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Understanding kinetically controlled spin
transitions in bistable spin crossover materials†

Sergi Vela, * Maria Fumanal and Carmen Sousa

Spin crossover (SCO) materials can be kinetically trapped in a photo-excited metastable state in the

so-called LIESST and reverse-LIESST processes. Under these conditions, SCO molecules are excellent

light-responsive bistable molecular switches. However, above a certain temperature (TLIESST and Tr-LIESST,

respectively), the relaxation to the ground state becomes favorable and their bistability is suppressed.

Understanding the mechanism of these processes, and being able to predict their kinetics, is key to

designing SCO switches that are able to operate at room temperature. Herein, we reveal the mechanism

of thermally induced spin transitions of the [FeII(1-bpp)2]2+ SCO complex, and we predict its TLIESST (as

well as its T1/2) with unprecedented accuracy. This is possible here thanks to the efficient reconstruction

of the low-spin (LS, S = 0), high-spin (HS, S = 2) and intermediate (IS, S = 1) state Free energy surfaces

(FESs) with ab initio and machine-learning methods, and the characterization of the minimum energy

crossing points (MECPs) connecting those FESs. This approach paves the way for the systematic

investigation of molecular features determining the mechanism of kinetically controlled transitions in

SCO materials, as well as their temperature-dependent rate constants.

1. Introduction

The characterization and exploitation of the spin crossover
(SCO) phenomenon has been one of the main adventures in
chemistry in the last 30 years.1–9 It refers to a reversible spin
transition between states of different spin multiplicity, and is
regarded as a molecular switch able to significantly modify the
physical properties of the molecule (or crystal). Consequently, it
has been exploited in multiple applications including displays,
memories, sensors, detectors, contrast agents, refrigerators,
and actuators,10–14 and is currently investigated for their use in
barocalorics,15,16 thermal damping17 and explosives.18 Typically
(but not exclusively19–22), SCO materials are based on transition
metals with FeII being the most common spin bearer.1,5 The
SCO transition can be triggered using several stimuli with
temperature23 and light24,25 being the most widely employed
(among others26,27). In the first case, temperature exploits the
larger entropy of the high spin (HS) state to revert the stability
of relative states at T1/2 (see Scheme 1). In the second case, light
irradiation is applied to the most stable state (the low-spin
state, LS) to trigger an isothermal SCO transition (green arrow,
Scheme 1). When the metal is both the chromophore and the

spin center, the process is called LIESST (Light-Induced Excited
Spin State Trapping),23,25,28–30 and the transition to the HS state
usually occurs in less than a picosecond.31,32 This process,
thus, combines a fast and selective input (i.e. light), with a
potentially fast readout (e.g. magnetism), and hence could be
applied in ultrafast data manipulation.

The main fundamental problem for the exploitation of the
LIESST transition in technological applications is that the
bistability region exists only at very low temperatures. Above
the so-called TLIESST temperature, which is typically below
120 K,33 the molecule relaxes back to its most stable LS state
(see Scheme 1). Such a low temperature hinders the exploita-
tion of the LIESST in technological applications. In recent

Scheme 1 Scheme of the thermally driven spin transition (LS - HS)
characterized by T1/2, and the LIESST (HS - LS) thermal relaxation
characterized by TLIESST, of a hypothetical SCO material.
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years, the so-called ‘‘hidden’’ SCO materials have been identi-
fied as an alternative avenue to reach a bistable switch at higher
temperatures.34–36 In this class of materials, the HS is the most
stable state along the whole range of temperatures, and a
reverse-LIESST process can be induced upon light irradiation
to populate the LS state. While in traditional SCO materials the
LS state is extremely short-lived at moderate temperatures,
hidden SCO materials can trap the metastable LS state for
longer, effectively achieving a persistent switch that can be
interconverted by light of different wavelengths. The maximum
temperature at which this process can operate is the so-called
reverse-LIESST temperature (Tr-LIESST).

The rationale behind all these spin transitions (e.g. T1/2,
TLIESST and Tr-LIESST) lies in the temperature evolution of the
Free Energy Surfaces (FESs) of the states involved (see Fig. 1).
T1/2 can be understood as the lowest temperature at which both

thermodynamic (DGHS–LS o 0) and kinetic (surmountable DGzf )
criteria are fulfilled, while TLIESST and Tr-LIESST are the lowest

temperature at which the kinetics (i.e., a surmountable DGzb or

DGzf ) are fast enough so the relaxation (assuming favourable
thermodynamics) can be recorded under predefined tempera-
ture and scan rates.37 The standard procedure for TLIESST

characterization is irradiation at 10 K and a warming mode of
0.3 K min�1.25,30,38,44

The thermodynamic picture can be routinely evaluated with
computations of the LS and HS minima, both in solution and
solid state.39–41 However, the incorporation of kinetic consid-
erations is much more challenging (see below). As a result,
these have been typically neglected when predicting or explain-
ing SCO transitions, or when discussing the pathways and the
barriers involved in those processes. This is a burden to under-
stand the relationship between T1/2 and TLIESST beyond empiri-
cal relationships,30,42–45 to make computational predictions of
TLIESST or Tr-LIESST, and ultimately, to design SCO materials with
long-lived metastable spin states at room temperature.

Herein, we solve this important shortcoming by incorporat-
ing kinetics into the description of SCO transitions. This
enables us to characterize the thermal LS-to-HS SCO transition
beyond the limited thermodynamic perspective and, most impor-
tantly, to gain access to the understanding and prediction of

TLIESST (or Tr-LIESST) in SCO materials. A protocol is described
and applied here, as a proof of concept, to predict with great
accuracy both T1/2 and TLIESST of the SCO complex [FeII(1-
bpp)2]2+ (1) (see Scheme 2). Our protocol (i) establishes the
structure and energy of the Minimum Energy Crossing Points
(MECPs) in the FES, (ii) identifies the states involved in the
different spin transition mechanisms (thermal and LIESST),
and (iii) defines the temperature regimes at which these
transitions are thermodynamically and kinetically favoured.
Overall, this protocol maps the macroscopic behaviour of
SCO materials to the fundamental features in their spin state
FES, thus enabling the rational design of systems with optimal
spin transition temperatures.

2. Methodology

In adiabatic chemical reactions, the kinetics can be evaluated
very accurately with transition state theory (TST), using the
energies of the minima and of the transition state (TS).46,47

In spin-forbidden reactions such as SCO transitions, TST can be
directly applied only when the spin orbit coupling (SOC) is very
strong.48,49 When not, the concept of TS is replaced by the
MECP, which are points where the two FESs cross or become
nearly degenerate. At the MECP, the probability of hopping
between FESs (psh) is maximum, and depends on several factors

Fig. 1 Computed free-energy surface (FES) of the (red) HS, (green) IS and (blue) LS states of 1 at (left) 50 K and (right) 300 K. For the sake of clarity, the
FES along the complex n-dimensional space (n = 147) of Q values is projected into the norm of Q (|DQ|) connecting the LS and HS minima in the PES. The
barriers associated with the forward (LS-to-HS) and backward (HS-to-LS) spin transitions for the direct pathway are shown as DGzf and DGzb, respectively.

Scheme 2 Representation of [FeII(1-bpp)2]2+ (1)
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related to the topology of the two crossing FESs, and the
strength of the SOC. In practice, psh behaves as a temperature-
independent pre-factor to the TST expressions applied in
chemical reactions.48 Another practical simplification of studying
adiabatic chemical reactions is that both the minima and the TS
are zero-gradient points of the same potential energy surface
(PES). Thus, search algorithms can be applied, and few computa-
tions suffice to identify those points, and to add thermal correc-
tions to retrieve their free energies. In contrast, the computation
of MECP leads to two associated problems. First, while con-
strained optimization algorithms have been designed to search
for MECP48,50 or conical intersections51,52 connecting PESs, no
equivalent exists (to the best of our knowledge) to search in FESs.
However, working on the FES instead of the PES is key to capture
the temperature-dependence of the minima (DGHS–LS) and of the
energy barriers (DG‡) in SCO transitions. Second, given that MECPs
are not zero-gradient points, it is not clear how the thermal
corrections can be incorporated. Thus, estimating the kinetics of
SCO transitions requires solving the fundamental problem of how
to add thermal corrections outside zero-gradient points, and the
more practical challenge of evaluating a sufficiently broad region of
the multi-dimensional FES to identify the MECP.

In the proposed protocol, the FES of the LS, intermediate (IS)
and HS states of 1 have been evaluated in the geometrical space
between their minima. The 147-dimensional vibrational space
of the LS state is compressed into a 5-dimensional grid. The
four vibrational normal modes (VNM) that contribute more
towards the stabilization of the HS and IS minima are selected
as individual dimensions of the grid, and the 143 remaining
VNM as an effective mode are included in a single dimension.
This follows the philosophy of the effective-mode representa-
tion for the Linear Vibronic Coupling (LVC) model,53 in which
the full vibrational space is decomposed into a small number of
relevant modes, and an additional residual mode.54 In the case
of 1, the relevant modes are (i) and (ii), two bending modes in
which the tridentate ligands undergo the typical Jahn–Teller
distortion reported in bpp-based SCO systems (nLS

1 and nLS
2 ),55–58

(iii) a breathing mode in which all Fe–N distances are elongated
(nLS

8 ), and (iv) a stretching mode involving the pyridine rings
and the associated Fe–N(pyr) distances (nLS

24). The modes nLS
8

and nLS
24 have frequencies of 117 and 366 cm�1, which lie in the

energy range of the vibrational modes that drive the photo-
induced LIESST in [Fe(bpy)3]2+,31,32 while nLS

1 and nLS
2 are mostly

ligand-dependent and thus may play a different role in other
SCO systems.

Initially, 1323 structures of the FES were generated. Each
point of the grid is associated with one Q displacement coordi-
nate for each VNM (Qi). For each structure, the electronic
enthalpy of the three states (Hl

elec, l = HS, IS, LS) is computed
using ab initio methods (see Section S1, ESI†). Despite a large
number of points (1323), this grid is too sparse to identify the
MECP and, thus, to provide reliable estimates on the reaction
kinetics (see Section S5, ESI†). Thus, a second grid is built,
which encompasses the same dimensions and space as the first
one but is much denser with a total of 26 208 points. At each
point of this second grid, Hl

elec is evaluated using a machine

learning (ML) model trained on the ab initio electronic enthal-
pies computed on the first grid (see the Computational details
section) with a mean absolute error (MAE) below 1 kJ mol�1.
ML applications to PES predictions are increasingly
common,59,60 although not to describe spin transitions. After
the evaluation of the second grid, we obtain a very detailed
picture of the LS, IS and HS PES in the space where their free
energies are likely to cross (see Section S6, ESI†).

On top of these PESs, the FESs are built by incorporating
thermal corrections. These are based on the quantum harmo-
nic oscillator expressions for the vibrational enthalpy (Hl

vib) and
entropy (Hl

vib), which are usually applied only at zero-gradient
points of the PES (e.g. minima). Instead, here we apply these
corrections along the entire PES. To do so, the contribution of
each VNM to the vibrational enthalpy (Hl

vib,i) is weighted by a
factor (fl

i) that depends on Qi (see Section S1, ESI†), and the
vibrational frequencies obtained at the minima (nl

i) are replaced
by geometry-dependent effective frequencies (nl

eff,i) that account
for anharmonicity deviations, with which the Hl

vib,i and Sl
vib

contributions are evaluated (see Section S1, ESI†). Once the FES
is built for the LS, IS and HS states, the points where the FESs
cross are identified, and the MECP are used to compute the
energy barrier (DG‡) associated with the direct (HS 2 LS) and
indirect (HS 2 IS 2 LS) pathways. The barriers are then used
to evaluate the rate constants using TST (kD or kI, respectively)
and the associated half-life times, assuming a first-order reac-
tion (tD and tI) (see Section S7, ESI† for a discussion on the
selected parameters within TST). That is, the dependence of
DG‡ on temperature is converted into half-life times through
the rate constants to obtain the temperature-evolution of tD

and tI. The lowest temperatures at which tD or tI is less than
1 second (and have favourable thermodynamics) are considered
as T1/2 and TLIESST. Notice that in this model TLIESST is defined
using a time scale, similar to the temperature scan rates used in
the experimental setup.25,30,38,44

3. Results and discussion
Minimum energy geometries

Existing protocols to obtain T1/2 are typically based on the
evaluation of the electronic and vibrational enthalpy (Helec

and Hvib) and entropy (Selec and Hvib) contributions at the HS
and LS minima. At the B3LYP*-D3BJ/Def2-SVP level, the differ-
ence in Helec between the 1HS and 1IS minima with respect to 1LS

is 24.0 kJ mol�1 and 44.5 kJ mol�1, respectively (DHHS–LS
elec and

DHIS–LS
elec ). Using these values, together with the vibrational

contributions and DSHS–LS
elec = 13.4 J K�1 mol�1, we obtain that

the thermal SCO transition of 1 (LS-to-HS) occurs at T1/2 =
283 K, not far from the range of experimental T1/2 reported for
this complex in solution77 (248 K) and in crystals based on
1 (ca. 259 K),61 and within the common error of T1/2

predictions.41,62,63 Considering that crystal packing effects are
not significant for this compound (see Section S2, ESI†),40,64,77

the good agreement between the gas-phase estimation of T1/2

reported here and the experimental value is a genuine success
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of the electronic structure method. With this standard protocol,
energy barriers are not evaluated, and thus a prediction of
TLIESST is not possible. To include kinetic effects in the picture,
we now proceed to evaluate the FES in the region between the
LS, IS, and HS state minima. As explained above, we search for
the MECP at which the FES of the relevant states either cross or
become nearly degenerate.

FES computation

To visualize the multi-dimensional free energy surfaces, we
projected them in one simplified dimension that mainly corre-
sponds to the Fe–N breathing mode but incorporates all other
VNM (Fig. 1). It can be seen that higher temperatures lead to a
progressive stabilization of both the HS state and MECPHS/LS,

as well as an increase of DGzb from ca. 15 kJ mol�1 at TLIESST, to
18 kJ mol�1 at T1/2 (i.e. 254 K), and up to ca. 25 kJ mol�1 at
300 K. Despite such energy barrier increase, the direct LIESST
mechanism has faster kinetics at higher temperatures due to
the larger thermal energy, as described by TST. In comparison,
the MECPs associated with the indirect LIESST mechanism
(MECPHS/IS and MECPIS/LS) are located above ca. 30 kJ mol�1 for
the whole range of temperatures (see Fig. 1). Finally, the
MECPHS/LS also changes with temperature, moving towards
more LS-like structures at higher temperatures, but retaining
a structure that highly resembles the IS state minimum, albeit
slightly more distorted (see Section S3, ESI† for details).

Thermal SCO transition

Using our protocol, which is summarized in the methodology
section and detailed in Section S1 (ESI†), we retrieve T1/2 E
254 K for the forward spin transition (LS-to-HS), even closer to
experimental values than with the standard protocol (283 K).
The reason for the different T1/2, prediction is that in the
standard protocol, the thermal corrections are added to the
enthalpy minimum, meaning that the FES and PES minima of a
given state always coincide. In the new protocol, however, devia-
tions from the harmonic oscillator behaviour slightly displace the
FES minima with respect to the PES minima (average Fe–N
distance changes of about 0.05 Å), which leads to a different
T1/2, prediction for 1. When it comes to the kinetics, the forward
transition is kinetically accessible above 130 K for the direct
pathway (LS - HS), and above 210 K for the indirect pathway
(LS - IS - HS). However, given that the thermodynamics are not
favourable until 254 K, the thermal SCO transition of 1 is delayed
until this temperature (thermodynamic control). Interestingly, it
must be noted that SCO systems typically display T1/2 4 130 K.

One potential explanation (if the computed DGzf for 1 at 130 K
could be extrapolated to other systems) is that the thermal LS-to-
HS SCO transitions could be kinetically impeded at lower tem-
peratures in some complexes. More investigations are necessary
to confirm this point.

LIESST thermal relaxation

The thermal LIESST relaxation is explored starting at 50 K, above
the low-temperature tunnelling regime.43 At this temperature, our

estimation is that the relaxation to the LS state would occur in
ca. 10 hours (ca. 104 seconds, see Fig. 2). As expected, faster
kinetics are predicted as the temperature increases, until the
second timescale is reached at 80 K. Thus, the protocol retrieves
TLIESST E 80 K for the direct pathway (HS - LS), much lower than
the ca. 195 K obtained for the indirect pathway (HS - IS - LS)
(see Fig. 2). As mentioned before, these estimates are obtained
using the same probability of surface hopping (psh = 1) for both
pathways. Certainly, the two hops involved in the indirect pathway
should both have a larger SOC (ca. 50–100 cm�1) than the single
hop of the direct pathway (1 cm�1).65 However, as discussed in
Section S7 (ESI†), this difference does not overcome the 100 K
difference in TLIESST between both mechanisms. Therefore, our
results indicate that the LIESST thermal relaxation of 1 proceeds
from the HS to the LS state in a single step, without the
intervention of the triplet IS. Interestingly, this is in contrast with
the ultrafast LIESST relaxation after photo-excitation, for which
experiments have unveiled the participation of the IS state.78,79 In
this case, the system is in an excited singlet state (LS*), with
enough energy to access the manifold of triplet states and then
decay to the HS (LS* - IS - HS). This extra energy is lacking in
the thermal relaxation process, and hence the IS manifolds
become inaccessible, and the direct mechanism (HS - LS) is
chosen instead. Quantitatively, our estimation of TLIESST E 80 K
under the direct pathway compares very well with the range of
experimental TLIESST reported for eight hydrated and anhydrous
salts based on 1 (between 40 and 110 K, with most being around
75 K),38 as well as for isopropyl-sulfanyl derivatives (80–95 K).66

Relationship between T1/2 and TLIESST

SCO complexes able to undergo LIESST have been classified in
different linear T1/2 vs. TLIESST empirical relationships depend-
ing on the denticity of their ligands.30,44 This suggests that the
origin of these so-called T0 lines must be mainly molecular. To
explain the molecular contribution to the T0 lines, the rigidity
of the coordination sphere has been proposed, and it has been
related to the frequency of the breathing VNM.67 This is in
agreement with our results that the Fe–N breathing mode is the
most important VNM to find the MECP. What remains to be
seen is whether the rigidity depends exclusively on the ligand
denticity or if any other ligand properties play a role. In other

Fig. 2 Temperature-evolution of the half-life times associated with the
direct (tD, blue) and indirect (tI, red) pathways for the HS-to-LS LIESST
thermal relaxation. The TLIESST associated with each pathway is defined as
the temperature at which t reaches the second timescale (i.e. the black line
at log t = 0).
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words, do different ligands with the same denticity always
induce a similar amount of rigidity? This is a relevant question,
as it would clarify whether different families of SCO systems
with ligands of the same denticity should belong to the same T0

line or not.
With the protocol presented here, it is possible to investigate

the T1/2 vs. TLIESST response of families of SCO systems. Within
a given family, one would expect the individual complexes to
have a very similar FES, with only small perturbations between
them caused by chemical functionalization. Herein, we simu-
lated these perturbations as a relative energy shift that is
applied on top of the computed FES of the HS and IS states
(the LS state FES is taken as a reference and remains unaf-
fected). Two types of energy shifts have been considered, (i) a
constant shift that applies to the whole FES, and simulates
changes in the ligand-field strength, and (ii) a variable shift
whose magnitude decreases linearly with |DQ| as it moves away
from the respective Helec minimum (i.e. it vanishes away from
the minimum), thus simulating structure-dependent inter-
actions such as crystal-packing effects. Notice that the main
difference is that the latter type allows a shift in the position of
the minima (i.e. a change of structure) as a response to the
perturbation.

The application of each type of perturbation leads to two
linear T1/2 vs. TLIESST relationships (Fig. 3) with very similar
parameters to the T0 line expected for tri-dentate ligands
(T0 = 150 K and a = 0.3). Therefore, both the constant and
variable shift strategies capture the expected relationship
between the characteristic SCO temperatures, and thus the
modulation of the MECP in response to energy changes. How-
ever, the validity of the T1/2 vs. TLIESST linear relationships is
questionable as in both the experimental and simulated corre-
lations the deviation from linearity is noticeable, and the
appearance of outliers is remarkable.25 Particularly interesting
is the change of the slope when applying a positive vs. negative
constant perturbation (red points in Fig. 3). The stabilization of
the HS surface rapidly brings TLIESST to a maximum value of
ca. 90 K that remains constant under stronger perturbations.
This could be associated with the lack of SCO complexes with

tridentate ligands displaying T1/2 o 200 K and TLIESST 4 100 K
reported in the literature.25,30 Also, it highlights the difficulty to
anticipate the displacement of MECP upon perturbation when
high-dimension FES are explicitly considered. Further investi-
gations are needed to determine whether the break of linearity
and the TLIESST saturation are common features of SCO com-
plexes. Finally, the role of molecular and crystal packing effects
in modulating the T1/2 vs. TLIESST relationships beyond the
linear trend is still under debate,25,30 so it is not clear to what
extent our molecular view connects with previous solid-state
experimental measurements. Further work is needed to fully
understand these relationships, and we expect the current
protocol to help in this regard.

4. Conclusions

In summary, we have developed a computational protocol to
incorporate kinetics into the description of spin transitions in
SCO systems. This protocol consists of the explicit evaluation of
the PESs of the LS, IS, and HS states in the region between their
minima, and the approximate incorporation of thermal correc-
tions to retrieve the FESs. The protocol is applied here to the
SCO complex [FeII(1-bpp)2]2+ (1) in the gas-phase, and predicts
T1/2 (254 K) and TLIESST (80 K) that are extremely close to the
range of experimental values commonly obtained for materials
based on 1 (e.g. for [Fe(bpp)2][BF4]2 these are 260 and
81 K).38,66,68–70 As expected, the LS-to-HS SCO transition is
driven by thermodynamics. Interestingly, the reaction becomes
kinetically accessible only above 130 K under a more favourable
direct pathway (LS-to-HS). This suggests that for some SCO
systems the thermal SCO transition might be kinetically
blocked at low temperatures. Similarly, the indirect pathway
becomes accessible at 210 K, which implies that both the direct
and indirect pathways are accessible and potentially competitive
above this temperature. Finally, our results indicate that the
LIESST thermal relaxation (HS-to-LS) of 1 occurs through the
direct pathway, without the intervention of the intermediate
triplet state, since the MECPs connecting the triplet with the
other spin states are much higher in energy.

Certainly, the combination of DFT methods and machine
learning models offers a computationally affordable strategy to
detect MECP, and obtain a reliable characterization of T1/2 and
TLIESST (or Tr-LIESST) values for a series of SCO compounds,
provided that their HS, IS and LS minima can be described
within the same space of VNM. Thus, our protocol will enable
the computational analysis of the inverse energy gap, the
factors controlling it, and how to design better SCO systems.
In addition, the possibility to disentangle kinetic and thermo-
dynamic contributions is important to identify exotic SCO
systems (e.g. class III systems in ref. 25). Overall, the combi-
nation of advanced physical models,67 and atomistic
approaches on real systems such as this one, will enable a
better understanding of the T1/2 vs. TLIESST empirical relation-
ships governing SCO complexes. Particularly, to understand
how the different T0 lines are related to the MECP, and how this

Fig. 3 Relationship between T1/2 and TLIESST under the application of a
(red) constant or (blue) variable external perturbation on HS PES. From left
to right, the points are obtained by applying a perturbation ranging from
�8 to +8 kJ mol�1 in steps of 2 kJ mol�1. In black is the value without
external perturbation. The dashed-lines indicate the best linear fits to each
dataset, obtained with the inset parameters.
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MECP relates to the VNM of complexes with different structures,
chemical compositions, and denticities.

5. Computational details

The grid has been generated using the structure, frequencies
and Hessian from the HS (S = 2), IS (S = 1) and LS (S = 0) minima
of 1 computed at the B3LYP*-D3BJ/Def2-SVP level using
Gaussian 16 (G16). The computation on Hl

elec at each point of
the grid has been carried out at the same level. The B3LYP*
functional is a modification of the B3LYP in which the
HF-exchange percentage is reduced from 20% to 15%, and is
specifically parametrized to model HS–LS energy differences
(DHHS–LS

elec ) in FeII-based SCO systems.71,72 While the accuracy of
this functional to compute individual Hl

elec values is difficult to
evaluate, the value of DHHS–LS

elec is similar to the ones obtained
in the past with other reliable computational methods (see
Table S2, ESI†).40,64 The same holds for the vibrational terms
calculated from the VNM using eqn (S6) and (S7) (ESI†).

ML models have been trained separately for each spin state
(l = HS, IS, and LS) using the geometries and the computed
Hl

elec values of the ab initio grid. To that purpose, we have
employed the Kernel Ridge Regression (KRR)73 and the SLATM
representation74 as implemented in QML.75 The model hyper-
parameters (Kernel width, s, and regularizer, l) were deter-
mined on the training set using the Nelder–Mead optimization
algorithm implemented in the SciPy library.76 The error asso-
ciated with the ML prediction of the relative spin state energies
DHHS–LS

elec and DHIS–LS
elec is 0.5 and 0.6 kJ mol�1, respectively (see

Section S6, ESI†).
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31 G. Auböck and M. Chergui, Sub-50-Fs photoinduced spin
crossover in [Fe(bpy)3]2+, Nat. Chem., 2015, 7(8), 629–633,
DOI: 10.1038/nchem.2305.

32 C. Sousa, C. de Graaf, A. Rudavskyi, R. Broer, J. Tatchen,
M. Etinski and C. M. Marian, Ultrafast deactivation mecha-
nism of the excited singlet in the light-induced spin cross-
over of [Fe(2,20-bipyridine)3]2

+, Chem. – Eur. J., 2013, 19(51),
17541–17551, DOI: 10.1002/chem.201302992.

33 G. Chastanet, M. Lorenc, R. Bertoni and C. Desplanches,
Light-induced spin crossover—solution and solid-state pro-
cesses, C. R. Chim, 2018, 21(12), 1075–1094, DOI: 10.1016/
j.crci.2018.02.011.

34 P. Chakraborty, R. Bronisz, C. Besnard, L. Guénée,
P. Pattison and A. Hauser, Persistent bidirectional optical
switching in the 2D high-spin polymer {[Fe(bbtr)3](BF4)2}N,
J. Am. Chem. Soc., 2012, 134(9), 4049–4052, DOI: 10.1021/
ja211897t.

35 E. Milin, V. Patinec, S. Triki, E. E. Bendeif, S. Pillet,
M. Marchivie, G. Chastanet and K. Boukheddaden, Elastic
frustration triggering photoinduced hidden hysteresis and
multistability in a two-dimensional photoswitchable
hofmann-like spin-crossover metal–organic framework,
Inorg. Chem., 2016, 55(22), 11652–11661, DOI: 10.1021/
acs.inorgchem.6b01081.

36 T. Boonprab, S. J. Lee, S. G. Telfer, K. S. Murray, W. Phonsri,
G. Chastanet, E. Collet, E. Trzop, G. N. L. Jameson,
P. Harding and D. J. Harding, The first observation of
hidden hysteresis in an iron(III) spin-crossover complex,
Angew. Chem., Int. Ed., 2019, 131(34), 11937–11941, DOI:
10.1002/ange.201907619.

37 Notice that, in the LIESST thermal relaxation, the final LS
state is more stable than the metastable HS state. Therefore,
the thermodynamic criterion is always fulfilled.

38 S. Marcén, L. Lecren, L. Capes, H. A. Goodwin and J.-F.
Létard, Critical temperature of the LIESST effect in a series
of hydrated and anhydrous complex salts [Fe(Bpp)2]X2,
Chem. Phys. Lett., 2002, 358(1), 87–95, DOI: 10.1016/S0009-
2614(02)00590-0.

39 H. Paulsen, V. Schünemann and J. A. Wolny, Progress in
electronic structure calculations on spin-crossover com-
plexes, Eur. J. Inorg. Chem., 2013, (5–6), 628–641, DOI:
10.1002/ejic.201201289.

40 S. Vela, M. Fumanal, J. Cirera and J. Ribas-Arino, Thermal
spin crossover in Fe(II) and Fe(III). Accurate spin state
energetics at the solid state, Phys. Chem. Chem. Phys.,
2020, 22(9), 4938–4945, DOI: 10.1039/D0CP00162G.

41 J. Cirera and E. Ruiz, Computational modeling of transition
temperatures in spin-crossover systems, Comments Inorg.

Journal of Materials Chemistry C Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
D

ec
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 1

/7
/2

02
6 

6:
41

:4
1 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

https://doi.org/10.1002/adma.202000987
https://doi.org/10.1021/jacs.9b13835
https://doi.org/10.1021/ja502753t
https://doi.org/10.1002/anie.201101190
https://doi.org/10.1002/anie.199420241
https://doi.org/10.1038/nature13252
https://doi.org/10.28954/2018.csq.07.001
https://doi.org/10.28954/2018.csq.07.001
https://doi.org/10.1021/jacs.8b03735
https://doi.org/10.1002/anie.201505447
https://doi.org/10.1002/anie.201505447
https://doi.org/10.1039/C39820000906
https://doi.org/10.1016/0009-2614(84)80403-0
https://doi.org/10.1039/B603473J
https://doi.org/10.1038/nchem.2305
https://doi.org/10.1002/chem.201302992
https://doi.org/10.1016/j.crci.2018.02.011
https://doi.org/10.1016/j.crci.2018.02.011
https://doi.org/10.1021/ja211897t
https://doi.org/10.1021/ja211897t
https://doi.org/10.1021/acs.inorgchem.6b01081
https://doi.org/10.1021/acs.inorgchem.6b01081
https://doi.org/10.1002/ange.201907619
https://doi.org/10.1016/S0009-2614(02)00590-0
https://doi.org/10.1016/S0009-2614(02)00590-0
https://doi.org/10.1002/ejic.201201289
https://doi.org/10.1039/D0CP00162G
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2tc04266e


242 |  J. Mater. Chem. C, 2023, 11, 235–243 This journal is © The Royal Society of Chemistry 2023

Chem., 2019, 39(4), 216–241, DOI: 10.1080/02603594.
2019.1608967.

42 A. Hauser, C. Enachescu, M. L. Daku, A. Vargas and N.
Amstutz, Low-Temperature lifetimes of metastable high-
spin states in spin-crossover and in low-spin iron(II)
compounds: The rule and exceptions to the rule, Coord.
Chem. Rev., 2006, 250(13), 1642–1652, DOI: 10.1016/j.ccr.
2005.12.006.

43 A. Hauser, Intersystem Crossing in Fe(II) Coordination
Compounds, Coord. Chem. Rev., 1991, 111, 275–290, DOI:
10.1016/0010-8545(91)84034-3.

44 J.-F. Létard, L. Capes, G. Chastanet, N. Moliner, S. Létard,
J.-A. Real and O. Kahn, Critical temperature of the LIESST
effect in iron(II) spin crossover compounds, Chem. Phys.
Lett., 1999, 313(1–2), 115–120, DOI: 10.1016/S0009-2614(99)
01036-2.

45 J.-F. Létard, P. Guionneau, O. Nguyen, J. S. Costa, S. Marcén,
G. Chastanet, M. Marchivie and L. Goux-Capes, A Guideline
to the design of molecular-based materials with long-lived
photomagnetic lifetimes, Chem. – Eur. J., 2005, 11(16),
4582–4589, DOI: 10.1002/chem.200500112.

46 K. J. Laidler and M. C. Klng, The Development of Transition-
State Theory, 1983, vol. 87.

47 J. L. Bao and D. G. Truhlar, Variational transition state
theory: Theoretical framework and recent developments,
Chem. Soc. Rev., 2017, 7548–7596, DOI: 10.1039/c7cs00602k.

48 J. N. Harvey, Understanding the kinetics of spin-forbidden
chemical reactions, Phys. Chem. Chem. Phys., 2007, 9(3),
331–343, DOI: 10.1039/B614390C.

49 R. Poli and J. N. Harvey, Spin forbidden chemical reactions
of transition metal compounds. new ideas and new compu-
tational challenges, Chem. Soc. Rev., 2003, 1–8, DOI:
10.1039/b200675h.

50 N. Aizawa, Y. Harabuchi, S. Maeda and Y. J. Pu, Kinetic
Prediction of reverse intersystem crossing in organic donor–
acceptor molecules, Nat. Commun., 2020, 11(1), 3909, DOI:
10.1038/s41467-020-17777-2.

51 B. G. Levine, J. D. Coe and T. J. Martı́nez, Optimizing conical
intersections without derivative coupling vectors: Applica-
tion to multistate multireference second-order perturbation
theory (MS-CASPT2), J. Phys. Chem. B, 2008, 112(2), 405–413,
DOI: 10.1021/jp0761618.

52 M. J. Bearpark, M. A. Robb and H. Bernhard Schlegel,
A direct method for the location of the lowest energy point
on a potential surface crossing, Chem. Phys. Lett., 1994,
223(3), 269–274, DOI: 10.1016/0009-2614(94)00433-1.

53 W. Popp, M. Polkehn, K. H. Hughes, R. Martinazzo and
I. Burghardt, Vibronic coupling models for donor–acceptor
aggregates using an effective-mode scheme: Application to
mixed frenkel and charge-transfer excitons in oligothio-
phene aggregates, J. Chem. Phys., 2019, 150(24), 244114,
DOI: 10.1063/1.5100529.

54 E. Gindensperger and L. S. Cederbaum, Quantum dynamics
in macrosystems with several coupled electronic states:
Hierarchy of effective hamiltonians, J. Chem. Phys., 2007,
127(12), 124107, DOI: 10.1063/1.2778682.

55 J. Elhaik, D. J. Evans, C. A. Kilner and M. A. Halcrow,
A Structural, magnetic and mossbauer spectroscopic study
of an unusual angular Jahn–Teller distortion in a series
of high-spin iron(II) complexes, Dalton Trans., 2005,
1693–1700, DOI: 10.1039/b502175h.

56 C. Carbonera, C. A. Kilner, J.-F. Letard and M. A. Halcrow,
Anion doping as a probe of cooperativity in the molecular
spin-crossover compound [FeL2][BF4]2 (L = 2,6-di{pyrazol-1-
yl}pyridine), Dalton Trans., 2007, 1284–1292, DOI: 10.1039/
b618480d.

57 J. M. Holland, J. A. McAllister, C. A. Kilner, M. Thornton-
Pett, A. J. Bridgeman and M. A. Halcrow, Stereochemical
effects on the spin-state transition shown by salts of [FeL2]2+

[L = 2,6-di(pyrazol-1-yl)pyridine], Dalton Trans., 2002,
548–554, DOI: 10.1039/b108468m.

58 S. Vela, J. J. Novoa and J. Ribas-Arino, Insights into the
crystal-packing effects on the spin crossover of [FeII(1-
bpp)]2+-based materials, Phys. Chem. Chem. Phys., 2014,
16(48), 27012–27024, DOI: 10.1039/c4cp03971h.

59 G. Schmitz, I. H. Godtliebsen and O. Christiansen, Machine
learning for potential energy surfaces: An extensive data-
base and assessment of methods, J. Chem. Phys., 2019,
(24), 244113, DOI: 10.1063/1.5100141.

60 P. O. Dral, A. Owens, A. Dral and G. Csányi, Hierarchical
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