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Introduction 

The light-induced spin-crossover (SCO) phenomenon is widely 

investigated[1,2] since fast photoswitching can be achieved at room 

temperature,[3,4] leading to possible applications in nanoscience,[5] 

sensors[6,7] and other types of functional materials 

applications.[8,9] The most studied SCO ion is undoubtedly iron(II), 

since it can exhibit a diamagnetic (S = 0, low spin LS) to 

paramagnetic (S = 2, high spin, HS) transition under light, 

temperature, pressure, magnetic field or chemical perturbation. 

Upon this electronic change, structural reorganisations take place 

due to the metal-ligand bond-length change associated with the 

SCO[10]. Elastic interactions between SCO molecules organised 

into a crystallographic network can propagate these structural 

changes and might promote cooperative effects responsible of 

hysteretic behaviours. Such elastic interactions can be either 

ferroelastic-like, favouring the population of the same spin state, or 

antiferroelastic-like responsible of alternating LS/HS states. The 

elastic frustration resulting from the existence of both type of 

interactions leads to the occurrence of symmetry breaking in the 

materials[11]. It results in multistep spin crossover behaviours with 

an increasing number of reported examples. 

The Light-Induced Excited Spin-State Trapping (LIESST) 

effect is probably the most studied photoswitching process. It 

involves the population of the HS metastable state that occurs at low 

temperature through excitation in the absorption bands of the LS 

state.[12] The lifetime of the photo-induced HS state by LIESST 

effect has been widely studied to probe the chemical levers that can 

be manipulated to tune the temperature range of observation of this 

metastable state. In that sense, the work of Hauser and 

collaborators[13-14] has been of central importance to understand 

the role of different physico-chemical parameters on the relaxation 

kinetics, including cooperativity. Correlation between the relaxation 

rate and thermal SCO temperature, T1/2 have then been evidenced. 

The general trend is that higher T1/2 values lead to a faster relaxation 

process. Moreover, employing the T(LIESST) procedure[15], the 

role of the coordination sphere distortion has been pointed out as 

favouring the light-induced HS state. This T(LIESST) temperature 

records the temperature at which the photo-induced HS state is 

erased (with a standardized warming protocol).[16-21] Of further 

importance, according to these correlations, when multistep SCO 

occurs it should be echoed in the T(LIESST) curve; as long as the 

steps are well-defined and separated. When multiple iron(II) sites 

are involved this is usually the case[22-24] but it becomes less 

systematic when symmetry breaking is involved in the stepped 

SCO.[25-30] The structural changes that occur during the thermal 

SCO at high temperature (between 70 and 400 K) are not necessarily 

mirrored in the light-induced process. When the metastable state 

exhibits a clear symmetry breaking upon relaxation, multistep 

isothermal relaxation curves are obtained. In the present study, we 

show that even in a well-defined three-step SCO material, the photo-

induced state can exhibit unusual and unexpected behaviour, without 

usual stepped relaxation.  

In this study we investigate in detail the LIESST properties of 

the 3D framework material [Fe(dpsme)Pt(CN)4]· 

⅔dpsme·xEtOH·yH2O (dpsme = 4,4-di(pyridylthio)methane; EtOH 

= ethanol), 1, which exhibits a three-step SCO transition that is 

unique in occurring both on cooling and warming and in having 

broad thermal hysteresis.[30] Accompanying this stepwise 

transition is a series of subtle structural modulations in which the 

material converts between different long-range configurations of 

ordered HS and LS sites. Several symmetry breaking transitions 
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occur in tandem with the thermal SCO. This compound exhibits a 

reversible photo-switching at low temperature but apparently no 

evidence of phase transition on the T(LIESST) curve. The present 

study investigates in detail the lifetime of the photo-induced HS state 

to see whether or not some unexpected behaviours are hidden. 

Results and Discussion 

Thermo- and photo-induced spin crossover 

The magnetic and photomagnetic properties of the title compound 

have already been reported[30] and are summarised here to facilitate 

a detailed discussion of the kinetics. Figure 1a reports the thermal 

SCO curve recorded on the sample. The observed three-step 

character has been studied from the crystallographic point of view, 

evidencing three successive symmetry breakings. The spin transition 

follows the State 1 [HS] ← Step 1 → State 2 [1:1 HS:LS] ← Step 

2→ State 3 [ca. 1:2 HS:LS] ← Step 3 → State 4 [LS] process. 

Notably, the multiple steps are enclosed within a single thermal 

hysteresis loop.  

The title compound also shows light-induced switching 

properties. Irradiation at 10 K of the LS state with green light (514 

nm) induces a partial photoconversion to the HS state according to 

the LIESST effect.[12] This photo-induced HS state can be 

depopulated by irradiating at 830 nm according to the reverse-

LIESST process.[30] A remarkable feature of this photo-

reversibility is that the reverse-LIESST process is complete while 

the pathway through the triplet state is assumed to disfavour this 

quantitative HS state erasing. The relaxation temperature of the 

photo-induced state was determined using a conventional 

T(LIESST) procedure[17] in which the material was heated in the 

dark from 10 K at 0.3 K min-1. Relaxation of the photo-induced state 

occurs above 50 K with a T(LIESST) temperature of 56 K. In 

contrast to the thermal SCO, no steps or intermediate phases are 

evidenced in the T(LIESST) curve. 

 
Figure 1: Thermal behaviour of the χMT product in the dark before irradiation 

(o) under irradiation at 532 nm (∆), after irradiation in the dark (). 

 

Experimental relaxation curves 

A complementary way to gain insight into the lifetime of the photo-

induced HS state is to record relaxation kinetics at different 

temperatures. Figure 2 reports the recorded relaxation curves from 

40 to 62 K. At 40 K the relaxation is relatively slow since only 20 % 

of the photo-induced state relaxes over a period of 12 hr. To extract 

the activation energy of the system the relaxation curves were 

modelled. A detailed inspection of these curves indicates that neither 

a simple exponential process nor a pure self-accelerated model 

reflect the experimental behaviour. Indeed, a single exponential fit 

fails to reproduce correctly the experimental curves (Figure 3a). The 

use of stretched or bi-exponential models does not improve the fit.  

 
Figure 2: Relaxation kinetics of the photo-induced HS state at different 

temperatures from 40 to 60 K in (a,b). 

 

 

This deviation from the single exponential behaviour can be 

simulated according to the self-accelerated process described by A. 

Hauser.[14-16] The use of such model that reflects the presence of 

cooperative interaction acting during the relaxation process could 

agree with the cooperative character of the thermal SCO. This model 

traduces a change in the energy barrier as a function of HS (see 

Equations 1-4) where α(T) = (Ea*/kBT) is the acceleration factor at a 

given temperature and the relaxation rate k*HL(T, γHS) depends 

exponentially on both γHS and T (eq. (1) and (2)). 
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kHL(T) = k∞.exp(–Ea / kBT)              (3) 
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Figure 3: Relaxation of the photoinduced HS state at various temperatures 

after LIESST excitation at 10 K for 1, with data points showing the 

experimental behaviour on a logarithm scale of the time. The lines of fit 

correspond to the simulation discussed in the text according to (a) single 

exponential fit, (c) self-accelerated simulation and (d) combination of 

exponential and self-accelerated relaxation. 

 

Figure 3b reports the best simulations obtained using this 

procedure. From 61 K down to 56 K, the fit satisfactorily reproduces 

the experiment; however, a clear deviation appears at the beginning 

of the relaxation for lower temperatures (below 56 K). This 

deviation indicates the presence of a fast relaxing species. This fast 

relaxing fraction was modelled using a combination of w1 

exponential relaxation and w2 self-accelerated process, with w1+w2 

being equal to HS(t=0). Figure 3c reports the best simulations 

obtained using such approach and clearly shows the improvement 

brought by this combination compared to the previous simulations.  

Deviations from classical self-accelerated behaviours have 

already been observed and explored. The presence of a small fast 

relaxing species at short time scale can follow from photo-excitation 

inhomogeneities. Due to the strong colour change upon spin change, 

bleaching effect can be involved in this photoswitching process, 

leading to differences in the population between the surface of the 

sample and the bulk [31]. In addition, defects in the sample or the 

presence of a relaxation process relative to a specific iron(II) site are 

not excluded. Finally, it has also been shown that short range and 

long-range interaction may co-exist in the same sample, giving rise 

to similar deviations [32]. 

From these successful simulations of the experimental 

relaxation kinetics, we can extract the relaxation rates at each 

temperature (Table 1) and the dynamical parameters of the system. 

This is conventionally achieved through an Arrhenius plot of lnk vs 

1/T (Figure 4). In the present case, this plot reveals an original 

feature with a deviation from the expected linear behaviour 

occurring between 56 and 59 K. This deviation is observed either 

with the relaxation rates obtained from the single self-accelerated 

process or the combined exponential/self-accelerated processes. 

This comparison strongly limits the effect of over-parametrisation 

of the processes. 

Figure 4: Thermal evolution of the relaxation rate ln kHL extracted from the 

simple self-accelerated model () and the combination of exponential and 

self-accelerated relaxations (o).  

 

At this level of investigation, it is impossible to certify if the 

exponential relaxing fraction and the two self-accelerated processes 

are related to the three-step character of the thermal SCO. A decrease 

in monocrystallinity arising with cycling through the photo-induced 

SCO transition prevented photo-crystallographic characterisation. 

The important point is that despite the cooperative 3 steps process of 

the thermal spin crossover, the relaxation curves do not exhibit such 

clear symmetry breaking. However, a change in the relaxation 

regime seems to occur around 56 K, whose origin cannot be 

identified for the moment. The dynamical parameters of the two 

relaxation processes were estimated from the linear fit of the regime 

I and regime III regions of the lnk vs 1/T plot (Figure 4): Ea = 520 

cm-1, k(T∞) = 300 s-1 and Ea* = 35 cm-1 for the species relaxing 

below 56 K (LT species) and Ea = 905 cm-1, k(T∞) = 2 106 s-1 and 

Ea* = 75 cm-1 for the species relaxing above 59 K (HT species). In 

regime II, different parameters could be extracted depending on the 

fitting procedure used. The main observation is related to the almost 

temperature independent character of this regime, which is usually 

observed in the tunneling region[13], and is therefore surprising in 
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the middle of a relaxation process. This regime change more 

probably reflects a change in the relaxing entities (structural change, 

symmetry breaking…) that could not be identified at the moment.  
All these considerations being taken, the extracted 

thermodynamic parameters can be used to simulate the T(LIESST) 

curve. Starting from the parameters obtained below 56 K (LT 

species) or above 59 K (HT species), two curves are simulated 

(Figure 5). While the parameters differ greatly, the curves are very 

close to each other. The main difference lies in the cooperative 

character of the HSLS relaxation that is higher using the HT 

species parameters. This proximity of the two simulated curves 

explains the absence of steps in the T(LIESST) curves since the two 

processes have almost simultaneous relaxation rates despite their 

different thermodynamic characteristics. Moreover, a global and 

precise simulation of the T(LIESST) curve is not feasible since the 

assumed phase transition would correspond to an unknown fraction 

of the sample, with a coexistence of the two processes over several 

degrees. Nevertheless, Figure 5 shows that the T(LIESST) is mainly 

governed by the LT species behaviour since the corresponding 

simulated curve is very close to the experimental one. 

Light-Induced Thermal hysteresis 

For cooperative compounds, it has been shown[15,33] that a 

permanent light irradiation upon warming an cooling can open a 

light-induced thermal hysteresis (LITH) due to the competition 

between HS  LS relaxation and LS  HS population. The LITH 

curve has been recorded under permanent green light irradiation at a 

0.3 Kmin-1 temperature scan rate and is presented in Figure 6a. The 

revealed 30 K wide hysteresis is the result of a kinetic equilibrium 

between relaxation and population, and the clear evidence of the 

opening of a hysteresis can be obtained by recording photostationary 

points. Figure 6b reports the results of irradiation at 45 K for 6 hrs 

in both the LS and the HS states. The two curves clearly do not tend 

to the same point, illustrating the presence of a light-induced 

hysteresis. Moreover, the huge difference indicates that the 

hysteresis is large. While it is expected for highly cooperative 

compounds, it is quite surprising considering the small additional 

activation energy values, Ea* (35 and 75 cm-1). The estimation of the 

real hysteresis width would require time consuming experiment such 

as slower temperature scan rate or record of the photostationary 

points, which is out of the scope of this study. 

Another interesting feature is that in the warming branch we 

observe a shoulder in the derivative curve at 58 K (arrow on Figure 

5c), which is coincident with the temperature at which we propose 

that a phase transition occurs between two cooperative relaxation 

processes. The observation of this shoulder on the LITH curve and 

not on the T(LIESST) curve comes from the fact that under light 

irradiation the HS metastable state is favoured and the efficient 

thermal relaxation occurs at higher temperature (4 K higher in that 

case). Therefore, in the LITH curve we can overpass the T(LIESST) 

value and observe a signature of a potential phase transition between 

56 and 59 K. 

 

 

 

Figure 5: T(LIESST) simulations compared to the experimental curve 

(squares). The blue curve has been simulated with Ea = 520 cm-1, k(T∞) 

= 300 s-1 and Ea* = 35 cm-1 and the red curve with Ea = 905 cm-1, k(T∞) 

= 2 × 106 s-1 and Ea* = 75 cm-1. 
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Table 1 Results of the different simulations performed according to the models described in the text. 

 exponential sigmoid exponential + sigmoid 

T (K) 
(w)(1)  

k (s-1) 
k (s-1) 

α / 

Ea*(cm-1) 

(w1)  

kexp (s-1) 

(w2)  

ksig (s-1) 

α / 

Ea
*(cm-1) 

40 (0.85) 7.24 × 10-6 - -    

45 (0.85) 2.56 × 10-5 - -    

50 (0.84) 1.32 × 10-4 1.14 × 10-4 0.32 / 11 (0.055) 4.5 × 10-3 (0.945) 8.57 × 10-5 0.74 / 25 

52 (0.81) 2.48 × 10-4 1.86 × 10-4 0.58 / 21 (0.040) 5.00 × 10-3 (0.960) 1.42 × 10-4 1.03 / 37 

54 (0.81) 4.87 × 10-4 2.95 × 10-4 0.97 / 36 (0.025) 5.50 × 10-3 (0.975) 2.77 × 10-4 1.07 / 40 

56 (0.78) 9.12 × 10-4 4.45 × 10-4 1.29 / 50 (0.010) 6.50 × 10-3 (0.990) 4.12 × 10-4 1.44 / 56 

58 (0.68) 1.36 × 10-3 3.71 × 10-4 1.90 / 76 - (1.0) 3.71 × 10-4 1.90 / 76 

59 (0.60) 1.82 × 10-3 3.49 × 10-4 2.00 / 82 - (1.0) 3.49 × 10-4 2.00 / 82 

60 (0.56) 2.86 × 10-3 6.26 × 10-4 2.00 / 83 - (1.0) 6.26 × 10-4 2.00 / 83 

61 (0.48) 4.21 × 10-3 9.83 × 10-4 1.94 / 82 - (1.0) 9.83 × 10-4 1.94 / 82 

(1) A weight ratio was applied to account for the fact that the relaxation curves do not start from γHS = 1 
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Conclusions 

In summary, we have characterised in detail the photomagnetic 

properties of a compound that exhibits a three-stepped hysteretic 

SCO process. The HS state can be reached at low temperature in a 

quantitative manner by irradiating at 514 nm. This photo-induced 

HS state can be depopulated by irradiation at 830 nm through the 

reverse-LIESST process. The T(LIESST) temperature was recorded 

and measured at 58 K. There is no evidence for any step in the 

T(LIESST) curve, as seen in the thermal SCO, with the derivative of 

the curve exhibiting only one minimum. 

The relaxation kinetics were recorded from 40 to 62 K and 

fitted using several models. No steps were evidenced on the 

isothermal relaxation curves as clearly as on the thermal SCO. 

Above 50 K we observed an unusual behaviour in the Arrhenius plot 

since a clear change of slope occur between 56 and 59 K. Up to now 

changes in the lnkHL vs 1/T curve was ascribed to the crossing 

between the tunnelling and the thermally activated region of the 

relaxation or to the overlap with the thermal hysteresis loop[34]. 

With the absence of any steps in the T(LIESST) curve, it appears 

likely that several HS sites are relaxing or that a structural 

reorganisation that takes place inducing a change in the relaxation 

rate. The occurrence of a possible phase transition was also 

confirmed by the shape of the LITH loop that shows a curvature 

around 58 K, a temperature at which we propose there is a transition 

between two cooperative phases.  

Experimental Section 

Photomagnetic measurements were performed on polycrystalline samples 

using a Spectrum Physics Series 2025 Kr+ laser (514.5 nm or 647 nm at 5 

mW cm-²) or a 830 nm photodiode (3.5 mW cm-²), coupled through an optical 

fibre to the cavity of a MPMS-5S Quantum Design SQUID magnetometer. 

The optical power at the sample surface was adjusted to prevent an important 

warming of the sample. The compound, which was synthesised via 

previously reported methods,[28] consisted of a yellow solid in ethanol/water 

solution. To prevent guest molecule desorption, the sample was quickly 

transferred from solution to grease then inserted within the sample-holder as 

a thin layer of sample-containing grease. Its weight (around 0.1 mg) was 

obtained by comparison of the thermal spin crossover curve with that of a 

more accurately weighted sample of the same material. After being slowly 

cooled at 10 K, the sample in the low-spin state was irradiated and the change 

in magnetic susceptibility was followed. When the saturation point was 

reached the T(LIESST) and LITH curves were recorded according to 

classical procedure[17-21]: a temperature increase at a rate of ~0.3 K min–1 

with a magnetisation measurement every 1 K. All the measurements were 

performed at 20 kOe of applied field. 
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