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  L'archive ouverte pluridisciplinaire

Molecular magnetic switches undergoing drastic changes in their optical, magnetic, dielectric or mechanical properties focus strong interest for their potential use in the manufacture of molecule-based sensors, actuators and memory devices. [1,2] In these molecular solids, external stimuli such as light, temperature, pressure can reversibly switch the electronic and structural properties between two well characterized states. The spin-crossover (SCO) complexes, in particular those with octahedral Fe II N6 coordination sphere, are among the most studied molecular switchable systems. [3] Here, the conversion occurring between a diamagnetic lowspin state and the paramagnetic high-spin state is accompanied by a significant volume change and it is generally sensitive to pressure. This feature makes these systems useful as barocaloric materials for refrigeration technique [START_REF] Vallone | [END_REF] or as pressure sensors. In fact, the application of a hydrostatic pressure on a SCO compound stabilizes the low-spin state due to its smaller ionic radius and shifts the transition temperature to the high-spin state, T1/2, upward. [START_REF] Gutlich | [END_REF] The pressure can also significantly affect the cooperativity of SCO transition by modifying the crystal packing of SCO compounds, hence the elastic energy of the systems. In a more chemical description, changes in the intermolecular interactions should affect the cooperativity of the system. In most of the cases, the pressure induces a decrease of cooperativity: the thermal hysteresis shrinks or the transition becomes less steep. [6] Any other behaviour, such as an increase of the thermal hysteresis or a non-monotonous behaviour under pressure, is denoted as anomalous. [7] The cyanide-bridged FeCo complexes showing metal-metal Electron Transfer Coupled to a Spin Transition (ETCST) are another class of magnetic switches that share many features with Fe II SCO complexes. [8][9][10] Here the electronic configuration switches between a {Fe II

LS-Co III

LS} diamagnetic state and a {Fe III

LS-Co II

HS} paramagnetic one (Fig. 1a). This situation can occur as the energy difference, E, between both states is small enough and can be reversed by application of stimuli. In these switches, the structural changes arise from the Co-ligand bond variations and are similar to those found in Fe II SCO complexes. These systems could thus act as piezo-switches, the high pressure stabilizing the more contracted {Fe II LS-Co III LS} diamagnetic state. To our knowledge, there is only one report investigating the influence of pressure on the ETCST transition in low dimensional molecular system. In fact, Li et coll. recently studied a {Fe2Co2} square complex showing a gradual ETCST transition near 200 K. [11] In this case, the incomplete transition becomes more gradual under pressure, following thus the common behaviour described in many Fe II SCO complexes. In the present work we decided to further explore the potentialities of these FeCo charge transfer molecules as piezo-switches. We selected for this study the paramagnetic compound of formula {[Fe(Tp)(CN)3]2[Co(vbik)2]2} 2+ (Tp = hydrotris(pyrazolyl)borate; vbik = bis(1-vinylimidazol-2-yl)ketone) for the reasons described below. As reported in a previous study, this complex exhibits a thermally induced ETCST near room temperature in solution. [12] This permits to crystallize it either in its {Fe [12] These differences underline the impact of the solid-state interactions on the ETCST phenomenon, as also reported in recent works. [13,14] The existence of a thermally-induced ETCST in solution and in the crystal phase 2 indicates that the diamagnetic and paramagnetic states are close in energy in the {[Fe(Tp)(CN)3]2[Co(vbik)2]2} 2+ square complex (Figure 1b). We thus postulated that pressure should allow recovering the transition behaviour in the solid state in 1. This is actually the case as the investigated complex shows an interesting anomalous behaviour: upon pressure, the Supporting information for this article is given via a link at the end of the document. magnetic bi-stability can be introduced near room temperature.

In this work, we thus study the electronic state of the square complex under hydrostatic pressure, by using magnetic susceptibility measurement, micro-Raman spectroscopy, and high-pressure single crystal X-Ray Diffraction experiments. We also simulated the ETCST hysteresis width by using a microscopic Ising-like model. The overall magneto-structural correlation allows suggesting the probable origin of the unusual pressure-enhanced cooperativity. Figure 1c shows the temperature dependence of the paramagnetic molar fraction in 1, para, (deduced from the magnetic susceptibility; see SI) under three hydrostatic pressures. At ambient pressure 1 is paramagnetic in the whole temperature range. The measured MT value, ca. 7.9 cm 3 mol -1 K, (χM is the molar magnetic susceptibility per {Fe2Co2} formula unit) is coherent with the occurrence of isolated paramagnetic ions: two Fe III LS and two Co II HS. [15] As expected, under hydrostatic pressure, 1 becomes diamagnetic at low temperature. The pressure threshold for the intra-molecular electron transfer is between 0.05 and 0.11 GPa. The piezo-induced electron transfer seems complete as the residual paramagnetic signal is no more measurable. It is also fully reversible as 1 returns to the initial paramagnetic state as the pressure is released. Upon heating, 1 exhibits a thermally induced ETCST transition, whose transition temperature increases with the applied pressure (Fig. 1c). As expected, the hydrostatic pressure favours the diamagnetic state, which is stabilized over a larger temperature range as the pressure increases. Such behaviour was already observed in some cyanide-bridged inorganic polymers, ACo4[Fe(CN)6, also called Prussian blue analogues (PBA). [16] However, in the present case, the pressure-induced ETCST transition exhibits a hysteretic behavior. These thermal hysteresis loops are reproducible (Fig. S4), and remarkably, their width increases when the pressure increases (Fig. 1). Such anomalous behavior is unprecedented for FeCo charge transfer systems.

The figure 2a shows the linear relationship between the transition temperatures measured upon heating and cooling, T1/2 and T1/2, versus pressure. As observed in SCO complexes, this behaviour agrees with the Clapeyron's law:

(

where, (negative) is the volume change between diamagnetic and paramagnetic states, and is the transition temperature corresponding to the threshold pressure value, beyond which ETCST transition takes place. Interestingly, the measured shift rates of T1/2 and T1/2, 228.4 and 213.6 K.GPa -1 , respectively, they are larger than those measured in related FeCo PBA, K0.1Co4[Fe(CN)6]2.7•18H2O, (170 K GPa -1 ) [16] and other SCO solids (190-200 K.GPa -1 ). [17] The present square molecule is thus more sensitive to pressure than the corresponding three-dimensional inorganic polymers. The linear relation between T1/2 and p allows estimating the pressure threshold values, p1/2 = 0.55 GPa and p1/2 = 0.5 GPa, that should promote the transition at 300 K, in isothermal conditions (by drawing a horizontal line at 300 K). These data are in full agreement with the pressure-dependent Raman spectra of 1 that allow monitoring the electronic state of the molecule by probing the CN stretching vibration (see SI). Importantly, the linear increase of the width of the thermal hysteresis loop under pressure, of ca. 15 K per GPa, indicates an enhancement of the cooperative elastic interactions with pressure. Considering the similarity between SCO and ETCST systems, this anomalous transition was rationalized in a phenomenological approach by using a microscopic Ising-like mechano-elastic model, which has been successfully used to model various types of SCO systems [18] but never used yet for ETCST transition. This simple model is based on the description of the Fe2Co2 square by a two-states fictitious spin, whose eigenvalues -1, and +1 are respectively associated with the diamagnetic Fe III LS -Co II HS, and the paramagnetic Fe II LS -Co III LS states. These states have different degeneracies, respectively denoted, and with as due to the significant difference of their electronic (spin state) and vibrational (density of states) properties. At 0 K, the fundamental diamagnetic state and the excited paramagnetic state are separated by the energy barrier, , In practice, this energy difference is correlated to the differences in redox potential between the Fe III/II and Co III/II couples. [19] The diamagnetic/paramagnetic transition can thus be described using an Ising-like model, whose Hamiltonian is: (i) a first-order phase transition with a thermal hysteresis is obtained when

, where where z is the lattice coordination number (ii) otherwise a gradual conversion takes place (see SI). The application of an external pressure, , on the lattice affects both the energy barrier, and the elastic interaction whose expressions become: and , (3) Following the standard resolution of Ising-like models in meanfield approximation (see SI), it is possible to express the fraction of paramagnetic state as a function of temperature. According to , , and values, several behaviors are possible, among them, the present experimental case showing an increase of the thermal hysteresis width (cooperativity) as well as the transition temperature under pressure. This occurs when and are taken strictly positive, which means that the pressure strengthens both the energy difference, (stabilizing the diamagnetic one with a smaller volume) and the long-range elastic interactions ( ) in the system. In order to bring further evidence of the piezo-induced ETCST and to enlighten the possible origin of the unusual pressureenhanced bistability, single-crystal X-ray diffraction experiments were carried out at 300 K under several pressures up to 1.20 GPa. While the quality of the structural model at 1.20 GPa is too moderate to be fully exploited, relevant structural data of the metal coordination spheres were obtained at 0.12, 0.37, 0.71 and 0.85 GPa (details in SI). Although the space group P-1 is conserved up to the maximum applied pressure, significant changes occur in the molecular geometry, which are consistent with a Fe III LSCo II HS => Fe II LSCo III LS conversion. In particular, the geometry of the Co coordination sphere is particularly affected by the ETCST. First of all, while the average length of the Co-N coordination bonds is about 2.1 Å in the range 0.00 -0.37 GPa, it drops to about 1.9 Å above 0.71 GPa (Fig. S6). These values are typical of high-spin Co II and low-spin Co III complexes, respectively. The transition thus takes place at 300 K in the pressure range of 0.37 -0.71 GPa. This agrees with the results obtained by Raman spectroscopy (see SI) and magnetic measurements. Secondly, the distortion of cobalt coordination sphere is also indicative of the Co redox state. The total deviation from orthogonality of the twelve N-Co-N angles, , varies slightly around 45° in the pressure range, 0.00 -0.37 GPa, which agrees with the occurrence of a Co(II) high-spin state (Fig. S7). However, it drops to 16-20° in Co III low-spin state at higher pressures (Fig. S7). The situation is different for the {Fe(Tp)(CN)3} sub-unit. As previously observed, in photo-induced ETCST, [20] there are no significant differences between the geometry of the low spin Fe II C3N3 coordination sphere (measured here at 0.85 GPa) and that of the low-spin Fe III C3N3 (measured at 0 GPa). The changes of intermolecular interactions and short contact distances under pressure were carefully analysed to determine the possible origin of the pressure-enhanced cooperativity. First of all, it is worth noticing that the pressure does not significantly modify the crystal packing, which can be described as cationic sheets of square complexes aligned parallel to the (a, b-c) plan and, separated from each other by BF4 -counterion (Fig. 3a). In order to get a first evaluation of the pressure effect on the intermolecular interactions, we first listed all the short contacts in 1 at different pressures (SI). It appears that the number of short contacts is higher inside the sheets than between the sheets, whatever the pressure is. The analysis of all these contacts reveals that the square complexes are connected through intermolecular interactions involving the peripheral vbik ligands. Actually, the most striking features of the crystal packing are the two stackings of the vbik1 and of the vbik2 ligands of neighboring square complexes, as showed in the figure 3b (and SI). This stacking goes along two orthogonal directions and leads to a grid-like supramolecular framework. These interactions are mainly of electrostatic nature as they involve pairs of electronrich and electron-poor atoms of neighboring vbik ligands. Such interactions are not so known as classical -interactions but they can show higher stacking energy of ca. 10-20 kcal/mol. [21] In the case of vbik1, these interactions are combined with an antiparallel arrangement of two C=O groups in close contact, which build an additional dipolar interaction whose energy values are similar to those of H-bonds. [21] Upon pressure, as the distances decrease (see SI), one would expect that the dominant electrostatic interactions are reinforced, leading to the enhancement of the elastic interactions that is responsible for the unusual pressure-induced bistability observed in 1.

In conclusion, we showed that the application of pressure allows recovering the thermally-induced charge transfer in a FeCo complex that shows ETCST in solution but which is trapped in its paramagnetic state in the solid-state. Remarkably, the pressureinduced Fe III Co II  Fe II Co III conversion is reversible and complete even at a pressure as low as 0.11 GPa. More importantly, the complex displays an unprecedented behavior for charge transfer switchable complexes: a hysteresis broadening upon increasing pressure. A theoretical Ising model directly inspired from works on SCO complexes, allows rationalizing this phenomenon, and suggests an enhancement of both the elastic interactions and energy difference. The advanced XRD measurements at five pressures reveal that the Fe2Co2 squares are closely linked to each other by electrostatic interactions to form a supramolecular 2D network. The increase of intermolecular interactions mediated by the vbik ligand is probably responsible for an enhancement of the elastic interactions between the units, and for the pressure-enhanced bistability. Overall, these properties make this compound a good candidate as temperature and pressure sensor. Additional advanced XRD experiments under pressure at different temperatures and the study of derivative complexes with other counter-ions should help confirming the origin of this unusual behaviour.
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Figure 1 .

 1 Figure 1. (a) Scheme of the electronic state changes occurring in the Fe-CN-Co pair. (b) Perspective view of the square complex in 1 at 10 -5 and 0.85 GPa. (c) Thermal variation of the paramagnetic {Fe III 2Co II 2} molar fraction para in 1 under various hydrostatic pressures.

  ferroelastic interaction and the effective energy gap, e , contains enthalpic and entropic contribution, ). In this model, the expression of the transition temperature is easily obtained as . The phase diagram of the present model is simple:

Figure 2 .

 2 Figure 2. (a) Pressure dependence of the ETCST transition temperatures heating and cooling T1/2. (b) Thermal dependence of the paramagnetic fraction under pressure showing a transformation from a strict paramagnetic state to first-order spin transition as the pressure increases from 0 to 20 kbar in line with the experimental results. The model parameter values are: 150, 400 K, 120 K, 200 K/GPa, 80 K.GPa -1 .
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