Élodie Tailleur 
  
Mathieu Marchivie 
  
Philippe Négrier 
  
Dominique Denux 
  
Stéphane Massip 
  
Denise Mondieig 
  
Guillaume Chastanet 
  
Philippe Guionneau 
  
Elodie Tailleur 
  
Philippe Negrier 
  
Using polymorphism to master the spin crossover mechanism in

 

Introduction

In the investigation of the Spin crossover (SCO) phenomenon, polymorphism represents an exciting opportunity to understand the complex relationships between the structural properties and the switching features in the solid-state. [1][2][3] Note that despite solvatomorphism is also an interesting route 4 , polymorphism seems more suitable for orienting towards a choice of the SCO properties of a given compound, since for the first one, the possibility of a solvent departure greatly complicates the process. Hereafter, we are thus discussing about solvent-free polymorphism. The SCO originates on the metallic site, here iron(II). However, the SCO features are affected by all the physical scales of the solid, from the atom up to the crystal. 5 The structure-property relationships in SCO materials start to be well documented and the main learning of the literature on this subject is the complexity of corresponding close and subtle links. In this context, having different crystal packing for identical molecular complexes, i. e. polymorphs, makes it possible, for example, to track the structural origin of some physical behavior, such as magnetic properties, by meticulously comparing polymorphs' features. [1][2][3][6][7][8][9] This paper provides a cornerstone to this building by probing two wellcrystallized polymorphs with radically different magnetic properties -one with hysteresis at room temperature and the other one with a continuous conversion occurring at low temperature -using the crystal structures determined both at high temperature when the iron is High-Spin (HS) and at low temperature when the iron is Low-Spin (LS). Crystals of the molecular complex [Fe(PM-PeA)2(NCSe)2] [with PM PeA = N-(2'-pyridylmethylene)-4-(phenylethynyl) aniline)] have been reported as being among the very rare -almost the unique so far -to undergo a thermal-induced SCO centered at room temperature (286 K) with a large hysteresis width (41 K). 10 In that case, the SCO is accompanied by a peculiar structural transition from mP21/c (HS) to oPccn (LS) that was also recently observed with high-pressure acting as a stimulus. 11 The already reported polymorph will be hereafter named polymorph-I since another polymorph, therefore named polymorph-II, has been crystallized and constitutes the main purpose of this paper. The objective, here, is to highlight the structural origin of the SCO features differences shown by the two polymorphs. First, the structural, magnetic and thermodynamics properties of polymorph-II are reported then the comparison of selected features of the two known polymorphs allows some progresses on the knowledge of structure-property relationships in SCO crystals. On the other hand, it was possible to deliberately obtain powder batches of polymorph-II. The powder synthesis is very similar to that of polymorph-I. 10 The difference in the synthesis protocol lies in the addition of the Fe(NCSe)2 solution, drop by drop, to the ligand solution, instead of the reverse operation (addition of the ligand solution to the Fe(NCSe)2 solution). Verywell crystallized powders are obtained by this mean, allowing good-quality Rietveld refinements that, together with elementary analysis, confirmed that these powders are exclusively composed by polymorph-II of [Fe(PM-PeA)2(NCSe)2] (see supplementary material). These pure powders were therefore used for the physical measurements. It is worth noting that among the different attempts to get polymorph-II, it was also obtained powder batches containing a mixture of the two polymorphs, X-ray diffraction allowing easily to identify their presence due to specific Bragg peaks (see supplementary material).

Results and Discussions

To sum-up, though single-crystals of polymorph-II were obtained accidentally, pure batches of polymorph-II powders can be rationally and reproductively obtained. Some trials lead to a mixture of polymorphs which confirms that in some circumstances, these polymorphs can be concomitants. All attempts to transform one polymorph into another by heat treatments in the range [80 -500 K] were not successful. It is also worth to mention that the application of pressure does not allow to transform one polymorph into another. Indeed, the previously reported detailed high-pressure study of polymorph-I as a function of temperature has shown no trace of polymorph-II 11 (the studied range was [0-10 kbar] at [293-353 K]) and, second, the application of pressure on the powder of polymorph-II does not lead to a transformation towards polymorph-I, at least up to 12 kbar. Since powders and single-crystals of polymorph-II were systematically checked to be strictly isostructural and since powders containing only polymorph-II can be easily obtained (see above), magnetic measurements were performed on powder batches. The magnetic properties were studied using a SQUID magnetometer between 50 K and 390 K, under a magnetic field of 5 000 0e, on a 43.1 mg powder sample placed in a polypropylene bag. The measurement was made in temperature scanning mode with a constant maintained rate at cooling and heating. One full spin crossover cycle was measured at 5 K.min -1 . After subtracting the diamagnetic contributions from the polypropylene bag and the compound, the product of molar magnetic susceptibility with temperature, χMT, was plotted as a function of temperature (Figure 1). At 390K, the χMT product around 4.0 cm 3 K mol -1 is slightly higher than the expected value for a iron(II) cation in the HS state. It remains constant on cooling to ca. 300K where it starts to decrease down to 150 K. Upon further cooling, a constant and weak decrease of the χMT product is observed. Together with the slightly high value at 390 K, this could be an indication of the presence of Temperature-Independent Paramagnetism even though a small magnetic impurity cannot be totally excluded. [START_REF] Kahn | Molecular Magnetism[END_REF] The 

Magnetism and Heat Capacity of Polymorph-II

Single-Crystal investigations of Polymorph-II in the High-Spin and Low -Spin states

A good-diffracting tiny single-crystal of approximate dimensions 50x10x10 m 3 was mounted on a loop and positioned on a microfocus Rigaku FRX equipped with a rotating anode as X-ray source (CuK, = 1.54184 Å) and a 200K Dectris Pilatus detector. Full data collections were performed at 293 K (HS) and 100 K (LS) (strategy details in supplementary material) and lead to high-quality crystal structures (Table 1). At 293 K, Polymorph-II crystallizes in mP21/c space group in HS with unit-cell parameters a and  notably different from those of polymorph-I though the resulting unit-cell volume appears similar in both polymorphs, which may be related to the possible occurrence of both polymorphs at room temperature. At low temperature, in LS, the space group is unchanged for polymorph-II that exhibits a significant decrease of the unit-cell volume as usually observed in conjunction with the SCO (about 0.8 Å 3 /K here). Note that a quasi-isotropic evolution of the unit cell due to both thermal contraction and SCO is observed upon cooling in contrast with the polymorph-I and other SCO compounds of this family even with those undergoing a gradual conversion (see below and supplementary material for details). 14

Molecular geometry in [Fe(PM-PeA)2(NCSe)2] polymorphs

It is now well recognized that the geometric properties of the coordination sphere not only reflect the spin state -and thus allow visualizing the SCO -but also influence the transition characteristics. 15,16 For example, from one compound to another, if the volume of the coordination sphere always varies by the same order of magnitude (from 13.0(2) Å to 9.9(2)Å) from HS to LS in FeN6), the bond lengths may be very different depending on the concerned ligand while the average variation is always similar (0.2 Å). On the other hand, the distortion of the coordination sphere at the SCO appears very different from one compound to another and probably plays a major role in certain characteristics still to faithfully identify. 17 In this context, the comparison of the geometry of polymorphs' coordination spheres therefore remains an important point, as done in Table 2 for the two polymorphs. The bond lengths and the polyhedron volume reflect the spin state which allows to confirm the occurrence of the SCO. These values for polymorph-II at 293 K show that, while mainly HS the crystal contains a significant LS part (estimated at roughly 30% from the polyhedron volume) and values exhibited at 100 K clearly indicate a 100 % LS, the whole being consistent with magnetic measurements. Keeping in mind such results, the geometry of the coordination sphere appears rather similar in both polymorphs for a given spin state.

The structural difference between both polymorphs is then visible at the upper physical scales, starting by the entire molecular scale, often addressed using the average deviation parameter (RMSD). 5 In polymorph-II, the superposition of the molecular complexes in HS and LS shows a RMSD of 0.13 Å. The latter is slightly underestimated due to the LS residue but this value is much lower than the 0. Please do not adjust margins Please do not adjust margins molecular structural differences between HS and LS quantified by the RMSD follows the nature of the SCO since abrupt transition (L/X = PeA/S 18 , PeA/Se 10 , BiA/S-I 7 ) correspond to RMSD greater than 0.4 Å and gradual transitions (L/X = BiA/S-II 7 , AsA/S 14 , PeA/Se) correspond to RMSD lower than 0.2 Å.

Here, the main difference between the molecular complexes within the two polymorphs comes from the NCSe branches in the HS state, showing a larger distortion in polymorph I (Figure 3). This has certainly repercussions at the crystal-packing scale, which is examined hereafter.

Table 2 : Coordination sphere geometric parameters for the two polymorphs of [Fe(PM-PeA)2(NCSe)2] from single-crystal X-ray diffraction. Selected parameters are the Fe-N bond lengths (Å) with the distinction of the ligand parts (NCSe, Py or PM) and the overall average value, the polyhedron volume (Å 3 ) as well as the angle distortion Σ (°), the trigonal distortion Θ (°) and the length distortion Å) known to be appropriate in this description. LS. The individual atoms involved in the contacts are not the same within polymorphs, however, highlighting the differences in the crystal-packings (The labelling of the atoms is given in supplementary material). The main difference between polymorphs concern the length of the shortest contact, i.e. the low-left tip of the fingerprints (Figure 4), that corresponds to an H...H contact. From HS to LS, the latter decreases from 2.421 Å to 2.311 Å in polymorph-II while it increases from 2.354 Å to 2.483 Å in polymorph-I. This unusual elongation of the H...H contact from HS to LS is probably to be related to the unusual structural behavior of polymorph-I, as already suspected and now emphasized here by the comparison with polymorph-II, though it is difficult to detail it more. Understanding H...H contacts in crystalline cohesion is indeed a current and growing research field. 20,21 The present result suggests to integrate SCO compounds into this field of investigation, both parties would probably benefit greatly from this knowledge crossing. 

Unit-cell of Polymorph-II as a function of temperature

The temperature dependence of the unit-cell parameters was investigated using the same single-crystal as for full crystal structure determination from nineteen data collection performed by cooling from 293 to 115 K (Figure 5). In perfect agreement with the magnetic curve, the unit-cell parameters smoothly decrease which contrasts with the discontinuous behavior of the polymorph-I unit-cell at the SCO 11 . The volume decreases by 4.4% from 293 K to 115 K, which includes both SCO and pure thermal effects. In a very similar compound of this molecular complex family that is also showing a continuous SCO, namely [Fe(PM-AzA)2(NCS)2], the same observed volume variation (4.5%) was attributed to about 3% to pure thermal effects and thus 1.5% to the SCO itself. [START_REF] Lakhloufi | [END_REF] This deconvolution was obtained from a meticulous comparison between iron and zinc

Please do not adjust margins Please do not adjust margins isomorphs. In the present case this study was not possible since the zinc isomorph of polymorph-II was not successfully crystallized but the ratio of the thermal/SCO contribution is probably of the same order of magnitude for polymoprh-II of [Fe(PM-PeA)2(NCSe)2] than in the previous study of [Fe(PM-AzA)2(NCS)2] since the unit-cell features, the SCO mechanism and the molecular complexes are very close in both cases. Additionally, the zinc and sulfurocyanide isostructural analogue [Zn(PM-PeA)2(NCS)2] 22 , which does not undergo a SCO, can be used to evaluate the pure thermal decrease of volume at 2.4% leading to a contraction due to the SCO for polymorph-II of 2% approximatively.

The thermal contraction affects the unit-cell parameters concomitantly to the occurrence of the SCO while, on the contrary, the  angle seems only affected by the SCO since this angle does not changed outside the SCO temperature range (Figure 5). Consequently, it can be efficiently used to witness the SCO. The sudden increase of this angle corresponds to the SCO and gives T1/2 at about 253 K. This value is in relatively good agreement with the T1/2 obtained from magnetic and thermodynamic measurements (245 K) especially when taking in mind that the latter are performed on powders and not on single-crystals, which is known to potentially generate transition-temperature shifts. 

Conclusions

Following the previous reports on polymorph-I of [Fe(PM-PeA)2(NCSe)2], 10,11 one of the rare SCO compounds exhibiting a large hysteresis centered on room temperature, a second polymorph has been obtained here. This new polymorph undergoes a continuous SCO at low temperature, as attested by magnetism, calorimetry and X-ray diffraction and can be obtained in form of single-crystals or powders; the latter being reproducibly synthetized in a controlled way allowing to master the SCO mechanism for this compound. The drastic change between the SCO features for the two polymorphs -from hysteretic to continuous -is reflected by the structural properties that are appropriately impacted from the coordination-sphere geometry to the unit-cell. Conversely, the structural difference that could be closely related to the distinct SCO mechanisms for the two polymorphs is probably due to differences in the H...H network within the crystal packing, as already observed in other SCO polymorphs. 9 Here, the contrast between the subtlety of the structural differences between polymorphs of [Fe(PM-PeA)2(NCSe)2] and its strong consequences on the spin transition features illustrates the high sensitivity of the SCO phenomenon in the solid-state.

Figure 1 :

 1 Figure 1: χMT as a function of temperature determined on polymorph-II (red) and polymorph-I (light blue) of [Fe(PM-PeA)2(NCSe)2] with in insert, the scheme of the molecular complex..

  polymorph-II of [Fe(PM-PeA)2(NCSe)2] thus shows an almost complete and reversible gradual spin conversion with T1/2=245K. This behavior fully contrasts with the large hysteresis shown by polymorph-I around room temperature but recalls the SCO feature of a few other compounds of the same [Fe(PM-L)2(NCX)2] family such as [Fe(PM-BiA)2(NCS)2]-II 7 or [Fe(PM-AzA)2(NCS)2] 14 for example.Differential scanning calorimetry measurements were carried out with 34.853 mg of polymorph-II powder in the range [125 K -350 K]. Ten successive full thermal cycles were performed using a temperature scanning rate of 10 K.min -1 (Figure2). The Please do not adjust margins Please do not adjust margins very large and extended calorific capacity dependence with temperature is typical of a second-order transition associated with a gradual spin transition, revealing here the full coherence of magnetic and thermodynamic measurements. The SCO temperature, estimated by taking the top of the signal, is very close to the T1/2 temperature determined by the magnetic measurements (around 245 K). First and tenth cycles overlap fine which characterizes a perfect reproducibility of the SCO.

Figure 2 :

 2 Figure 2 : Calorific capacity as a function of temperature for polymorph-II of [Fe(PM-PeA)2(NCSe)2] showing the first (black) and the tenth (light grey) warming.

Table 1 :

 1 Experimental and crystallographic data from singlecrystal X-ray diffraction investigation of the polymorph-II of [Fe(PM-PeA)2(NCSe)2]. ‡ TUnit-cell (Å, °) a = 16.9943 (7) b = 14.9296 (5) c = 17.2155 (6) β = 117.370 (5) a = 16.8161 (4) b = 14.6779 (2) c = 17.1039 (3) β = 117.901 (3) Unit-cell volume (Å

  46 Å determined for polymorph-I, which indicates a much smaller molecular rearrangement between the HS and LS states for polymorph-II than for polymorph-I. This confirms the spectacular nature of the molecular-scale reorganization in polymorph I. The present study highlights that, within the [Fe(PM-L)2(NCX)2] family, the This journal is © The Royal Society of Chemistry 20xx

Figure 3 .

 3 Figure 3. Superposition of the molecular complexes of polymorph -I (dark grey) and polymorph-II (light grey) for [Fe(PM-PeA)2(NCSe)2] at room-temperature showing the main difference in the NCSe ligands.

Figure 4 .

 4 Figure 4. Fingerprints of the intermolecular interactions in [Fe(PM-PEA)2(NCSe)2] polymorph-II (high) and polymorph-I (low) in HS (left) and LS (right). The red circles highlight the relevant H…H intermolecular interaction in both polymorphs.

Figure 5 .

 5 Figure 5. Unit-cell temperature dependence for the polymorph-II of [Fe(PM-PeA)2(NCSe)2] showing the a parameter (top left), the  angle (top right) and the unit-cell volume (down).

  5,15 

		Polymorph-I	Polymorph-II
	T(K)	293	230	293	100
	Spin state	HS	LS	HS/LS	LS
	d(Fe-NCSe)	2.063(5)	1.947(7)	2.042(3)	1.942(3)
	d(Fe-N-Py)	2.164 (4)	1.976(6)	2.085(4)	1.968(3)
	d(Fe-N-PM)	2.231(4)	1.977(5)	2.137(5)	1.980(3)
	<dFe-N>	2.152(5)	1.967(6)	2.088(5)	1.963(3)
	Vp	12.88(2)	9.99(2)	11.86(2)	9.96(2)
	Σ	80(2)	60(4)	68(4)	53(2)
	Θ	213(4)	168(8)	187(8)	151(4)
		0.360(5)	0.078(7)	0.184(4)	0.086(3)
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