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Prediction of energies of spin states for first row
transition metal complexes: DFT vs. ligand field
theory

Samuel Mace,a Benjamin S. Grace,b Alister S. Goodfellow, a Martin A. Bates, *b

Malcolm A. Halcrow, a Paul H. Walton, *b Yingjian Xu *c and

Bao N. Nguyen *a

DFT benchmarking on 127 base metal complexes revealed unreliable spin state predictions by B3LYP,

PBE0, TPSSh and M06-L functionals, especially when energy gaps between the lowest energy spin states

were small. PBE0/def2-TZVP offered the closest optimised geometries to crystal structures but failed to

reliably predict spin-crossover (SCO) temperatures (TSCO) for 32 Fe(II) complexes. Kestrel, a computational

package using ligand field theory, achieved better TSCO predictions and demonstrated high sensitivity to

ligand–metal angular arrangement. Application of Kestrel to 2 DFT-detected spin-crossover catalytic

cycles confirmed agreement on ground-state spins but not SCO in key steps. These findings underscore

that DFT-based TSCO predictions based on single complexes should not guide SCO assessments particu-

larly in the solid state.

Introduction

Base-metal-catalysed reactions are widely considered more sus-
tainable alternatives to those catalysed by precious metals
such as Rh, Ir, Pd and Pt.1,2 More importantly, base metal cata-
lysts often exhibit different reactivities, particularly those invol-
ving single electron transfer, photo- or electrochemical exci-
tation steps, and redox processes, compared to those of pre-
cious metals, giving rise to a much wider range of organic
transformations.3–6 Thus, the spin states of the catalytic inter-
mediates and transition states are essential in rational catalyst
and ligand design for these reactions. Beyond catalysis, the
spin states of base metal complexes are equally critical in
molecular switches,7,8 data storage devices,9,10 and
sensors.11–13

For transient species such as catalytic intermediates and
transition states, a computational approach is the most likely
method to probe their spin states and related properties.
Current consensus on spin state calculations requires multire-
ference (CASSCF, CASPT2, NEVPT2, and MRCI) methods for
reliable results, due to the need for an accurate treatment of
distinct electronic configurations and electron correlation.14–16

Unfortunately, due to the computational demand, this is
impractical when applying to catalytic cycles,17–19 or in high
throughput in silico discovery mode.20 Thus, a wide range of
Density Functional Theory (DFT) methods and basis sets have
been employed instead, albeit with limited benchmarking
between methods to assess their accuracy and reliability.
Successful benchmarking studies have been carried out but
often for narrow systems, mostly Fe(II) complexes in octahedral
geometry, or with few examples,21,22 instead of with a diverse
range of organometallic complexes, whilst requiring some of
the most computationally expensive modelling methods, e.g.
CCSD(T).23–26 The most diverse benchmarking study on Cr,
Mn, Fe and Co complexes was reported by Ruiz et al., who con-
cluded that quantitative performance is not accurate enough
for spin-crossover (SCO) compounds.27 A study using semi-
empirical method GFN-xTB/GFN2-xTB with a spin-dependent
energy term is the only outlier to these general trends of
higher cost modelling methods and narrow range of com-
plexes, but its performance was only benchmarked against
those of TPSSh-D4/def2-QZVPP.28 Other researchers have tried
to address this gap with machine learning methods with some
levels of success, within narrow subsets of electron configur-
ations and geometries.29–32 In one study, the geometry and
metal–ligand bond lengths were used to predict the spin states
for 46 Fe(II) SCO complexes.32 Their performance is again
limited by the single-determinantal DFT methods employed to
generate the training data for the predictive models.

In this study, we report a benchmarking study of modern
DFT methods in predicting the most stable spin states of a set
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of 127 complexes of Cr(II), Mn(II), Fe(III), Fe(II) and Co(II) with
experimentally measured magnetic susceptibility data.33 The
best performing methods were evaluated in calculating the
spin-crossover temperature (TSCO) of 32 curated Fe(II) com-
plexes, against experimental data. The results were then com-
pared to those calculated by Kestrel,34 a computational
package based on ligand field theory which, in contrast to
single-determinantal DFT methods, calculates the energies of
all possible metal spin states. The results highlighted the
limitations of both approaches, the uncertainties associated
with modelling spin-crossover events,17,35 and possible
solutions.

Methods
Data curation

Metal complexes were searched on Reaxys with the criteria of
organometallic complexes having XRD data and magnetic sus-
ceptibility data to confirm ground state multiplicity at room
temperature. The search was stopped at 150 complexes. The
structures were checked manually, and complexes with radical
ligands were removed. Oxidation states were assigned to com-
plexes after careful verification using the information in the of
relevant papers.

A total of 127 complexes of Cr(II), Mn(II), Fe(III), Fe(II) and Co
(II) cations with experimentally determined ground state multi-
plicities and X-ray crystal structures were curated using Reaxys
and CCDC tools.36 These metals and oxidation states were
selected for their possible spin states, experimental data avail-
ability and their importance in base metal catalysis and material
design. Octahedral and non-octahedral (42% and 58% of the
total dataset respectively) structures were included, in contrast
to the more geometrically homogeneous dataset previously col-
lected by Cirera, Kepp and Kulik.25,27,37,38 The composition of
this dataset (base_spin_dataset) by coordination geometry and
multiplicities is summarised in Fig. 1 and Table 1. Some
examples of included structures are shown in Table 2.

Experimental TSCO values of 32 octahedral Fe(II) complexes
were collected from the literature (T_SCO_dataset, Fig. 2). The
majority of these complexes (26) came from the work of
Halcrow et al. due to the completeness of their reported data
(e.g. ΔS and ΔH values).39

DFT calculations

DFT calculations were performed using ORCA 6.0.1, with
DEFGRID3 for all 127 complexes in base_spin_dataset.40 The
selected functionals were B3LYP, PBE0, TPSSh and M06-L. The
triple-ζ basis set def2-TZVP was used in all cases. These led to
good success rates with B3LYP, PBE0, and TPSSh (3 jobs failed
each, due the large sizes of the complexes). The M06-L func-
tionals had a slightly lower success rate, with an additional 2
complexes failed due to persistent imaginary frequencies.

The same four methods and PBE0-D4 were applied to struc-
tures in T_SCO_dataset. In addition, r2SCAN/def2-TZVP was
included due to its low cost and good results in predicting

spin states against TPSSh values.26 The impact of solvation
was assessed for PBE0-D4/def2-TZVP, with SMD solvent model
employed for complexes that were measured in nitromethane
or acetone. The predicted TSCO values were compared with
those predicted in gas phase and experimental values.

Metrics for spin state predictions

The metrics employed to assess the DFT prediction of ground
state multiplicity out of three possible multiplicities for base_-
spin_dataset are the percentage of predictions with matching

Fig. 1 Analysis of base_spin_dataset, showing the included (a) geome-

tries, (b) metals, their oxidation states and multiplicities (1–6, in different

colours); and (c) geometries for different metal centres.

Table 1 Coordination geometry and approximate point groups

Closest point group Coordination geometry

C4v Square base pyramidal
D3h Trigonal planar or trigonal bipyramidal
D4h Square planar
Cs Complex geometries with one mirror plane
D5 Pentagonal antiprism (e.g. Cp*2Fe)
D5h Pentagonal prism (e.g. eclipsed Cp2Fe)
D∞h Linear
Oh Octahedral
Td Tetrahedral
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DFT calculated lowest energy spin state and experimentally
measured spin state (P1-score) and the single point energy gap
between the two lowest energy spin states in the gas phase (E1-
2, in kcal mol−1). Cr(II, d4), Mn(II, d5), Fe(III, d5) and Fe(II, d6)
can have multiple spin states, and thus E1-2 avoids the con-

fusion in describing low, middle and high spin states across
multiple metal centres.

TSCO predictions

Theoretical TSCO values were calculated for Fe(II) complexes in
T_SCO_dataset using the enthalpy (ΔH) and entropy (ΔS)
differences between the high-spin (HS, multiplicity of 5) and
low-spin (LS, multiplicity of 1) states:

TSCO ¼
ΔHHS‐LS

ΔSHS‐LS
ð1Þ

The thermodynamic values were calculated at 298 K in the
gas phase. Entropies were calculated with modified quasi-har-
monic approximation and enthalpies values included thermal
vibrational contributions. The calculated TSCO was compared
to experimental values. For a subset of PBE0-D4 calculations
where the experimental solvent is specified, both gas phase
and solvent phase (SMD model) TSCO values were calculated
(see SI, section S3).

Kestrel calculations

Kestrel is a computational package for ligand field calcu-
lations. The calculations are performed on monomeric 3dn (n
= 1–9) transition metal complexes in any coordination geome-
try, employing a full J, mJ set of the Russell–Saunders (RS)
states. These RS states are perturbed to first order using three
separate effective Hamiltonians (electron–electron repulsion,
ligand field and spin–orbit interaction) the sum of which
affords an overall effective Hamiltonian. The ligand field
Hamiltonian calculates the degree of dynamical electron corre-
lation between the Russell–Saunders components under the
effects of the ligand field, through the use of analytical inte-

Table 2 Structural diversity of base metal complexes in base_spin_da-

taset and their CCDC identifiers

Fig. 2 Chemical structures of complexes in T_SCO_dataset.
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grals originally developed by Gerloch and Woolley,41,42 in
which it is assumed that spatial overlap between the 3d and
ligand orbitals is minimal. Diagonalisation of the final con-
figuration interaction matrix, the individual elements of which
are calculated using the overall effective Hamiltonian, affords
eigenfunctions and eigenvalues for the d-configurations of the
transition metal complex. These values are used to compute
ligand-field transition energies/intensities, paramagnetic sus-
ceptibilities and EPR parameters for subsequent correlation
with experimental values.34

One key advantage of the “Gerloch method” which Kestrel
employs is that the overall ligand field Hamiltonian is calcu-
lated from the sum of individual σ- and π-bonding properties
of each ligand. These individual interactions are quantified
using e-values, parameters taken from the angular overlap
model, which are chemically intuitive. However, it is worth
noting that Kestrel is not an angular overlap model per se, as
no covalent overlap is assumed between ligand and metal-
based d-orbitals.

Since Kestrel only calculates the differences in electronic
energies, factors such as the difference in entropies of the low-
and high-spin states are not accounted for. For individual com-
plexes, this presents a major contribution to the TSCO, making
calculations with Kestrel to calculate the TSCO of single mole-
cules unfeasible,38,43–46 since the entropic contribution will
lead to an ‘unchemical’ reduction in e-values of the high-spin
state. However, in this study, Kestrel is used to examine the
differences in TSCO for a series of related complexes where the
entropy contribution to the TSCO is known to be constant
(within the error of DFT calculations) across the series. Thus,
the entropic factors leading to a reduction in e-values apply
equally to all of the complexes in this study.

Consequently, the RS-state eigenfunctions and eigenvalues
were calculated using Kestrel for each of the DFT-determined
[bis-{bis-(X-pyrazolyl)-Y-pyridine}Fe(II, d6)] (PBE0/def2-TZVP)
structures in the T_SCO_dataset,39 for which DFT calculation
revealed a constant entropy change within an error of ±1 kJ
mol−1 (Fig. S38) that is smaller than the >1–5 kcal mol−1 error
of DFT methods.16 Due to Kestrel’s multiconfigurational ana-
lysis, low-spin (singlet) structures were employed allowing the
relative energy of the high-spin state to be calculated.
Paramagnetic susceptibility vs. temperature plots were then
simulated within Kestrel, with the mid-point of these plots
(T1/2 = 1.5 cm3 K mol−1) giving individual TSCO’s (Fig. 3a)
which could be compared to experiment. In the first instance,
a plot of calculated vs. experimental TSCO’s was created, using
a fixed set of ligand field parameters for all complexes
(Fig. S30 and S31). (It is noted that, for R = –NH2 (HALC-5) and
–NMe2 (HALC-6), experimental TSCO’s are unavailable due to
the complexes remaining high-spin over the liquid range of
the solvent.) The e-parameters and Racah B, C values were
derived from fitting to the magnetic and spectroscopic data of
the unsubstituted Fe(II) HALC-1 complex (R = H).47,48 The
resulting eσ parameters for pyridine in this analysis are greater
than pyrazolyl by ∼1000 cm−1, indicating that the pyridine
ligands are stronger σ-donors. In addition, the pyridine

ligands have negative eπ parameters denoting them as
π-acceptors whereas the pyrazolyl ligands have small positive
eπ parameters denoting them as weak π-donors (Table 3).
Necessarily, the e-values used in this analysis will be reduced
by a magnitude of 1000–2000 cm−1 (12–24 kJ mol−1) to
account for the entropic stabilisation of the high-spin state.
The resulting correlation between calculated and experimental
TSCO’s was only fair (n = 26, R2 = 0.42, see SI, Fig. S30), with six
conspicuous outliers. These were: R = –pyrazolyl (HALC-8),
–SH (HALC-15), –cis-CHvCHPh (HALC-19), –cis-CHvCH
(C6H4-NO2) (HALC-20), –cis-CHvCH(C6H4-CN) (HALC-21), and

Fig. 3 (a) Susceptibility vs. temperature plots for selected [bis-{bis-(X-

pyrazolyl)-Y-pyridine}Fe(II)] PBE0/def2-TZVP optimised structures using

the fixed ligand field parameters; the midpoint, T1/2, used to extract

TSCO, is shown by the dashed line; (b) plot of Kestrel calculated vs.

experimental TSCO (n = 20, R2 = 0.72, Q2 = 0.18).

Table 3 Ligand field parameters used in calculations of TSCO

Ligand field parameters Value (cm−1)

Pyridine eσ 6900
Pyridine eπ −1335
Pyrazolyl eσ 6000
Pyrazolyl eπ 575
Racah B 1010
Racah C 3850
Spin orbit coupling 450
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Y = –CO2Et (HALC-25) (Fig. 2). Upon inspection of the com-
plexes with aromatic substituents (HALC-8, HALC-19–21), the
deviation of calculated TSCO to experiment could be attributed
to small differences in the metal coordination sphere brought
about by intermolecular interactions between their extended
aromatic substituents and the solvent, which, by definition,
are not included in PBE0/def2-TZVP optimisation.

For these complexes, subsequent inspection of the experi-
mental crystal structures showed large differences to the PBE0/
def2-TZVP calculated geometries.49 For instance, for HALC-19,
the interplanar angle formed between the best-fit planes
defined by the Fe and three N-coordinating atoms was 90.0°
for the PBE0/def2-TZVP optimised structure, compared to a
value of 80.2° for the crystal structure (Fig. S32), with similar
differences for the other aromatic complexes. While differ-
ences between DFT optimised and XRD geometries are
expected, due to packing effects and the differences between
positions of nuclei and electron density, these are significant
changes which will impact LFT energies. Thus, the HALC-8,
HALC-19, HALC-20 and HALC-21 complexes were excluded
from subsequent analysis.

Inspection of the PBE0/def2-TZVP optimised structures of
the remaining complexes revealed that the HALC-25 Fe–N(pz)
bond length (1.994 Å) was reduced by >3σ compared to the
averages of the other 27 DFT-optimised structures (2.001(2) Å)
(Fig. S33). Whilst this difference is within the error of DFT
optimisation (0.005–0.010 Å),16 correlation of Kestrel-calcu-
lated TSCO’s with the Fe–N(pz) bond length (n = 23, R2 = 0.64),
shows a high sensitivity to the precise bond length such that a
deviation of 0.007 Å would cause the calculated TSCO to vary by
∼200 K (Fig. S34). Consequently, HALC-25 was also excluded
from the subsequent analysis.

The variation of TSCO with the smallest N(pz)–Fe–N(py)
angle for each of the remaining complexes was then examined
to assess the impact of the angular arrangement of the coordi-
nating atoms (Fig. 7a, angle A). The correlation between the
angle and calculated TSCO was excellent save for one outlier
HALC-3 (R = –CH2SCN). Without HALC-3, n = 22, R2 > 0.99
(Fig. S35). Examination of the PBE0/def2-TZVP optimised
structure for HALC-3 showed an extra distortion in which the
substituent on the pyridine ring had “folded back” towards the
complex, thereby forcing the bis-{bis-(X-pyrazolyl)-Y-pyridine}
ligand away from planarity (Fig. S37). This distortion is quanti-
fied in the angle formed between the Fe–N(py) vector and the
plane described by N(pz)–Fe–N(pz), which has a maximum
value of 0.36° (average = 0.08(11)°) for all other complexes,
whereas HALC-3 (2.55°) has a significantly larger deviation.
Inclusion of dispersion (PBE0-D4), solvent (SMD) and explora-
tion of conformers did not significantly alleviate this
distortion.

Based on these differences, we concluded that the DFT-cal-
culated structures of HALC-3, HALC-8, HALC-19–21 and
HALC-25 in gas phase did not represent the experimental
structures in solution and, as such, they were excluded from
the remainder of the ligand field analysis. The final data set
contained 20 calculated structures.

TSCO dependence on e
σ
values. Kestrel was used to examine

the sensitivity of the energy gap between the singlet (low spin
Fe(II)) and quintet (high spin Fe(II)) configurations to individ-
ual ligand field parameters in the absence of spin–orbit coup-
ling. This approach is akin to using a Tanabe–Sugano
diagram. Here it was seen that the energy gap is most sensitive
to Racah B values, but then also sensitive to both eσ and eπ
values, as expected from simple ligand field considerations
(Fig. S41). Since the eσ values for each of the separate com-
plexes would vary depending on the substituent, individual eσ
values were determined for each of the complexes, with their
relative values constrained to follow the trend expected from
the differences in Hammett parameters of the substituents. As
such, Kestrel was used in a semi-predictive sense to calculate
the TSCO’s of the range of complexes herein.

To obtain the variation of eσ values with respect to their
Hammett parameters (H), the following fitting procedure was
used. In the knowledge that the pyridine acts as a π-acceptor
ligand and pyrazolyl a weak π-donor, the eσ values of each were
varied to find the best fit to the known Hammett parameters (H)
of the substituents,39,50 starting with the fixed eσ and eπ values
from above (Fig. S42 and S43). The resulting correlations were
found for pyridine: eσ (cm−1) = 6930 − 85·H, and pyrazolyl: eσ
(cm−1) = 5995 + 65·H (n = 20, R2 = 0.87 and 0.95 respectively). A
final, small refinement of the e-value – Hammett parameter corre-
lations was performed by maximising the correlation coefficient
(n = 20, final R2 = 0.81) between calculated and experimental SCO-
temperatures, to give the following relationships: pyridine: eσ
(cm−1) = 6929 − 94·H, and pyrazolyl: eσ (cm

−1) = 5995 + 70·H.

Determining spin states of catalytic transition states

The structures of the catalytic intermediates and transition
states were taken from the DFT calculations in the original
reports, and used as input to Kestrel.17,18 Initial parameter
values for the ligand in each complex were taken from e-values
of other closely-related transition metal complexes. For the
exogenous ligand, parameters were also taken from known
complexes, albeit less closely-related (Table 4).51,52 These
values were manually varied over a range of approximately
±10% to explore the spin states ‘landscape’ of the transition
state. Final parameter values are summarised in the SI, Tables
S54–S56. Where the ground spin state from Kestrel differed
from that calculated from DFT, the parameter values in Kestrel
were varied without constraint to determine if a match could
be found to the spin state from DFT. The chemical feasibility
of the resulting e-values was then assessed.

Results and discussion
Benchmarking of DFT methods for base_spin_dataset

A benchmarking study by Truhlar et al. on 14 Fe(II/III/IV) com-
plexes indicated that B3LYP, PBE0 and M06-L are among the
best performing functionals in spin state prediction.53 In
addition, TPSSh/def2-TZVP method has been employed
recently by other researchers to benchmark the ground state

Inorganic Chemistry Frontiers Research Article
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multiplicity predictions of other methods, where no experi-
mental data was available.54–56 Thus, four functionals were
selected for calculations of all complexes in base_spin_dataset

using ORCA 6.0.1, using the def2-TZVP basis set. Grimme dis-
persion corrections were not included, due to conflicting
assessments on their impact on SCO,27,38 to allow their impact
to be evaluated later. The selected functionals were hybrid-
GGA (B3LYP, PBE0) and hybrid-meta-GGA methods (TPSSh,
M06-L) which often offer a good balance between accuracy and
computational cost.16

The four DFT methods performed well in optimising the
complexes in base_spin_dataset. The deviations from crystal
structures are summarised in Fig. 4. On average, the bond
lengths and bond angles are in good agreement with crystal
structures, except for a modest general elongation of bond
lengths with B3LYP/def2-TZVP.57 PBE0 gave the closest opti-
mised structures and more significant changes in bond angles
were observed for Fe(II), Fe(III) and Co(II) complexes.

To assess the performance of each DFT method to accu-
rately predict the ground state multiplicity within base_spin_-

dataset, two metrics were used: (i) the percentage of predic-
tions with matching DFT calculated lowest energy spin state
and experimentally measured spin state (P1-score), and (ii) the
single point energy gap between the two lowest energy spin
states in the gas phase (E1-2). These have the benefit of allow-
ing for the potential error of each DFT method (typically
>1–5 kcal mol−1 with conformational and numerical noise),16

and assessing the link between the chance of successful pre-
diction of ground state multiplicity against the energy gap
between the two lowest spin states of each complex. The
results are summarised in Table 5 and Fig. 5.

In general, P1-scores ranged from 64% to 100% for individ-
ual metal centres and functionals. On average, TPSSh per-

formed the worst (79%), in contrast to the results from Ruiz
and Kepp,27,38 and B3LYP performed the best (92%), followed
by M06-L (90%) and PBE0 (91%) functionals. Closer examin-
ation of spin contamination indicated that 59% of the com-
plexes have a DFT-calculated〈S2〉 value more than 10% higher
than the nominated s(s + 1) value, with higher contamination
at lower spin states. This inherent issue of DFT calculations is
present in all four functionals (see SI, Fig. S2 and Table S39).

The accuracy is highly dependent on the metal centre and
electron configuration, with Fe(III)/d5 being the most difficult
to predict accurately.21,24,58 Spin -admixture and mixed spin
states have previously been suggested to be a possible cause of
this.59–63 Interestingly, the Mn(II)/d5 complexes were better pre-
dicted compared to Fe(III)/d5 within the same DFT methods.
One possible explanation is the geometries of these two metal
centres (Fig. 1a). Octahedral geometry (Oh) is significantly rep-
resented in both Mn(II) and Fe(III) complexes in base_spin_da-

taset, but the Fe(III) complexes also included a large number of
5-coordinate complexes. Examination of the rate of incorrect
spin state prediction showed a significant increase for C4v, D5

Table 4 Ligand field parameters used in calculations of spin states of

catalytic transition states

Ligand field parameters Value (cm−1)

Phenanthroline eσ 7500
Phenanthroline eπ −1000
Silane eσ 5500
Silane eπ 0
Alkyne eσ 7000
Alkyne eπ −1000
Alkene eσ 6500
Alkene eπ −500
Hydride eσ 8000
Hydride eπ 0
Dioxygen (side on) eσ 6500
Dioxygen (side on) eπ +500
Dioxygen (end on) eσ 8000
Dioxygen (end on) eπ −1000
Triflate eσ 7000
Triflate eπ 0
Pyridine eσ 7000
Pyridine eπ −750
Bisulidine eσ 7250
Bisulidine eπ 0
Styrene eσ 6500
Styrene eπ −500

Fig. 4 Geometrical accuracy of DFT optimisation using B3LYP, PBE0,

TPSSh and M06-L functionals against crystal structure data, with def2-

TZVP basis set (Δ = DFT values − crystal structure values): (a) differences

in metal–ligand bond lengths, and (b) differences in ligand–metal–

ligand bond angles.

Table 5 P1-scores for ground state multiplicity prediction performance

of DFT functionals using def2-TZVP basis set in base_spin_dataset

Metal centre B3LYP PBE0 TPSSh M06-L

Cr(II) 88 88 88 93
Mn(II) 93 93 83 96
Fe(III) 86 86 64 79
Fe(II) 100 96 70 87
Co(II) 93 93 93 96
All 92 91 79 90
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and D5h geometries (see SI, Fig. S1).23 For PBE0 calculations,
incorrectly assigned multiplicities to square pyramidal and D5/
D5h sandwich complexes make up just under half the errors
(45%). In addition, larger differences in bond angles between
DFT-optimised structures and crystal structures were observed
for Fe(III) and Fe(II) complexes compared to other metal centres
in base_spin_dataset (Fig. 4b). Thus, the poor performance of
DFT methods in predicting the ground state multiplicity of Fe
(III)/d5 complexes is likely linked to the metal centre itself and
the geometry optimisation via DFT methods.

Lastly, the link between E1-2 and the possibility of accurate
prediction of ground state multiplicity is shown in Fig. 5.
Generally, a larger E1-2 value resulted in more accurate predic-
tions of the lowest energy spin state, and a smaller E1-2 value
resulted in less confidence in the DFT predicted ground state
multiplicity. B3LYP, PBE0 and TPSSh functionals gave similar
performances, with the Fe(III) EXUBIK complex being wrongly
predicted with an E1-2 value of ≈26 kcal mol−1. For B3LYP,
PBE0 and TPSSh, the data suggests that a threshold of E1-2 >
20 kcal.mol−1 may be used to assign the multiplicity predic-
tion with some confidence based on these DFT methods.

However, the poor performance of all 4 methods raised ques-
tions on their reliability in predicting spin-crossover materials
and catalytic pathways, wherein the E1-2 values must be rela-
tively small at ambient conditions. These are in agreement
with the findings by Radoń et al. on a smaller set of 17 tran-
sition metal complexes.21 Thus, these 4 DFT methods were
benchmarked in predicting spin-crossover temperatures (TSCO)
of 32 experimentally measured Fe complexes in
T_SCO_dataset.

Application of the best DFT methods to TSCO prediction

Experimental TSCO values of 32 octahedral Fe(II) complexes
were curated from the literature to form T_SCO_dataset for
this part of our study. The four functionals, i.e. B3LYP, PBE0,
TPSSh and M06-L, were applied with the def2-TZVP basis set
to calculate TSCO using eqn (1). The relatively inexpensive meta-
GGA method r2SCAN/def2-TZVP was also included due to its
recent favourable performance in predicting spin state ener-
gies against results using TPSSh.26 PBE0-D4 functionals were
also included in order to assess the impact of dispersion cor-
rection on TSCO prediction.

All six methods performed generally poorly in predicting
TSCO, (see SI, section S3.2). Previous studies have suggested
that the counterion, which is not included in DFT calculations,
can influence TSCO in solution phase,64 but the documented
changes are much smaller than the observed differences.
Additionally, three complexes were often persistent outliers in
more than one method (WAHKEX, KEKVIF03 and HALC-20,
Fig. 2). Once these were removed, the rest of the predictions
showed linear trends, albeit with large scattering, against
experimental TSCO values (Fig. 6). The best method was M06-L
(R2 = 0.71, Fig. 6b) and the worst method is PBE0 (R2 = 0.46,
Fig. 6c and Table S41). Surprisingly, r2SCAN functionals per-
formed relatively well compared to the more expensive
methods (R2 = 0.65, Fig. 6e). Inclusion of dispersion correction
in PBE0-D4 optimisation only improved the predictions
slightly (R2 = 0.59, Fig. 6d). As the influence of solvation on
optimised structures, entropy, and consequently TSCO, can be
significant,65 the impact of solvation models was also
assessed. Inclusion of acetone and nitromethane as solvents,
where they were used in experimental measurements, using
SMD solvation model with PBE0-D4 resulted in no detectable
improvement to TSCO predictions (see SI, section S3.1.5–6).

The outliers, particularly WAHKEX and KEFVIF, which are
poorly predicted in most methods, were examined carefully.
Both these complexes differ from the rest in T_SCO_dataset in
that they contain the same monodentate ligand SCN−. Analysis
of the optimised structures of singlet and quintet states from
B3LYP, PBE0 and r2SCAN functionals showed that these
ligands are treated differently by each of these functionals.
Compared to the crystal structures, bond lengths lengthen
trans to the SCN− in B3LYP optimised structures and contract
uniformly in r2SCAN optimised structures. PBE0 functionals
resulted in the smallest changes in bond lengths as expected.
More importantly, the C–N–Fe angles of the SCN− ligand, in
the quintet state, differ significantly between B3LYP/PBE0 opti-

Fig. 5 Relationship between E1-2 (energy gap between the two lowest

energy spin states) and incorrect predictions of ground state multiplicity

by DFT methods: (a) B3LYP/def2-TZVP; (b) PBE0/def2-TZVP; (c) TPSSh/

def2-TZVP; and (d) M06-L/def2-TZVP.
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mised structures and those optimised with r2SCAN (SI,
Fig. S25 and Table S43). More spin density is localised on the
S atom of the SCN− ligands when optimised with r2SCAN,
which represents more significant electron donation from the
Fe centre to the SCN− ligands. This led to the change in the
hybridisation of the coordinating N-atoms.

Finally, the impact of the conditions of TSCO measurements
was assessed. Some correlation between the distortion of the
complex’s geometry from perfect octahedral geometry (d_mag-
nitude) with the difference between experimental and DFT-pre-
dicted TSCO values (calculated in gas phase) can be observed
for those measured in solid state (SI, Fig. S24).66 In general,
DFT-optimised structures with more distortion are predicted
more poorly. Solution-measured TSCO values do not follow this
trend, highlighting that significantly different factors influence
TSCO in solid and solution states.

TSCO prediction with Kestrel

Kestrel is a computational package for ligand field calcu-
lations.34 Kestrel performs multiconfigurational calculations,
which, unlike the single-determinant approach typically used
in DFT, means that Kestrel simultaneously computes the ener-
gies, configurations, and spin states of all relevant electronic

states. Furthermore, the use of the effective Hamiltonian com-
bined with the processing powers of modern desktop compu-
ters means that the calculations in Kestrel are carried out in
real time—even for d5 systems (where each matrix involves
over 63 000 integrals). This capability allows users to explore
how changes in the chemical environment affect the spec-
troscopy of a complex, in a way that resembles the functional-
ity of a Tanabe–Sugano diagram.

The combination of chemically meaningful e-values and
real-time configurational interaction analysis enables chemists
to explore interactively the full spectrum of electronic eigen-
values and eigenfunctions. Thus, Kestrel provides a different
approach to predicting TSCO compared to both DFT and
CASSCF methods.67

Correlation of spin crossover temperatures with ligand field

parameters

Using a ligand field approach with a fixed set of ligand field
parameters (Table 3), susceptibility vs. temperature plots were
generated for each of the complexes listed (Fig. 3a) to investi-
gate the sensitivity of TSCO to the angular arrangement of the
ligands. The midpoint (T1/2) gave the TSCO for each complex
which was compared to the experimental value (Fig. 3b). As a
first stage analysis, the correlation between experiment and
theory was good (R2 = 0.72) illustrating that ligand-field con-
figuration–interaction analysis is able to span the eigenstates
(singlet and nearby quintet) and their Boltzmann populations
to reproduce accurately the TSCO variations seen for the range
of [bis-{bis-(X-pyrazolyl)-Y-pyridine}Fe(II, d6)] complexes in
T_SCO_dataset. Furthermore, a MAE of 28.2 K indicates that
any variation in entropy changes is small between the com-
plexes and can be accounted for with the initial e parameters
used in this analysis. A weak predictive squared correlation
coefficient (Q2 = 0.18),68 however, shows this analysis to have
only limited capability to calculate TSCO values a priori. This is
due to a systematic underestimation of TSCO’s compared to
experimental values when using the fixed set of ligand field
parameters (Fig. 3b, dashed line), see section below.

Since singlet-quintet gap of this range of complexes spans
almost 300 cm−1, the small angular variations between the
structures of complexes in the low-spin state are one of the
principal contributors, if not the principal contributor, to the
differences in TSCO’s between the complexes. This conclusion
runs somewhat counter to existing analyses of these complexes
which relate the differences in coordinating strengths of the
ligands as the main means by which the TSCO’s vary.39,69

Indeed, the sensitivity of TSCO to small angular variations can
be seen from both the dependency of the TSCO’s on the N(py)–
Fe–N(pz) angles (Fig. S35) and the variation plot in Fig. 7a. The
latter calculates the singlet-quintet gap as a function of the
intra-ligand (angle A) and inter-ligand (angle B) angles,
showing that even small angular variations (<0.6°) of each of
these can span almost 300 cm−1 in the singlet-quintet gap.
This effect was observed and rationalised in earlier studies by
us and others.70,71 Whilst the angular arrangement of the
high-spin state is different from the low-spin state, analysis of

Fig. 6 Plots of predicted vs. experimental TSCO values for

T_SCO_dataset without the three outliers: (a) B3LYP/def2-TZVP; (b)

M06-L/def2-TZVP; (c) PBE0/def2-TZVP; (d) PBE0-D4/def2-TZVP; (e)

TPSSh/def2-TZVP; and (f ) r2SCAN/def2-TZVP.
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the variation in the same angles for the high-spin (PBE0) struc-
tures revealed a much weaker correlation (Fig. S36). Hence, the
change in geometry and thus the TSCO between complexes is
principally governed by the angular arrangement of the low-
spin state that is considered in Kestrel’s calculations, with the
high-spin angles offset by a constant value (∼6.5°, Fig. S39).
Indeed, the anticipated error from neglecting the high-spin
geometry is 50 K, i.e. ±25 K, which is within the MAE of 28.2 K
between experimental and calculated TSCO in Kestrel’s analysis
using fixed e-values.

Contribution of σ-donating properties of ligands to spin-

crossover temperature

Notwithstanding the ability of Kestrel to delineate the princi-
pal causes of variation in TSCO from a simple first analysis, it
was evident that the ligating properties of each ligand within
the range of complexes was also an important factor in using
Kestrel to model TSCO’s. To address this issue, two approaches
were adopted to assess the extent of variations in ligand field
strengths. In the first approach, the σ-donating strengths of
the pyridine and pyrazolyl ligands were adjusted to give an
exact match between calculated and experimental TSCO’s. This
could be achieved with only a modest change, the difference
between the largest and smallest values, in eσ values (±
47 cm−1 for pyridine and ±38 cm−1 for pyrazolyl). This indi-
cated that the precise ligand field strength is a small factor in
the observed variation in TSCO and further supports that vari-

ations in entropy changes and the high-spin geometry are
small between the complexes. However, this approach lacks a
predictive ability since eσ values are manually varied to fit
known data.

Thus, in a second approach, eσ values for each ligand were
determined a priori from their known Hammett parameters
(see SI, Table S52), which were then used to calculate TSCO for
each complex, thus eliminating the need to fit to experimental
data. The correlation with experimental values is shown in
Fig. 7b. and is good (R2 = 0.81, Q2 = 0.78) with one outlier (R =
–SH). The eσ values used in this second analysis again show
only modest ranges (±54 cm−1 for pyridine and ±40 cm−1 for
pyrazolyl). Therefore, both approaches show that the relative
ligating strengths of the different ligands is only a small con-
tributor to the individual TSCO. However, a significant improve-
ment in the Q2 value from 0.18 to 0.78 when determining eσ
values from their Hammett parameters, shows the consider-
ation of σ-donor strength to be important in enhancing the
predictive capacity of the ligand field approach used within
Kestrel. By leveraging derived Hammett parameters,50 this
approach can be extended to predict the TSCO of un-syn-
thesised substituted derivates of a common ligand scaffold,
providing a valuable computational tool to aid in tuning the
electronic properties of a complex and its precise SCO
characteristics.

These results indicate that changing the substituent only
slightly modifies the relative donor strengths of the pyrazolyl
and pyridine ligands, the principal cause in variation of TSCO
between the complexes being the effect that the different sub-
stituents have on the angular distribution of the ligating
atoms within the individual complexes. The change in angular
arrangement of ligating atoms as a function of substituent can
be rationalised as follows: increasing the strength of the σ-
donation of pyrazolyl in comparison to that of pyridine
enhances the pyrazolyl ligand’s overlap with the 4p valence
orbitals of the metal ion. This leads to an angular dependence
of the coordinating atoms as a function of substituent. The
result is a change in the intra- and inter-ligand bite angles,
both of which are sensitive determinants of the TSCO of the
complex. This is the principal mechanism by which the TSCO
varies as a function of substituent. Thus, the most effective
approach to prediction of trends in spin states and TSCO of
base metal complexes is to employ reliable DFT-optimised geo-
metries in Kestrel.

Application of Kestrel to PBE0-D4 structures

Given the sensitivity of Kestrel to the angular arrangement of
the ligating atoms, PBE0-D4/def2-TZVP optimised geometries
of complexes in T_SCO_dataset were employed to evaluate
improvement in the predictions of TSCO. Using the parameter
values in Table 3, a significantly better Pearson correlation
coefficient value was obtained, (R2 = 0.57, n = 26, Fig. S31),
compared to the value achieved using PBE0/def2-TZVP opti-
mised geometries (R2 = 0.42, n = 26, Fig. S30).

Analysis of the PBE0-D4 optimised structures showed the
same reduced bond length for HALC-25 and “folding back” of

Fig. 7 (a) Variation of angle A (black) and angle B (red, empty) with

LS-HS energy using the fixed ligand field parameters (Table 3); (b)

experimental vs. ligand field-calculated TSCO, where the ligand field

strengths are linked to Hammett parameters of the substituents.
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the CH2SCN substituent for HALC-3 as discussed for the PBE0
structures. Thus, these outliers were excluded from TSCO pre-
diction with Kestrel, giving a good correlation between experi-
mental and calculated TSCO (n = 24, R2 = 0.64, Fig. 8a). For the
complexes with extended aromatic substituents (HALC-8 and
HALC-19–21), PBE0-D4 shows a greater distortion of interpla-
nar angle from 90° than for the PBE0 optimised structures: for
instance, the interplanar angle in HALC-20 is 89.7° compared
to 90.0° for the PBE0 optimised structure, and 86.0° for the
crystal structure.49 Including dispersion correction evidently
results in a more accurate treatment of the complexes with
extended aromatic substituents and hence prediction of TSCO
by Kestrel (see SI, Table S51).

Whilst including dispersion correction in DFT optimis-
ations gives a more accurate treatment of the aromatic-substi-
tuted complexes, the fitted linear curve in Fig. 8a has a slope
significantly different from the desired value of 1. This likely
reflects a global change in the donor properties of the ligating
atoms and/or the entropy-enthalpy compensation brought
about by the change to the PBE0-D4 functionals.
Consequently, this was corrected for by reducing the initial eσ
value for pyridine to 6860 cm−1 (from 6900 cm−1) and that for
pyrazolyl to 5980 cm−1 (from 6000 cm−1). Exact eσ values were

then determined for each complex using the Hammett corre-
lations derived in the previous analysis: pyridine eσ (cm−1) =
6860 − 94·H and pyrazolyl: eσ (cm−1) = 5980 + 70·H (see SI,
Table S53). This analysis resulted in a significant improvement
in the ability of Kestrel to predict the exact TSCO (R2 = 0.71, Q2

= 0.57, RMSE = 23.3 K, n = 24, Fig. 8b).
Whilst this is a weaker correlation than those of predictions

using PBE0 structures (R2 = 0.81), it should be emphasised
that this analysis includes 4 more complexes, due to the
improved geometric accuracy of PBE0-D4 functionals. A like-
for-like comparison, with HALC-8 and HALC-19–21 included
for PBE0 geometries, gives a weaker correlation and higher
RMSE (R2 = 0.56, Q2 = 0.27, RMSE = 30.6 K, n = 24), supporting
a clear improvement in predictive ability with the PBE0-D4
structures. This highlights the sensitivity of spin crossover to
the precise nature of the ligand field surrounding the metal
centre.

Spin state prediction for catalytic intermediates and transition

states with Kestrel

Kestrel was used to evaluate two catalytic reactions where spin
crossover has been reported to be part of the mechanism
based on DFT calculations.17,18 These are Fe(II)/Fe(III) catalysed
C(sp3)–H silylation and oxidation of styrenes, reactions of great
industrial interest which also highlight the challenges in deter-
mining the spin state of the relevant catalytic species. The DFT
methods employed were ωB97XD/def2-TZVP(SMD:THF)//
ωB97XD/6-31G*-TZVP and UB3LYP/LanL2DZ /cc-pVTZ//
UB3LYP/LanL2DZ/6-31G*. Based on the unconvincing per-
formance of most DFT functionals in predicting the lowest
energy spin states of Fe(II) and Fe(III) complexes (Table 5) and
in predicting TSCO of Fe(II) complexes (Fig. 6), we decided to
carry out an independent assessment of the key catalytic
species and transition states in these two reactions with
Kestrel (Scheme 1). The results in the last sections have high-
lighted the importance of angular arrangement of the ligands
on the spin state of Fe(II) species, and we expect this to be even
more critical in catalytic transition states, leading to the evalu-
ation of Kestrel’s predictions against those of DFT methods.

Allylic C(sp3)–H silylation/alkene hydrosilation. This reac-
tion is catalysed by a Fe(II)/1,10-phenanthroline complex. The
previously reported spin crossover step is between a triplet TS1
and a quintet INT1 (Scheme 1).18 Thus, the energies of the
singlet, triplet and quintet states for TS1 and INT1, were calcu-
lated using Kestrel and compared to those from the original
publication.

Whilst the quintet ground spin state of INT1 is in agree-
ment with that from DFT calculations, TS1 is predicted to be
in a quintet ground state instead of a triplet ground state. To
assess the robustness of these results, variation diagrams were
calculated (Fig. S45). Despite varying the ligand field para-
meters over a wide range, the quintet state remained around
3000 cm−1 above the triplet ground state, even at chemically
unfeasible e-values. This indicates that the disagreement
between Kestrel and DFT is likely not a result of poor parame-
terisation in the ligand field calculations or of a restricted

Fig. 8 (a) Experimental vs. Kestrel-calculated TSCO using PBE0-D4 opti-

mised geometries (n = 24, R2 = 0.64); (b) experimental Kestrel-calcu-

lated TSCO using PBE0-D4 optimised geometries where eσ values are

linked to the Hammett parameters of the substituents (n = 24, R2 =

0.71).
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basis set. It is notable that DFT calculations differ from those
in Kestrel as the former includes significant covalent overlap
between ligand orbitals and metal-based 3d orbitals, which
necessarily can lead to large ligand-field splitting. In this case,
such overlap could explain why DFT calculations predict a
triplet rather than quintet ground state for TS1. While such
covalent interactions will always contribute to the energy of
the metal-based d orbitals, how much of this is overestimated
by DFT calculations because of the self-interaction error which
is a feature of such calculations is unknown.

As calculations in Kestrel cover all possible spin states at the
metal, it is revealed that the quintet ground state in TS1 con-
tains approximately 0.5% triplet character via spin–orbit coup-
ling (Fig. 9a) and also that there is a thermally accessible singlet
state (950 cm−1 at 298 K) with ca. 5% triplet character. Whether
these admixtures of triplet state into the ground state or the
thermally accessible singlet/triplet state offer alternative path-
ways to the reactive triplet surface is an open question. A similar
argument has recently been made for the reactive intermediates
in other Fe complexes and Fe-based P450 enzymes.72,73

Fe(III)-catalysed styrene oxidation. This reaction is catalysed
by a Fe(III) catalyst with a tridentate ligand. Two mechanisms
were proposed based on DFT calculations: (i) path I which

starts with olefin coordination, and (ii) path II which starts
with dioxygen coordination (Scheme 1).17 DFT calculations
suggested that a spin-crossover step from octet RC3 (a combi-
nation of sextet 3d5 complex and triplet dioxygen) to sextet TS3
is a key step in the dominant catalytic cycle.

The energies of the doublet, quartet and sextet states for
RC2/RC3, TS2/TS3 and INT2/INT3 were calculated using
Kestrel. For path I, ligand field calculations agreed with DFT-
calculated energies for RC2 and TS2, both of which predict a
sextet ground state, albeit with small differences on the exact
energies of the excited doublet and quartet states. INT2 was
also found to have a sextet ground state, but DFT calculations
placed the excited doublet and quartet states much closer in
energy to the sextet ground state than in Kestrel’s calculations.
For path II, both methods of calculations show the energetic
differences between the different spin states to be much lower
for TS3/INT3 than those of path I. However, the sextet state is
predicted to be the ground state for all transition states and

Scheme 1 Structures of calculated transition states and intermediates.

Ligand field calculations were performed on the coordinating atoms and

the atoms highlighted in blue.

Fig. 9 (a) Configurational mixing of lowest energy quintet (left), singlet

(middle) and triplet state (right). Singlet (grey), triplet (blue) and quintet

(orange) configuration contributions to each state are shown. (b) Energy

profile of literature DFT calculated spin-state energies (dashed lines) and

Kestrel calculated spin state energies (solid lines) for the singlet (black),

triplet (blue) and quintet (orange) states for TS1 and INT1.

Fig. 10 (a) Energy profile of DFT calculated spin-state energies (dashed

lines) and Kestrel calculated spin state energies (solid lines) for path I; (b)

energy profile of DFT calculated spin-state energies (dashed lines) and

Kestrel calculated spin state energies (solid lines) for path II. Energies are

shown for doublet (black), quartet (blue) and sextet (orange) states.
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intermediates by ligand field calculations, in contrast to
reported DFT results (Fig. 10) where TS3 and INT3 have a
triplet ground state. Thus, Kestrel predicted no spin crossover
in the catalytic cycles of this reaction.

The differences between Kestrel and DFT predictions may
be attributed to the different ways in which covalency is
handled. In this regard, the presence of a S ≄ 0 “O2 ligand” in
the coordination sphere brings not only the possibility of
enhanced covalent bonding to the metal through its high-lying
π* valence orbitals, but also exchange interactions between
ligand and metal. How much the explicit lack of accommodat-
ing these factors in the ligand field calculations affects the
results is unknown. However, since there is broad agreement
between the energy levels calculated by both methods, the
effect may be small.

Conclusion

Our DFT benchmarking of the lowest energy spin state of 127
base metal complexes in base_spin_dataset showed that
B3LYP, PBE0, TPSSh and M06-L functionals perform unreliably
for all metals, particularly when the energy gap between the
two lowest energy spin states is small. On average B3LYP, PBE0
and M06-L are better functionals (91% accurate for the lowest
energy spin state) than TPSSh. PBE0/def2-TZVP is the most
reliable method for geometrical optimisation, albeit still with
significant differences in bond angles, when compared to
crystal structure of the complexes. These shortcomings are
reflected in poor performance in predicting the spin-crossover
temperature TSCO of Fe(II) complexes in T_SCO_dataset with
optimised geometries from PBE0/def2-TZVP.

Predictions of TSCO using ligand field theory with Kestrel
gave much better results, due to its multiconfigurational calcu-
lations and approach of fitting ligand field parameters to
experimental data, with the correlation of eσ values with the
Hammett parameter of each substituent providing an effective
means of predicting TSCO for range of substituents within a
common ligand framework, with potential for extension to
various novel substituted complexes. Kestrel also revealed the
high sensitivity of the TSCO value for a Fe(II) complex to even
small changes in the angular distribution of ligands, signify-
ing how Kestrel’s ligand field approach permits greater insight
into the electronic and geometrical nature of a system than the
‘black-box’ calculations of DFT. Both findings provide greater
understanding of how TSCO is affected by the surrounding
coordination environment. The approach was extended to two
literature examples of catalytic cycles which contain DFT-sup-
ported spin-crossover mechanistic steps. In both cases, Kestrel
agrees with DFT on the lowest energy spin states of the starting
intermediate, but indicates no spin-crossover in the relevant
mechanistic steps.

Thus, DFT prediction of TSCO should not be used as the
basis of assessment of SCO events, including spin-crossover
catalysis. These results also highlight the need to include
intermolecular interactions in future predictions in solid state.

Such interactions can be either structural or electronic in
origin, both of which would have a significant impact on the
TSCO of a complex.
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