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Abstract

:

This work explores the effect of lattice solvent on the observed solid-state spin-transition of a previously reported dinuclear Fe(II) triple helicate series 1–3 of the general form [FeII2L3](BF4)4(CH3CN)n, where L is the Schiff base condensation product of imidazole-4-carbaldehyde with 4,4-diaminodiphenylmethane (L1), 4,4′-diaminodiphenyl sulfide (L2) and 4,4′-diaminodiphenyl ether (L3) respectively, and 1 is the complex when L = L1, 2 when L = L2 and 3 when L = L3 (Craze, A.R.; Sciortino, N.F.; Bhadbhade, M.M.; Kepert, C.J.; Marjo, C.E.; Li, F. Investigation of the Spin Crossover Properties of Three Dinuclear Fe(II) Triple Helicates by Variation of the Steric Nature of the Ligand Type. Inorganics. 2017, 5 (4), 62). Desolvation of 1 and 2 during measurement resulted not only in a decrease in T1/2 and completeness of spin-crossover (SCO) but also a change in the number of steps in the spin-profile. Compounds 1 and 2 were observed to change from a two-step 70% complete transition when fully solvated, to a single-step half complete transition upon desolvation. The average T1/2 value of the two-steps in the solvated materials was equivalent to the single T1/2 of the desolvated sample. Upon solvent loss, the magnetic profile of 3 experienced a transformation from a gradual SCO or weak antiferromagnetic interaction to a single half-complete spin-transition. Variable temperature single-crystal structures are presented and the effects of solvent molecules are also explored crystallographically and via a Hirshfeld surface analysis. The spin-transition profiles of 1–3 may provide further insight into previous discrepancies in dinuclear triple helicate SCO research reported by the laboratories of Hannon and Gütlich on analogous systems (Tuna, F.; Lees, M. R.; Clarkson, G. J.; Hannon, M. J. Readily Prepared Metallo-Supramolecular Triple Helicates Designed to Exhibit Spin-Crossover Behaviour. Chem. Eur. J. 2004, 10, 5737–5750 and Garcia, Y.; Grunert, C. M.; Reiman, S.; van Campenhoudt, O.; Gütlich, P. The Two-Step Spin Conversion in a Supramolecular Triple Helicate Dinuclear Iron(II) Complex Studied by Mössbauer Spectroscopy. Eur. J. Inorg. Chem. 2006, 3333–3339).
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1. Introduction


Spin-crossover (SCO) materials continue to attract a wide degree of multidisciplinary research effort [1,2,3,4,5]. For example, these materials have been demonstrated to show significant promise for use in molecular switches and sensors [6,7,8,9]. Such applications stem from the inherent bistability of SCO compounds and the many ways with which this bistability can be altered. For octahedral Fe(II)-based materials, a spin-transition may be induced by temperature, pressure or light between the paramagnetic 5T2 HS (S = 2) state and the diamagnetic 1A1 LS (S = 0) state [2,10,11].



The ability of the spin-transition to be readily altered can be a strong benefit in SCO research, in that factors such as the transition temperature (T1/2), the number of steps, the completeness of SCO and its abruptness can often be subtly manipulated. On the other hand, such lack of stability can also serve as a distinct problem for these materials when it comes to finding real-world applications. That so many external influences can alter the spin-transition of a compound makes the precise nature of fabricated SCO materials very difficult to predict and control. The extensive and varied effects that solvent(s) of crystallisation have on the properties of SCO materials is a prime example of this [12,13]. Thus, it has been extensively shown that the spin-transition can be significantly affected by the intermolecular interactions induced by solvent molecules [14,15,16,17,18,19,20,21,22,23,24,25,26]. Solvent molecules of crystallisation can affect the transition temperature (T1/2) [26,27,28,29,30,31,32,33,34,35,36], the nature of the spin-transition as well as the degree of cooperativity and thermal hysteresis that occurs [12,37,38,39,40]. Previous studies have indicated that the elastic interactions between the SCO active metal centres can be enhanced by the formation of hydrogen-bonding networks between solvent and/or anion molecules, leading to abrupt and hysteric spin-transitions [14,15]. Furthermore, solvent molecules can impose different crystal packing arrangements within the lattice, affecting the cooperative interactions between metal centres. Severe structural transformations such as single-crystal-to-single-crystal transformations arising from the exchange of solvent molecules of crystallisation have also been demonstrated [1,41,42,43,44,45,46]. In some examples, solvent effects can even be reversibly triggered by desolvation and resolvation of the solid material [47,48,49,50]. The onset of an apparent hysteresis, in which irreversible changes in the profile are observed, are often induced by the loss of solvent molecules, a process that tends to stabilise the high-spin (HS) state [24,25,51,52,53]. As a result, there is potential for thermally induced spin-transitions to be ‘tuned’ by the adsorption and desorption of solvent molecules of crystallisation, leading to a potential application as chemosensors [20,50].



The subtleties of the effects of solvent molecules on the spin-transition phenomenon are highlighted in a study performed by Kruger and co-workers who presented a pair of solvatomorphs of a Fe(II) dinuclear triple helicate structure that demonstrated a half-transition when incorporating water molecules of crystallisation and a full asymmetric spin-crossover when acetonitrile molecules were present in the crystal lattice [51,54]. Two independent studies were performed by Garcia et al. [55] and Neville et al. [56] on two pseudopolymorphs of the complex [FeII2(A)5(cis-NCS)4]nMeOH, where n = 4 and 2 respectively and A = N-salicylidene 4-amino-1,2,4-triazole. The first presented a monoclinic structure with a T1/2 of 155 K, while the latter yielded a triclinic structure with no SCO taking place. Despite the formula of these two compounds differing by only two MeOH solvent molecules, and both polymorphs exhibiting π-π stacking interactions, vastly dissimilar magnetic properties were obtained.



Previously, we reported the SCO of three desolvated Fe(II) dinuclear triple helicate compounds 1–3, that displayed single-step spin-transitions of ca. 50% completion [57]. Herein we report the effects of acetonitrile solvent molecules on the spin-transitions in this series of dinuclear triple helicates, which have the general formula [FeII2L3](BF4)4(CH3CN)n and which differ in the steric nature of L (Figure 1). For compound 1 L = L1, for 2 L = L2 and for 3 L = L3. These compounds exhibit a change in the degree of completeness of SCO as well as a transfer from a two-step to a single-step spin-transition upon desolvation in the case of 1 and 2. Conversely, 3 exhibits an alteration from a gradual SCO (or possibly exhibits weak antiferromagnetic interactions) to a single-step incomplete SCO upon desolvation. Furthermore, the spin-transition profiles observed for 1–3 may provide an interesting insight into a previously reported discrepancy in the literature concerning Fe(II) dinuclear triple helicates presented by both teams of Hannon and Gütlich [58,59].




2. Materials and Methods


All reagents and solvents were purchased from commercial sources (Sigma-Aldrich, Sydney, Australia and Alfa Aesar by Thermo Fisher Scientific, Australia and Tokyo Chemical Industry Co., Ltd., Adelaide, Australia), with no further purification being undertaken. Compounds 1–3 were prepared using the previously reported method [57]. Thermal gravimetric analysis (TGA) measurements were performed using a simultaneous thermal analysis (STA) 449 C Jupiter instrument (NETZSCH, Selb, Germany) using aluminium crucibles, nitrogen was used as both the protective and purge gas; the temperature range of 30–200 °C was cycled at a rate of 10 K·min−1.



2.1. X-ray Crystallography


The X-ray crystallography experiments were performed on the MX1 beamline at the Australian Synchrotron (Clayton, Victoria, Australia.), using silicon double crystal monochromated radiation [60,61] or using a Bruker kappa-II CCD diffractometer, employing an IµS Incoatec Microfocus Source with Mo-Kα radiation (λ = 0.710723 Å). Data integration and reduction was undertaken with XDS [62] for synchrotron data and with APEX2. Ver. 2014.11-0 and SAINT. Ver. 8.34A (Bruker-AXS, Madison, WI, USA, 2014) [63] for the home source instrument. An empirical absorption correction was then applied using SADABS at the Australian Synchrotron [64]. The structures were solved by direct methods and the full-matrix least-squares refinements were carried out using a suite of SHELX programs (XT. Version 2014/4., XL. Version 2014/7.) [65,66] via the OLEX2 graphical interface [67]. Non-hydrogen atoms were refined anisotropically. Carbon-bound hydrogen atoms were included in idealised positions and refined using a riding model. The crystallographic data in CIF format have been deposited at the Cambridge Crystallographic Data Centre with CCDC 1844792-1844794. It is available free of charge from the Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1 EZ, UK; fax: (+44) 1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk. Specific refinement details and crystallographic data for each structure are presented below and in the supporting information.



Powder X-Ray diffraction measurements were conducted on a Bruker D8 ADVANCE diffractometer with a LynxEye position sensitive detector (PSD). The X-ray source was a Copper K-α1 at 1.54 Å at 40 kV and a current of 40 mA. The sample scan range was 5–55 degrees 2θ with a step size of 0.02° at a rate of 2 s per step. Data processing was conducted using Bruker’s EVA software.




2.2. Magnetic Susceptibility Measurements


Samples of crystalline material, 1–3, were measured under two separate conditions. First, a solvated sample was sealed in a plastic tube in the presence of mother liquid, with the temperature range reaching a maximum of 300 K to ensure as little solvent loss as possible during the experiment. Secondly, a filtered sample was placed in an unsealed magnetic sample holder, and the temperature ramped to a maximum of 350 K, allowing desolvation to occur. Data for magnetic susceptibility measurements were collected using a Quantum Design Versalab Measurement System (Quantum Design, San Diego, CA, USA) with a vibrating-sample magnetometer (VSM) attachment. Measurements were taken continuously under an applied field of 0.5 T, at a heating rate of 4 K·min−1.




2.3. Hirshfeld Surfaces


The Hirshfeld isosurfaces were calculated using the program Crystal Explorer v17.5 [68].





3. Results and Discussion


Magnetic susceptibility studies on polycrystalline samples of 1–3 between 50–350 K demonstrate that these compounds exhibit solvent-dependant SCO (Figure 2). The samples were measured under two separate conditions. First, the solvated solid sample was placed in a plastic tube which was then sealed with some mother liquid. The temperature was increased to a maximum of 300 K to ensure as little solvent loss as possible from the sample. Secondly, a filtered sample was placed in an unsealed magnetic sample holder and the temperature cycled to a maximum of 350 K, allowing solvent loss. TGA experiments were performed on filtered samples in order to provide evidence of solvent loss within the applied temperature range (30–200 °C) and compare the mass changes due to solvent loss. The filtered samples showed mass losses of 3.33%, 4.99% and 4.73% for 1, 2 and 3 respectively when heated to 200 °C (Figures S4–S6). These mass changes demonstrate that the percentage of weight lost due to desolvation closely matches the mass percentage of acetonitrile present in the asymmetric unit (mass of acetonitrile/total mass × 100) at 100 K calculated from single crystal X-ray diffraction results (for the measurements TGA%/SCXRD%—1—3.33/3.92, 2—4.99/4.95, 3—4.73/5.01).



When sealed, 1 underwent a more complete two-step thermally induced spin-transition. The room temperature χMT value was 7.70 cm3·K·mol−1, corresponding to two uncoupled Fe(II) centres in the HS 5T2 (S = 2) state. Upon cooling, the χMT value decreased steadily, reaching the first T1/2↓ at 205 K. After a minimum rate of change (first derivative) in the magnetic susceptibility at 138 K, the second T1/2↓ occurred at 100 K, after which the susceptibility dropped to a value of 2.13 cm3·K·mol−1 at 50 K. At this point, approximately 72% of Fe(II) ions have transitioned to the LS 1A1 (S = 0) state.



On the other hand, when the sample was run in an unsealed magnetic sample holder and taken to 350 K, allowing the loss of solvent to occur, major changes in the transition profile were observed. In the heating mode, the room temperature magnetic susceptibility remained around 7.70 cm3·K·mol−1 and the minimum value was 4.55 cm3·K·mol−1 at 50 K, corresponding to only 40% of the Fe(II) metal centres undergoing a transition to the LS 1A1 state at 50 K. The transition occurred in a single-step manner and the T1/2↑ was 180 K. In the cooling mode, loss of solvent experienced during the heating mode causes the transition to appear slightly more abrupt in manner, reaching a minimum χMT value of 4.40 cm3·K·mol−1 at 50 K with a T1/2↓ of 155 K.



Similarly, the sealed sample of 2 exhibited a two-step spin-transition, decreasing from a χMT value at 300 K of 7.55 cm3·K·mol−1 to 2.17 cm3·K·mol−1 at 50 K, with T1/2↓ of 219 and 135 K and T1/2↑ of 125 and 209 K upon thermal cycling. Again, around 72% of Fe(II) centres present in the material have undergone a spin-transition at this point. When the sample holder was not sealed, the spin transition profile exhibited a very similar trend to that of 1, in which only 50% of the Fe(II) metal centres had undergone a transition to the LS state at 50 K in a single-step manner.



The sealed sample of 3 displayed a room temperature χMT value of 7.70 cm3·K·mol−1. This decreases in a steady fashion to 4.27 cm3·K·mol−1 at 50 K. The gradual, monotonic decrease in χMT may be interpreted as due to temperature-independent paramagnetism (TIP), weak antiferromagnetic coupling between HS Fe(II) centres or possibly very gradual spin-crossover [69]. On the other hand, the unsealed sample of 3 showed a similar shape to that of 1 and 2 under the same conditions. The heating mode exhibited a 50 K χMT value of 3.76 cm3·K·mol−1, which steadily increased over the range of 50 K to 350 K, at which point the magnetic susceptibility was 7.65 cm3·K·mol−1, demonstrating an inflexion point (T1/2) at 182 K. At 50 K the spin-transition is incomplete, with ca. half of the Fe(II) centres remaining HS. The proceeding cooling mode demonstrated similar room temperature and 50 K χMT values, although it occurred in a seemingly more abrupt fashion, again due to loss of solvent, with a T1/2 value of 140 K, 42 K lower than that of the preceding heating mode.



For 1 and 2, the sealed samples both demonstrated a more complete (70%) two-step transition, whilst the unsealed samples of all three compounds demonstrated a one-step half-completed SCO. For all three compounds, the loss of solvent in the unsealed samples results in a shift in the T1/2 to lower temperatures, which has also been the case in other solvent sensitive materials. A study performed by Kruger and co-workers [51] on a 2-positioned methylated imidazole donor helicate (ClO4− salt), an architecture similar to 3, showed an analogous trend to those obtained for unsealed samples of 1, 2 and 3. Here the T1/2 moved to a lower temperature with solvent loss (water molecules in this case) and a more abrupt spin-transition occurred. Although on the other hand, the extent of the HS↔LS conversion (completeness) and the nature of the transition-profile (the number of steps) remained the same.



Magneto-structural Correlations


The single-crystal X-ray diffraction results at 100 K for 1–3 were presented in our previous report of the magnetic properties exhibited by completely dried samples [57]. Here, variable temperature single-crystal structures are presented in order to further explore the magneto-structural characteristics of these compounds. The structures of 1 and 3 at 298 K as well as 2 at 155 K were obtained in an attempt to further probe the spin-transitions occurring in these compounds. Desolvated samples were not suitable to be measured by single-crystal diffraction. Furthermore, powder X-ray diffraction (PXRD) patterns presented in the supporting information confirm that the synthesised materials retain high crystallinity at room temperature and show good correlation with single-crystal X-ray diffraction (SCXRD) data suggesting that phase purity is maintained at the compared temperatures (Figures S1–S3).



For a full structural description of 1 at 100 K, for which a solvatomorph was previously reported by Hannon and co-workers [58], see our previous study mentioned above [57]; a crystallographic summary of the variable temperature SCXRD analysis of 1–3 can be found in Table 1 below and further crystallographic details can be found in the supporting information (Tables S1–S3). At 298 K, 1 presents triclinic symmetry crystallising in the space group P  1 ¯  . Hydrogen-bonding between BF4- counter ions and the N-H donors of the non-coordinating 2,4-imidazole nitrogen atom is present for four of the six imidazole moieties of the helicate architecture. Similar to the 100 K structure, no supramolecular network of intermolecular interactions connects adjacent helicates within the crystal lattice. Crystallographic parameters at 298 K (∑ = Fe01-84.84 and Fe02-84.90°, and average Fe-N = Fe01-2.21 and Fe02-2.19 Å) are in accord with the magnetic susceptibility measurements, indicating that the Fe(II) centres are present in the [HS-HS] state at room temperature. The two-step nature of the spin-transition for the solvated sample may be a result of the observed monoclinic to triclinic single-crystal-to-single-crystal symmetry breaking that occurs between 100 and 298 K.



Single-crystals of 2 were found to be of triclinic P  1 ¯   symmetry at 155 K, crystallising in the same space group as at 100 K. Hydrogen-bonding between imidazole N-H, BF4- anions and acetonitrile solvent molecules connects adjacent helicates from both ends along the crystallographic a-axis, so as to arrange neighbouring helicates in a side-on manner (Figure 3). Both acetonitrile molecules present in the asymmetric unit interact through hydrogen-bonding (CH3CN…H-N) with the non-coordinating nitrogen of the imidazole moiety, with contact lengths of 2.91 and 2.89 Å. The loss of such interactions in the desolvated material may, therefore, contribute to destabilisation of the [LS-LS] state. The measured octahedral distortions (∑) of 60.7 and 92.68° for Fe01 and Fe02 respectively, in conjunction with average Fe-N coordination bond lengths of 2.00 and 2.18 Å for Fe01 and Fe02, confirm the results of magnetic susceptibility measurements for the solvated sample, and suggest that the helicates are present as the [LS-HS] spin-isomer at this temperature. Single-crystal measurements of 2 could not be obtained at higher temperatures. Room temperature PXRD indicates that at 155 K and 298 K the material is of the same phase, with no change in symmetry occurring despite the two-step magnetic susceptibility profile (Figure S2).



Alternatively, in contrast to the 100 K structure which crystallises in the triclinic space group P  1 ¯  , at 298 K, 3 crystallises in the monoclinic space group C2/c. Tetrafluoroborate anions participate in hydrogen-bonding with each of the six helicate imidazole moieties, forming lengthwise end-to-end intermolecular contacts between adjacent helicates along the crystallographic c-axis (Figure 4). Acetonitrile solvent molecules of 0.5 and 0.25 site occupancy are present in the unit cell but do not participate in any intermolecular interactions. The degree of octahedral distortion was 87.81° and the average Fe-N distance was 2.20 Å, which in combination with magnetic measurements is in accord with the Fe(II) centres being in the [HS-HS] state at 298 K.



In the solvated samples of 1 and 2, a more complete, two-step spin-transition occurs from the [HS-HS] state to the [LS-LS] state. Loss of solvent molecules from the crystal lattice was observed to destabilise the [LS-LS] state, trapping the material in a state of either [LS-HS] helicates or a 50:50 mixture of [HS-HS] and [LS-LS] compounds. This suggests that the solvent plays an integral role in the transition of Fe(II) centres from [HS-HS]↔[LS-LS] in these compounds. In contrast, the loss of acetonitrile from the lattice of 3 induces an incomplete spin-transition, while the solvated sample only gave a gradual and linear change in χMT with temperature, rather than the typical sigmoidal shape indicative of SCO. The desolvation of 3, acts as a form of ‘on-switch’ for spin-crossover in this compound.



As illustrated in Figure 5, other parameters that have been used in this study to rationalise the role of intermolecular interactions and intramolecular ligand distortions in the SCO of these compounds, are the angles θintermolecular and θintramolecular. In compounds 1–3, there are three angles connecting the three interior imine nitrogen donors and the Fe(II) centre, and another three connecting the exterior imidazole nitrogen donors and the Fe(II) centre. The interior angles represent intramolecular distortions, while the exterior angles represent intermolecular distortions. These pairs of three exterior and interior angles (ϕ) are each individually subtracted from 90 and the absolute values are summed to give one distortion value for each pair (θintermolecular and θintramolecular in Table 2). These parameters were used to further document the effects of intermolecular interactions and intramolecular restraints on the distortion of the SCO coordination sphere.



In all three compounds, differences between the exterior distortions (Δ θintermolecular) of the HS and LS/MS Fe(II) centres are consistently more severe than those of the interior distortions (Δ θintramolecular). In other words, the largest geometric difference between the two centres of opposite spin is at the exterior of the helicate, indicating either that steric restraints imposed by the dinuclear triple helicate architecture are most severe at the interior of the molecule, or that intermolecular interactions may have an important role in accommodating the distortions required to reach the [LS-LS] state. Subsequently, the loss of solvent molecules upon desolvation may hinder the possibility of these necessary molecular rearrangements occurring, as observed in the stabilisation of the [LS-HS] state upon desolvation in both 1 and 2.



The role of these intermolecular interactions can be visualised utilising Hirshfeld surfaces [21,70]. Any electron density within the isosurface predominantly consists of the contribution of the considered molecule, while that outside the surface is dominated by the remainder of the crystal lattice. The parameter dnorm is useful in visualising significant intermolecular interactions and is composed of two parameters that describe the distance an atom is from the isosurface, di, if the atom is inside the surface, and de if the atom is outside [71]. The parameter dnorm returns a zero value when the sum of di and de equates to the sum of the van der Waals radii of the atoms in question. Strong intermolecular interactions are represented as red areas on the Hirschfield surface, and signify regions in which the value of dnorm is negative and the sum of di and de is less than the sum of the van der Waals radii. The Hirshfeld plots shown in Figure 6 are calculated for 2 at 100 K using the program Crystal Explorer [68]. The Hirshfeld surface of 2 displays red regions of the isosurface representing the hydrogen-bonding at the imidazole N-H donor site between acetonitrile solvent molecules and BF4- anions respectively. When the isosurface is analysed with respect to the crystal packing of 2 (Figure 7), it can be observed that the anions and solvent molecules form a network of hydrogen-bonding along this row of helicates (a-axis). The helicates orientate themselves in the lattice so as to offset the regions of strongest intermolecular interactions relative to their neighbouring molecules. These surfaces demonstrate the role of such interactions in providing a network of intermolecular contacts between adjacent helicates, and, as a result, how the loss of the solvent molecules of crystallisation in the desolvated samples results in the destabilisation of the [LS-LS] state.



The change in octahedral distortion (∑) between the LS and HS centres in helicates 1–3 is around 30° (Table 1), and when considered over two Fe(II) centres in the one compound, this places quite a significant strain on each semi-rigid helicate architecture. The overlap figure below (Figure 8) shows 3 at 100 K and 298 K, and demonstrates the significant change in helicate architecture between the [HS-HS] and [LS-HS] structures, which may also help to rationalise the occurrence of the incomplete spin-transition observed. The majority of SCO dinuclear triple helicates reported previously exhibit such incompleteness, and, to the best of our knowledge, only the systems of Kruger and co-workers [54,72] as well as our laboratory [73] display a full transition of the two Fe(II) sites of the dinuclear triple helicate architecture. The distortion required of the two spin-centres in semi-rigid dinuclear triple helicates makes a complete [HS-HS]↔[LS-LS] transition difficult to achieve. That is, these compounds may be trapped in the [LS-HS] state by intramolecular steric constraints. Although, the presence of solvent molecules in 1 and 2 results in a two-step 70% complete spin-transition that does partially access the [LS-LS] state. Therefore, intermolecular interactions mediated by solvent molecules may influence the ability of 1 and 2 to achieve SCO at the second Fe(II) centre and to access a [LS-LS] state.



Hannon and co-workers conducted a study of a complex using the same helicate architecture as 1, in which they investigated the effect of different counter ions, namely PF6−, BF4− and ClO4−, being present [58]. The [Fe2(L)3[ClO4]4 structure they obtained displayed a gradual, incomplete single-step transition like the desolvated samples in our previous study [57] and also the unsealed samples in this study. A later study by Gütlich and co-workers further explored the ClO4- salt of this compound that led to an in-depth analysis of its magnetic behaviour and Mössbauer spectra [59]. Interestingly, these latter workers found a two-step spin-transition, where the average transition temperature of around 180 K corresponded to the T1/2 of the gradual spin-transition presented by Hannon. The data presented by Gütlich and co-workers was cycled between 300–1.8 K, while that of Hannon and co-workers was cycled between 340–1.8 K, with acetonitrile being the solvent of crystallisation in each case. Heating to 300 K may not be sufficient for significant loss of solvent of crystallisation, whereas heating to 340 K would likely be sufficient, in accord with our TGA analysis of the BF4− analogue, 1 (Figures S4–S6). In other words, it appears that the sample of Hannon and co-workers may have desolvated, while that of Gütlich remained solvated to a greater extent. In the present study of a BF4- analogue of those compounds just mentioned, 1, together with two similar helicates, 2 and 3, differing in the steric nature of their ligands (L), we found that both 1 and 2 behaved in a similar manner to that described by Hannon and Gütlich in combination. That is, when the helicate samples are completely solvated, they exhibit a gradual two-step spin-crossover, while conversely, when each sample is heated and desolvated, each exhibits a gradual single-step transition where the average T1/2 of the two-step transition is very close to the T1/2 of the single-step transition present in the desolvated sample. This highlights the importance of solvent effects on SCO in the solid-state and further highlights the effects of sample preparation and experimental procedure on the observed spin-transition.





4. Conclusions


For all three compounds investigated, the partial desolvation of the sample during the magnetic measurements resulted in a decreased T1/2 and a change in the completeness of transition. Compounds 1 and 2 demonstrated a two-step 70% complete profile when solvated and a single-step half-complete profile when desolvated. In this way, the solvent molecules of crystallisation may help to partially access the [LS-LS] state in 1 and 2. Solvated samples of 3 displayed a monotonic decrease in magnetic susceptibility with temperature, indicative of either a gradual SCO or antiferromagnetic interactions between Fe(II) centres, while the desolvated samples exhibited an approximately 50% complete gradual spin-transition. The results may provide some insight into previous differences reported in the literature for dinuclear Fe(II) triple helicates by the groups of Hannon and Gütlich, as well as demonstrating the impact of solvent molecules of crystallisation on the SCO in these systems. The study also serves to further highlight the importance of sample preparation and experimental procedure when undertaking magnetic susceptibility measurements with solvent sensitive materials.
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Figure 1. Schematic representation of L1, L2 and L3 used to construct the dinuclear triple helicate architectures presented in this study. 
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Figure 2. Magnetic susceptibility χMT versus T plots for 1–3, (a–c) respectively, at a scan rate of 4 K/min over the temperature range of 50–300 K (solvated) and 50–350 K (desolvated). Inserts for 1 and 2 display the rate of change (first derivative) of the χMT value in the sealed samples. 
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Figure 3. Schematic representations of the crystal packing and hydrogen-bonding (N-H…BF4−) interactions present in the single-crystal structure of 2 at 155 K, demonstrating the manner with which adjacent helicates are connected in a side-on manner along the a-axis. (a) Projection down the crystallographic b-axis and (b) down the c-axis. Solvent molecules have been excluded for clarity. Hydrogen bonds are represented by thickened blue dotted lines. 
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Figure 4. Schematic representation of the crystal packing arrangement of 3 at 298 K, demonstrating the network of hydrogen-bonding interactions that connect the helicates lengthwise along the crystallographic c-axis. 
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Figure 5. Schematic representation of the two geometric parameters θintermolecular and θintramolecular discussed in the text. 
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Figure 6. Hirshfeld surface of 2 at 100 K, showing the strongest intermolecular contacts in red located at the three external imidazole N-H groups at each end of the helicate, demonstrating the interactions between helicates, solvent and counterions. 
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Figure 7. Hirshfeld surface within the crystal lattice of 2, highlighting the interactions between the helicates, solvent and counter ions that connect adjacent helicates along the crystallographic a-axis. The strongest intermolecular contacts are denoted by surface regions shown in red. (a) reveals two rows of helicates with no isosurface (top and bottom) for clarity, while (b) depicts these surfaces. 
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Figure 8. Schematic showing the overlapping representations of 3 at 100 K (purple) and 298 K (orange), illustrating the severity of distortion occurring between the [LS-HS] and [HS-HS] spin-isomers. (a) focuses on the change in the internal ring sections of the helicate ligands, (b) the external imidazoleimine groups, and (c) shows the overall change in conformation relative to the Fe…Fe positions. 






Figure 8. Schematic showing the overlapping representations of 3 at 100 K (purple) and 298 K (orange), illustrating the severity of distortion occurring between the [LS-HS] and [HS-HS] spin-isomers. (a) focuses on the change in the internal ring sections of the helicate ligands, (b) the external imidazoleimine groups, and (c) shows the overall change in conformation relative to the Fe…Fe positions.



[image: Crystals 08 00376 g008]







[image: Table] 





Table 1. Selected crystallographic parameters for 1, 2 and 3. MS represents a mixed HS/LS state population.
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1

	
2

	
3






	
∑

	
100 K

Fe01-76.3

	
298 K

Fe01-84.8

Fe02-84.9

	
100 K

Fe01-59.4

Fe02-90.3

	
155 K

Fe01-60.4

Fe02-92.7

	
100 K

Fe01-77.2

Fe02-85.2

	
298 K

Fe01-87.5




	
Average Fe(II)-N distance (Å)

	
Fe01-2.13

	
Fe01-2.21

Fe02 -2.19

	
Fe01-2.00

Fe02-2.18

	
Fe01-2.00

Fe02-2.18

	
Fe01-2.10

Fe02-2.18

	
2.20




	
Spin state of Fe(II)

	
MS

	
HS-HS

	
LS-HS

	
LS-HS

	
HS-MS

	
HS




	
θintermolecular/θintramolecular 100 K

	
Fe01-15.4/15.3

	
Fe01-23.8/20.6

Fe02-18.6/16.4

	
Fe01-1.6/21.0

Fe02-6.1/23.9

	
Fe01-1.75/23.407

Fe02-6.731/26.834

	
Fe01-19.6/11.1

Fe02-14.8/13.1

	
20.6/10.7




	
Space group

	
C2/c

	
P   1 ¯   

	
P   1 ¯   

	
P   1 ¯   

	
P   1 ¯   

	
C2/c




	
Intermolecular interactions

	
6 × N-H…BF4−

F3BF…H-CH2C-N

No supramolecular network present

	
4 × N-H…BF4−

No supramolecular network present

	
2 × N-H…CH3CN

4 × N-H…BF4−

Form side-ways chain

	
2 × N-H…CH3CN

4 × N-H…BF4−

Form side-ways chain

	
6 × N-H…BF4−

Form length-wise chain

	
6 × N-H…BF4−

Form length-wise chain




	
Number of intramolecular edge-to-face π interactions

	
3

	
2

	
3

	
3

	
2

	
2




	
Number of acetonitrile solvent molecules

	
1.5

	
1.25

	
2

	
2

	
2

	
0.75




	
C-X-C angle (where X = CH2, S or O)

	
113.6

	
115.4

	
104.9

	
105.1

	
115.8

	
116.2




	
Intrahelical-separation (Å)

	
11.72

	
11.72

	
11.78

	
11.77

	
11.62

	
11.72








Note: the three 100 K structures have been reported previously [57].
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Table 2. Comparison of the internal (θintramolecular) and external (θintermolecular) distortions of the Fe(II) coordination environment in the different spin-states observed for 1, 2 and 3. MS denotes a mixed HS/LS-state population. The Δθ values represent the differences between the LS (or MS) and HS θ values in each structure.






Table 2. Comparison of the internal (θintramolecular) and external (θintermolecular) distortions of the Fe(II) coordination environment in the different spin-states observed for 1, 2 and 3. MS denotes a mixed HS/LS-state population. The Δθ values represent the differences between the LS (or MS) and HS θ values in each structure.





	Compound
	Spin-State
	θintermolecular
	Δ θintermolecular
	θintramolecular
	Δ θintramolecular





	1
	MS

HS
	15.439

23.786
	8.347
	15.252

20.61
	5.418



	2
	LS

HS
	1.57

6.124
	4.554
	21.047

23.894
	2.847



	3
	MS

HS
	19.55

14.75
	4.8
	11.05

13.129
	2.079











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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