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Thermal trapped iron(II) high spin state investigation by x-ray
diffractionMarchivie M., Guionneau P., Létard J.-F., Chasseau D., Howard J. A. K.1. INTRODUCTIONIn iron(II) complexes the conversion from a paramagnetic state (high spin, HS) to a diamagnetic state (low spin, LS) maybe triggered by external perturbations (temperature, pressure, light irradiation, magnetic �eld) [1 and 2]. Such a phenomenon,called spin crossover (SCO) is widely studied either for the fundamental problems it raises or the potential industrial applicationsit o�ers. In the solid state, the features of the SCO can be notably di�erent from one complex to the other: large range of criticaltemperature (T 1/2 from a few K to above room temperature), abrupt, gradual, complete, incomplete or multi-steps transitions.The e�ects of temperature and light on iron(II) complexes have been and are still carefully investigated in order to obtain, forexample, a large panel of temperatures and features of transition to o�er series of complexes with characteristics �à la carte� toanswer practical application requirements [3]. As a general matter of fact, the features of the magnetic behaviour are known todepend strongly on intrinsic properties of the complexes and also on structural properties such as for example the intermolecularhydrogen bonding or π−π stacks interactions. In order to understand the magneto-structural relationship, one of our objectivesis to correlate the structural properties, determined in various environments (T,P,hv), to the magnetic behaviour.Indeed, we have been focusing for a few years on the iron(II) SCO family of general formula [Fe(PM-L)2(NCS)2] for itsdiversity of magnetic and structural properties [4, 5, 6, 7 and 8], PM=N-2´-pyridylmethylene and L is an aromatic ligand (Fig.1(a)). The structural properties have been determined and compared showing direct correlation between some intramolecularand intermolecular structural parameters and the features of the SCO. To reach such direct correlation the crystal structureswere determined in the HS and LS spin states within the temperature range 10-300 K, high pressure data have aLSo beenobtained. Additionally, the crystal structure of a complex in the light-induced metastable HS state was obtained in order tocompare the e�ect of the temperature and the light irradiation on the material [9]. To delve further into the study of theseiron(II) complexes and more generally into the interplay between structural properties and spin state, we investigate now thein�uence of the cooling rate on the structural properties and the SCO of these complexes. Indeed, the possibility that a HSstate can be trapped by a rapid cooling is a feature to take into account in the development of practical application, such as forexample temperature sensors, and must consequently be investigated.In general, the study of metastable spin states is relevant to an understanding of the SCO phenomenon and in particular tothe dynamics of the process. While the generation of light-induced metastable spin states, known as the LIESST (light-inducedexcited spin state trapping) e�ect, has been widely studied [10, 11 and 12], this is not the case of thermally trapped metastablespin states. Indeed, only a few investigations of the e�ects of the cooling rate on the SCO have already been reported [13, 14,15, 16, 17, 18 and 19]. These previous studies have proved that, in some cases, a rapid cooling can trap the HS state with aHS→LS relaxation occurring afterwards. However, these studies mainly concerned the HS→LS relaxation process after a rapidcooling, not a �ash cooling (see Section 4 for de�nition), investigated by Mössbaüer and/or magnetic susceptibility measurementstechniques. Futhermore, the X-ray di�raction crystal structure of a complex in a trapped metastable state has not been reportedso far; despite it being suspected in most cases that the trapped HS→LS relaxation is connected to the structural features [14,16 and 18].The present paper reports the X-ray di�raction study of the �ash cooled phase of one complex of the above iron(II) SCOseries, the [Fe(PM-BiA)2(NCS)2] complex, BiA=4-(aminobiphenyl) (Fig. 1(b)).2. RESULTS AND DISCUSSIONS2.1 The [Fe(PM�L)2(NCS)2] complexesAll the known complexes of the [Fe(PM-L)2(NCS)2] family crystallise either in the orthorhombic space group Pccn or in themonoclinic space group P21/c. In both cases, the unit cell contains four molecules. In the orthorhombic packing (Fig. 2), theiron complexes lie on a two-fold axis and so are aligned in the c direction. Within the ab plane the neighbouring molecules aresymmetrical about the screw axis and so lie in an antiparallel orientation. The monoclinic description is very close except thatthe iron complexes are not exactly aligned and the centres of adjacent molecules form a zigzag along c. Such a packing appearsrelatively compact in all cases and is driven by numerous π−π interactions between neighbouring molecules within the ab planeas well as intermolecular contacts, like weak hydrogen bonds of the kind S· · ·H-C involving the NCS branches.Within the above family, the [Fe(PM-BiA)2(NCS)2] complex is of particular interest for the present study, �rst because itsorthorhombic form shows an exceptionally abrupt spin conversion at T 1/2=167 K [7], then because light irradiation may trigger



a conversion from LS to HS at low temperature. The latter phenomenon, known as the LIESST e�ect [10], can be characterisedby a limit temperature, which is noted T (LIESST) and de�ned as the temperature for which the light-induced HS informationis erased [20]. T (LIESST) is 78 K for this complex. The crystal structures of this complex are already known at 293 K (HS),140 K (LS) and 30 K (LS) [5 and 7]. [Fe(PM�BiA)2(NCS)2] may crystallise in two polymorpHS; the �rst form, denoted I,crystallises in an orthorhombic system and the second form, denoted II, crystallises in a monoclinic system. The comparison ofthe magnetic and structural properties of both polymorpHS has already been reported [21]. The present paper only deaLS withthe orthorhombic phase I.2.2 Unit cell parametersThe crystallographic unit cell parameters modi�cations over a temperature range that includes the SCO re�ects the contributionof both the pure thermal contraction and the e�ects of the SCO. Variable temperature X-ray di�raction studies are commonlyused to estimate the true modi�cations due to the SCO only.A general feature of the e�ect of the SCO on the crystallographic unit cell is a signi�cant anisotropy of the unit cellmodi�cations [22]. In the particular case of the orthorhombic phase of [Fe(PM-BiA)2(NCS)2], it has been previously shownthat unit cell changes due to the HS to LS SCO correspond to an increase of c, a decrease of a and a slight decrease of b [23].Owing to such a characteristic modi�cation, the spin state can be deduced, for this complex, directly from the unit cell changes.Comparison of the unit cell parameters at 30 K after a �ash cooling or after a slow cooling clearly indicate the trap of the HSstate by �ash cooling ( Table 1). First, the comparison of the unit cell parameters at 30 K (HS) and 30 K (LS) con�rms theanisotropy of the SCO e�ects on the structural properties; c increases by around 0.5 Å, a decreases by around 0.7 Å and bdecreases by around 0.2 Å. Then, the comparison of the unit cell parameters at 293 K (HS) and 30 K (HS) shows the e�ect ofthe thermal contraction only. The thermal contraction strongly a�ects the b parameter and only very slightly a and c.The exact value of the unit cell volume change due to the SCO only, noted 4VSC , is a crucial information. In particular
4VSC can be used in the calculation of the interaction energy between the molecules [24 and 25]. A rough value of 4VSCis usually extracted from the temperature dependence of the unit cell parameters determined on a large temperature range bytaking into account the contribution of the normal thermal contraction. The latter can, for example, be estimated from thecomparison of the thermal contraction of isostructural complexes that do not present a SCO. The ideal situation, however, iswhen the unit cell dimensions are obtained in the HS and the LS states at the same temperature. Such is the case here. At 30 K,the di�erence between the LS and the trapped HS states unit cell volume gives a 4VSC of 160 Å3 which corresponds to 4.5% ofthe room temperature volume. All the previously known 4VSC values for the [Fe(PM�L)2(NCS)2] complexes are in the range1.5-4% of the room temperature volume [26]. Thus, polymorph I of [Fe(PM-BiA)2(NCS)2] presents the largest unit cell volumemodi�cation due to the SCO within this family. This result is perfectly in line with the exceptionally abrupt spin conversion forthis compound.The HS→LS relaxation after the thermal trapping at 30 K of [Fe(PM-BiA)2(NCS)2] appears very slow for this complex,since after 16 h no signi�cant change was observed on the Bragg intensities. Very long relaxation times were aLSo observed inthe rapid cooling spectroSCOpic studies of [Fe(bpp)2(BF4)2] [13] and [Fe(paptH)2](NO3)2 [16]. However, in the latter cases, thevery long relaxation time was suspected to indicate an interplay between the SCO and a crystallographic phase transition. Inthe present case of [Fe(PM-BiA)2(NCS)2], the long relaxation time may be connected to the large gap between the HS and theLS unit celLS described above.2.3 Final temperature and thermal HS state trappingCan the HS state be trapped by �ash cooling to any temperature below T1/2? In order to answer such a question we trieddi�erent �nal temperatures. The observation we made when the sample was �ash cooled to 80 K deserves a particular remark.Fig. 3 shows the relative changes of the unit cell parameters at 80 K as a function of time after the sample has been �ashcooled to 80 K. First, the unit cell parameters are nearly constant and correspond to a HS unit cell. After a few minutes, the cparameter increases by around 0.7 Å, b decreases by 0.3 Å and a decreases by nearly 0.7 Å. This is the mark of the HS→LSconversion in this complex. Thus, the complex is in the HS state for a few minutes then it relaxes to the LS state. The 80 K HSunit cell volume (3365(10) Å3) appears signi�cantly di�erent from the HS room temperature unit cell volume (3481(2) Å3). Thisproves that the sample temperature is indeed 80 K. Besides, after relaxation, the LS unit cell volume (3255(2) Å3) is identicalto the LS unit cell volume obtained after a slow cooling (3260(2) Å3). Clearly, at this temperature, the HS state is trapped fora few minutes. Then relaxation to the LS occurs.When the sample is �ash cooled from room temperature to a temperature higher than 80 K, no HS trapping is observed, atleast at the time scale of a few seconds. Conversely, when the sample is �ash cooled to a temperature lower than 80(2) K, the HSis trapped and stable for, at least, a few hours. Consequently, it clearly appears that, for polymorph I of [Fe(PM-BiA)2(NCS)2],the HS is trapped by �ash cooling only if the �nal temperature is lower than 80(2) K. Interestingly this temperature is close tothe T (LIESST) temperature for this complex (78(1) K) determined by light irradiation e�ect.



To further investigate this point, we have tested the possibility of trapping the HS state by �ash cooling in one of the morestudied iron(II) complex, [Fe(phen)2(NCS)2] [26 and 27], PHEN=1,10-phenantroline. The interesting features of this compoundare that the T (LIESST), 62 K, is of the same order of magnitude than for the polymorph I of [Fe(PM-BiA)2(NCS)2] and that itis the only FeLn(NCS)2 complex for which the structural properties of the light-induced excited HS states are known [9]. In thissample, the HS state is not trapped by �ash cooling to 30 K. To explain this di�erence of behaviour, from a structural approach,we can argue on one intramolecular di�erence between the [Fe(phen)2(NCS)2] and the [Fe(PM-BiA)2(NCS)2] complexes. In theHS state, the Fe-N bond lengtHS are signi�cantly smaller in the former than in the latter and, as a result, the average variation ofthe six Fe-N bond lengtHS at the SCO is signi�cantly smaller in [Fe(phen)2(NCS)2] (0.173 Å) [28] than in Fe(PM-BiA)2(NCS)2](0.235 Å). Consequently, the possibility to thermally trap the HS state may aLSo depend on the intramolecular structuralproperties of the molecular complex. However, we have recently shown that any relationship between structural and SCOproperties must be discussed from a large structural data set [26]. Therefore, complementary investigations appear necessary toclarify this point.2.4 Degree of spin state trappingThe SCO from LS to HS in iron(II) complexes corresponds to an increase of the Fe-N bond lengtHS and a distortion of theoctahedron [22]. The �rst is usually characterised by the average value of the six metal nitrogen distances, noted d here, andthe second has been more recently characterised by the Σ parameter that is the sum of the deviations from 90° of the 12 cis Φangles in the coordination sphere [5]. The volume of the polyhedron, V p, can aLSo be used to characterise the spin state [6].These parameters are spin state dependent but they are independent of thermal e�ects. Table 2 reports such parameters forthe di�erent crystal structures of polymorph I of [Fe(PM-BiA)2(NCS)2]. The values of all these parameters at 30 K after �ashcooling match perfectly, within the standard deviations, the HS room temperature values. Thus, the geometry of the trappedHS [FeN6] octahedron is identical to the room temperature HS one. Without any doubt, the iron(II) complex in the �ash cooledcrystal structure is in the HS state.Moreover, the perfect matching of the HS and trapped HS iron octahedron geometry shows that, in this experiment, almost100% of the HS species were trapped. In the previously reported investigation performed on other SCO complexes, only a partialratio of HS species were trapped in the rapid cooling experiments [15 and 16] while an almost complete HS trap was observedby �ash cooling [14].2.5 Crystal packingThe general description (Section 2.1) of the packing in the [Fe(PM-L)2(NCS)2] complexes is still true for [Fe(PM-BiA)2(NCS)2]in the trapped HS state at 30 K. However, signi�cant di�erences from either the room temperature HS or the 30 K LS crystalstructures appear in the crystal packing and thus in the strength of the intermolecular interactions. This is �rst illustrated bythe shortest distance between the centre of two adjacent molecules that is 8.816(1) Å at 293 K, 8.836(2) Å at 30 K in the HSstate and 9.065(5) Å at 30 K in the LS state. This distance is indeed half of the unit cell c parameter. The longest value in the30 K LS crystal structures is then related to the increase of c due to the SCO. In the HS state crystal packing this distance isslightly longer at 30 K than at room temperature one, this is due to the anisotropy of the unit cell modi�cations by �ash coolingfrom 293 to 30 K. Consequences of these di�erences are re�ected by the intermolecular interactions.The π−π interactions network in the HS trapped crystal structure appears di�erent from those of the room temperature HSor low temperature LS crystal structures. For example the length of the shortest of such intermolecular interactions is 3.328(10)Å at 30 K (HS), 3.355(10) Å at 30 K (LS) and 3.457(15) Å at 293 K (HS). This interaction is then strongly dependent on thetemperature and slightly on the spin state.One of the other main feature of the crystal packing of the [Fe(PM-L)2(NCS)2] complexes concerns a weak hydrogen inter-molecular interaction (Fig. 4). Indeed, the S· · ·C distance in the S· · ·H-C intermolecular contact between neighbouring moleculesdi�ers from one compound to the other and from the HS to the LS states for the same compound. Within the [Fe(PM-L)2(NCS)2]family, such a S· · ·C length in the HS state has been directly connected to the propagation of the spin change information, i.e.the cooperativity, over the material during the thermal SCO and thus is a predominant structural feature [26]. This S· · ·Cintermolecular distance ( Table 3) is much shorter in the 30 K HS packing than in the room temperature HS one, indicatingthat the cooperativity in the former is higher than in the latter. Interestingly, this contact is, at 30 K, shorter in the trapped HSthan in the LS crystal packing. For this complex, this S· · ·C intermolecular distance is roughly along the [1 3 2] crystallographicdirection and consequently its length is strongly dependent on the modi�cations of the b and c unit cell parameters. In the HSstate, the di�erence between the room temperature and the 30 K S· · ·C distances is then directly linked to the pure thermale�ects on the unit cell which correspond to a strong decrease of b from 293 to 30 K. Identically, at the same temperature (30K), the length of this intermolecular interaction is mainly driven by the spin state and thus the increase of c at the HS to LSSCO, b being almost constant.



3. CONCLUSIONSTo summarise we have shown that it is possible to trap a complex in the HS state by �ash cooling. The structural propertiesof the complex in the low temperature HS state have been determined. We have �rst shown that, for the studied compound,the low temperature trapped HS state can be obtained only if the �nal temperature is lower than a temperature similar to theT (LIESST) temperature. Then, this study con�rms the anisotropy of the unit cell modi�cations due to the SCO only and showsthe large unit cell volume reduction (4.6%) from HS to LS. Finally, the crystal structure of the complex in the low temperatureHS state appears distinct from either the low temperature LS state or the room temperature HS state crystal structures, thisbeing directly linked to the di�erences between the unit cell modi�cations due to a pure thermal contraction and the unit cellmodi�cations due to the SCO. 4. EXPERIMENTAL4.1 Rapid cooling and �ash coolingAs a preliminary remark we would like to introduce a distinction between a �ash cooling experiment and a rapid coolingexperiment. The �rst term refers to a direct shift of a sample from room temperature to the required low temperature; thesample and its support being so small that they do not signi�cantly a�ect the temperature in the low temperature area. Thesecond one refers either to a very fast controlled cooling rate or to a direct shift from room temperature to a low temperaturecavity but with a signi�cant interplay between the temperatures of the sample and its support with the low temperature area.The sample should more rapidly reach the required temperature in a �ash cooling experiment than in a rapid cooling experiment.For example, in an X-ray di�raction experiment, a small crystal may be taken directly from room temperature into a nitrogenor an helium �ue already at the required temperature. The sample volume is very small and does not introduce a signi�cantperturbation on the �ue temperature. It has been demonstrated in the context of the study of large protein crystaLS that a �ashcooled sample reaches the �nal temperature in a maximum of about 1 s [27]. On the contrary, a true �ash cooling experiment isnot possible in a squid cavity as, even though the latter is already at the required low temperature, the introduction of the �brecontaining the sample inevitably induced a temperature gradient that only allow a rapid cooling experiment, the equilibriumcan take a few minutes to achieve [18]. In general, such distinction should be taken in mind when comparing structural withmagnetic squid experiment. The X-ray experiments described here refer to �ash cooling.4.2 SynthesisThe polymorph I of cis-bis(thiocyanato)bis(N-(2-pyridylmethylene)-aminobiphenyl)-iron (II), [Fe(PM-BiA)2(NCS)2] as well asall the [Fe(PM-L)2(NCS)2] complexes discussed in this paper were prepared following the synthetic procedure previously reported[8]. PolymorpHS I and II of [Fe(PM-BiA)2(NCS)2] are di�erentiated by room temperature X-ray di�raciton.4.3 X-ray di�ractionA single crystal of polymorph I of [Fe(PM-BiA)2(NCS)2] was �ash cooled to 30 K and data collection was performed usingan Oxford Cryosystems Helix open �ow He gas cryostat combined with a Bruker SMART-CCD area detector di�ractometerusing the Mo Kα radiation. The di�raction frames were integrated using the SAINT package. The structural determination bydirect methods and the re�nement of the atomic parameters based on full-matrix least squares on F2 were performed using the
SHELX -97 [28] programs within the WINGX package [29]. H atoms were treated according to the riding model during re�nementwith isotropic displacement corresponding to the atom they are linked to. Table 1 reports experimental detaiLS and crystaldata. Let us make a short comment on the sample temperature after such experiment. Unsurprisingly, the trapped HS and theroom temperature HS FeN6 cores show a di�erence in the equivalent displacement ellipsoïd parameters, U eq, de�ned as 1/3 ofthe trace of the orthogonalised U ij tensor. At room temperature U eq (10−3Å2) are in the range 48-70 for the FeN6core while inthe 30 K trapped HS FeN6core they lay within the range 9-16 (Table 4). Furthermore, in all the slowly cooled crystal structuresat 30 K of complexes, the U eqdisplacement ellipsoïd parameters for the FeN6cores lay within the range 8-16 [5]. This con�rmsthat the sample is indeed at 30 K and thus that the trapped HS state has been obtained at 30 K n order to investigate the roleof the �nal temperature on the result of the �ash cooling experiment, �ve other single crystaLS of polymorph I were selected.Each of them was successively used in one �ash cooled experiment from room temperature to a di�erent temperature using thesame protocol than above, a small set of X-ray di�raction frames being then recorded. Final temperatures explored were 140,95, 80, 65 and 30 K.
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