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ABSTRACT:  

We report a 2D Hoffman-like spin-crossover (SCO) material [Fe(trz-py)2{Pt(CN)4}].3H2O, 

built from [FePt(CN)4] layers separated by interdigitated 4-(2-pyridyl)-1,2,4,4H-triazole (trz-

py) ligands. This compound exhibits an incomplete first-order SCO transition at 153 K 

between HS-HS and a HS-LS ordered state. At low temperature, it undergoes a bidirectional 

photo-switching to a HS-HS and LS-LS states with green and near-infrared light-irradiation, 

respectively, with associated 

T(LIESST=Light-Induced Excited Spin-

State Trapping) and T(reverse-LIESST) 

values of 52 and 85 K, respectively. 

Photomagnetic investigations show that 

the reverse-LIESST process, performed 

from either HS-HS or HS-LS states, 

enables access to a hidden stable LS-LS 

state, revealing the existence of a hidden 

thermal hysteresis. Crystallographic 

investigations allowed to identify that the strong metastability of the HS-LS state originates 

from the existence of a strong elastic frustration causing antiferroelastic interactions within 
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the [FePt(CN)4] layers, through the rigid NC-Pt-CN bridges connecting inequivalent FeII sites. 

The existence of the stable LS-LS state paves the way for a multi-photo-switching and allows 

potential applications for electronic devices based on ternary digits. 

■ INTRODUCTION 

Spin crossover materials (SCO), in particular those exhibiting thermal and photo-induced 

magnetic bistability, are likely among the most studied switchable molecular solids in the last 

few years. In general, this property occurs for the first row transition metal complexes of d4-d7 

electronic configurations when the spin pairing energy is close to the ligand field strength, 

producing changes in their magnetic, optical and structural properties.1 So far, the most 

studied examples are those based on Fe(II) (d6 configuration), for which a paramagnetic-

diamagnetic transition from the high spin (HS) state (S = 2, 5T2g) to the low spin (LS) state (S 

= 0, 1A1g) is observed with temperature.1 The photo-conversion of the LS stable state into the 

HS metastable state has been evidenced at low temperature and shown to be reversible in 

some complexes.2 This allows a bidirectional photo-switching between a reference state (0) 

and an excited state (1) with a long lifetime, as long as the experiment is performed at low-

temperature. Going further, it is of huge interest to be able to reach different states from the 

same reference state, with a high contrast in at least one physical property. Such multi-

addressable systems with at least three states (0, +1, -1) are quite rare.3,4,5 Except the 

particular case of the [Fe(ptz)6](BF4)2 (ptz=1‐propyltetrazole) compound for which the 

multistability comes from the single-molecule magnet behavior of the photo-induced 

metastable state,4 the observation of multi(meta)stability arises from the presence of multiple 

switchable sites. In the example of the binuclear system {[Fe(bt)(NCS)2]2(bpm)}, irradiation 

in the visible range induces the population of the fully paramagnetic HS-HS state while an 

irradiation in the near infrared populates the intermediate HS-LS phase.5 Regarding 

mononuclear compound, the presence of at least two inequivalent Fe(II) sites can lead to a 

stepped spin-crossover or an incomplete transition with one iron(II) that remains in the HS 

state.3 Using the reverse-LIESST process, this thermally-trapped HS state can be switched to 

LS. From this new state, a new spin-crossover temperature can be recorded that corresponds 

to the spin-crossover of the second iron(II) site.3 One interesting but rarely observed property 

is that this trapped site may undergo a first-order phase transition giving rise to a hidden 

thermal hysteresis, and so to a hidden bistability.6,7  
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In this context, the Brest’s group and others have directed their efforts towards the so-called 

polymeric strategy to better control the supramolecular organization in the crystal packing and 

possibly to enhance cooperative effects and magnetic interactions.8-14 Such studies led to 

several original systems such as the SCO neutral chains based on flexible cyanocarbanion or 

on rigid inorganic tetracyanometallate ([M(CN)4]
2-, M = Ni(II), Pt(II), Pd(II)) ligands which 

can act as polybridging ligands through their nitrile groups.8-10 In the same time, three–

dimensional Hoffman-like metal-organic frameworks (MOF) based on tetracynometallates 

anions have been extensively studied.12,15-17 However the system based on cyanocarbanion 

flexible ligands exhibited weak cooperativity,8 while the 3-D Hoffman-like systems displayed 

strong molecular cooperativity without significant photo-induced effects, even if it has been 

shown that these bimetallic materials can be organized on surfaces or dots for applications in 

molecular electronics.15 The objective of this work is the design of new systems exhibiting 

multi(meta)stability. So that, we extended the previous polymeric strategy to reach 

processable Hoffman-like MOFs17 which will help in the observation and the control of the 

three states (0, +1, -1) configurations. Based on our achievements gained through our 

previous studies of SCO chains involving cyanocarbanion, cyanometallate anions, as well as 

3-D Hoffman-like systems, we have extended our investigations to bimetallic systems based 

on [FeIIMII(CN)4] 2-D layers and other mono-dentate aromatic N-donor co-ligands.It is 

expected that the tuning of the flexibility/rigidity of the co-ligands which play a crucial role in 

the propagation of the acoustic waves, through which the interaction between spin-crossover 

units takes place. This would allow the control of the interlayer interactions, resulting in 

significant changes in the properties of the thermal (transition temperature and/or thermal 

hysteresis loop) and photo-induced (photo-induced effects, LIESST temperature and 

subsequent relaxation curves) transition regimes of the SCO material.14 At this end, and since 

the 2-D SCO based on Hoffman-like frameworks are, up to now, essentially limited to pyridyl 

N-donor ligands, we focus here our investigations on other aromatic N-donor ligands such as 

functionalized azole ligands involving two or more N-donor atoms. 

So, we report herein the synthesis, the thermal variation of the crystallographic 

structural data and magnetic properties of the SCO 2-D Hoffman-like system [Fe(trz-

py)2{Pt(CN)4}].3H2O (1) (trz-py = 4-(2-pyridyl)-1,2,4,4H-triazole), based on the N-donor 

functionalized triazole ligand. The photo-switching processes involved in this 

multi(meta)stable and bidirectional photo-switching Hoffman-type MOF, are discussed in the 

light of  full photomagnetic and photo-crystallographic investigations. The magnetic 

properties of 1 reveal an incomplete spin transition leading to an ordered HS-LS configuration 
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at low temperature. This state can be either switched by light irradiation, using an adequate 

wavelength, to HS-HS or LS-LS configurations whose thermal stabilities have been analyzed. 

An original result brought in the present work lies with the clear identification of the elastic 

frustration within the Fe-Pt-Fe-Pt pseudo-squares as the physical origin of the incomplete spin 

transition, in excellent agreement with very recent theoretical predictions.18 It should pointed 

out that recently, the coordination polymer [Fe(thtrz)2Pd(CN)4].(EtOH)(H2O) (thtrz = N-

thiophenylidene-4H-1,2,4-triazol-4-amine) was communicated as the first 2-D Hoffman-like 

SCO coordination polymer based on triazole ligands, which revealed a complete two-steps 

conversion.19 

■ RESULTS AND DISCUSSION 

Compound 1 has been prepared as polycrystalline powder by adding K2[Pt(CN)4].xH2O to an 

aqueous solution containing 4-(2-pyridyl)-1,2,4,4H-triazole and iron (II) perchlorate in 1:2:1 

ratio, respectively. The corresponding single crystals suitable for X-ray diffraction have been 

obtained using diffusion technique in fine glass tube (3.0 mm diameter) by carefully layering 

an aqueous solution containing 4-(2-pyridyl)-1,2,4,4H-triazole and iron (II) perchlorate onto 

an aqueous solution of K2[Pt(CN)4].xH2O. The room-temperature X-ray powder diffraction 

spectrum (XRPD) of the polycrystalline powder has been performed to confirm the 

isomorphism of the powders by comparison with the simulated XRPD pattern for the 

corresponding single crystal sample. As clearly indicated by Figure S1, the measured pattern 

of microcrystalline powder of 1 is indeed qualitatively similar to the pattern calculated from 

the single-crystal crystallographic data. The absence of any non-crystalline impurities in this 

powder has been confirmed by IR spectroscopy which showed that the spectrum of the single 

crystals is identical to that observed for the white powder of 1 (see Figures S2 and S3). The IR 

spectrum of 1 shows sharp peaks attributed to the distinctive bond vibration modes of the trz-

py molecule. Except the bands attributed to the [Pt(CN)4]
2- anion (Figure S4), the IR spectrum 

of 1 is similar to that measured for the free trz-py molecule (see 1600-400 cm-1 region in 

Figures S2 and S3). Thus, this observation does not allow any direct conclusion on the 

coordinating character of this organic ligand. However, the blue shift of the characteristic 

intense C-N stretching band (CN) observed at 2167 cm-1, which was located at 2133 and 2122 

cm-1 in K2[Pt(CN)4].xH2O (See Figure S4), reveals the 4-bridging coordination mode of the 

[Pt(CN)4]
2- moiety in compound 1. In the low frequency region, the strong asymmetric 

doublet, observed at 229 and 225 cm-1, is assigned to the Fe-N stretching vibrations in 
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agreement with the presence of HS Fe(II) centers at room temperature. The existence of two 

distinct bands is indicative of the two types of Fe-N bond lengths as revealed by the crystal 

structure determination (see below).20  

The magnetic susceptibility (m) for 1 was determined over the 2-300 K temperature 

range on a polycrystalline sample. The mT versus T plot (where T is the temperature) is 

displayed in Figure 1a. In the high-temperature region, the mT value (3.51 cm3•K•mol-1) is 

consistent with a HS (S = 2) configuration of the hexacoordinated Fe(II) ions. 

 

Figure 1. (a) Thermal dependence of the mT product for 1 showing the abrupt incomplete 

spin transition around 153 K. Inset shows an enlarged view of the transition region showing 

the first-order character of the thermal dependence of the mT product, which is accompanied 

with a ~2K wide hysteresis loop; (b) DSC study for 1 showing the exo- and endo-thermic 

transitions. The upper and lower transition temperatures, determined from the maximum of 

the enthalpic peaks (154.4 and 151.8 K), are in excellent agreement with those of magnetic 

data. Temperature scan rate was, 0.4 K•min-1. 

Upon cooling, mT remains almost constant down to ca. 153 K, at which it abruptly decreases 

to ca. 2.0 cm3•K•mol-1, indicating the presence of an incomplete sharp HS to LS SCO first-
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order phase transition. Below 150 K, the mT product remains almost constant with a residual 

fraction of ca. 57 % Fe(II) ions in the HS configuration. This mT value is slightly higher than 

half of the high temperature value, 3.51 cm3•K•mol-1, because of the presence of a 

paramagnetic fraction of ca. 7 %, probably arising from a small paramagnetic residue or a 

dehydrated phase.21 At very low temperatures, the fraction of HS Fe(II) ions shows the usual 

zero field splitting (ZFS) effect leading to a decrease of mT product. The warming mode 

shows a slight thermal hysteresis as the spin transition temperatures (T½) for the cooling 

(T½
down) and warming (T½

up) modes are 152 and 154 K, respectively (see inset of Figure 1a), 

for a temperature scan rate of 0.4 K•min-1. This bistability was clearly confirmed by DSC 

studies in which the thermal variation of the heat flow shows exo- and endo-thermic 

transitions at 151.8 and 154.4 K, respectively (Figure 1b). Furthermore, we found that the 

phase transition occurs with an enthalpy and entropy changes of ΔH = 4.8 kJ.mol-1 and ΔS = 

30 J.K-1.mol-1, respectively. These values are in good agreement with those reported in the 

literature for SCO compounds.22  

Based on the conclusions derived from the thermal variation of the magnetic data and 

from the calorimetric measurements, the crystal structure of 1 has been determined at 296 K 

and 120 K. The relevant structural modifications induced by light irradiation at 10 K will be 

detailed in the following sections. Compound 1 crystallizes in the monoclinic C2/c space 

group. Crystallographic data, selected bond lengths and angles are listed in Tables S1 and 

Table 1, respectively. The crystal structure of 1 is built from two crystallographically 

independent Fe(II) sites, Fe1 and Fe2, respectively located on an inversion center (¼ -¼ ½ ) 

and a two-fold axis (½ b ¾), one [Pt(CN)4]
2- anion, two monodentate trz-py ligands and three 

water solvent molecules located on general positions (Figure 2). 

 

Figure 2. Thermal ellipsoid drawing (30% probability ellipsoids) of the asymmetric unit of 1 

at 296 K showing the labeling scheme. 
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Table 1. Selected bond lengths and distortion parameters of the coordination sphere of 

compound 1. 

Fe-N distance / Å 

 296 K HS1 120 K IP1 10 K IP2 10 K LS 10K HS2 

Fe1-N1 2.143(2) 1.943(3) 1.944(8) 1.939(3) 2.128(7) 

Fe1-N21 2.162(2) 1.944(2) 1.933(7) 1.947(3) 2.148(7) 

Fe1-N5 2.178(2) 1.974(2) 1.984(5) 1.976(3) 2.183(6) 

<Fe1-N> 2.161(2) 1.954(2) 1.954(7) 1.954(3) 2.153(7) 

Fe2-N3 2.141(2) 2.140(3) 2.146(7) 1.939(3) 2.127(7) 

Fe2-N42 2.151(2) 2.151(2) 2.132(8) 1.956(3) 2.143(7) 

Fe2-N9 2.209(2) 2.188(2) 2.191(5) 1.996(3) 2.201(6) 

<Fe2-N> 2.167(2) 2.160(2) 2.156(7) 1.964(3) 2.157(7) 

 Distortion / ° 

aΣ(Fe1) (°) 7(1) 7(1) 5(3) 12(3) 6(3) 

bΘ(Fe1) (°) 18(2) 22(2) 13(2) 34(2) 19(2) 

Σ(Fe2) (°) 15(1) 19(1) 21(3) 12(3) 18(3) 

Θ(Fe2) (°) 46(2) 52(2) 53(2) 37(2) 57(2) 

11/2-x,1/2-y,1-z; 21-x,1+y,3/2-z. a is the sum of the deviation from 90° of the 12 cis-angles of 

the FeN6 octahedron;23a b is the sum of the deviation from 60° of the 24 trigonal angles of 

the projection of the FeN6 octahedron onto its trigonal faces.23b 

 

The Fe1 and Fe2 iron centers are alternately linked by [Pt(CN)4]
2- anions to form a 2-D 

coordination polymer within corrugated layers corresponding to the a+c and b directions. The 

2-D network can be described as a succession of Fe4 pseudo-squares which diagonals are 

formed by Fe1-Pt1-Fe2 bridges leading to an alternation of Fe1 and Fe2 along the a+c 

direction (Figure 3a). As NC-Pt-CN bridges are a little longer than the pseudo squares 

diagonals, the [Pt(CN)4]
2- moieties lie slightly out of the plane, leading to the corrugation of 

the 2D layers by a tilt of the FeN4 planes around Fe1 (Figure 3b). The 2D layers are 

furthermore stacked along the a-c direction; the cohesion of the crystal network is assisted in 

this direction by π-π interactions between the trz-py ligands and a strong hydrogen-bonding 

network that involves the three water molecules and the non coordinated nitrogen atom of the 

triazole group of the trz-py ligand (Tables S2 and S3; Figures 4 and S5). 
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Figure 3. View of the 2D arrangement of 1 at 296 K: (a) Projection along the [-1 0 1] 

direction showing the Fe4 pseudo-squares; (b) view along the [0 1 0] direction showing the 

tilted Fe1N4 planes. Fe1 and Fe2 atoms are respectively drawn in purple and green, N in blue, 

C in grey and Pt in orange. 

It is worth to note that the hydrogen bonding network links only the trz-py ligands which are 

coordinated to the Fe2 centers (Figure 4b). At 296 K, the two iron sites present an octahedral 

geometry involving an FeN4 equatorial plane arising from four nitrogen atoms of the 

[Pt(CN)4]
2- anion and two N atoms in axial positions from the trz-py ligands. 

 

Figure 4. 3D crystal packing of 1 at ambient temperature (296 K): (a) view along the [0 1 0] 

direction; (b) view along the [2 0 -1] direction showing the hydrogen-bonding network 

(dashed lines) between Fe2 sites. 
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As shown in Table 1, the mean Fe2-N distance ~2.167(2) Å, is slightly longer than the mean 

Fe1-N distance, 2.161(2). A difference mainly due to the Fe-N(trz-py) bonds (Fe1-N5 = 

2.178(2) Å and Fe2-N9 = 2.209(2) Å). A meticulous inspection of the bond distances reveals 

a more distorted coordination sphere for the Fe2 ion (Table 1),23 which then experiences a 

significant elastic strain. According to the mean Fe-N distances, both iron centers are in the 

HS state at 296K. Nevertheless, the distortion of the octahedral geometries are found very 

small in the HS state for both metal centers, as usually observed for “Hoffman like” spin 

crossover compounds.13,17 The equatorial plane for Fe2 is found aligned with that of the 

[Pt(CN)4]
2-, while it deviates significantly by 24.8° for Fe1, leading to a corrugation of the 2D 

network (Figure 5). At 120 K, the octahedral geometries of the two iron atoms are 

significantly different. While the Fe2 environment remains almost unchanged, the Fe1-N 

bond lengths drastically decrease to reach a mean value of 1.954(2) Å. This feature is the 

signature of the change of the spin state of Fe1 from HS to LS at low temperature while Fe2 

remains trapped in the HS state, most probably due to the above mentioned higher distortion 

of its coordination sphere known to favor the HS state.23 

 

Figure 5. View along the [0 1 0] direction at ambient temperature (296 K) showing the FeN4 

equatorial plane aligned with the [Pt(CN)4]
2- plane for Fe2 (P2 and P2’) while Fe1N4 plane 

(P1) appears clearly tilted. 

The angular octahedral geometry of Fe1 is already very regular in the HS state, and therefore 

does not regularize further during the spin transition as shown by the distortion parameters 

(see Table 1) that remain almost unchanged between 296 and 120 K. Such a behavior is 

typical for “Hoffman like” systems.13,17 The FeN4 equatorial plane remains in the [Pt(CN)4]
2- 

plane for Fe2 while the deviation from this plane is still significant for Fe1 (deviation angle = 

21.7°) but less pronounced than that observed at room temperature (24.8°) (Figure 5). These 

structural features result in an antiferroelastic interaction between the two types of metal 
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centers that prevents the spin transition of Fe2 that remains trapped HS and explain therefore 

the magnetic behavior below 150K. Such elastic interactions are illustrated by Figures S6 and 

S7 that show the deformation of the Fe4 pseudo-squares in the low-temperature region. While 

the Fe4 squares appear very regular at room temperature (Figure 3a), they progressively 

distort at 120 K to reach a pseudo rectangular geometry (Figure S6). The inter-layer distances 

observed at 120 K are similar to those observed at room temperature but with systematically 

shorter distances, which is a characteristic of the natural thermal contraction (Tables S2 and 

S3). 

Photomagnetic properties were first studied on the polycrystalline sample at 10 K. 

From the intermediate HS-LS state, a photo-excitation with green light (510 nm), after 30 min 

of irradiation, induces an increase of the mT product from 1.64 to 2.10 cm3•K•mol-1 (Figure 

6). This reveals the occurrence of LIESST effect and the photo-transformation of LS species 

into HS, thus leading to a sizeable population of neighboring molecules in the HS-HS 

configuration. Applying the usual T(LIESST) procedure,24 that is a warming in the dark at 0.3 

K•min-1, the mT curves increases up to 3.11 cm3•K•mol-1 at 42 K. This increase is due to the 

zero-field splitting of the two iron(II) HS. Therefore, the maximum reached gives insight on 

the photo-conversion efficiency of ~90%. Upon further warming in the dark, the mT product 

decreases rapidly, due to thermal relaxation, to recover the value of the intermediate state. The 

derivative of the curve indicates a T(LIESST) value of 52 K. 

 

Figure 6. Thermal evolution of the mT product from high temperature to low temperature in 

the dark (o); under 510 nm (∆) and 830 nm () light irradiations at 10 K. Green (■) and red 

(■) squares are the subsequent thermal relaxations in the dark. The temperature sweep rate 

was 0.4 K•min-1. Used power intensity was 6 mW.cm-2). 
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A set of relaxation kinetics were recorded in the dark at several temperatures to derive the 

physical parameters (activation energy, interaction strength and frequency factor) governing 

the relaxation of the photo-induced metastable HS fraction (Figure S8). We found that the 

relaxation curves follow a sigmoidal behavior, in agreement with the cooperative character of 

the thermal spin transition. To extract the relaxation rate constant at each temperature, we 

have considered the self-accelerated Hauser's model,25 whose physical origin and mean-field 

character were demonstrated in Ref. 26. In this model, the time dependence of the photo-

converted HS fraction, γHS, follows the macroscopic master equation: 

dγHS/dt = - γHSkHL(T,γHS) (eq. 1) 

where t stands for time, and kHL(T,γHS) is the relaxation rate from HS to LS, which depends 

non-linearly (due to cooperative effects) on the HS fraction as follows: 

kHL(T,γHS) = k0
HL(T).exp[(1-γHS).Ea*/kBT] (eq. 2) 

where the pre-exponential factor, k0
HL(T) = k∞.exp(-E0

a/kBT) is the relaxation rate in the HS 

state (γHS = 1), Ea the corresponding energy barrier, k∞ is the “spin flip” frequency from HS to 

LS at infinite temperature and Ea* is an effective parameter accounting for the interactions 

between the SCO units, assumed in this simple model as uniform and temperature-

independent. We used this model and fitted all experimental relaxation curves of Figure S8, 

on which we have superimposed the theoretical findings (red lines). The obtained parameter 

values of the refinement are summarized in Table S4. An excellent agreement is found 

between the simulation and the experimental data. The following values of the 

thermodynamic parameters E0
a = 590(18) K, k∞ = 8.2 s-1 and Ea* ~ 180(18) K were extracted 

from the Arrhenius plot (ln kHL vs 1/T, inset Figure S8). To judge the relevance of these data, 

we compared them to those of heat capacity measurements. The effective energy barrier 

Ea(γHS) = E0
a - Ea*(1-γHS) is exactly equal to the enthalpy of transformation for γHS = 1/2. 

According to current photomagnetic data, we derive Ea(γHS = 1/2) ~ 500 K per site, which 

gives an enthalpy change at the transition of ~4.2 kJ•Mol-1 that compares well to the ΔH = 4.8 

kJ•Mol-1 obtained from heat capacity measurements. At 10K, irradiation of the HS-LS state in 

the near-infrared region (830 nm) during 60 min (Figure 6) induces a decrease of mT product 

from 1.64 to 0.82 cm3•K•mol-1, indicating the occurrence of reverse-LIESST effect and the 

presence of a sizeable population of neighboring molecules in the LS-LS configuration. We 

could not reach the pure LS state probably due to absorption of light inside the sample. 

Applying the T(LIESST) procedure again, the mT curves, measured in the dark, slightly 

increase up to a plateau of around 1.1 cm3•K•mol-1 between 30 and 60 K (Figure 6). This 

slight increase is attributed to the zero-field splitting (zfs) of the non-transformed fraction of 
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HS Fe2 centers. Upon further warming, the mT product increases to recover the value of the 

intermediate state at ~100 K. The derivative of the curve indicates a T(reverse-LIESST) value 

of 85 K. The stability of this photo-excited state has been checked through a detailed study of 

the relaxation kinetics at different temperatures. After irradiation at 10 K at 830 nm, the 

temperature was increased to 50 K, 75 K, 85 K and 90 K. After the light was switched off, the 

temporal evolution of mT was recorded, showing a small increase, reaching after one hour a 

stationary state whose HS fraction value is lower than that of the HS-LS plateau (Figure S9). 

Interestingly, and contrary to the thermal relaxation of the HS fraction after green light 

irradiation, none of the relaxation curves starting from the T(reverse-LIESST) reached the 

plateau. Even those performed at high temperature (~90 K) saturated after one hour below the 

plateau region. Moreover, we observed that the T(reverse-LIESST) is weakly influenced by 

the temperature sweep rate change. Taken together, these results suggest that the LS state 

induced by the near-infrared irradiation most likely corresponds to a stable state. On heating, 

this state undergoes a spin transition at T1/2~85K, during which presumably only Fe2 sites 

convert from LS to HS, while Fe1 remain trapped in the LS state. Thus, reverse-LIESST 

process enabled access to a hidden stable LS state, which was unreachable on cooling from 

the high-temperature phase. This particular point will be discussed in the section devoted to 

the photo-crystallographic studies. 

Let us briefly summarize the key multi-stability features of the current system at low-

temperature, according to the data of LIESST and reverse-LIESST experiments: the stability 

of the three macroscopic configurations is different. The photo-induced (green light) HS-HS 

state is metastable and then relaxes back to the intermediate configuration according to a 

dynamical process described by a self-accelerated model. The HS-LS state (plateau) remains 

stable or metastable with an extremely long lifetime, as confirmed by the relaxation kinetics 

from the photo-induced HS-HS state which stop at the HS-LS plateau and do not cross this 

limit. Furthermore, relaxation kinetics (time evolution), recorded at 75 K, 85 K and 90 K in 

the intermediate state during 4 hours, did not show any change in the mT product (Figure 

S10). This very strong metastability of the intermediate state should be correlated to the above 

mentioned distortion of the structure at low-temperature, which generates an elastic energy 

barrier around Fe2 sites, thus enhancing their metastable character. Finally, the existence of 

the stable LS-LS state paves the way for an interplay and photo-multi-switching between 

these three states. Indeed, at 10 K, the HS-LS intermediate state can be either switched to the 

HS-HS or the LS-LS states, depending on the wavelength used. Moreover, the LS-LS 
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configuration can be directly reached from the HS-HS state by irradiation at 830 nm and 

reversely the HS-HS configuration is obtained by irradiation of the LS-LS state at 510 nm 

(Figure 7). This bidirectional photo-switching remains effective until 50 K. At 50 K, green 

light excitation during 6 hours, either from HS-LS or LS-LS states leads to the same photo-

stationary state with mT product equal to 2.27 cm3•K•mol-1. This value is very close to the 

mT value of the intermediate plateau. Above this temperature, one enters the light-induced 

thermal hysteresis of the direct-LITH region (see Figure 8a) and the photoexcitation using 

green light irradiation from the HS-LS state stops at the quasi-static branch (black curve) of 

the LITH. In contrast, the photoexcitation from HS-LS to the LS-LS state at 50 K using red 

light leads to an appreciable magnetic change from 2.27 to 1.07cm3•K•mol-1 (Figure 8b), 

because we are outside the quasi-static reverse-LITH curve. 

 

Figure 7. Temporal evolution of the mT product under successive irradiations (510 nm (∆) 

and 830 nm ()) at 10 K between the HS-HS and LS-LS states. The filled black squares stand 

for a kinetic recorded in the dark, demonstrating that the decrease observed under 830 nm 

irradiation is not due to thermal relaxation effects. Used power intensity was 6 mW.cm-2. 

 

Thus, under permanent light irradiation, upon warming and cooling, the competition between 

the non-linear relaxation and the light excitation leads to a photo-induced instability, that 

manifests itself through the presence of LITH curves for both irradiation wavelengths (Figure 

8).24,26 Since these curves are the results of an equilibrium between population and relaxation 

they are very sensitive to the measurement timescale. To have access to the equilibrium curve, 

the quasi-static curve, several photostationary points were recorded at several temperatures 

along the cooling and warming branches. Under light irradiation, the temperature was set at 

the desired value, and the temporal evolution of mT under light was recorded. Recording 

several isothermal relaxations under green and red light irradiations on the direct- and reverse-
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LITH curves, respectively, (see Figures 8a and 8b)27 led to reach the photo-stationary states. 

From these photostationary point, the envelope of their respective quasi-static LITH loops 

(black curves) can be drawn, whose widths are estimated to be 4 K and 25 K. Furthermore, 

the warming branch of the quasi-static hysteresis (black curve in Figure 8b) also matches very 

well that of the dark (Figure S9). This is confirmed by the isothermal temporal evolution of 

mT along the heating branch of the reverse-LITH curve, from the LS-LS state, that matches 

perfectly the ones recorded in the dark (Figure S11). The absence of any influence of 830 nm 

irradiation on the thermal evolution and the relaxation kinetics of the LS-LS state, strengthens 

the argument that the heating branch of the reverse-LITH curve describes the thermally-

induced spin transition of a hidden stable LS-LS state towards the LS-HS phase around 80 K. 

On cooling from the plateau region, near-infrared irradiation favoured the occurrence of the 

reversible HS-LSLS-LS transition around 50 K. This way, a closed thermal hysteresis loop 

related to the transition of Fe2 center is observed, while in the dark the system stays 

desperately trapped in the intermediate state. This behaviour reveals the presence of a hidden 

thermal hysteresis in the HS-LS plateau, which was not accessible in the thermally-induced 

process. 

 

Figure 8 a) (resp. b)) thermal evolution of the mT product in the dark (o) and under green 

(resp. red) light irradiation (■) at 510 nm (resp. (■) at 830 nm) in warming and cooling 

modes. Temporal evolution of the photo-converted HS fraction in isothermal conditions (T = 

45, 50 and 55 K) (resp. 75, 85 and 90 K) towards photo-stationary states: on heating from the 

HS-LS (∆) (resp. LS-LS, (∆)) and on cooling the HS-HS () (resp. HS-LS () at 60, 55 and 

50K states. The black curves stand for the quasi-static hysteresis loop which are indicative of 

the real static loop. The temperature scan rate was 0.4 K•min-1 for both experiments and 

power intensity was 6 mW.cm-2. 
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To study the dynamical properties of the corresponding cooling branch of the reverse LITH 

loop, we carried out partial excitations using near infrared light at 10 K, followed by the 

thermal relaxation of the magnetic response in the dark. The obtained results are summarized 

in Figure 9. All partial reverse-LIESST photo-excitations (blue, red and olive curves) of Fe2 

centers from HS to LS, show on heating, typical trends of thermal relaxation of a part of the 

photo-converted Fe2 HS fraction towards the LS state, with a relaxation temperature (located 

at the inflection points of the curves, dashed line) which decreases as the photo-excitation 

progresses. Besides, the location of the relaxation temperatures, represented by the dashed 

black curve in Figure 9, matches quite well that of the photo-stationary states, depicted in 

Figure 8b (full black line). 

 

Figure 9. Thermal evolution of the magnetic response in the dark, subsequent to partial 

photo-excitations using 830 nm wavelength for 4 min (blue), 6 min (red) and 8 min (green) 

light irradiation. All curves show first an increase of the magnetic signal due to zero field 

splitting effects, followed by a thermal relaxation of the photo-converted HS fraction towards 

the "LS" state, before to join the upper heating branch at which the system reaches the limit of 

the metastability. The temperature sweep rate was 0.4 K•min-1. The dashed black curve, 

representing the locus of relaxation temperatures (inflection points). The black hysteresis 

curve stands for the quasi-static hysteresis loop obtained in figure 8b (power intensity = 6 

mW.cm-2). 

 

In the light of these photomagnetic studies, the crystal structure has been further derived at 

10 K in the three relevant configurations, i.e. in the HS-LS state upon cooling from 120 K, 

after irradiation with 532 nm solid state laser, and after irradiation with 808 nm diode laser. 

These three states are called IP2, HS2, and LS hereafter. The structural topology described 
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above is retained at 10 K in all the three states, no space group change occurs. Upon 

temperature decrease from 120 K (IP1) to 10 K (IP2), only marginal modifications attributed 

to thermal contraction effects occurred; the mean Fe1-N and Fe2-N bond distances only 

slightly decreased within standard deviations. Upon irradiation with 808 nm from IP2 phase, 

the Fe2-N bond distances drastically decreased to a mean value of 1.964(3) Å, which is 

characteristic of a complete HS to LS spin state change for this Fe2 site, while Fe1 remained 

in the LS state, in agreement with the photomagnetic data. In contrast, irradiation with 532 nm 

from the IP2 phase led to a large increase in the Fe1-N bond distances, indicative of a LS to 

HS spin state change for Fe1. Altogether, the crystallographic results (Table 1) confirm the 

multi-directional photo-switching features, observed in photomagnetic studies, between the 

three states LS-LS, LS-HS, and HS-HS at 10 K. Although, not shown here, reversible direct 

photo-switching between photo-excited HS-HS and LS-LS states were also possible in photo-

crystallography. In all the three states, the difference in angular distortion between Fe1 and 

Fe2, that is a higher distortion for Fe2, was preserved, especially in the HS2 state while Fe1 

and Fe2 are both assigned a HS state. The corrugation of the 2D layer, as evidenced by the tilt 

of the Fe1N4 plane with respect to the Fe2N4 plane, increases continuously from the LS 

(19.3(2)°) to IP2 (22.4(2)°) to HS2 (28.6(2)°) states (Figure 10). As shown by de square 

distortion parameter Sd (see Table 2 for its definition), the deformation of the pseudo-squares 

around the iron atoms within the 2D layers is always higher around Fe2 and much reduced in 

the LS and HS states compared to the IP state, which exhibits therefore the most important 

elastic strain (Table 2 and Figures 3a, S6, S7, S12 and S13). The latter is most likely at the 

origin of the stabilization of the ordered antiferro-elastic HS-LS structure of the plateau 

region. The corresponding Fe…Fe, and Pt…Pt distances (Table 2 and Figures S7, S12 and 

S13) range from 7.064(1) to 7.662(1) Å in the IP2 state. It is interesting to note that in each 

case, the difference within Fe…Fe distances is much smaller than those within Pt…Pt 

distances, which then absorb a part of the structure change resulting from the HS to LS 

conversion of Fe1. This is obvious for the IP2 case, where Pt…Pt distances range from 

7.064(1) to 7.662(1) Å, while the Fe…Fe distances range only from 7.248(1) to 7.308(1) Å. 

Table 2. Fe…Fe, Pt…Pt distances (Å) and squares distortion (Sd,%) in the pseudo-squares 

within the 2D layers 

 10 K IP2 10 K LS 10K HS2 120K IP1 296K HS1 

Fe1…Fe1 7.248(1) 7.084(1) 7.396(1) 7.247(2) 7.404(2) 

Fe1…Fe2 7.308(1) 7.220(1) 7.364(1) 7.319(2) 7.409(2) 
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Fe2…Fe2 7.248(1) 7.084(1) 7.396(1) 7.247(2) 7.404(2) 

Pt…Pta 7.064(1) 7.218(1) 7.362(1) 7.073(2) 7.399(2) 

Pt…Ptb 7.662(1) 7.296(1) 7.506(1) 7.669(2) 7.519(2) 

Pt…Ptc 7.248(1) 7.084(1) 7.396(1) 7.247(2) 7.404(2) 

Sd(Fe1)d 2.54(3) 1.89(3) 0.46(3) 2.40(6) 0.07(6) 

Sd(Fe2)d 5.71(3) 2.99(3) 1.49(3) 5.82(6) 1.55(6) 

awithin Fe1-Pt-Fe1-Pt pseudo square, bwithin Fe2-Pt-Fe2-Pt pseudo square, cwithin Fe1-Pt-

Fe2-Pt pseudo square. dSd is defined as the difference of the both side of the pseudo square 

around Fe1 and Fe2 respectively divided by the common side between both squares. This 

definition gives Sd(Fe1) = d(Pt…Pta)-d(Pt…Ptc) / d(Pt…Ptc) and Sd(Fe2) = d(Pt…Ptb)-

d(Pt…Ptc) / d(Pt…Ptc). 

An additional inspection of the temperature changes of the Fe…Fe and Pt…Pt distances 

shows that, from the outset at ambient temperature, the three Pt-Fe-Pt-Fe pseudo-squares 

show that the largest Pt-Pt distance is systematically obtained for Fe2-Pt-Fe2-Pt pseudo-

square. This introduces an elastic frustration18 maintaining the Fe2 site in the HS state. On 

decreasing temperature from 296 K, and contrary to the two others, the largest Pt…Pt distance 

first increases at 120 K, before to collapse at lower temperatures. Looking more closely to the 

Fe-N distances between the three states, this elastic distortion becomes obvious. The average 

Fe-N distances do not change significantly if the corresponding spin state does not change. 

That is to say <Fe1-N> is identical for LS and IP2, while <Fe2-N> is identical for HS and 

IP2. On the contrary, individual Fe-N distances exhibit significant changes of about two to 

three standard deviations. This results from the local distortion of the Fe1 (resp. Fe2) 

octahedron as a response to the spin state change of Fe2 (resp. Fe1) from IP2 to LS (resp. 

HS2). The indirect elastic distortion is then mediated by the bridging [Pt(CN)4]2- entities 

within the 2D lattice. 
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Figure 10. Overlay of the HS2 (red), IP2 (green) and LS (blue) structures at 10 K (a) along 

the [0 1 0] direction, and (b) along the [-1 0 1] direction, showing the difference in 

corrugation. On the left, note especially the rotation of the central Fe1 basal plane 

(corresponding to P1 in Figure 5). 

■ EXPERIMENTAL SECTION 

General remarks. 2-aminopyridine, diformylhydrazine, potassium tetracyanoplatinate and 

iron (II) perchlorate were purchased from Sigma-Aldrich and used without further 

purification. Solvents were used and purified by standard procedures. Elemental analyses 

were performed by the "Service Central d’Analyses du CNRS", Gif-sur-Yvette, France. 

Infrared spectra were recorded in the range 4000-50 cm-1 on a FT-IR Brucker ATR Vertex 70 

Spectrometer. 
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Physical characterizations. Single crystal X-ray studies were performed at 296 K and 120 K 

using a Bruker APEX2 -CCD diffractometer using Mo Kα radiation (λ = 0.71073 Å). 10K 

single crystal diffraction data were collected on a Microfocus Supernova diffractometer 

equipped with a two dimensional ATLAS detector, using Mo Kα radiation, and a Helijet He 

open flow cryosystem. Numerical absorption correction was performed. In situ photo-

excitations were carried out using a 808 nm diode laser (duration 15 min), and a 532 nm solid 

state laser (duration 20 min) until the photo-stationary state was reached in each case to 

populate the LS and HS-2 states respectively. The single crystal sample was rotated 

continuously during excitation to ensure a homogeneous and complete excitation. The 

corresponding structures were solved by direct methods with the SHELXS program and 

refined on F2 by weighted full matrix least-squares methods using the SHELXL program.29 

All non-hydrogen atoms were refined anisotropically, hydrogen atoms were located in 

difference Fourier maps and treated using a riding model. Crystallographic data and 

refinement details are provided in Table S1. Room-temperature X-ray powder diffraction 

spectrum (XRPD) was recorded on a PANalytical Empyrean X-ray powder diffractometer at 

45 kV, 40 mA with a Cu-target tube (Figure S1). NMR spectra were recorded on a Bruker 

DRX 300MHz. DSC measurements were performed on a DSC-1/LN2 Mettler Toledo 

calorimeter setting the heat flow scan rate at s = 0.3 K•min-1. Magnetic and photomagnetic 

measurements were performed with a Quantum Design MPMS-XL-5 SQUID magnetometer 

in the 2-300 K temperature range  with an applied magnetic field of 2 Tesla on assembly of 

single crystals of compound 1 (with mass of 0.68 mg). The photomagnetic characterizations 

of compound 1 were carried out using a set of photodiodes. Irradiation was carried out at 10 K 

several times using different wavelengths (i.e. 405 nm, 510 nm, 650 nm, 830 nm and 980 nm) 

to determine the most efficient conditions to reach a strong photo-conversion yield at photo-

saturation. A power of 6 mW.cm-2 at 510 nm and 10 mW.cm-2 at 830 nm were used. LIESST 

experiments were performed using a 510 nm wavelength. After switching off the irradiation, 

the temperature was increased at a rate of 0.4 K•min-1 up to 100 K, to determine the 

T(LIESST) value,24,30,31 and over the range 100–300–10 K, to follow the thermal spin 

transition. The T(LIESST) value was determined as the minimum of the mT/T versus T 

plot (maximum slope in the mT vs. T plot), corresponding to the temperature at which the 

light induced HS information is erased.24 For the kinetic study, the sample was irradiated at 10 

K until the saturation of the HS fraction and then the temperature was set to 10, 20, 25, 30, 35 

and 40 K and the light was switched off in order to study the relaxation kinetics at these 
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temperatures. Reverse-LIESST experiments were performed by irradiating the sample at 10 K 

in the plateau region with a 830 nm Diode-Laser (5 mW.cm-2), until reaching the saturation of 

the LS state. All the experiment performed under or after light irradiation were done using a 

0.4 Kmn-1 temperature scanning rate. 

Synthesis of [Fe(trz-py)2{Pt(CN)4}].3H2O (1). An aqueous solution (10 mL) containing the 

4-(2-pyridyl)-1,2,4,4H-triazole (146 mg, 1.0 mmol),28 iron (II) perchlorate (127.5 mg, 0.5 

mmol) was left standing overnight. To the resulting light yellow solution, was added 

K2[Pt(CN)4].xH2O (188.5 mg, 0.5 mmol) and the mixture was stirred at room temperature. 

The resulting white precipitate was filtered off and dried (yield 79 %, 278 mg). Anal. Calcd 

for C18H18FeN12O3Pt: C, 30.8; H, 2.6; N, 24.0 %. Found: C, 31.1; H, 2.6; N, 24.4 % (see 

Figure S2 for IR data). Single-crystals of 1 were prepared by slow diffusion, in a fine glass 

tube (3.0 mm diameter) of two aqueous solutions: the first solution was obtained by 

dissolving K2[Pt(CN)4].xH2O (37.7mg, 0.1mmol) in 10 mL. The second solution was 

prepared by dissolving Fe(ClO4)2.xH2O (25.5 mg, 0.1 mmol) in a solution (10 mL) of 4-(2-

pyridyl)-1,2,4,4H-triazole (29.2 mg, 0.2 mmol). After standing overnight, a light yellow 

coloration was appeared. 2 mL of the K2[Pt(CN)4].xH2O solution was placed in the fine glass 

tube and similar volume of the yellow solution was added carefully in order to limit mixture 

of the two solutions. After two days, colorless small fine square crystals of 1 were formed by 

slow diffusion. The IR spectrum of such single crystals is identical to that observed for the 

white powder of 1 (Figure S3). 

■ CONCLUSIONS 

A new Hoffman-type framework SCO system [Fe(trz-py)2{Pt(CN)4}].3H2O has 

been prepared. Its structure consists of [FePt(CN)4] layers separated by interdigited 4-

(2-pyridyl)-1,2,4,4H-triazole (trz-py) ligands with two inequivalent FeII sites. The 2D 

network can be described as a succession of Fe4 pseudo-squares which diagonals are 

formed by Fe1-Pt1-Fe2 bridges. Interlayer contacts are assisted by π-π interactions 

between the trz-py ligands and a strong hydrogen-bonding network that involves three 

non-coordinated water molecules. [Fe(trz-py)2{Pt(CN)4}].3H2O exhibits an incomplete 

sharp SCO first-order phase transition centered at 153 K from a HS-HS to a HS-LS 

structurally ordered state. Irradiation at 10K with green light induces a photo-switching 

to HS-HS state, characterized by a T(LIESST) value of 52 K. Photomagnetic 

measurements show that the HS-HS state is metastable, and relaxes back to the 
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intermediate HS-LS plateau with self-accelerated relaxations, typical for a highly 

cooperative SCO system. On the contrary, the irradiation of the HS-LS state with near 

infrared light is efficient only below the T(LIESST) value of the direct LIESST 

process, and leads to the emergence of a hidden stable LS-LS state with a markedly 

different T(reverse-LIESST) value of 85 K. Contrary to the relaxation behavior of the 

HS-HS state, relaxations from the LS-LS state do not reach the HS-LS plateau, which 

shows that the LS-LS state is a stable one, and correlatively, the HS-LS state is 

metastable. The LITH curve associated with the reverse-LIESST process consists in a 

wide thermal hysteresis whose quasi-static hysteresis loop ranges between 55 and 85 

K. All together, these results prove the presence of a hidden hysteresis in the HS-LS 

plateau, which was not accessible due to the slowing down of the relaxation processes 

on cooling; the Fe2 site being trapped in the HS state. Irradiation with near infrared 

light induces its switching to the LS state. The photo-crystallographic investigations 

for the three 10 K states indicate that the structural topology is retained and no space 

group change occur along the bidirectional switching. The very strong metastability of 

the intermediate HS-LS state originates from antiferroelastic interactions (frustration) 

within the [FePt(CN)4] layers, accommodated by NC-Pt-CN bridges between 

inequivalent SCO active FeII sites. This elastic distortion manifests itself in the 

corrugation of the 2D layers and deformation of the square Fe-Pt-Fe-Pt structural 

topology. The HS-LS state exhibits the most important elastic distortion, which 

explains its strong metastability, at the origin of its long lifetime. Most interestingly, 

these results, and especially the existence of the stable LS-LS state pave the way for an 

interplay and photo-multi-switching between these three states. 
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We report a 2D Hoffman-like spin-crossover (SCO) material experiencing strong elastic 

frustration leading to an incomplete spin transition. Under light, a hidden stable low spin state 

is reached, revealing the existence of a hidden thermal hysteresis and multi-stability features. 

The existence of these characteristics paves the way for a multi-directional photo-switching 

and allows potential applications for electronic devices based on ternary digits. 

 

 

 

 
 


