 31.6, 18.5, 10.7, and 28.1 k] mol " for
complexes 3, 4, 10, and 24, respectively.

B3LYP. The B3LYP functional contains 20% of HF exchange
predicted HS state as the ground state for all the complexes
except complexes 13 and 23, for which it predicted the correct
ground state. Among them, it predicted the correct ground state
with a reasonable energy gap, i.e., found to be 7.2 k] mol~" only
for complex 23, where the first coordination environment has
an {N,S,} donor environment.**

O3LYP. The O3LYP hybrid functional with 12% HF did not
follow the expected trend; it was not even accurate in predicting
the correct ground state, except for Co(u) complexes 23 and 26,
and their HS-LS gap is found to be 15.9 and 4.7 kJ mol ",
respectively.

B3P86. The B3P86 functional, which contains 20% HF
exchange, not previously studied for SCO complexes, accurately
predicted the ground state for 50% of the chosen complexes.
Importantly, the computed gap between the two spin states falls
within the range of the energy window to show spin crossover
for those complexes, such as 2, 3, 8, 9, 10, 14, 16, 17, 18, 19, 23,
25, and 26 and their energy gap for two spin states is calculated
to be 3.2, 0.8, 0.6, 1.5, 1.9, 225.5, 12.2, 10, 10, 0.02, 6.7, 0.4, and
12.8 kJ mol ™" respectively. The energy gap predicted by the
B3P86 hybrid functional is quite precise for showing spin
crossover, except for complex 14.

X3LYP. This hybrid functional predicted the HS state as the
spin ground state for all the complexes except one complex, 10,
for which the energy difference between the two spin states is
found to be 19.2 k] mol ™", which falls within the energy window
of SCO behavior.

Comparison of TPSS vs. TPSSh. As is clear from Table S1 and
Fig. 2, TPSS performs well in geometry optimisation and accu-
rately predicts the ground state (GS), but it is not reliable for the
energy gap, as it overestimates the energy gap, whereas TPSSh,

2246 | RSC Adv, 2026, 16, 2241-2254
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which has a 10% HF exchange, reduces the self-interaction error
present in the pure meta-GGA functional. So, it had improved
spin-state energetics and orbital splitting predictions, because
SCO energetics are very sensitive to the amount of exchange.

Comparison of BLYP, B3LYP* vs. B3LYP. To properly assess
the role of Hartree-Fock exchange in spin-crossover calcula-
tions, the comparisons were made within the same functional
family (i.e., with identical exchange-correlation form). For
instance, BLYP (0%), a modified B3LYP* (15%), and B3LYP with
20% exchange allow a direct evaluation of the HF exchange
effect. The ‘optimal’ amount of HF exchange is necessarily
functional dependent, and it plays a role in predicting the GS
and the gap. As it is clear from Table S1 and Fig. 2, the pure DFT
BLYP functional and the hybrid B3LYP* with less amount of HF
exchange predict the correct GS, but they overestimate the
energy gap. Whereas the hybrid B3LYP functional with a larger
amount of HF exchange is not reliable in predicting the correct
ground state, as well as the energy gap.

The TPSS, TPSSh, BLYP and B3LYP* functional worked well
for most of the studied complexes, especially for Fe and Co"
systems; however, TPSS, BLYP, and B3LYP* overestimate the
gap between the spin states, but B3LYP* is comparable with
TPSSh rather than TPSS and BLYP. The reason behind is the
presence of amount of HF exchange in TPSSh (10%) and
B3LYP*(15%), whereas TPSS and BLYP are pure functionals.

Therefore, among all the functionals, the TPSSh and B3LYP*
hybrid functionals (see Table S1, Fig. 2, S1 and S2) accurately
predicted the ground state (low-spin) for most of the studied
complexes and performed significantly better than the other
functionals for all the systems, independent of the metal,
d electron count, and oxidation state. Interestingly, when these
two TPSSh and B3LYP* functionals overestimated the HS-LS
gap, the B3P86 functional performed well for a family of
neutral-charged iron(u) complexes 16, 17, and 18 based on
pyrazol-1-yl-6-(1H-tetrazol-5-yl) pyridine (ptp) ligand. Thus, it is
worth mentioning that, although this B3P86 is not widely used
for the investigation of spin-crossover in transition metal
complexes, it can be applied to charge-neutral Fe" d° systems
and some d* and d° molecules, as it predicts an accurate HS-LS
gap. The OPBE functional performs well for some of the
systems, especially with Cr(u), Mn(u), Fe(u), and Co(u) systems
(see Table S1). However, it is useful for the complexes with a +2
oxidation state. The other functionals like O3LYP, B3LYP, and
X3LYP stabilise mostly the high-spin state, making it more
stable than the low-spin state. These observations suggest that
the performance towards the representation of electronic
energy differences in spin-crossover systems is better when the
functional possesses only a small amount of HF exchange, with
some exceptions for O3LYP.

Though the B3LYP* works better for Fe(ui) systems, as per
the earlier report,” but for the studied Fe(m) complexes, the
TPSSh works better, and it is clear from Table S1 and Fig. 2. So,
TPSSh still performs better compared to B3LYP*, for all the
complexes, including Fe(m) systems. The energy gap value
calculated using B3LYP* is almost double the value calculated
using TPSSh. In contrast, BBLYP* is predicting the correct GS

© 2026 The Author(s). Published by the Royal Society of Chemistry
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and the expected energy gap for complex 24 [Co"(L)(N(CN),),],
whereas TPSSh failed to predict its correct ground state.

Furthermore, the SCO complexes with Cr(u) and Mn(u) ions
and an unusual geometry yielded similar results with all nine
hybrid functionals, like other complexes, that BLYP, B3LYP*,
TPSS, and TPSSh are reliable functionals for GS calculations,
and TPSSh works better among all. On the other hand, the
opposite result may occur if a hybrid functional mix has more
HF exchange; however, B3P86 with 20% HF exceptionally
predicts the correct ground state for some of the systems, which
could be used for some cases. Fig. S1 and S2 display the energy
differences between the two spin states (HS-LS) as a function of
the exact exchange of Hartree-Fock content incorporated into
the relevant functional for all the complexes.

Overall, across the 26-complex dataset, clear metal-
dependent trends emerge in the reliability of hybrid func-
tionals for SCO modelling. For the Cr(u) and Mn(u) systems,
only the TPSSh provides AE(HS-LS) values closest to the window
range expected for the SCO complexes, whereas TPSS, BLYP and
B3LYP* predict correct GS for Cr and Mn systems, but over-
estimates the AE(HS-LS) values. Similarly, for Fe(i)/Fe(ur)/Co(xu)
complexes, the TPSSh, TPSS, BLYP and B3LYP* functionals
consistently reproduce correct GS, but only the TPSSh yields the
reasonable spin-state gaps, except for one of the Co(u1) complex.
Interestingly, the B3P86 works well for some of the Fe(u)/Fe(ur)/
Co(u) complexes in predicting correct GS and the reasonable

energy gaps.

Estimation of spin-transition temperature (7;,,) by TPSSh,
B3LYP*, and B3P86 functionals

We further computed the spin-transition temperatures (T;,) for
all 26 complexes with TPSSh and B3LYP* since these func-
tionals yielded the correct GS, and the same was computed with
B3P86 functionals for the complexes it predicted the correct
ground state. The computed quantitative 7y, values for the
studied systems are presented in Fig. 3, Table S2 (TPSSh and
B3P86), and S3 (B3LYP*).

TPSSh. The TPSSh functional predicts the T, values of 239
K, 266 K, 406 K, 574 K, 497 K, 164 K, 153 K, 229 K, 375 K, 399 K,
373 K, and 289 K for complexes 1, 2, 4, 6, 8, 12,13, 14, 15, 19, 20,
21, and 25, respectively which are in good agreement with the
experimental Ty, values of 350, 250, 560 K, 327 K, 282 K, 100 K,
110 K, 330 K, 290 K, 300 K, 243 K, and 360 K, respectively.
However, for complexes 3, 5, 7, 9, 10, 11, 16, 17, 18, 22, 23, and
26, it overestimates the T, values which are calculated to be
521K,724K, 580K, 570 K, 341 K, 558 K, 675 K, 664 K, 722 K, 361
K, 479 K, and 471 K. In contrast, the values were experimentally
determined as 164 K, 125 K, 284 K, 255 K, 196 K, 330 K, 192 K,
296 K, 302 K, 347 K, 200 K, 175 K, and 200 K, respectively. The
Ty, values were not computed using TPSSh for complex 20 since
it did not predict the correct ground state.

B3LYP*. Since this hybrid functional predicts the correct
ground state for all the complexes, transition temperature (7},,)
values were calculated for all the complexes and are tabulated in
Table S3. Only for complex 4, the computed T;,, values are in
good agreement with the experimental values, which are

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Computed transition temperatures (Ty/,) in K for the 26 studied
systems, using the TPSSh functional and 13 systems for which the
B3P86 functional predicted correct GS, together with the experi-
mental T/, values.

calculated to be 429 K. In contrast, the experimentally observed
values are 560 K. However, it was discovered that the computed
transition temperature values for the remaining complexes were
overestimated compared to the experimental values.

B3P86. The Ty, values were also calculated for the B3P86
functional tabulated in Table S2, restricting it to 13 out of 26
complexes, since it correctly predicted the ground state for 13 of
them. The computed transition temperature values for
complexes 2, 3, 8, 9, 10, 14, 16, 17, 18, 19, 23, 25, and 26 are
found to be 503 K, 103 K, 72 K, 97 K, 53 K, 324 K, 887 K, 829 K,
259 K, 60 K, 646 K, 47 K, and 725 K, whereas the experimentally
calculated transition temperature values are 250 K, 164 K, 282 K,
255K, 91K, 154 K, 296 K, 302 K, 347 K, 290 K, 175 K, 360 K, and
200 K respectively. It is important to note that since these
computed T, values are in good agreement with experimental
ones, the B3P86 functional is also a good choice in predicting
HS-LS gap and T3, values for, particularly, SCO systems with
charges, and d°® and d’ configurations.

From the above observation, one can be assured that the
TPSSh is the best hybrid functional to compute the HS-LS gap
as well as the Ty, value. Similarly, the B3P86 is also a better
choice for predicting the Ty, value if it predicts the correct GS
for some cases. As it is evident that the TPSSh is better func-
tional in predicting an accurate ground state as well as yielding
the T/, values that are closer to the experimental T}, values, we
have further analyzed the optimized geometry of both spin
states using TPSSh to derive how the computed bond parame-
ters, spin density, and spin-pairing energies influence the T,
values. The selected bond parameters for both the spin states,
along with their X-ray structures, are shown in Tables S4 and S5.
For all the complexes, the LS state's bond lengths are in good
agreement with the X-ray structure parameters, which proves
the presence of SCO behaviour of these complexes. Tables S6
and S7 present a comparison of computed and X-ray bond

RSC Adv, 2026, 16, 2241-2254 | 2247
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parameters calculated using the B3LYP* and B3P86 functionals,
respectively.

A comparison has been made for bond parameters
computed using TPSSh, B3LYP*, and B3P86 functionals and the
X-ray parameters, and we found that the TPSSh parameters have
a better match with the X-ray bond parameters (Table S8). A
slight deviation in the calculated bond parameters of the LS
state from the X-ray structure could be rationalized by the
exclusion of solvent and counter anions, which could affect the
distortion in the coordination sphere. The M-O bond lengths of
the LS state are slightly higher than those of HS in some
complexes (for example, complex 3), and this can be attributed
to the use of room temperature X-ray structural data for opti-
mising these states. Fig. 4 and S3 represent the bond

[Cr'Y(1,3-Si-indenyl),]

View Article Online

Paper

parameters of the first coordination sphere atoms with the
metal center.

Spin density analysis

The SCO behavior is highly dependent on the coordinated
ligands, which facilitate the HS-LS transition if they are
moderate ligand fields. To understand the role of ligands in
these studied complexes and the donor atoms that are present
in the first coordination environment, the spin density analysis
was performed to see how a particular localisation of spin is
occurring to promote the spin crossover using the TPSSh
functional only. Fig. 5 and S4 show the spin density diagram for
each complex with the TPSSh functional. Mulliken spin density

[Mn!(1,3-{tBu),Cp);]

Fig. 4 Optimised structure of complexes (2)[Cr''(1,3-Si-indenyl),], (6)IMn"(1,3-('Bu)>Cp).l, (4)IMn"(5azo-sal2-323)], (7)[Fe"(bztpen)(OEtg)l, (21)
[Fe""(bpte)(NCBHs),l, and (25)[Co"(Brphtpy),] using the TPSSh functional and a few chosen bond values in the first coordination environment. The
color code is as follows: orange, Fe, blue, N, red, O, grey, C, pink, B, yellow, S, green; Br, and hydrogen atoms are left out for clarity.
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values of the metal centre and the first coordination environ-
ment atoms are mentioned in Table S9.

The spin density value of Mn'" ion in complexes 3 and 4 was
found to be around ca. ~3.8 and ~1.99, respectively, for the HS;
quintet state (S = 2), and LS; triplet state (S = 1). The lower spin
value of the expected 4.0 for the HS Mn™ ion implies that the
first coordination sphere atoms (N and O) of the ligand gain
a spin density of ca. —0.008 to 0.036 for N atoms and ca. 0.0044
to 0.043 for O atoms through metal-to-ligand spin delocaliza-
tion. The spin density value of the Fe'™ ion in complexes 7, 8,

[Cr'(4,7-Me-indenyl),]

H.S. L.S. .]\ H.S. i

View Article Online

RSC Advances

and 9 is found to be ca. 4.04-4.07 for the Fe(u) metal center in
the HS; sextet state (S = 5/2) and ca. 1.99 for LS; doublet state
(8 = 1/2). In these complexes, the spin density of N and O atoms
in the first coordination sphere is found to be ca. 0.06-0.10 and
ca. 0.42-0.47, respectively. Such large spin density values on the
donor atoms can be explained by the c-donor capacity at the
alkoxide group, which increases with alkyl chain length, indi-
cating an increase in the ligand field strength experienced by
the Fe™ ion and, consequently, the stabilization of the LS state.
Similarly, the Fe" complexes with N, environment

[Mn'l(1,3-(tBu),Cp),]
L.S.

L5
H.S. [Mn(5azo-sal2-323)]

[Fe'(bztpen)(OButn)]
L.S.

[Fe(bpte)(NCBH;),]

=

H.S.

[Co (Brphtpy),] (OTf),

L.S. E

Fig.5 Spin density diagram the contour value of 0.0043 e A~3 for the optimized structure using with TPSSh optimized geometry for (2)[Cr'"(1,3-
Si-indenyl),l, (6)IMn"(1,3-('Bu)>Cp).l, (4)IMn"(5azo-sal2-323)], (8)[Fe" (bztpen)(OButn)], (21)[Fe"(bpte)(NCBHs),l, and (25)[Co" (Brphtpy).l.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 d-Based eigenvalue plots for HS state computed with TPSSh and B3LYP* hybrid functionals for complexes (2)[Cr'(1,3-Si-indenyl),], (6)
IMN"(1,3-('Bu),Cp).l, (4)IMn""(5azo-sal2-323)], (8)[Fe"(bztpen)(OButn)], (21)[Fe'(bpte)(NCBH3),], and (25)[Co"(Brphtpy),]. Spin-up electrons ()
are represented by the red arrow, while those that are spin-down (B) are represented by the green arrow. The energy has scaled to the lowest
spin-up orbitals for each scenario.
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[Fe"(L"P4%),(NCX),]; X = NCS™ (13), NCSe~ (14) show the spin
density of ca. 3.68 to 3.74 for the Fe(u) center. The nitrogen of
the NCX derivative has a spin density of ca. 0.011 and 0.008 for
NCS and NCSe, respectively, for HS, quintet state (S = 2). The
presence of the X (S and Se) group (o-donating ability
decreases) causes a reduced spin density on the N atom of the
NCX-group. These electronic differences show that the axial
ligation can certainly have a considerable impact on the re-
ported SCO characteristics in the Fe" complexes. Other nitrogen
atoms of the pyridine or naphthalene type propagate spin
densities via spin polarisation; however, only a small amount of
spin density is discovered in the NCS and NCSe groups. The o-
donating ability decrement ought to cause a shift in the SCO
toward higher temperatures because the ligand field strength is
known to fluctuate as NCS™ < NCSe™; thus, an improvement in
their computed Ty, values as follows (see Table $2). In all Co™
complexes, the spin density on the Co(u) ion is found to be ca.
2.68, for N atoms it is found to be ca. 0.032 to 0.06, and for the
Br atom coordinated to the phenyl ring in 25 has a spin density
of ca. —0.0004 to 0.001 for HS; quartet state (S = 3/2). Spin
density for the Co(u) center in an LS state is found to be ca. 0.93,
for N atoms, it is found to be ca. —0.014 to 0.06, and for the Br
atom, it is found to be —0.0003 for an LS doublet state (S = 1/2)
in complex 25. This could be attributed to the presence of extra
supramolecular contacts that promote SCO behavior, such as

-7 interactions and halogen bonding.
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The d-orbital splitting analysis

The temperature at which the SCO transition is observed is
mainly determined by spin-state splitting and the associated

free energy shift, since SCO is dependent on enthalpy and

entropy contributions. Similarly, the orbital splitting and spin-

pairing energy can significantly impact the spin ground state.

Therefore, the d-based orbitals at their respective HS states have
been computed to gain additional insight into the probability of

spin-pairing energy. The eigenvalue plots with their energies are
shown in Fig. 6 and S5 for all of the selected complexes. Since

both TPSSh and B3LYP* functionals predict correct GS for all
the complexes, the energy difference between the t,,-like and e,
like orbitals is computed with both the hybrid functionals

TPSSh and B3LYP* and is mentioned in Table 2 with the elec-

tronic configurations. The estimation of the splitting between
the tg-like and eg-like orbitals was performed by identifying the

frontier molecular orbitals corresponding to t,, and e,
symmetry characters from the Kohn-Sham orbital manifold

and measuring their relative separation within the same spin

manifold, and not directly taking the absolute virtual orbital
energies. The alpha and beta orbitals were considered based on

the averaged separation for consistency for systems with more

than half-filled and only alpha orbitals were considered for the

systems with less than half-filled.” As it is clear from the

observation of Table 2, the TPSSh computed energy gap
between e, and ty, orbitals (AE = Eeg — Ey,) for most of the
complexes is closer to the minimum gap required for the spin

Table 2 d-Based electronic configuration in HS state and the energy difference between the e4 and ty4 orbitals in kJ mol~* with both TPSSh and

B3LYP* functionals for all 26 complexes

(AE = Eog — Etzg) kJ mol™*

C. no. Complexes TPSSh B3LYP* Electronic configuration

1 [Cr(1,3-Si-indenyl),] 75.7 183.8 (d2)'(de) ' (dy) (di—y2) ' (diy)°
2 [Cr(4,7-Me-indenyl),] 218.1 168.7 (d2)"(dx2) ' (dy2) " (dee—y2) " (dy)°
3 [Mn(naphth-sal-1,5,8,12)] 279.2 192.4 (dyo) ' (dir) " (diy) "(dir—y2) ' (d2)°
4 [Mn(5azo-sal2-323)] 204.9 157.3 (di) ' (diy) ' (dy) ' (dee—y2) ' (d2)°
5 [Mn(Me;SiCp),] 56.7 66.3 (d2)'(dea) ' (dy) (die—y2) "(diy)*
6 [Mn(1,3-(Bu),Cp),] 100.9 72.8 (d22)"(dir) " (dye) " (de—y2) (diy)*
7 [Fe(bztpen)(OEtg)](PFs), 356.2 299.5 () (dy2) ' (dir) "(di—y?) ' (d2)"
8 [Fe(bztpen)(OButn)](PFs), 341.9 294.1 (diz) (diy) " (dye) ' (die—y2) (d2)"
9 [Fe(bztpen)(OProp)](PFe), 337.5 221.5 () (dy2) ' (dx,) (die—y2) ()"
10 [Fe(2amp);]Cl, 84 73.8 (di)*(dy2) (diy) " (dee—y2) "(d2)*
1 [Fe(tacn),](OTf), 109.7 86.6 ()’ (dy) (diy) "(d2) "(di—y2) "
12 [Fe(LOMeNaP),(NCS),] 63.7 83.7 (diy)?(dx2) ' (dy) ' (dee—y2) ' (d22)"
13 [Fe (L"P9%),(NCS),] 63.4 84.2 (dig)*(dez) (dy) "(di—y?) ' (d2)"
14 [Fe (L"P4%),(NCSe),] 70.2 86.3 (diy)?(dx2) ' (dy) ' (dee—y2) ' (d2)!
15 [Fe(bpte)(bim)](ClO,), 101.7 86.6 (dig)*(dy2) ' (dier) "(d2) (di—y2)*
16 [Fe(H-ptp )]’ 79.9 785 (diy)*(dye)’ (i)' (dioy) (d)*
17 [Fe(CH,OH-ptp ), ]0 78.8 78.8 (dxy)z(dyz)l(dxz)l(dxzfyz)l(dzz)l
18 [Fe(COOCH;-ptp ),]° 90.5 90.5 (diy)?(dy2) " (do) ' (dee—y2) ' (d22)"
19 [Fe(LOMENP), (NCBH, ), 90.5 88.9 (d)2(d)'(dee) ' (de ) ()"
20 [Fe(LN?P),(NCBH3,),] 81.4 80.6 (diy)?(dy) " (deo) " (dee—y2) " (d2)"
21 [Fe(bpte)(NCBH, . 96.7 44.2 (d)2(d2)"(dee) (d—y) (d2)!
22 [Fe(H,L"),] (BF,),-x(solv.) 55.9 52.3 (di)*(dy2)  (diy) (dee—y2) ' (d22)"
23 [CO(L) ] (C104)2 188.5 121.9 (dyz)z(dxz)z(dxy)1(dx27y2)1(dzz)l
24 [Co(L)(N(CN),).] 81.1 95.7 (dyz)z(dxy)z(dxz)l(dxlfyz)l(dzz)1
25 [Co(Brphtpy),](OTf),- DMF-2H,0 126.9 89.4 (di)*(dy2)*(diy) (o) (d2)"
26 [Co(tppz),](tem), 132.3 106.6 (d)2)*(diz)*(diy) " (dee—y2) "(d2)*

© 2026 The Author(s). Published by the Royal Society of Chemistry
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pairing to occur (~240 kJ mol ');”*”* Thus, only the TPSSh
computed values are taken for further discussion.

For Fe" and Co" complexes, the energy difference between
the t,-like and e,-like orbitals is 50-130 k] mol~*. For Mn'" and
Fe™ complexes, it is 200-300 k] mol*, and for Cr™ and Mn"
complexes, it is 70-200 kJ mol . This splitting energy makes it
richly evident that structural alterations brought about by
ligands drastically impact the energy levels and, consequently,
the complexes' SCO characteristics. Electron pairing in the t,,
orbitals is necessary for the formation of the LS complex, and
axial NCX™ ligation along with N, donor ligands compared to
the axial N ligation of the Ng ligands has a significant impact on
both orbitals (in most of the Fe"" and Co™ complexes) to facili-
tate spin pairing (spin transfer between e, and t,, orbitals,
which refers to how electrons redistribute between these
orbitals during the transition between HS and LS states) under
certain thermodynamic conditions.””* This lends confidence to
the theory that axial ligation can help to reduce the energy gap
between e, and t,, orbitals, along with that ligands with
moderate-to-weak w-type interactions are most suited for
observing SCO features™

Conclusion

In this work, twenty-six spin-crossover complexes were opti-
mized using density functional theory (DFT) with the key aim
being the computation of finding a suitable functional in pre-
dicting the exact spin ground state, transition temperature,
spin-pairing energy, and probing the origin of SCO behavior in
those systems. We have chosen TPSSh and B3LYP* functionals,
which are well-known in predicting the correct GS and other
functionals such as TPSS, BLYP, OPBE, O3LYP, B3LYP, B3P86,
and X3LYP for this study. Below is a summary of the findings
from this study.

(1) A variety of complexes with different types of asymmetric
units having counterions, solvent molecules, neutral charged,
two-step transition temperature complex, and unusual SCO
behaviour were chosen to study the consistency of the particular
hybrid functional in predicting an accurate spin ground state as
well as the transition temperature, even with their isolated
molecule. Our calculations mostly reproduce these values to
maintain consistency across the dataset.

(2) Functionals with higher HF exchange (B3LYP, B3P86, and
X3LYP) sometimes yield correct spin-state energetics, but the
HS-LS gaps are overestimated. Functional like OPBE usually
predicts LS or HS states reasonably well for molecules that are
highly dependent on the correlation effects. Hybrid functionals
with moderate HF exchange, like B3LYP* or TPSSh, often strike
a balance, making them suitable for systems with moderate
electronic character.

(3) In comparison of meta GGA functionals, TPSS over-
estimated the energy gap as compared to TPSSh; similarly, in
GGA functionals, BLYP overestimated the energy gap as
compared to B3LYP*. But all four functionals predicted correct
GS.

(4) TPSSh (10% HF exchange) and B3LYP* (15% HF
exchange) are widely used for SCO systems, providing
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reasonable energy gaps for our studied systems, too. The ex-
pected electronic energy differences between the two spin states
for an SCO, which is less than 33.4 k] mol ', computed using
these functionals, mostly fall in this range. However, B3LYP*
overestimates the HS-LS gap as well as the T, values for a few
complexes.

(5) Remarkably, for about 50% of the studied complexes, the
pure DFT functional OPBE and the B3P86 functional with large
HF exchange (20%) also predict the exact ground state. More-
over, the B3P86 computed T/, values are in good agreement
with experimental ones, which hints that the B3P86 functional
is also an excellent candidate for predicting HS-LS gap and T,
values for SCO systems containing charge ligands, as well as d°
and d’ configurations.

(6) It is evident that the hybrid meta-GGA functional TPSSh,
in conjunction with the def2 triple-{ quality basis set featuring
polarisation functions, can predict accurate ground state,
energy gap, transition temperature T;,, value, and spin pairing
energy for the electronic d* to d’ configurations (Mn™, Fe™,
Fe", and Co"). The overestimation of the energy gap for
complexes 5, 6, 16, 17, and 18 and the incorrect GS prediction
for a Co(u) complex (24), which does not have a counteranion,
can be realised as a limitation of the performance of the TPSSh
functional.
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