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Decoupled spin crossover and structural phase transition in a molecular iron(II) complex

2][BF4]2 (1; bppSMe=4-(methylsulfanyl)-2,6-di(pyrazol-1-yl)pyridine) undergoes an abrupt spin-crossover (SCO) event at 265±5 K. The crystals also undergo a separate phase transition near 205 K, involving a contraction of the unit-cell a axis to one-third of its original value (high-temperature phase 1; Pbcn, Z=12; low-temperature phase 2; Pbcn, Z=4). The SCO-active phase 1 contains two unique molecular environments, one of which appears to undergo SCO more gradually than the other. In contrast, powder samples of 1 retain phase 1 between 140-300 K, although their SCO behaviour is essentially identical to the single crystals. The compounds [Fe(bppBr)2][BF4]2 (2; bppBr=4-bromo-2,6-di(pyrazol-1-yl)pyridine) and [Fe(bppI)2][BF4]2 (3; bppI=4-iodo-2,6-di(pyrazol-1-yl)-pyridine) exhibit more gradual SCO near room temperature, and adopt phase 2 in both spin states. Comparison of 1-3 reveals that the more cooperative spin transition in 1, and its separate crystallographic phase transition, can both be attributed to an intermolecular steric interaction involving the methylsulfanyl substituents. All three compounds exhibit the light-induced excited-spin-state trapping (LIESST) effect with T(LIESST=70-80 K), but show complicated LIESST relaxation kinetics involving both weakly cooperative (exponential) and strongly cooperative (sigmoidal) components.

Introduction

The structural chemistry of molecular spin-crossover (SCO) materials1-4 continues to be of great interest, for two reasons.5, 6 One, is to elucidate the factors underlying cooperative spin-state switching so that new materials with useful switching properties can be designed for nanoscience and device applications.3 However, the study of SCO by multiple techniques also affords more general information about the underlying chemistry of crystallographic phase transitions, which is important for the crystal engineering of other types of functional material. Increasingly complex structural behaviour is being reported in spin-transition crystals,5 including: stepwise spin transitions coupled to multiple crystallographic phase changes;7, 8 incomplete SCO reflecting symmetry-breaking transitions generating a mixture of active and inactive sites in a material;9 and, thermal hysteresis induced by large changes in molecular conformation during SCO, rather than a change in crystallographic symmetry. 10 We report here [Fe(bppSMe)2][BF4]2 (1; bppSMe=4-(methyl-sulfanyl)-2,6-di(pyrazol-1-yl)pyridine), whose crystals exhibit a thermal spin transition near room temperature that is decoupled from a crystallographic phase change at lower temperature. Only two other SCO materials show comparable behaviour: [{Fe(NCS)2(3-bpp)}2(μ-4,4′-bipy)] (3-bpp=2,6-di(pyrazol-3-yl)pyridine; 4,4′-bipy=4,4′-bipyridyl) 11 and [FeL2][BF4]2 (L=2, 6-di(5-methylpyrazol-3yl)pyridine),12 which both undergo one or more crystallographic phase changes above their spin-transition P a g e | 2 temperatures. Two other complexes [Fe(bppBr)2][BF4]2 [START_REF]Spin-Crossover Materials-Properties and Applications[END_REF]pyridine) and [Fe(bppI)2][BF4]2 (3; bppI=4-iodo-2,6-di(pyrazol-1-yl)pyridine)13 are also described, which are isostructural to 1 at low temperature, but do not exhibit the crystallographic phase change. Comparison of these compounds has allowed us to identify the intermolecular interactions in 1 that cause its more complicated SCO and phase behaviour, and has thus afforded a structure-function relationship for SCO in this type of crystal lattice.

Results and Discussion

The ligands bppBr and bppI14 were both obtained from 4-amino-2,6-di(pyrazol-1-yl)pyridine (bppNH2)14 by a diazotisation procedure. Treatment of bppI with NaSH in DMF affords 4-mercapto-2,6-di(pyrazol-1-yl)pyridine (bppSH),15 which was methylated with MeI to give bppSMe, together with the disulfides bppSSbpp15 and bppSSMe (Scheme 1). Pure bppSMe can be isolated from the mixture by vacuum sublimation, whereas the disulfido products were purified from the involatile residue by silica column chromatography. Complexation of hydrated Fe[BF4]2 with 2 equivalents of the appropriate ligand in nitromethane yielded the complex salts 1-3, which all form solvent-free yellow crystals from nitromethane/diethyl ether mixtures.16

The variable-temperature magnetic susceptibility of a powder sample of 1 demonstrated a thermal spin transition with a small thermal hysteresis width of 2 K (T1/2↓=268 K, T1/2↑=270 K; Figure 1). Although the transition has no discontinuities at first glance, only about 80 % of the sample is in the low-spin state at 250 K (χMT=0.7 cm 3 mol -1 K) with the remainder of the material becoming low spin more gradually on further cooling. The first derivative of the susceptibility curve shows the transition is not symmetrical, and contains small discontinuities near 220 and 330 K (Figure 1).17 Therefore, SCO in 1 appears to contain two components: an abrupt, hysteretic transition undergone by about 70 % of the sample; and, a more gradual crossover with a similar midpoint temperature, involving the remaining 30 %. That suggestion is also supported by the differential scanning calorimetry (DSC) data described below. In contrast, 2 and 3 both exhibit more gradual SCO, with no masked features in their δ(χMT)/δT curves and midpoint temperatures of T1/2=307 K ( 2) and 332 K (3). The SCO cooperativity, as measured by the maximum value P a g e | 3 of δ(χMT)/δT, follows the order 1>3>2 (Figure 1). The SCO transition for 3 is essentially identical to that shown by the perchlorate salt of the same complex.13 Initial structure refinements showed that 1-3 are isostructural in the single crystal at 100 K, in the space group Pbcn. Their asymmetric units contain half a complex cation with crystallographic C2 symmetry, and one unique BF4 - ion (Figure 2). The iron centres are all low spin at this temperature, and show only small deviations from the idealised D2d symmetry that is expected with this ligand type (Table 1). The complex cations pack in layers in the crystals, related to the "terpyridine embrace" lattice that is often adopted by salts of [Fe(bpp)2] 2+ derivatives.12, 18-20 The cation layers in the full embrace structure have strict or approximate four-fold symmetry, with each molecule interdigitating to four nearest neighbours through face-to-face and edge-to-face π-π interactions between their pyrazolyl rings.21 In 1-3, although the layered structure is retained, this interdigitation is disrupted by the pyridyl substituents, which protrude into the adjacent layers (Figure 3). Thus, each [Fe(bppR)2] 2+ cation (R=SMe, Br or I) experiences a partial terpyridine embrace, forming just two intra-layer π-π interactions to face-toface pyrazolyl rings.

Unit-cell measurements showed that, in addition to SCO at 260-270 K, crystals of 1 undergo a second phase transition between 210 and 200 K, involving a contraction of the unit-cell a axis from 53-54 Å in the higher temperature phase (phase 1) to 18 Å in the low-temperature phase (phase 2). The spin transition near 270 K is accompanied by a sharp decrease in a, but has little effect on b or c (Figure 4). The resultant contraction in unit-cell volume (V), 260(27) Å 3 or 2.8 %, is typical for an abrupt thermal spin transition in an iron(II) complex salt. 6 The phase 1→phase 2 change around 205 K causes a small contraction in b as well as the aforementioned reduction in a, and is also reflected in a 23(6) Å 3 reduction in V (normalised to Z=4, Figure 4). Thus, the molecular packing in phase 2 of 1 is significantly more compact than the low-spin form of phase 1. Further cooling to 100 K leads to a small increase in a, which is offset by decreases in b and c to give the expected reduction in V with decreasing temperature. Investigation of multiple crystals revealed that the formation of phase 1 on warming above 200-210 K was always apparent in the diffraction images, from the ingrowth of additional diffraction peaks along a* (Figure 5). However, ingrowth of the additional reflections from phase 1 was not abrupt, and often occurred over a temperature range of 20-30 K.25 The relative intensities of the super-cell reflections, compared with the parent reflections, differed significantly between crystals, and upon repeated cycling of the same crystal.

Although crystals of 1 always diffract well at 100 K, they often suffer from twinning above the phase 2→phase 1 transition temperature. This twinning is reversed upon re-cooling the crystals below 205 K. Hence, the formation of the phase 1 super-cell along [100] may take place in an incoherent or disordered manner in those crystals. Several attempts were required to obtain good refinements of all the phases of 1 from the same crystal. One refinement of each phase was ultimately achieved at 290 K (HS-1), 240 K (LS-1) and 100 K (LS-2); HS-1 and LS-1 are isostructural in phase 1, but in the high-spin and low-spin states, respectively. Interestingly, crystals that diffracted well at 100 K had a much higher mosaicity at 30 K, which prevented us from obtaining a useful structure of 1 at that lower temperature.

The HS-1 and LS-1 phases both contain 1.5 molecules per asymmetric unit, with a half-molecule spanning a twofold rotation axis (molecule A) and a whole molecule on a general crystallographic site (molecule B). The iron centres are high spin in HS-1 at 290 K, and predominantly or fully low spin in LS-1 at 240 K, although there may be a residual high-spin fraction for molecule A in the latter structure (Table 1). That would be consistent with the magnetic data, which imply that about 15 % of the sample remains high spin at 240 K (Figure 1). The molecules differ in that molecule A has a more regular coordination geometry, closer to ideal D2d symmetry, than molecule B. That is reflected in the trans-N{pyridine}-Fe-N{pyridine} angle (φ in Table 1), which is close to the expected value of 180° in molecule A (178.6(3)° in both HS-1 and LS-1), but is significantly smaller in molecule B (168.3(2) and 175.2(2)°, respectively).23, 24 Notably, φ in HS-1 molecule B is unusually low for an SCO-active complex of this type, and the change in φ during SCO for molecule B (Δφ=6.9(3)°) is correspondingly large. 18 The greater change in shape during SCO for molecule B compared to molecule A (Δφ=0.0(4)°), implies that molecule B should undergo SCO more cooperatively than molecule A.5 That is consistent with the mixture of abrupt and gradual SCO evident in the susceptibility and DSC data for 1.

The A and B cation sites in phase 1 are segregated into distinct layers in the lattice, with an ABBABB stacking pattern along the crystallographic a axis. Nearest-neighbour cations in the A layers are related by an inversion centre and are aligned strictly co-parallel, whereas in the B layers they are related by mirror symmetry and are slightly canted with respect to each other. This leads to an undulation of the complex molecules in adjacent layers down the [100] vector.25 In LS-2, the cation layers are all identical and equivalent to the A layers in HS-1/LS-1, and the complex molecules are all aligned linearly along [100].

The π-π interactions within the layers involve pyrazolyl rings that are strictly or approximately co-planar by symmetry and separated by 3.5 Å. The dimensions of these interactions change only slightly between the different phases of 1.25 More variation occurs in intermolecular contacts involving the methylsulfanyl groups, however, which occupy cavities bounded by four pyrazolyl groups from two different cations in an adjacent layer. In HS-1 the intermolecular methyl⋅⋅⋅pyrazolyl distances are C⋅⋅⋅C≥3.640( 14) Å, close to the sum of the van der Waals radii of a methyl group and an aromatic ring (3.7 Å).26 However, in LS-1 there is a general contraction of these interactions, and the three unique methyl groups in this structure each form one close intermolecular C-H⋅⋅⋅π contact of C⋅⋅⋅C=3.452( 12), 3.531( 12) and 3.573( 15) Å. The shortest of these is associated with the unique methylsulfanyl group in molecule A, which exhibits a degree of disorder in the LS-1 phase. In LS-2 at 100 K, this ligand disorder is no longer apparent although the short C-H⋅⋅⋅π contact to the unique methylsulfanyl group is retained, at C⋅⋅⋅C=3.445( 5) Å (Figure 3).25 Relief of this steric clash may contribute to the driving force for the LS-2→LS-1 phase change. Even though there are also several cation⋅⋅⋅anion C H⋅⋅⋅F contacts in HS-1 and LS-1, these are less likely to contribute to the spin transition because the anions are comparably disordered in both structures.

The phase behaviour of bulk samples of 1 was probed by variable-temperature X-ray powder diffraction. Although the peaks are broad, the data show only minor changes on cooling from 300 to 140 K (Figure 6). The data at all temperatures are a better match for the simulated patterns based on phase 1 than for phase 2, particularly in the region 20≤2≤30° which shows the greatest difference between the two forms. Hence, in contrast to the single crystals, powder samples of 1 do not exhibit the LS-1/LS-2 transition and retain phase 1 at all accessible temperatures. This observation was supported by a DSC measurement, which showed peaks corresponding to the SCO event that are in excellent agreement with the susceptibility curve (T↓=267 K, T↑=270 K, ΔH=10.1(2) kJ mol -1 ). However, no peak was observed near 205 K that could be attributed to the phase 1/phase 2 conversion, confirming that this transition does not occur in the powder sample. The measured SCO enthalpy is approximately 50 % smaller than for other compounds of the [Fe(bpp)2] 2+ type,20, 23, 27 which is consistent with the suggestion that the abrupt part of the spin transition in 1 only involves a fraction of the iron centres in the sample (see above).

Higher-temperature crystal-structure determinations of 2 and 3 were also performed, to probe the structure changes during SCO in those materials (Table 1). In contrast to 1, 2 and 3, both adopt phase 2 at all the temperatures examined. Structures of 2 at 250 and 350 K, either side of the spin transition, showed it to be low spin at 250 K and high spin at 350 K, as expected from the susceptibility data (Figure 1). The metric parameters of 3 at 350 K imply a predominantly, but not fully, high-spin iron centre. That is again consistent with the susceptibility data, which predict an approximate 85 % high-spin population in the material at that temperature (Figure 1). X-ray powder diffraction confirmed that powder samples of 2 and 3 are phase pure, and adopt phase 2 as in the single crystals.

Salts of [Fe(bpp)2] 2+ derivatives are well known to exhibit photomagnetic effects at low temperatures. 7,20,[28][29][30] The low-spin→high-spin photo-conversion was investigated on 1-3 in bulk conditions by using a superconducting quantum interference device (SQUID) magnetometer coupled to a continuous waveoptical source. The samples were irradiated at the following wavelengths: 405, 510, 640, 830 and 980 nm. In each case, the most efficient wavelength to induce the LIESST effect was 510 nm, leading to a strong increase of the magnetic signal at 10 K. No reverse-LIESST was observed upon irradiation at longer wavelengths, however. By using the standardised T(LIESST) procedure31, 32 we monitored the direct magnetic response on a thin layer of powders of compounds 1-3 upon irradiation of the 1 A1→ 1 T1 absorption band. The T(LIESST) curves were then recorded for each compound (Figure 7) to determine the stabilisation of the photo-induced HS state.

For all complexes, a drastic increase in the magnetic signal under green-light irradiation was observed at 10 K. However, unusual for [Fe(bpp)2] 2+ derivatives,7, 20, 28-30 the photo-conversion efficiency was not quantitative. The maximum χMT values indicate photo-conversion efficiencies of 70 % (for 1), 57 % ( 2) and 60 % (3). Following the irradiation procedure, an increase in χMT occurs upon heating from 10 K in the dark, reflecting zero-field splitting of the HS iron(II) centres.33 For 1 and 2 the plateau reached at 40 K remains stable until 60 K, beyond which the metastable light-induced HS state rapidly decreases, reaching the baseline above 80 K. The T(LIESST) values can be extracted from the first derivative of the χMT versus T curves (Figure 7, inset) affording T(LIESST)=70 P a g e | 10 and 80 K, respectively. In contrast, the T(LIESST) curve for 3 clearly exhibits two steps, with two minima being resolved in the δ(χMT)/δT versus T plot at 65 and 75 K.

These T(LIESST) values all agree well with the predicted values from Equation (1) (T0=150 K),31, 32 similarly to T(LIESST) values of most other [Fe(bpp)2] 2+ derivatives that have been measured by this procedure.20, 28 However, although the differences are small, it is noteworthy that within this series 1 has both the lowest T1/2 and the lowest T(LIESST) values, in apparent violation of Equation ( 1) and Hauser's inverse energy gap law.34

The dynamics of LIESST relaxation of the photo-induced HS fraction, γHS, were investigated for all three complexes in the 50-80 K temperature range where the HS-LS relaxation is thermally activated. The value of γHS was deduced from the equation [(χMT)hv-(χMT)LS]/[(χMT)HS-(χMT)LS], in which (χMT)hv is the magnetic value reached after irradiation, (χMT)LS is the magnetic value of the initial LS state, and (χMT)HS is the magnetic value recorded at room temperature for a fully HS state.

The relaxation behaviour for 1 deviates strongly from a single-exponential. However, the relaxation curves are not perfectly sigmoidal; whereas a fast exponential decay occurs at short timescales, a much slower process is also observed as a long tail at the end of the relaxation (Figure 8). The sigmoidal shape of the relaxation curves is consistent with the cooperative thermal spin transition, whereas the superimposed exponential decay reflects either the presence of short-range interactions in the lattice, or the presence of more than one relaxing species. The latter suggestion is consistent with the presence of two different iron centres in phase 1 of the sample, as predicted by the powder-diffraction data, but it could also imply a crystallographic phase 1↔2 transition occurring during the relaxation process. Therefore, the relaxation curves were simulated according to Hauser's selfacceleration model, which reflects the change in the energy barrier as a function of γHS in cooperative SCO materials.35 [Eq. ( 2) and ( 3), with α=Ea*/kBT and kHL=k∞exp(-Ea/kBT)]:

This procedure yielded the solid lines shown in Figure 8. From these simulations, an Arrhenius plot can be drawn to extract the dynamical parameters Ea=1040 cm -1 , Ea*=120 cm -1 and k∞=6.9 10 5 s -1 . However the second, minor exponential component of the decay curves is clearly not reproduced by the simulation.
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The HS-LS relaxation curves for 2 exhibit a clear multistep character (Figure 9). On the basis of the gradual, singlestep, thermal SCO exhibited by 2 (Figure 1), and the single minimum in its T(LIESST) curve (Figure 7), a singleexponential or even stretched-exponential decay might have been expected. This is clearly not the case, however. Some of the relaxation steps exhibit a sigmoidal shape, indicating the presence of cooperative phases in the powder, which can be explained by the formation of domains during the relaxation process.36 The simultaneous, coincident, relaxation processes exhibited by 2 could not be accurately simulated, and we were unable to describe its global LIESST relaxation.

Compound 3 clearly exhibits a two-step relaxation behaviour, from the shape of the T(LIESST) curve (Figure 7). The first step follows a single-exponential decay, whereas the second step exhibits a sigmoidal shape. If the relaxation process is [HS-HS]→[HS-LS]→[LS-LS], as observed in dinuclear systems,37 the second relaxation step depends on the lifetime of the first one, and the relaxation kinetics should account for this dependence. On the other hand, if the relaxation processes arise from two independent metastable sites, the two relaxation rates are not correlated.38 This latter situation seems more appropriate to describe the two-step relaxation of 3, especially, because the two processes have sufficiently different timescales to be treated separately. By inspection, the P a g e | 12 relaxation processes have approximately the following proportions: 40 % of exponential decay and 60 % of selfaccelerating process. The first component was modelled with an exponential model, and the second part was simulated by Equation ( 2) and ( 3). Figure 10 presents the simulation obtained from this approach, leading to the dynamic parameters extracted from the ln(kHL(T)) versus 1/T plot (Figure 10, inset). For the exponential relaxation Ea=840 cm -1 and k∞=4.6×10 5 s -1 ; and for the sigmoidal simulation Ea=1140 cm -1 , Ea*=190 cm -1 and k∞=2.2×10 6 s -1 . The latter values are comparable to those obtained for 1, reflecting the similar structural environment observed for both complexes.

An elegant way to validate the parameters obtained from the simulation of the relaxation kinetics is to reproduce the experimental T(LIESST) curves. The procedure takes careful account of the time and temperature dependencies of the relaxation, and combines the quantum mechanical tunnelling and the thermally activated regions [Eq. ( 4)].32, 39

The rate constant k0 characterises the relaxation in the quantum tunnelling region, and is estimated as an upper limit from the last complete kinetic recorded at lowest temperature. k0 is of the order of 2×10 -5 s -1 for 1 and 4×10 -5 s -1 for 3.

The simulation of the double step in the T(LIESST) curve of 3 was obtained by considering 40 % of the sites with exponential decay and 60 % of the sites with sigmoidal relaxation, as above. The calculated T(LIESST) curves (Figure 7) show excellent agreement with the experimental T(LIESST) data, thereby supporting the validity of the derived parameters and the simulation procedure. The two-step character for 3 is well reproduced, and the position of the two T(LIESST) values is also well simulated.

The observation of distinct strongly and weakly cooperative LIESST relaxation regimes in 1 is consistent with the mixture of strongly and weakly cooperative thermal SCO observed in the susceptibility data, and the presence of two distinct molecular environments in the phase 1 crystal lattice. However, neither of those observations is true P a g e | 13 for 2 or 3, which still exhibit similarly complicated LIESST relaxation. Hence, that interpretation of the LIESST properties of 1 remains to be confirmed.

Conclusions

Compounds 1-3 are isostructural at 100 K, however, crystals of 1 undergo a crystallographic phase transition near 205 K. Thermal SCO then occurs upon further warming, centred at 270 K, without a further crystallographic phase change. The high-temperature (phase 1) and low-temperature (phase 2) structures have the same space group, but phase 1 is expanded along the unit-cell a direction and contains one-and-a-half unique molecules in its asymmetric unit. The expansion of the unit cell along [100] often occurs incoherently, as evidenced by frequent twinning of crystals in phase 1, which is reversed upon re-formation of phase 2 on cooling below 205 K. The phase transition may be driven by an intermolecular interaction between a ligand methyl substituent and a neighbouring pyrazolyl ring. In phase 2, all these C⋅⋅⋅C contacts are 0.25 Å shorter than the sum of the van der Waals radii for these groups. In phase 1, there are three unique equivalent contacts, which are 0.25, 0.17 and 0.13 Å shorter than the van der Waals sum at 240 K (just above the transition temperature). Hence, the phase 2→phase 1 transition leads to a partial relief of this steric crowding. Consistent with that suggestion, 2 and 3 do not exhibit comparable intermolecular steric clashes in their crystal lattices, and remain in phase 2 in both spin states between 100-350 K.

Interestingly, the crystallographic phase transition was only observed in single-crystal samples of 1. Powder samples of 1 retain the room-temperature phase 1 between 140-300 K, according to DSC and powder diffraction. Particle size-dependent phase behaviour is well known at the nanoscale, where the structure of the bulk becomes influenced by the particle surface energy.40, 41 Such phenomena are more unusual in macroscopic materials, however, where defect structures and domain sizes can influence the stability of crystal phases as well as surface effects.42, 43 Notably the variable-temperature unit-cell, DSC and susceptibility data all imply that SCO proceeds similarly in single-crystalline and powdered 1. That is reasonable, because both samples adopt phase 1 in the temperature range of the spin transition.

The SCO-active phase 1 contains one-and-a-half unique complex dications. The whole molecule undergoes a significant change in shape during SCO, as evidenced by an increase of nearly 7° in the trans-N(pyridine)-Fe-N(pyridine) angle (φ, Table 1), which is not exhibited by the other half-molecule in the unit cell (see figure in the Supporting Information). We have previously demonstrated that a change in molecular shape between the spin states can be correlated with cooperative SCO in [Fe(bpp)2] 2+ derivatives.5 Hence, this is consistent with the observation of abrupt (molecule B) and gradual (molecule A) SCO fractions, in an approximate 2:1 ratio, in the susceptibility data of 1.

The literature compound [Fe(bppCCH)2][BF4]2 (4;pyridine) also adopts phase 2 in the high-spin state, but undergoes a phase change during SCO to a new low-spin phase in a different orthorhombic space group.30, 44 Even though it occurs at a similar temperature to the compounds in this work, the spin transition in 4 is more cooperative with a 8 K hysteresis loop, reflecting the involvement of the phase change in its SCO. It is difficult to draw further comparison between 1-3 and 4; this emphasises the structural complexity of the [Fe(bpp)2] 2+ system in this particular lattice type.

The T(LIESST) values from 1-3 are in line with previous expectation,20, 28 but the relaxation kinetics of their metastable high-spin states unexpectedly involve a mixture of weakly (exponential) and strongly (sigmoidal) cooperative regimes. The explanation for this behaviour is uncertain, given that 1, and 2 and 3, exhibit different phase behaviour in the temperature range that could be examined (above 100 K). One potential explanation, that bulk samples of 2 and 3 contain a mixture of crystal phases, is ruled out by the X-ray powder diffraction data (the same samples were used for both measurements). Alternatively, the complexes may undergo crystallographic phase changes on cooling below 100 K, and/or during photo-excitation at very low temperatures. The poor diffraction exhibited by crystals of 1 at 30 K is intriguing in that regard, and we are currently examining these possibilities in more detail.

Experimental Section
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Instrumentation

Elemental microanalyses were performed by the University of Leeds School of Chemistry microanalytical service. Infrared spectra were obtained as Nujol mulls pressed between NaCl windows, between 600-4000 cm -1 , with a Nicolet Avatar 360 spectrophotometer. 1 H NMR spectra employed a Bruker DPX300 spectrometer operating at 300.2 MHz. UV/Vis/NIR measurements were performed with a PerkinElmer Lambda900 spectrophotometer in 1 cm quartz solution cells, between 200-3000 nm. Electrospray mass spectra (ESI MS) were obtained on a Waters ZQ4000 spectrometer, from MeCN feed solutions. All mass peaks have the correct isotopic distributions for the proposed assignments. X-ray powder diffraction measurements employed a Bruker D8 Advance A25 diffractometer, with CuKα radiation (λ=1.5418 Å). DSC measurements used a TA Instruments DSC Q20 calorimeter, heating at a rate of 10 K min -1 . The magnetic susceptibility, powder diffraction, DSC and LIESST measurements were all performed on the same samples of 1-3.

Magnetic susceptibility measurements were performed on a Quantum Design SQUID/VSM magnetometer, in an applied field of 1000 or 5000 G. A diamagnetic correction for the sample was estimated from Pascal's constants;45 a previously measured diamagnetic correction for the sample holder was also applied. Photomagnetic measurements were performed with a set of photo-diodes coupled through an optical fibre to the cavity of a MPMS-55 Quantum Design SQUID magnetometer operating at 2000 G. The powder sample was prepared in a thin layer (∼0.1 mg) to promote full penetration of the irradiated light. The sample mass was obtained by comparison with the thermal spin transition curve measured on a larger, accurately weighed, polycrystalline sample. The sample was first slow cooled to 10 K, ensuring that potential trapping of HS species at low temperatures did not occur. Irradiation was carried out at a set wavelength and the power of the sample surface was adjusted to 5 mW cm -2 . Once photo-saturation was reached, irradiation was ceased and the temperature increased at a rate of 0.3 K min -1 to about 100 K and the magnetisation measured every 1 K to determine the T(LIESST) value given by the minimum of the δ(χMT)/δT versus T curve for the relaxation. [START_REF] Létard | [END_REF] The T(LIESST) value describes the limiting temperature above which the light-induced magnetic high-spin information is erased in a SQUID cavity. In the absence of irradiation, the magnetisation was also measured over the temperature range 10-290 K to follow the thermal spin transition and to obtain a low temperature baseline. Kinetic studies of LIESST relaxation were performed by irradiating the sample at 10 K until photo-saturation, then, under constant irradiation the sample was warmed to a desired temperature around the T(LIESST) region. At the desired temperature, irradiation is stopped and the decay of the magnetisation signal was followed for several hours or until complete relaxation back to the low-spin baseline.

Materials and methods

Unless otherwise stated, all reactions were carried out in air using non-pre-dried AR-grade solvents. 4-Amino-2,6di(pyrazol-1-yl)pyridine (bppNH2), 14 4-iodo-2,6-di(pyrazol-1-yl)pyridine (bppI) 14 and 4-mercapto-2,6-di(pyrazol-1yl)pyridine (bppSH)15 were synthesised by the literature methods, whereas all other reagents were used as commercially supplied.

4-(Methylsulfanyl)-2,6-di(pyrazol-1-yl)pyridine (bppSMe) and 4-(methyldisulfanyl)-2,6-di(pyrazol-1-yl)pyridine (bppSSMe):

Under dry anhydrous conditions, bppSH (0.20 g, 0.82 mmol) was added to a Schlenk tube containing K2CO3 (0.23 g, 1.64 mmol), iodomethane (0.33 g, 2.31 mmol) and activated molecular sieves (10 granules) in MeCN (25 cm 3 ). The mixture was heated to 85 °C for 18 h, during which the suspension became pale yellow in colour. The contents, once cooled, were diluted to 50 cm 3 with CHCl3 (caution: strong odour), passed over a short silica pad and the silica washed further with 1:1 CHCl3:MeCN (100 cm 3 ). The solvent was removed in vacuo and the yellow solid residue was redissolved in 1:2 hexane/EtOAc and filtered, before again being evaporated to dryness. The white solid bppSMe was isolated by sublimation under reduced pressure at 130 °C. Yield 78 mg, 37 %; m.p. 140-142 °C; H 4.31, N 27.2; found: C 55.6, H 4.35, N 27.3. The involatile residue from the sublimation contains the symmetric disulfides bppSSbpp15 and bppSSMe, which were separated by silica column chromatography (eluent 99:1 CH2Cl2/MeOH). bppSSMe (Rf 0.66) was obtained as a white solid. Yield 73 mg, 20 %; m.p. 115-117 °C; 1 H NMR (300 MHz, CDCl3); δ=2.54 (s, 3 H, SCH3), 6.51 (dd, 1.9 and 2.6 Hz, 2 H, pz H 4 ), 7.79 (d, 1.6 Hz, 2 H, pz H 3 ), 8.04 (s, 2 H, py H 3/5 ), 8.57 ppm (d, 2.6 Hz, 2 H, pz H 5 ); 13 8, H 3.83, N 24.2; found: C 49.9, H 3.80, N 24.0.16 4-Bromo-2,6-di(pyrazol-1-yl)pyridine (bppBr): bppNH2 (0.39 g, 1.73 mmol) and NaNO2 (2.51 mg, 3.64 mmol) were suspended in MeCN (25 cm 3 ) under an atmosphere of N2. Addition of KBr (0.49 g, 4.15 mmol) and 48 % aqueous HBr (10 cm 3 , 59.3 mmol) caused immediate darkening of the mixture. The mixture was stirred for 1 h at room temperature, then heated to 80 °C for 1 h. The cooled mixture was poured into saturated aqueous Na2S2O3 (100 cm 3 ) and shaken, precipitating a pale solid. The solid was then collected on a glass frit and washed with H2O. 44.2, H 3.03, N 23.4; found: C 44.6, H 2.95, N 22.8.

Synthesis of complexes:

The same basic method, described here for [Fe(L 2 SMe)2][BF4]2 (1), was used for all the complexes. A solution of bppSMe (70 mg, 0.27 mmol) and Fe[BF4]2⋅6 H2O (45 mg, 0.13 mmol) in nitromethane (20 cm 3 ) was stirred at room temperature for 1 h. The solution was filtered and concentrated to about 5 cm 3 , then the product was precipitated by addition of diethyl ether. Isolated yields ranged from 87-95 %. Microanalytical data for the complexes are listed below.

[Fe(bppSMe)2][BF4]2 (1): Calcd (%) for C24H22B2F8FeN10S2 (744.09): C 38.7, H 2.98, N 18.8; found: C 38.4, H 2.95, N 18.5.

[Fe(bppBr)2][BF4]2 (2): Calcd (%) for C22H16B2Br2F8FeN10 (809.70): C 32.6, H 1.99, N 17.3; found: C 32.5, H 1.90, N 16.9.

[Fe(bppI)2][BF4]2 (3): Calcd (%) for C22H16B2F8FeI2N10 (903.69): C 29.2, H 1.78, N 15.5; found: C 29.3, H 1.70, N 15.5. Single-crystal structure analyses: Single crystals of 1-3 were all obtained by slow diffusion of diethyl ether vapour into nitromethane solutions of the compounds. Diffraction data were collected with an Agilent Supernova dualsource diffractometer fitted with Oxford Cryosystems cryostat, or with a HELIX cryostat for the measurements at 30 K (the Agilent diffractometer is modified to accept the HELIX device). Diffraction data from 1 and 2 were measured by using monochromated CuKα radiation (λ=1.54184 Å). Several crystals of 1 were screened to find one that diffracted sufficiently well at room temperature. That crystal was then used for all three data collections, measured in a 290→240→100 K temperature sequence. Two different crystals were used for 2, one for the 100 K structure and the other for the two higher temperature measurements. Data for 3 were collected with the same diffractometer, but with monochromated MoKα radiation (λ=0.71073 Å) to avoid absorption problems. Data sets were corrected for absorption by an empirical multi-scan method, based on spherical harmonics. 46 The structures were solved by direct methods (SHELXS-97),47 then developed by least-squares refinement on F 2 (SHELXL-97).47 Crystallographic figures were prepared using XSEED.48 Experimental data for the structure determinations are collected in Tables 2 and3. The unit-cell data in Figure 4 were collected under the same conditions, with MoKα radiation.

Structure refinement of 1 (HS-1):

The asymmetric unit contains 1.5 formula units, with half a complex cation spanning the C2 axis 1/2, y, 3/4 (molecule A); and, a whole complex dication (molecule B) and three unique BF4 - anions lying on general crystallographic sites. All three anions are disordered over two or three sites, each sharing a common wholly occupied B atom, which results in some significant deviations from a tetrahedral structure. The refined restraints B-F=1.37(2) and F⋅⋅⋅F=2.24(2) Å were applied to these residues. All wholly occupied non-H atoms were refined anisotropically, and all H atoms were placed in calculated positions and refined by using a riding model.

Structure refinement of 1 (LS-1):

This structure is isostructural with HS-1, and its refinement showed only two significant differences from the previous one. First, there is a slightly different pattern of disorder in the three unique anions. The second difference is the resolution of a minor, 15 %-occupied, disorder site for the methylsulfanyl group of half-molecule A, which was refined by using the fixed restraint C S=1.78(2) Å. All wholly occupied non-H atoms plus the major methylsulfanyl disorder orientation were refined anisotropically, and all H atoms were placed in calculated positions and refined using a riding model.

Structure refinement of 1 (LS-2):

This asymmetric unit contains half a formula unit, with Fe(1) lying on the crystallographic C2 axis 1/2, y, 3/4 and one unique BF4 -ion on a general crystallographic site. No disorder was detected during refinement, and no restraints were applied. All non-H atoms were refined anisotropically, whereas H atoms were placed in calculated positions and refined by using a riding model. The highest residual Fourier peak of +1.5 e Å -3 is 1.2 Å from S (18), and may reflect a remnant of the disorder in that group that is present in molecule A of the LS-1 refinement.

Structure refinements of 2:

The asymmetric unit contains half a formula unit, with Fe(1) spanning the crystallographic C2 axis 0, y, 3/4. The unique BF4 -ion is badly disordered at 250 and 350 K, and was refined over four equally occupied orientations that share a common full-occupancy B atom. The resultant partial anions deviate significantly from a tetrahedral structure. The refined restraints B F=1.39(2) and F⋅⋅⋅F=2.27(2) Å were applied to the disordered anion. At 100 K this disorder was no longer apparent, and the anion was modelled without restraints P a g e | 18 at that temperature. All non-H atoms except the disordered F atoms (where applicable) were refined anisotropically, and H atoms were placed in calculated positions and refined by using a riding model.

Structure refinements of 3:

The asymmetric unit contains half a formula unit, with Fe(1) lying on the crystallographic C2 axis 1/2, y, 3/4. No disorder was present in the model at 100 K, but at 350 K the unique BF4 -site is disordered and was refined over four equally occupied orientations that share a common full-occupancy B atom. The resultant partial anions deviate significantly from a tetrahedral geometry. The refined restraints B-F=1.40 [START_REF]Spin-Crossover Materials-Properties and Applications[END_REF] and F⋅⋅⋅F=2.28(2) Å were applied to the disordered anion. All non-H atoms except the disordered F atoms (where applicable) were refined anisotropically, and H atoms were placed in calculated positions and refined by using a riding model.

  C NMR (75.5 MHz, CDCl3); δ=23.0 (SCH3), 105.3 (2 C, py C 3/5 ), 108.1 (2 C, pz C 4 ), 127.3 (2 C, pz C 5 ), 142.5 (2 C, pz C 3 ), 150.3 (2 C, pz C 2/6 ), 155.1 ppm (1 C, py C 4 ); MS (ES): m/z: 290.1 [H(bppSSMe)] + , 312.0 [Na(bppSSMe)] + ; elemental analysis calcd (%) for C12H11N5S2 (289.18): C 49.

  

  

  

  

  

  

  

  

  

  

  

  

  NMR (300 MHz, CDCl3); δ=2.64 (s, 3 H, SCH3), 6.50 (br s, 2 H, pz H 4 ), 7.71 (s, 2 H, py H 3/5 ), 7.76 (br s, 2 H, pz H 3 ), 8.56 ppm (d, 2.1 Hz, 2 H, pz H 5 );13 C NMR (75.5 MHz, CDCl3); δ=14.2 (SCH3), 105.1 (2 C, py C 3/5 ), 108.0 (2 C, pz C 4 ), 127.3 (2 C, pz C 5 ), 142.3 (2 C, pz C 3 ), 149.8 (2 C, pz C 2/6 ), 156.5 ppm (1 C, py C 4 ); MS (ES): m/z: 280.1 [Na(bppSMe)] + ; elemental analysis calcd (%) for C12H11N5S (257.32): C 56.0,

1 H

  Silica gel column chromatography (3:2 CH2Cl2/hexane eluent; Rf 0.19) yielded the product as a white solid, which was recrystallised from n-hexane. Yield 0.16 g, 32 %; m.p. 148-150 °C; 1 H NMR (300 MHz, CDCl3); δ=6.52 (dd, 1.7 and 2.6 Hz, 2 H, pz H 4 ), 7.77 (d, 1.7 Hz, 2 H, pz H 3 ), 8.06 (s, 2 H, py H 3/5 ), 8.53 ppm (d, 2.6 Hz, 2 H, pz H 5 ); 13 C NMR (75.5 MHz, CDCl3); δ=108.4 (2 C, pz C 4 ), 112.7 (2 C, py C 3/5 ), 127.3 (2 C, pz C 5 ), 136.7 (1 C, py C 4 ), 142.9 (2 C, pz C 5 ), 150.4 ppm (2 C, py C 2/6 ). MS (ES): m/z 290.0 [H(bppBr)] + ; elemental analysis calcd (%) for C11H8BrN5⋅1/2H2O (299.13): C
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