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Abstract

:

The dimethylammonium salt of the FeII polyanionic trimer [Fe3(μ-L)6(H2O)6]6− (L = 4-(1,2,4-triazol-4-yl)ethanedisulfonate) exhibits a thermally induced spin transition above room temperature with one of the widest hysteresis cycles observed in a spin crossover compound (>85 K). Furthermore, the metastable high-spin (HS) state can be thermally trapped via relatively slow cooling, remaining metastable near room temperature, with a characteristic TTIESST = 250 K (TIESST = temperature-induced excited spin-state trapping). The origin for this unique behavior is still uncertain. In this manuscript, we report detailed studies on the relaxation kinetics of this system in order to disclose the mechanism and cooperativity controlling this process.
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1. Introduction


Spin crossover (SCO) complexes are some of the most fascinating bistable materials in molecular magnetism [1,2,3]. In such metal complexes, a high spin (HS) excited state can be populated by external stimuli from the ground low spin (LS) state: thermally, under light irradiation, under pressure, etc. In the solid state, this spin transition may be associated to a crystallographic transition, due to the chemical and volumetric differences between LS and HS configurations [4]. This synergy gives rise to cooperative spin transitions where the metastable HS state is entropically favored. Such cooperative transitions may also show thermal hysteresis. SCO materials exhibiting bistability at and above room temperature are well-known [5] and technologically relevant. On the contrary, most other molecule-based magnetic materials exhibit their unique striking properties only at very low temperatures, close to liquid He, precluding their wide application. Because of all of these reasons, SCO materials have been postulated as future components for devices such as stimuli-responsive molecular switches for multifunctional materials, memories, electrical circuits, or displays [5,6].



Fe(II) complexes represent the most numerous and remarkable family of SCO materials, matching all these requirements [7,8]. Several materials exhibit room temperature switchability [9] and ultra-fast light controlled responses [10,11,12,13,14]. In addition to their intrinsic properties, these SCO materials can be also used as probes to switch a second property in a hybrid multicomponent system [15,16].



In our group, we have developed a new family of SCO materials based on the trinuclear FeII polyanion [Fe3(μ-L)6(H2O)6]6− (L = 4-(1,2,4-triazol-4-yl)ethanedisulfonate) [17]. This is the first polyanionic species exhibiting SCO phenomena. As its dimethylammonium salt, a wide hysteresis cycle (over 90 K) was observed just above room temperature. More remarkably, easy excited HS-HS-HS state thermal trapping and unparalleled slow kinetics were found in the cooling branches of the hysteresis cycles. The temperature of temperature-induced excited spin-state trapping (TIESST) for this compound is a record high, the highest ever observed up to now for any thermally trapped excited state in a switchable material, including SCO and charge transfer compounds [18,19,20]. Typically, cooperative/abrupt transitions are associated with wide hysteresis. The hysteresis cycle can be scan-rate-dependent in such systems for crystallographically constrained complexes [21], but the spin transition itself remains abrupt in all experiments.



The cooperativity between SCO centers plays a key role in the abruptness of the transition and the appearance of thermal hysteresis. Low cooperativity implies a gradual spin transition (tens of Kelvin), similar to the one observed in isolated SCO centers, such as in solution. Thus, hysteresis is theoretically not possible, since the population of the excited state will depend exclusively on the temperature from the Boltzmann distribution. In highly cooperative systems, the transition is abrupt (usually less than 10 K) and hysteresis can appear because the SCO is associated with a crystallographic transition. For the reported compound, the transition is gradual and occurs along several tens of Kelvin, which suggests a low cooperative system. However, a wide hysteresis is observed. This is counterintuitive, since significant interactions between SCO centers are expected in such case. Here, we present detailed kinetic studies on the relaxation process of this SCO material in the search for the origin of such wide hysteresis process in a material with apparently non-cooperative behavior.




2. Results and Discussion


The crystalline structure of the ammonium salt (Me2NH2)6[Fe3(μ-L)6(H2O)6] (1) at 100 K contains a linear array of octahedral FeII ions [17]. The terminal metal centers are connected to the central one by a triple μ-triazole bridge, and complete their coordination sphere with three water molecules (Figure 1a). The metal to ligand bonding distances indicates that the central FeII ion is in low spin state and the terminal ones in high spin. The Fe clusters are well isolated from each other by cations and solvent molecules. Intermolecular connectivity is defined by an extensive H-bond network involving the dangling sulfonate moieties from the ethane groups, the dimethylammonium cations, and water molecules, with short intermolecular O–O distances (2.6–2.9 Å).



Through X-ray diffraction analysis, we conclude that the room temperature crystal structure is isostructural to that solved at 100 K (Figure 1c). Furthermore, in Figure 1d, we show the evolution of the X-ray powder pattern when heating the sample up to 420 K. Crystallinity deteriorates fast upon heating, with all reflections disappearing above 410 K. When cooling, the sample crystallinity is not recovered, and the material remains amorphous upon successive cycles. This confirms that crystallographic phase transitions are not affecting the magnetic behavior of the system.



Magnetic measurements have showed the appearance of a thermal spin transition with a wide hysteresis above room temperature (Figure 2a). Such a wide hysteresis is typically associated with highly cooperative systems, where the crystallographic spin transition is responsible for the memory effect triggered by the SCO behavior. However, this material shows also very gradual spin transitions, with very slow kinetics compared to what should be associated with low cooperativity. Both observations are counterintuitive. In addition, the spin transition during the cooling branch, from HS-HS-HS to HS-LS-HS, can be easily quenched. The relaxation kinetics of this thermally trapped metastable HS-HS-HS state can clarify the degree of cooperativity in the crystal between SCO centers.



Multiple relaxation experiments were performed after heating a polycrystalline sample of 1 at 400 K for 6.5 h, and trapping the HS-HS-HS state, cooling it down to the desired temperature at a scan rate of 10 K/min. The time dependence of the magnetization at this point represents the kinetics of the relaxation process (Figure 2b). In order to normalize the data, we use as variable the fraction of HS-HS-HS complexes (γHS) estimated from the equation:


γHS(t) = [(χT) − (χT)LS]/[(χT)HS − (χT)LS],



(1)




where (χT)LS is the magnetic value of the initial HS-LS-HS state, and (χT)HS is the maximum magnetic value reached at 400 K for the corresponding sample batch.



The kinetics of a relaxation process can be described either with an exponential equation (single or stretched) [22] for non-cooperative systems, or with a sigmoidal curve for cooperative systems in a self-accelerating process [23]. The data obtained for 1 at all temperatures can be fitted, in a first order approximation, to an exponential process, which supports the low cooperativity of the system (Figure 3). This low cooperativity is in good agreement with the gradual transition observed in the thermal hysteresis cycle. This is also consistent with the weak intermolecular interactions between SCO complexes in the crystal.



Another remarkable observation in the relaxation kinetics deals with completion. In the temperature window we studied, total conversion to the HS-LS-HS ground state is not reached. Thus, at these temperatures, the population of both states reaches a kinetic equilibrium. Indeed, at low temperatures (<15 K), the decrease in the γHS(t) is negligible and the relaxation curve remains flat in the timeframe of our experiments (<1% decay after 4 h) [24]. To take this into account for the fitting model, we include this fraction γ∞ = γHS(t → ∞) in the exponential law, using the equation:


γHS(t) = γ∞ + (γHS − γ∞) exp(–kHL·t),



(2)




where kHL depends on T, and can be expressed as:


kHL(T) = k0HL + k∞HL exp (Ea/kBT)



(3)




where k0HL = kHL(T → 0) and k∞HL = kHL(T → ∞).



An Arrhenius fit in the thermally activated region below the TTIESST allows an estimation of the activation energy (Ea) and the pre-exponential factor (k∞HL). Above TTIESST, the relaxation process becomes temperature independent (Figure 3h). The term k0HL characterizes the relaxation in the quantum tunneling region, and it represents an upper limit at the lowest possible temperature [25]. In our case, due to the very high temperature range at which the experiments have been done, this parameter can be neglected. The energy barrier found with this model is Ea = 6370 ± 1442 cm−1 and kHL∞ = 144 × 1010 s−1. This represents the largest activation energy found in any SCO material, in good agreement with the TTIESST (250 K). For example, in SCO compounds with TTIESST = 99 K, an activation energy of the 934 cm−1 was estimated [26].



The opposite transition from the HS-LS-HS to the HS-HS-HS state at high temperatures also shows slow kinetics, although much faster than in the previous case (Figure 4). An analogous treatment of the data in a thermally activated process was carried out using the equation:


γHS(t) = γ∞ − (γ∞ − γHS)·exp(–kLH·t),



(4)




where kLH is analogous to kHL (Equation (3)). The fitting is also better to an exponential expression, although not as satisfactory. This spin transition is much faster and does not show such a dependence on scan rate (Figure 2a). The poor fitting also suggests a more complex relaxation process, where several mechanisms could be at play.



In conclusion, compound 1 exhibits transition and relaxation kinetics typical of a non-cooperative system. This supports the molecular origin of the spin equilibrium, with a lesser contribution from the network. This is consistent with the exponential evolution of the metastable HS-HS-HS to HS-LS-HS relaxation (instead of sigmoidal). The much faster kinetics of the HS-LS-HS to HS-HS-HS transition point also in the same direction. We have associated the huge activation energy observed in the low temperature metastable HS-HS-HS state relaxation to the intramolecular electrostatic repulsion. The twelve dangling [–SO3]− groups on the periphery of the ligands need to approach each other during this process, due to the shrinking of the FeII–N bonding distances (typically from >2.10 Å in HS to <1.95 Å in LS). On the contrary, the opposite transition requires expansion of the molecule, and electrostatic intramolecular repulsions should not play a major role. This would account for the remarkably different kinetics of both transitions, whereas purely crystallographic considerations would be of the same order in both processes. Although we still did not find direct proof of the molecular origin of the spin transition in this system, it is clear that the behavior is unique, and distinct to the well-known SCO materials with wide hysteresis and high transition temperatures, where abrupt transitions are observed. For the moment, the most plausible explanation is to assign the difference to a molecular origin, since crystallographically there are no additional magneto-structural correlations that can be claimed. Actually, this compound exhibits much weaker intermolecular interactions than most other materials exhibiting SCO phenomena at such high temperatures [9]. For the sake of comparison, it is worth mentioning that an analogous (but neutral) trimer obtained with the monosulfonated triazole ligands does not show such slow kinetics, but typically abrupt transitions [27]. Diluted and solution experiments are underway in the search for additional experimental evidence to support our initial hypothesis.




3. Materials and Methods


All reagents were of commercial grade and used without further purification. Compound 1 was prepared following the literature procedure [17]. Magnetic measurements were carried out on polycrystalline powder samples with a Quantum Design MPMS-XL SQUID magnetometer (Quantum Design, Inc, San Diego, CA, USA) under a 1000-Oe field. Each sample was secured inside a gel capsule with glass wool, and the capsule was pinched (0.5-mm diameter hole) on the top to allow convenient purging of the interior of the capsule to allow for proper desolvation.
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Figure 1. (a) Molecular structure of [Fe3(μ-L)6(H2O)6]6− (only the triazole group from the ligands is represented for clarity); (b) hydrogen bonding connectivity between multiple trimers in 1; (c) X-ray diffraction powder pattern for 1 at room temperature as powder (green), single crystals (black), and after magnetic measurements in the 2–400 K; (d) temperature dependence of the X-ray diffraction powder pattern for 1 in the 300–420 K range at a scan rate of 1 K min−1. 
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Figure 2. (a) χT vs. T plots for 1 at different heating/cooling rates; (b) relaxation of the trapped high spin (HS) HS-HS-HS fraction at different temperatures in the 265–235 K range; after cooling down, the sample at 10 K/min from saturation value at 400 K. 
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Figure 3. Fitting of the relaxation curves for the trapped HS-HS-HS fraction of 1 at different temperatures to exponential or sigmoidal expressions: (a) 265 K, (b) 260 K, (c) 255 K, (d) 250 K, (e) 245 K, (f) 240 K and (g) 235 K; (h) variation of kHL as a function of T−1. 






Figure 3. Fitting of the relaxation curves for the trapped HS-HS-HS fraction of 1 at different temperatures to exponential or sigmoidal expressions: (a) 265 K, (b) 260 K, (c) 255 K, (d) 250 K, (e) 245 K, (f) 240 K and (g) 235 K; (h) variation of kHL as a function of T−1.



[image: Magnetochemistry 02 00020 g003]







[image: Magnetochemistry 02 00020 g004 1024] 





Figure 4. Fitting of the Low spin (HS-LS-HS) to High Spin (HS-HS-HS) transition for 1 at different temperatures to exponential expression. 
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