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of Chemistry A diverse range of relaxation dynamics of trapped spin-states are observed in spin crossover (SCO)

materials, including exponential, sigmoidal, stretched exponential, multi-step, and mixed kinetics. We
reproduce and explain this full range of relaxation behaviours using a semi-empirical, semi-classical
model that combines crystal field theory with elastic inter-molecular interactions. We show that

frustrated intermolecular interactions, which are responsible for multistep thermal transitions, also lead
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1 Introduction

Coordination complexes of transition metals can have either
low spin (LS) or high spin (HS) ground states." In spin crossover
(SCO) compounds? switching between these states can be driven
by external stimuli, such as temperature, light, pressure,
magnetic field, X-rays, and even nuclear decay.® Temperature-
induced SCO ranges from smooth crossovers to hysteric phase
transitions, with single- and multi-step transitions observed.”
Both crystallographically distinct SCO sites* and frustrated
elastic interactions®® have been identified as mechanisms
driving multistep transitions.

SCO materials exhibit a wide range of dynamic behaviours as
they relax to the ground state after light induced spin-state
trapping (LIESST),>”"” thermal-quenching induced excited
spin-state trapping (TIESST),'*2° nuclear-decay induced excited
spin-state trapping (NIESST),** and hard X-ray induced excited
spin-state trapping (HAXIESST).”” This relaxation has been
studied with two complementary experimental approaches. (1)
In the isothermal kinetics approach, a sample is trapped in the
HS state at a fixed temperature and evolution of the properties
of the sample are monitored over time. (2) In thermally accel-
erated relaxation studies, the low-temperature trapped sample
is slowly warmed while its properties are recorded.

Relaxation from metastable spin-states in SCO materials
shows a wide range of dynamics, as summarised in Fig. 1. In
solution, isothermal relaxation of an excited state is typically
simple exponential,” Fig. 1a. This implies that the interactions
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understanding dynamics of more complex materials from proteins to quantum materials.

between molecules do not strongly influence the decay of the
excited state. Sigmoidal decay, Fig. 1b, is common in the solid
state SCO.® This shows that cooperativity — due to elastic inter-
actions between molecules - accelerates the relaxation. In the
mean-field approximation, cooperative kinetics are described®
by

dyus
dr -
where vy is fraction of the HS population, ¢ is time, & is the rate
constant, and « parameterises the self-acceleration. Thus
exponential and sigmoidal kinetics of spin-crossover materials
are well understood within the single molecule” and mean-field
pictures,® respectively.

Moreover, a wide variety of highly complex kinetics is also
observed in SCO materials.”*”** Slow relaxation - e.g., stretched
exponential, Fig. 1c - is found in some materials,”** while
others exhibit a change of relaxation regime with temperature®
or kinetics that are not consistent with simple rate models,"***
Fig. 1d. In some experiments, phenomenological descriptions
of spin-crossover relaxation could only be obtained by mixing
multiple decay functions to fit the observed decay.*>'**” These
complex kinetics are observed in materials exhibiting both
single-step™ and multi-step®** thermodynamic transitions.

It is important to note that complex kinetics are observed in
SCO materials composed of a single species and those containing
multiple species.”” In materials containing multiple distinct SCO
sites, different intramolecular potential barriers for the trapped
state to the ground state may give rise to multiple decay rates and
non-linear kinetics. On the other hand, materials containing only
one SCO species have uniform intramolecular physics and the
observation of complex kinetics in these materials indicates
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Fig.1 A schematic of various dynamic and thermodynamic behaviours experimentally in spin crossover materials. In each case we list materials
that show the relevant behaviour, and reference the section where we demonstrate the same (qualitative) behaviour in the simple model
explored in this paper. yys is the fraction of HS complexes. (a—f) Key varieties of isothermal relaxation kinetics of metastable HS state: (a) simple
exponential decay. (b) Sigmoidal decay, as predicted by mean-field treatments of cooperativity. (c) Stretched exponential. (d) Mixed relaxation
where different behaviours are observed on different timescales. We show that rugged free energy landscapes and dynamic disorder are the
driving forces for stretched exponential and mixed relaxation. (e) Two-step and (f) multistep decay. (g—1) Thermal SCO and thermally activated
relaxation of trapped spin state prepared after LIESST, TIESST, etc. (g) Cooperativity can drive a first order phase transition with hysteresis. (h)
Multistep thermodynamics with multistep relaxation. (i) Multistep thermodynamics with single step relaxation. (j) Incomplete SCO, with LIESST
and reverse-LIESST possible. Both trapped states relax back to the mixed spin state. (k) Incomplete SCO, with LIESST and reverse-LIESST possible.
The trapped HS state relaxes to the LS state. () Complex thermodynamic and relaxation behaviours driven by rugged free energy landscapes and

dynamic disorder.

a subtle role of collective effects beyond the mean-field that have
not previously received a proper explanation.

Frustrated elastic interactions can drive spontaneous
symmetry-breaking, intermediate spin-states having lower
symmetry, in thermal SCO.>*** A great deal of effort has gone
into developing theories to explain these thermal changes,
including Ising-like models,”*” electro-elastic models,>**">°
and phenomenological elastic interaction models.****> However,
there has been far less theoretical work describing the dynamics
of relaxation from trapped spin states.

Kinetic experiments suggest that spontaneous symmetry-
breaking also manifests in the relaxations of trapped spin-
states in SCO materials.'*'****® Two-step, Fig. 1e, and multi-
step, Fig. 1f, relaxations from photo-induced HS states have
been observed in spin-crossover materials,"**%%
accompanied by lower symmetry intermediate states. Often
a fast first step and a slower second step are observed, with each
exhibiting different decay forms,'*'®*”?* e.g., the isothermal
relaxation of the trapped HS state in [Fe(bppl),][BF,], is two-
step: the first step decays exponentially but the second step
decays sigmoidally.”® Therefore, a systematic investigation of
how elastic frustration leads to multistep kinetics and stabilises
kinetically trapped symmetry-breaking intermediates is impor-
tant for understanding the role of elastic frustration in SCO
kinetics.

A wide range or behaviours are also observed in thermally
accelerated relaxation experiments, Fig. 1g-1. Most commonly,*

several

© 2024 The Author(s). Published by the Royal Society of Chemistry

one observes single step transitions in both thermal cycling and
on warming the trapped HS state, Fig. 1g. In several experi-
ments, intermediate plateaus have also been observed during
thermally accelerated relaxation.'®'®'®373%4 This indicates
a relatively stable kinetically trapped intermediate phase.'®*
Two-step thermal transitions can lead to two-step relaxation
after LIESST,**'® Fig. 1h, but are sometime accompanied by one-
step relaxation from the trapped excited state, Fig. 1i.
Incomplete SCO is also observed in several materials,*”***
Fig. 1j and k, whereby on thermal cycling an (often symmetry
breaking) intermediate mixed phase is reached at low temper-
atures. Often the HS phase can be reached by LIESST and the LS
phase can be reached by reverse-LIESST. Interestingly, in some
cases thermally accelerated relaxation from the trapped HS
phase returns the system to the mixed phase,** Fig. 1j; but in
others the trapped HS phase relaxes to the LS phase,*”*® Fig. 1k.
Finally, some systems display two®'”** or more* indistinct steps
with disordered in the intermediate phases, Fig. 1l. This is
accompanied by complex thermally accelerated relaxation
curves.

Theoretically, the mechanisms of complex relaxations are
not described by single-molecule theory” or the mean-field
consideration of cooperativity.® The theory of thermal SCO
has highlighted the significance of elastic cooperation and
frustration,>® particularly for the emergence of symmetry-
breaking intermediate spin-states. Beyond mean-field theory,
the excited state dynamics of interacting spin-crossover
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molecules have been studied within Ising-like and electro-
elastic models widely using kinetic Monte Carlo.*** This
work highlighted the significance of short-range antiferroelastic
interactions in driving two-step kinetics.*” However, explaining
the emergence of the vast range of dynamic behaviours of
metastable states in the solid-state requires a theory beyond the
phenomenological parameters and dynamics of Ising-like
models. To comprehensively understand the fascinating body
of SCO kinetic experiments requires a tractable model that
captures both the single-molecular physics and collective
effects.

1.1 Semi-empirical, semi-classical model

Here we present molecular dynamics simulations of trapped
phases using a recently developed semi-empirical, semi-
classical theory of spin-crossover material,*® summarised in
Fig. 2. The two-body elastic interactions between neighbours (n
=1, 2, or 3) are modelled as springs with force constants «,, as
depicted in Fig. 2b. Additionally, a three-body angular interac-
tion with force constant «, is included. Elastic frustration arises
in spin crossover materials if all interactions cannot be mini-
mised simultaneously, this leads to some force constants «,
being negative®* (see Fig. S1t). We will refer to a «, > 0, which
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favours both molecules connected by the spring having the
same spin state,** as ferroelastic and a «,, < 0, which favours the
two molecules connected by the spring having different spin
states,** as antiferroelastic.

We simulate a 30 x 30 square lattice in the constant
temperature, constant pressure ensemble. To simulate the
dynamics, we initialise the simulation in an excited state, e.g.,
an all-HS state at 10 K, and let the ensemble evolve. For thermal
SCO, we initialise in an all-HS state at high temperatures and
cool down to 10 K. More detailed discussion of the model, the
parameter values and computational details is provided in
Table 1 and the ESL}

Note that we choose to simulate a 2D lattice for reasons of
computational expediency. It is known that, because elastic
interactions are long-ranged, SCO is in the mean-field univer-
sality class.** This implies that the change from 2D to 3D will
cause minor quantitative changes, but not qualitative
changes.*”>*® Most importantly the Hohenberg-Mermin-Wag-
ner theorem®-*> does not apply, so long-range order is allowed
in 2D systems at non-zero temperatures (as is confirmed by the
results below). We choose to simulate 2D lattices as this allows
our molecular dynamics simulations to run in a reasonable
time frame and reduces the number of free parameters in the

K \Q/\\v/{
? LS

Fig. 2 Schematic of the model. (a) Each molecule is described by potential energy surfaces, V,(Q), derived from crystal field theory. Spin—orbit
coupling is included perturbatively, allowing the intermediate spin term to be integrated out. This results in a double well (red), and fourteen pure
HS levels (grey; degeneracies as labelled). The barriers ES- and E5™ that regulate the single molecular kinetics are labelled. Only the breathing
mode, Q, is considered explicitly, with the other molecular vibrations included only by their entropic contributions. (b) Molecules form a square
lattice with elastic intermolecular interactions, «,, defined in egn (S1-S3).1

Table1l Summary of different dynamic behaviours that emerge at different values of elastic interactions. ,, is the spring constant describing the
elastic interactions between nth nearest neighbours. All other parameters are fixed in all figures and given in Table S1

Fig. Kinetic behaviour Intermediate Dq/B Ky [eV A7?] KalKq K3/Kq Kglky
3a Mean-field cooperative None 2.039 0.86 0.2 0 0
4 Two-step isothermal kinetics Stripe 2.039 0.86 0.6 —0.15 0
4b Two-step thermally activated kinetics Stripe 2.039 0.86 0.5 —0.25 0
S2 Two-step thermally activated kinetics Chequerboard 2.039 0.86 0.15 —0.25 0
S3 Three-step isothermal relaxation Y1/3 Y2/3 2.0459 1.55 —0.21 0.1 0.56
5 Hidden metastability, three step Y1/3y Y2/3 2.0459 1.55 —0.33 0.11 0.56
thermally activated relaxation
6 Mixed single-step kinetics Dynamic disorder 2.039 0.86 0.2 —0.15 0
7 Complex multi-step kinetics Dynamic disorder 2.039 0.86 0.23 —0.25 0
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model. We expect simulations in 3D to show the same quali-
tative behaviours as we report here in 2D. Our goal below is
therefore to identify and discuss the general qualitative behav-
iours that should be expected in SCO materials. Where we
compare to experimental results we will limit our comparisons
to this qualitative level. We do not aim to provide detailed
modelling of any particular material and leave such compari-
sons for future work.

A key difference from phenomenological model previously
used to study the dynamics of relaxation in SCO materials is
that the model used here is derived from a quantum chemical
description of a single molecule;*® crystal field theory is used
here, but this could straightforwardly be extended to a higher
level of theory. Our simulations naturally reproduce the
observed complex relaxation behaviours and elucidate their
controlling factors, particularly the role of frustration. We show
that the frustrated elastic interactions control the stability of
intermediate trapped phases in SCO. Furthermore, we show
that the emergence of dynamic disorder due to spin-state
frustration drives complex kinetics of spin-crossover materials
and discuss the generality of this mechanism in other systems.

2 Results and discussion

We begin by demonstrating that our model reproduces
common experimental results described by previous theories.
We then show that the model describes multistep relaxation,
which extends previous work describing multistep thermal spin
crossover. Finally, we show that the same competing frustrated
interactions can drive complex kinetic behaviours in single- and
multi-step transitions. Thus, a single model derived from the
simplest microscopic picture of a coordination complex can
describe the full gamut of relaxation behaviours observed in
SCO materials to date, Fig. 1.
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2.1 Mean-field-like kinetics

When all the interactions are ferroelastic (k, > 0 for all neigh-
bours n) there is no frustration. In this regime we find that both
the quasi-equilibrium behaviours and the relaxation dynamics
are described by well-understood theories.”® The relaxation of
the trapped HS state is captured by mean-field theory (eqn (1)).

The LS and HS states have different magnetic susceptibili-
ties, x, at a temperature, T: xT = 0 in the LS state, whereas xT =
3 ecm® K mol ' for the HS state.” Thus, a sigmoidal time
dependence of xT signals mean-field-like relaxation from the
HS phase to the LS phase (Fig. 3a). Weaker interactions, Fig. 3b,
reduce cooperativity and hence the degree of self-acceleration,
a. For vanishingly small intermolecular interactions « — 1
and the excited spin-state decay regains the simple exponential
form characteristic of a single molecule.

In strongly cooperative unfrustrated systems we find a single
step, first order transition in thermal sweeps, while thermally
accelerated relaxation displays a single inflexion point in x7,
Fig. S1,T which defines Ty gsst. As cooperativity is reduced, the
hysteresis width decreases and, eventually, vanishes when the
transition is replaced by a crossover. The thermally activated
relaxation of trapped HS states shows a concomitant reduction
in Tygsst (Fig. S11).

All of these behaviours are well understood on the basis of
mean field theory. However, this description breaks down if the
system is frustrated, below we show that this can lead to qual-
itatively different relaxation behaviours.

2.2 Weakly frustrated kinetics: multi-step relaxation

In this section we demonstrate that weak elastic frustration can
drive isothermal relaxations in two or more well-defined steps.
Importantly, we show this in a model with a single SCO species
- demonstrating that multiple SCO sites are not required for
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Fig. 3 Mean-field-like isothermal relaxation from the trapped HS state in an unfrustrated system. (a) The sigmoidal model (egn (1)) fits the
calculations well at all temperatures for unfrustrated interactions (e.g., the typical parameters listed in Tables 1 and S1,7 shown here). The rate
constant, k, and the self-acceleration parameter, «, are defined in egn (1) and are given in the figure. (b) Lower interaction strengths, here «, =
0.06k; (versus k, = 0.2k in (a), see also Table 1), decreases the cooperativity, which reduces k and «. The difference in xT at t = O for different
temperatures is due to the temperature dependence of xT in the HS state, which is a consequence of the zero-field splitting of the HS states by

spin—orbit coupling.
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Fig. 4 Weak elastic frustration drives two-step relaxation kinetics and two-step thermal transitions. (a and d) Two-step isothermal decay from
the trapped HS state. (a) The metastable phase in the intermediate plateau has short-range stripe order. At all temperatures, good sigmoidal fits
can be found for both steps (solid lines; eqn (1), parameters given in the figure). (d) Increased frustration stabilises the stripe phase. At 28 K, the
decay is sigmoidal in both steps. At 52 K, the first relaxation step becomes compressed exponential, e where B is the compressing exponent,
(dashed line, with parameters as marked), but the second step remains sigmoidal. This change occurs at ca. 46 K. (b and e) Corresponding
evolution of spin-state configurations at 36 K. (c and f) Thermally accelerated relaxation of the trapped HS state (black circles) and SCO under
thermal cycling (black lines). (c) Thermally accelerated relaxation following LIESST shows a single step characterised by a dip in d(x7)/0T at T jgsst
= 32 K (red line). Thermal SCO has an intermediate symmetry breaking phase with long-range stripe order (inset). (f) The increased stability of the
intermediate stripe phase (due to increased frustration) leads to two well-defined steps in the relaxation after LIESST, characterised by two dips in
A(xT)/OT at Tksst = 28 K and T8Lsst = 44 K, and increases the range of temperatures at which the intermediate phase is stable under thermal

cycling. (@—c) k, = 0.6x; and k3 = —0.15«;. (d—f) k, = 0.5¢; and k3 = —0.2«;. All other parameters as in Tables 1 and S1.¥

multistep relaxation. For example, weak frustration due to
antiferroelastic third nearest neighbour interactions (k3 < 0)
leads to two-step relaxation of the trapped HS state, Fig. 4a. Both
steps are sigmoidal. The intermediate plateau has short range
stripe order with approximately half of the SCO centres in the
HS state, Fig. 4b.

For this weakly frustrated system, thermal cycling shows
a two-step transition with long-range stripe order in the

17866 | Chem. Sci., 2024, 15, 17862-17872

intermediate plateau, Fig. 4c. The long-range order of the
intermediate plateau spontaneously breaks the symmetry of
crystal, doubling the unit cell length in one direction. However,
as the kinetically trapped stripe state is short-lived thermally
accelerated relaxation skips the intermediate plateau, yielding
a single-step relaxation of the trapped HS state with Ty gsst = 32
K, Fig. 4c. Note that the isothermal kinetics still occurs in two
well-defined steps for all temperatures below Ty, (the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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temperature where yys = 1/2 in thermal equilibrium), which
includes a significant temperature range above T gsst, Fig. 4a.
However, as the kinetically trapped stripe state is short-lived
thermally accelerated relaxation does not reveal the interme-
diate plateau, Fig. 4c. This emphasises a well-known limitation
of the thermally accelerated relaxation, which is strongly
dependent on the heating rate used in the experiment.

A moderate increase in the frustration (making x; more
negative) results in a longer lived intermediate state, Fig. 4d. At
low temperatures, the HS — stripe decay remains sigmoidal
(e.g., the 28 K data); but at higher temperatures, it becomes fast
and takes a compressed-exponential form (e.g., the 52 K data).
Nevertheless, the stripe — LS decay remains slow and
sigmoidal in both temperature regimes. Similar two-step
isothermal relaxations with a fast, exponential-like first step
and a slower, sigmoidal second step have been observed in
several materials,”*'**” the layered (quasi-2D) framework
[Fe(isoq){Au(CN),},] also shows a stripe intermediate plateau.*”
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Increased frustration leads to two-step thermally accelerated
relaxation, Fig. 4f, with short-range stripe order in the inter-
mediate plateau. Two negative peaks in the derivative indicate
two temperatures, Tikssr = 28 K and T{:ssr = 44 K, Experi-
mentally, two-step thermally accelerated relaxation has been
observed in several spin-crossover materials.'®37:3%

Two-step relaxation with chequerboard order in the inter-
mediate plateau is found when «, is lowered, Fig. S2.7 However,
the change in the intermediate order does not lead to signifi-
cant changes in the relaxation dynamics. A layered Fe'-Re"
cyanido-bridged framework?®® exhibits two step thermodynamic
transition and thermally accelerated relaxation involving
a chequerboard intermediate.

The frustration is further enhanced if the nearest and next
nearest neighbour interactions compete, for example, for anti-
ferroelastic «,. This can lead to three-step relaxation processes, as
shown in Fig. 5, where the relaxation proceeds via two interme-
diate states. Again, longer-lived intermediate metastable states

t (10> MD Steps)

0.3 23

» t

Fig. 5 Three-step thermally accelerated relaxation and two-step incomplete thermal transitions in a highly frustrated system. (a) Thermally
accelerated relaxation of the low-temperature trapped HS state proceeds via two intermediate plateaus (black circles). This leads to three
negative peaks in d(x7)/T (red line) at THksst = 22 K, T8ksst = 40 K and Tiksst = 82 K. Thermal SCO (black lines) shows as incomplete two-step
transition with long-range ordered phases in the intermediate plateau (y,,3) and low-temperature phase (yy/3). The LS phase is accessible via
reverse-LIESST at 10 K, and relaxes to the 1,3 phase at T,_| gsst = 120 K, yielding a peak in d(xT)/dT. (b) Typical spin-state configurations of the /3
(at 130 K) and v,z (at 200 K) phases on cooling from high temperature. (c) Calculated isothermal relaxations of the trapped HS state at various
temperatures show that intermediate steps are stable for long times. This is clearly responsible for the multistep thermally accelerated relaxation.
Fits to sigmoidal (solid lines, egn (1)) or compressed exponential (dashed line, e~ ) are shown, with the parameters marked in the figure. (d) The
spin-state configurations during relaxation at 36 K show significant disorder, unlike the orderly configurations observed during thermal crossover
(b). This suggests that at low temperatures the LS phase is thermodynamically stable and the dynamic disorder following thermally accelerated
relaxation prevents the system from becoming kinetically trapped in the 4,3 phase, as it does on thermal cycling. Here the ligand-field strength
(see ESIT) is Dq/B = 2.0459, k; = 1.55 eV A2, ko = —0.33ky, k3 = 0.11ky, and kg = 0.56k; and the rest of the parameter values used for both of these
cases are listed in Tables 1 and S1.f
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can also appear during the thermally activated relaxation after
LIESST. We are not aware of any experiment yet reporting three-
step thermally assisted decay of a trapped HS state.

The corresponding thermal SCO, Fig. 5a, is an incomplete
two-step transition, with a low-temperature phase, y4,3, with HS
fraction 1/3, and an intermediate spin-state phase, v,/3, with HS
fraction 2/3. Both of these phases have lower symmetry than the
high-temperature HS state. At low temperatures, reverse-
LIESST, v43 — LS, allows access to a hidden LS phase. Inter-
esting the LS phase is also reached after thermally accelerated
relaxation following LIESST, TIESST, etc. Similar behaviour has
been observed in several layered SCO materials.’”*

To understand why the systems reaches the LS state after
LIESST, but not on thermal cycling, it is important to recognise
the differences in the spin-state configurations in the plateaus
with a HS fraction yys = 1/3. On thermal cycling the v4,; phase
has true long-range order (Fig. 5b). On thermal accelerated
relaxation after LIESST we find a highly disordered state in the
vus = 1/3 plateau, with only short-range order. Importantly, this
disorder varies in both space and time - that is, the disorder is
dynamic. Our results indicate that the barrier between the long-

View Article Online
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to be overcome in the relevant temperature range (<100 K).
However, the barrier between the disordered yys = 1/3 state
(Fig. 5d) and the LS phase is small enough to be overcome at
T{¥kssr = 82 K. Thus, the dynamics of the disorder allows the
system escape kinetic traps and access states that would
otherwise be inaccessible. This may be an important general
lesson for understand other dynamically disorder systems. It is
interesting to compare this with, for example, the functional
advantage dynamic disorder is believed to provide proteins with
in binding to specific substrates.”

On lowering the frustration (e.g., making «, less negative),
the intermediate metastable states become less stable, erasing
the intermediate plateaus in the thermally activated relations
after LIESST and allowing direct access to the LS phase on
thermal cycling, Fig. S3.7

2.3 Complex kinetics: dynamic disorder from competing
orders

In highly frustrated systems we find significantly altered kinetic
processes as well as multistep relaxation. We observe that

range ordered 7,3 phase (Fig. 5b) and the LS phase is too large multiple intermediate ordered states are energetically
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Fig. 6 Complex isothermal relaxation from a rugged free energy landscape and dynamical disorder due to competing phases in a model with
a single SCO species. (a) Isothermal relaxation slows as it proceeds. At short times and low temperatures the relaxation is sigmoidal (egn (1); solid
line; parameters as marked); at long times and high temperatures the relaxation follows a stretched exponential form e B < 1; dashed line;
parameters as marked). (b) The spin-state evolution at 34 K shows microdomains domains of competing chequerboard, stripe, v1/4 and yz/4
phases. (c) For these parameters, thermal SCO and thermally activated relaxation are both single-step processes. Here k3 = —0.15«;, with the rest

of the parameters as listed in Tables 1 and S1.1
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Fig. 7 A rugged free energy landscape leading to complex isothermal relaxation, multistep thermally assisted relaxation, and multistep the
thermal SCO. (a) Isothermal relaxation is sigmoidal at short times and low temperatures (eqn (1); solid line; parameters marked) but becomes
stretched exponential €, 8 < 1; dashed line; parameters marked) at long times and high temperatures. (b) Snapshots of the spin-state distri-
butions during the isothermal relaxation at 40 K show competing domains of stripe, chequerboard, 1,4 and yz/4 spin-state orders. (c) The
thermally accelerated decay of the trapped HS state is extremely complicated, d(xT)/dT shows several well defined negative peaks and multiple
subtle dips. Thermal SCO proceeds via two long-range ordered intermediate phases, 1,4 and chequerboard. (d) Typical snapshots at the SCO
steps on cooling from high temperatures. Here k, = 0.23k; and k3 = —0.2k;, the other parameters are as given in Tables 1 and S1.

competitive, indicating that the free energy landscape is rugged.
Furthermore, we observe that dynamic spin-state disorder, due
to this ruggedness, causes complex relaxation kinetics, Fig. 6
and 7.

Intermediate orders compete in broad parameter ranges of
the semi-empirical, semi-classical model; even when the ther-
mally accelerated decay and thermal spin-crossover are both
single-step, as shown in Fig. 6. We find that in these parameter
ranges the calculated xT cannot be fit by standard phenome-
nological rate models, Fig. 6a. At intermediate temperatures (ca.
30-40 K), no single simple relaxation form fits the isothermal
relaxation data well.

A common behaviour (seen, for example, in the 34 K data in
Fig. 6) is that x T initially relaxes sigmoidally, but at longer times
the relaxation slows and can be fit to a stretched exponential
function, e ** with 8 < 1. Experimentally, such ‘mixed relaxa-
tions’ have been observed in several SCO materials.”**'*'” For
example, [Fe(bppSMe),][BF,], exhibits behaviour similar to the
calculations presented in Fig. 6: single step SCO, a single nega-
tive peak in d(x7)/dT, and mixed isothermal kinetics with
stretched tails."* We observe complex relaxation dynamics with

© 2024 The Author(s). Published by the Royal Society of Chemistry

temperature dependent regime changes for many other param-
eter regimes with a wide range of intermediate incipient orders.

It has been speculated that such complex kinetics require
materials with multiple crystallographically distinct SCO
centers.'>**% However, our result shows that mixed relaxation
can occur with only one spin-crossover species, consistent with
experiment.”” Snapshots of spin-state distributions during the
relaxation reveal small areas of four metastable spin-state orders:
stripe, chequerboard, v,,, and vy3.4, Fig. 6b. None of these phases
stabilises into long-range order or lives for long times. However,
the competition between these incipient orders leads to
a dynamic spin-state disorder, resulting in a complex relaxation
process, where the trapped spin-state initially decays rapidly, but
later decay is frustrated by the need to disentangle the competing
orders, dramatically slowing the decay to yys = 0.

For even more highly frustrated systems the free energy
landscape is even more rugged. This leads to more complicated
dynamics because the competing intermediate states are stable
on longer timescales. An example with four incompatible
incipient spin-state orders with multiple steps is shown in
Fig. 7. In comparison to the single step case, Fig. 6a, the more

Chem. Sci., 2024, 15, 17862-17872 | 17869
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stable dynamic disorder induces stretched exponential relaxa-
tion at high temperatures, e.g., the 60 K data in Fig. 7a. Such
high temperature stretched relaxation is often observed in SCO
materials.>"

To further characterise the dynamic disorder, we have
calculated the static structure factor, which can be measured via
X-ray diffraction. Fig. S41 shows the static structure factor
averaged over time and five different runs, for the 40 K
isothermal relaxation presented in Fig. 7a. In addition to the
Bragg peak centred at (0,0), additional peaks in the structure
factor show that nano-domains of multiple spin-state orders
simultaneously appear during the kinetics. Moreover, peak
splitting due to the different unit cell lengths in different spin-
state orders is also observed, Fig S4b.f Since the spin-states
have only short range order, the intensity of the additional
peaks is low compared to the Bragg peaks. This suggests that
a careful analysis of experimental X-ray diffuse scatter could be
used to detect dynamic disorder in SCO materials exhibiting
complex relaxations.

Signatures of competing orders are also be found in thermal
SCO and thermally accelerated relaxation, Fig. 7c. Competing
orders lead to poorly defined steps in thermally accelerated
decay, highly reminiscent of the behaviours of 2D coordination
polymers  [Fe[(Hg(SCN)3),](4,40- Dbipy),], and Fe(py),[-
Ag(CN),],."7**** Here the corresponding thermal SCO, Fig. 7c,
has two well defined intermediate steps: at yys = 1/2 and 1/4
with chequerboard and v,,, states respectively. The chequer-
board phase has significantly more disorder than we found in
the weakly frustrated cases discussed above. This is highly
reminiscent of Fe(py),[Ag(CN),],, which exhibits an incomplete
two-step thermal SCO with a disordered phase at the interme-
diate plateau and complex isothermal HS — LS relaxations with
stretched form at later times during the decay."”*

3 Conclusion

We have used a semi-empirical, semi-classical theory to
understand and characterise the dynamics of frustrated,
dynamically disordered SCO materials beyond standard
phenomenological approaches. It is important that this model
describes intramolecular processes and intramolecular elastic
interactions on an equal footing. Both play key roles in the
dynamics of SCO materials: the potential barriers in single
molecules, Fig. 2, sets the basic timescales for dynamic
processes, while intermolecular elastic interactions stabilise the
intermediate phases, which can lead to dynamics that are slow
on the basic molecular timescale.

This theory has enabled us to explain the emergence of
a range of isothermal relaxation behaviours of the trapped
states including sigmoidal, stretched, compressed exponential,
and mixed relaxation, Fig. 1 and Table 1. These occur because
elastic interactions introduce (metastable) ordered phases that
can act as kinetic traps, greatly complicating the relaxation
dynamics. We emphasise that we have not constructed detailed
models of specific materials. Nevertheless, our model qualita-
tively reproduces the wide range of complex dynamics observed
in SCO materials. An important task for future extensions of our

17870 | Chem. Sci, 2024, 15, 17862-17872
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work will be to construct detailed models of specific SCO
materials and show that these reproduce the behaviours seen
experimentally in those materials.

We have also shown that dynamical disorder allows the
system to escape kinetic traps. This explains why SCO materials
that show incomplete transitions often relax to the LS phase after
LIESST. TIESST, etc. The thermal intermediate plateau is long-
range ordered and therefore significantly more stable than the
dynamically disordered intermediate plateau reached on ther-
mally accelerated relaxation following LIESST. This parallels the
selective advantages provided to proteins by dynamic disorder.

In elastically frustrated SCO materials, multiple competing
incipient orders give rise to rugged free energy landscapes. This
ruggedness results in dynamically disordered spin-state
configurations and hence explains the changes in relaxation
regime with temperature seen experimentally in SCO mate-
rials.”” For example, the, frequently observed, quantitative and
qualitative slowing of the relaxation at long times can be
understood as the system becomes stuck in these metastable
states. The rugged free energy landscapes are also responsible
for multistep isothermal decay, multistep thermally activated
relaxation, and multistep thermal SCO. For the latter two of
these it is crucial to recall that the relative stability of different
many-body states changes with temperature.

Previously, complex relaxation kinetics have often been
attributed to non-uniform SCO species or sample impuri-
ties."'*1* However, we find the full range of kinetic behaviours
observed experimentally in a model with only one species of
SCO complexes and no impurities or imperfections.

Chemically, SCO materials are highly tunable. This positions
SCO materials as outstanding model systems to study complex
dynamics. This is potential is significantly enhanced by the
relatively simple theory, presented here, explaining the experi-
ments. In the future, these materials may help to establish
a universal understanding of these concepts in broader
contexts, from biomolecular dynamics to quantum materials. In
particular, the current approach of integrating out the local
quantum effects, to give a classical Marcus-Hush like PES, while
retaining interactions between subunits on longer length scales
could be a useful first step for understanding the complex
dynamics due to frustration and dynamic disorder in a wide
range of materials.

Many porous SCO frameworks have been synthesised.*-**
These frameworks allow the absorption of a range of guest
molecules, which can significantly alter the physics of SCO.>*>¢
Therefore, it is interesting to speculate whether dynamic disorder
due to competing ordered states in such frameworks could enable
behaviours analogous to fuzzy (adaptable) binding in proteins.
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