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Structure:Function Relationships for Thermal and Light-Induced 

Spin-Crossover in Isomorphous Molecular Materials†‡  

Rafal Kulmaczewski,a Elzbieta Trzop,b Eric Collet,b,* Sergi Velac,* and Malcolm A. Halcrowa,* 

Isomorphous [FeL2][BF4]2·solv and [FeL2][ClO4]2·solv (L = 4-{isopropylsulfanyl}-2,6-di{pyrazol-1-yl}pyridine; solv = MeNO2, 

MeCN, 0.67Me2CO or H2O) exhibit a variety of thermal spin-crossover (SCO) behaviours. This complexity extends to the light 

induced excited spin state trapping (LIESST) experiment where, uniquely, five members show the expected inverse 

relationship between their thermal SCO (T½) and LIESST relaxation (T(LIESST)) temperatures but a sixth compound 

([FeL2][BF4]2·MeCN) does not. The structural basis of these observations has been probed by X-ray crystallography, 

photocrystallography and periodic DFT+U+D2 calculations. Among the compounds examined, more cooperative thermal 

SCO is strongly coupled to order/disorder transitions in the solvent and/or isopropyl substituents and vice versa. A series of 

symmetry breaking phase transitions in [FeL2][BF4]2·MeNO2, before and after photoexcitation, occurs 10-20 K below 

T(LIESST) and has no direct bearing on the T½/T(LIESST) relationship. These phase changes are not shown by other 

compounds in the study. The anomalous T(LIESST) in [FeL2][BF4]2·MeCN, and its observed negative lattice expansion during 

isothermal low→high-spin conversion, are not reproduced computationally which implies those properties are unconnected 

to its spin state energetics. Its minimised high- and low-spin structures also deviate more from experiment than the other 

compounds investigated, in the most plastic region of the lattice which includes the solvent molecule. We conclude that 

reorientation of the linear MeCN molecule contributes a temperature-dependent lattice activation barrier to the spin-

transition in [FeL2][BF4]2·MeCN, leading to the higher T(LIESST) value observed.

Introduction 

Spin-crossover (SCO) compounds undergo a spin state 

transition during a change in temperature, or other physical or 

chemical stimuli.1-4 This is accompanied by a change in magnetic 

moment, and often by a colour change;5 materials showing 

switchable conductivity,6 fluorescence,7 dielectric,8,9 

mesogenic9,10 and mechanical properties11 mediated by SCO 

have also been designed. While SCO can occur in any phase of 

matter, the crystal engineering of SCO molecular materials is of 

particular current interest.12 Optimisation of SCO materials as 

switching centres in nano- or macro-scale devices,3,11,13 as 

reporters for sensor applications14 or as solid state coolants15 

will benefit from the design of new materials with bespoke 

switching properties.16 More generally, SCO crystals are also 

useful testbeds for mechanistic studies of crystallographic 

phase changes and other solid state dynamics.17  

Triggering SCO at low temperatures in solid materials can 

trap the samples in their excited high-spin state. This is termed 

Light-Induced Excited Spin State Trapping (LIESST), when the 

low→ high spin excitaJon is done photochemically.18 The 

sample cannot relax to its low-spin ground state until it is 

warmed sufficiently for its lattice dynamics to accommodate 

the structural changes associated with the spin state change. 

The temperature of this relaxation, T(LIESST), is inversely 

proportional to the thermodynamic SCO temperature T½ when 

similar materials are compared, according to Hauser’s inverse 

energy gap law.19 Internal structural rigidity within the 

molecular switching sites also tends to increase T(LIESST).20 

Since spin state trapping like the LIESST effect is a form of 

bistability, structure:function relationships governing T(LIESST) 

can help extend the effect to higher temperatures.21 

Comparison of isomorphous SCO materials is particularly 

useful for determining structure:function relationships.22-32 

With that in mind, we recently reported a family of 

isomorphous solvate crystals [FeL2]X2·solv (L = 4-{isopropyl-

sulfanyl}-2,6-di{pyrazol-1-yl}pyridine; 1X2·solv, Scheme 1), 

whose thermal spin state behaviours depend significantly on 

the solvent present.30,31 A variety of spin state properties occurs 

in this system (Figure S1). These include abrupt and hysteretic 

spin transitions (1[BF4]2·MeCN, 1X2·H2O and 1X2·sf); more 

gradual thermal SCO equilibria (1[BF4]2·MeNO2, 

1[BF4]2·Me2CO); and other examples that undergo SCO 

incompletely (1[ClO4]2·MeNO2, 1[ClO4]2·Me2CO) or remain 

high-spin on cooling (1[BF4]2·EtCN, 1[ClO4]2·MeCN). The larger 
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ClO4
‒ anion consistently stabilises the high-spin form of these 

materials, while their SCO cooperativity appears to correlate 

with the solvent present where the comparison can be made.31  

 
Scheme 1 Compound 1X2·solv (X‒ = BF4

‒ or ClO4
‒; solv = MeNO2, MeCN, Me2CO, H2O or 

sf {solvent free}). 

LIESST measurements on six 1X2·solv compounds yielded a 

surprising observation, that five samples cleanly follow the 

inverse energy gap law whereas the sixth example does not 

(Figure 1).31 Photocrystallographic studies of three compounds 

showed the further complication, that 1[BF4]2·MeNO2 

undergoes two different symmetry-breaking phase changes 

before, and during, LIESST excitation at 15 K whereas 

1[BF4]2·H2O and 1[BF4]2·MeCN (the T(LIESST) outlier) do not. We 

proposed that the presence or absence of these phase changes 

in different samples might influence their T(LIESST) behaviour.31 

 
Figure 1 T(LIESST) vs T½ plot for six 1X2·solv compounds.31 Multiple T(LIESST) values were 

observed for 1[ClO4]2·MeNO2, which may reflect additional kinetic barriers to SCO that 

can occur at such low values of T½.31,33 

We now report a full investigation of the structural basis for 

thermal and light-induced SCO in this system. This includes 

more detailed crystallographic studies, clarifying the 

relationship between the spin states and disorder in these 

compounds. New photocrystallographic data for 

1[BF4]2·MeNO2 and the remaining compounds in Figure 1 are 

provided, and analysed for subtle changes in intermolecular 

interactions between their spin states. Computed spin state 

energies of the crystalline compounds also reproduce their 

thermal SCO temperatures, and give insight into the anomalous 

LIESST behaviour of 1[BF4]2·MeCN. This comprises the most 

comprehensive structural study yet available, of thermal and 

light-induced SCO in isomorphous materials.  

Results 

The high-spin and low-spin forms of each SCO-active 1X2·solv 

material were crystallographically characterised in our earlier 

reports.30,31 Each compound adopts the monoclinic P21/c space 

group between 100-300 K in both spin states. Crystallographic 

disorder was noted in the anions, solvent and/or 

isopropylsulfanyl groups in different compounds, but no clear 

influence of that disorder on the SCO process was evident. To 

address this question, crystal structures of 1[BF4]2·solv (solv = 

MeNO2, yMe2CO {y ≈ 0.75}, MeCN and H2O) have now been 

redetermined at multiple temperatures. Each compound was 

measured at 5, 10 or 20 K intervals over a 110 or 120 K 

temperature range, chosen to span its spin transition. These 

measurements were performed in both cooling and warming 

temperature ramps for 1[BF4]2·MeCN, to capture the thermal 

hysteresis in its spin transition.  

The temperature dependence of the crystallographic spin 

states of each compound mostly mirrors their magnetic 

susceptibility data (Figure 2). An exception is 1[BF4]2·yMe2CO 

whose SCO has the same onset temperature on cooling in the 

diffractometer and SQUID magnetometer, but occurs less 

gradually and with a higher midpoint temperature in the 

crystallographic experiment. This may reflect the slower cooling 

rate employed in the X-ray structure determinations, where the 

crystal was poised for 2-3 hours at each temperature during the 

data collections.33,34  

An unexpected structural temperature dependence was 

found, where the L tridentate ligand conformation consistently 

becomes less twisted at lower temperatures. That is expressed 

by the dihedral angle between the heterocyclic cores of the two 

L ligands (θ; Scheme S1), which increases linearly on cooling 

over the high-spin range of the crystals, at a rate between ‒

0.010 and ‒0.016 degK‒1 (Figure S6). SCO in 1[BF4]2·solv (solv = 

MeNO2, MeCN and H2O) is accompanied by a further increase 

in θ, which then shows a weaker negative temperature 

dependence in the low-spin crystals.35 Conversely, the more 

gradual SCO in 1[BF4]2·yMe2CO reverses the temperature 

dependence of θ which then increases in cooling below T½. The 

temperature dependence of θ in both spin states of each 

compound extends down to very low temperatures in the 

photocrystallographic experiments, by extrapolation from the 

higher temperature data (Figure S6). These effects will reflect 

the evolution of the lattice pressure experienced by the cations, 

upon anisotropic contraction of the monoclinic crystals on 

cooling. However, these changes at the periphery of the 

molecule have no detectable influence on the inner 

coordination sphere of the complex (Figure S6). 

The crystal packing in 1[BF4]2·solv is shown in Figure 3. The 

cations pack into bilayers parallel to (100), which are separated 

by sheets of anions and solvent spanning the crystallographic 

inversion centres. Four residues in the refinements are 

disordered to varying degrees at higher temperatures. These 

include the solvent, one BF4
‒ ion and one isopropylsulfanyl 

residue which form the inter-bilayer space. The other BF4
‒ ion 

lies within the cation bilayers, and is also always disordered at 

higher temperatures.36  
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Figure 2 Comparison of the spin-transitions from magnetic susceptibility (grey) and 

crystallographic data (black) for four 1[BF4]2·solv materials. VOh is the crystallographic 

volume of the FeN6 coordination octahedron, a convenient measure of the Fe‒N bond 

lengths at each temperature.37,38 The crystallographic data for 1[BF4]2·MeCN are linked 

by lines, to distinguish measurements in cooling and warming temperature ramps. 

Disorder in the intra-bilayer anion is gradually quenched 

upon cooling. The approximate ordering temperature for this 

anion is near T½ in 1[BF4]2·yMe2CO, but is unconnected to SCO 

in the other three solvates (Figures S10-S13).36 The gradual SCO 

in 1[BF4]2·yMe2CO has little effect on the extensive disorder in 

the inter-bilayer space of that crystal (Figure S11), which is 

retained even at 20 K (see below). Conversely, the abrupt and 

hysteretic SCO in 1[BF4]2·MeCN is clearly connected to the  

 
Figure 3 The packing diagram of 1[BF4]2·MeCN at 165 K, in in its high-spin form. The view 

is parallel to the [001] vector, with the unit cell b axis horizontal. Disordered 

isopropylsulfanyl, anion and solvent residues are highlighted in yellow. Colour code for 

crystallographically ordered atoms: C, white; H, pale grey; Fe, green; N, blue; S, purple. 

reversible onset of disorder in its mobile isopropylsulfanyl group 

and acetonitrile molecule (Figure S12). Hence the weak or 

strong SCO cooperativity in those crystals, at least, may 

correlate with their inter-bilayer disorder. The disorder in the 

other two solvates, and their SCO cooperativity, lie between 

these two extremes. 

A previous photocrystallographic determination of low- and 

high-spin 1[BF4]2·MeNO2 at 15 K showed unexpectedly 

complicated behaviour,31 which we have now characterised in 

more detail. This compound transforms on cooling between 80 

and 75 K from its parent phase (P21/c, Z = 4; phase 1) to a new 

low-spin phase 2 (P21/c, Z= 12) characterised by a tripling of the 

unit cell b dimension (Figures S14-S15). A new analysis of this 

phase at 40 K was achieved during this study, which is 

essentially identical to the 15 K structure in our earlier report 

(Table S11).31 Irradiation of this crystal caused a further 

transformation to a new high-spin phase 3 (P21, Z = 4), with a 

similar unit cell to phase 1 but lacking the crystallographic c 

glide plane. Rewarming the crystal under irradiation showed 

that phase 3 is retained on warming until 70±5 K, when it 

reconverts to phase 1 (Figure 4). This is a lower temperature 

than the high→low-spin thermal relaxation, which occurs  
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Figure 4 Diffraction images from 1[BF4]2·MeNO2 in the hk0 zone on warming from 65 to 

75 K under continuous irradiation, and expansions of the highlighted region. The phase 

3→phase 1 transformaJon is indicated by weak diffraction spots in the 65 K image, which 

are no longer present at 75 K. Images at other temperatures are shown in Figure S18. 

between 80 and 85 K in the crystal (Figure S17). Hence, 

unexpectedly, the phase 3→1 transformaJon does not coincide 

with the high→low-spin LIESST relaxation. 

In contrast 1[BF4]2·MeCN (at 85 K),31 1[BF4]2·yMe2CO, 

1[BF4]2·H2O,31 1[ClO4]2·MeNO2 and 1[ClO4]2·H2O (at 10-20 K) 

retain phase 1 before and after irradiation at these 

temperatures. Hence, 1[BF4]2·MeNO2 is the only material in 

Figure 1 to exhibit its complex phase behaviour. Consistent with 

its magnetic data (Figure S1), crystals of 1[ClO4]2·MeNO2 adopt 

a mixed high:low-spin population at 10 K, so the fully low-spin 

form of that compound could not be measured. As for the other 

solvates, however, 1[ClO4]2·MeNO2 was cleanly converted it to 

its pure high-spin form on irradiation at 10 K (Table S13).  

Low-spin 1[BF4]2·yMe2CO, 1[BF4]2·MeCN,31 1[BF4]2·H2O31 

and 1[ClO4]2·MeNO2 all retain disorder in the inter-bilayer anion 

or solvent, at the lowest temperatures measured (Figure S19-

S20). This disorder is quenched by the low→high-spin 

photoconversion in 1[BF4]2·MeCN and 1[ClO4]2·MeNO2, but not 

in the other two crystals which are similarly disordered in both 

spin states at 10-20 K. Conversely, low-spin 1[ClO4]2·H2O is 

crystallographically ordered at 10 K but irradiation of the crystal 

induces minor disorder in its inter-bilayer anion, along with the 

low→high-spin transition.36 Isothermal SCO in 1[BF4]2·MeCN at 

85 K involves a 0.5 Å displacement and 31±1° rotation of the 

essentially linear acetonitrile molecule, which is 

crystallographically ordered at that temperature (Figure 5). The 

other crystals undergo much smaller rearrangements of their 

inter-bilayer residues between the spin states (Figure S21). 

 
Figure 5 An intermolecular Van der Waals contact in 1[BF4]2·MeCN at 85 K, which may 

couple the cation spin state to the solvent orientation during SCO [symmetry code: (i) 1‒

x, 1‒y, 1‒z]. Minor disorder of the inter-bilayer anion in the low-spin crystal is shown in 

the view. Colour code: C, white; H, pale grey; B, pink; F, cyan; Fe, green; N, blue; S, purple. 

Both 1[BF4]2·MeCN31 and 1[ClO4]2·H2O have the unusual 

property of a small, negative unit cell volume change (Vuc) of  

‒0.2 % during their isothermal low→high-spin photoexcitation. 

That correlates with the Vuc ≈ 0.1 % observed for their thermal 

spin transitions, which is much smaller than the other 

compounds in the series (Figure S9).30,31 In contrast 

1[BF4]2·yMe2CO, 1[BF4]2·H2O31 and 1[ClO4]2·MeNO2 show more 

typical, positive Vuc values of up to +0.55 % in the 

photocrystallographic experiment (Table S6). 

Hirshfeld surfaces and interaction maps were calculated 

from all the isothermal photocrystallographic structures 

(Figures S22-S33).39 Interaction maps of high-spin and low-spin 

1[BF4]2·MeCN at 165 K, and the thermally trapped high-spin 

crystal at 15 K, were also produced. Those three high-spin 

structures yielded essentially identical interaction maps 
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(allowing for the disordered solvent at 165 K), as did the two 

low-spin structures (Figures S22-S24). Interaction maps of high-

spin and low-spin 1[BF4]2·H2O were also produced at 20 K, and 

at temperatures either side of its abrupt thermal SCO at 213 K 

(Figures S25-S27). While these are complicated by disorder, 

strong similarities are also evident at the two temperatures for 

each spin state of that crystal. Hence, SCO has a much greater 

impact on the crystal packing in 1X2·solv than the background 

contraction of the lattice on cooling.40 

Neighbouring molecules in the cation bilayers interact 

through weak C‒H... contacts between their pyrazolyl rings, 

whose intermolecular H...C distances are shorter in the low-spin 

crystals. That reflects a 0.3-0.5 Å horizontal displacement of 

adjacent cations within the bilayers. The cations and anions 

interact through typical distributions of C‒H...F or C‒H...O 

distances, which don’t change significantly during SCO. A weak 

anion... interaction to the inter-bilayer BF4
‒ or ClO4

‒ ion is 

evident in 1[BF4]2·MeCN and 1[ClO4]2·MeNO2 (Figures S23 and 

S29), but not in the hydrate crystals where that anion 

participates in hydrogen bonding to the lattice water (Figures 

S26 and S32).  

A C‒H...Y (Y = N or O) Van der Waals contact between a 

complex pyrazolyl ring and the lattice solvent could play a role 

in coupling displacements of those residues during SCO (Figures 

5 and S34-S36). All the solvates show this contact, which 

appears as a weak C‒H...O hydrogen bond in Hirshfeld maps for 

1[ClO4]2·MeNO2 and 1[ClO4]2·H2O (Figures S30 and S33).41 

While this contact is 0.09-0.18 Å shorter in 1[BF4]2·MeCN than 

in the other solvates (Table S15), the significance of that is 

unclear.42 More unambiguously, the contact is similarly short in 

both spin states of 1[BF4]2·MeCN, but increases by up to 0.14 Å 

in the high-spin forms of the other solvates. Since it is retained 

in both spin states, that interaction may contribute to coupling 

the cation spin state and solvent orientation in 1[BF4]2·MeCN. 

Periodic DFT+U+D2 calculations were undertaken of the 

high- and low-spin states of four compounds in Figure 1. For 

comparison, two related compounds with available 

photocrystallographic data were also calculated: 

[Fe(bpp)2][BF4]2 (2; bpp = 2,6-di{pyrazol-1-yl}pyridine)43 and 

[Fe(bppCH2OH)2][BF4]2 (3; bppCH2OH = 4-hydroxymethyl-2,6-

di{pyrazol-1-yl}pyridine; Scheme S3).44 These two solvent-free 

compounds are crystallographically related, but in a different 

lattice structure from the 1X2·solv series. The computations 

yield the solid state minima, whose energy corresponds to the 

electronic enthalpy (Helec) contribution to the SCO transition. 

While they cannot account for thermally activated 

crystallographic disorder there is, at most, only minor disorder 

in the photocrystallographic structures of the compounds 

examined computationally (Figures S19-S21). A further 

discussion of the capabilities and limitations of the method is 

given in the ESI†. 

The electronic energy change between the spin states in the 

crystal, Helec, is proportional to the overall enthalpy change 

during SCO which should correlate with T½. This relationship 

holds well for the 1X2·solv compounds, where Helec and T½ both 

follow a reasonably linear correlation of 1[BF4]2·H2O > 

1[BF4]2·MeNO2 ≈ 1[ClO4]2·H2O > 1[BF4]2·MeCN (Table 1, Figure 

6). The reference compound 2 also has a significantly higher 

Helec, which is consistent with its higher T½. The relationship 

fails for 3, however, whose Helec is similar to 1[BF4]2·H2O 

despite its T½ being more similar to 2. This implies the 

relationship between Helec and T½ is different for 2 and 3 than 

for 1X2·solv. That should reflect their different lattice structure 

and lack of lattice solvent, which would significantly affect their 

vibrational enthalpy component, Hvib. 

The calculations capture the observed isothermal change in 

unit cell volume during SCO (Vuc) in four of the six compounds  

 

Figure 6 Correlation between the calculated enthalpy of spin-crossover (Helec) and the 

experimental SCO midpoint temperature T½ for the compounds in the computational 

study. The dashed line shows the best fit regression for the four 1X2·solv compounds. 

Table 1 Computed electronic enthalpy differences between HS and LS minima of the compounds in this work, together with the average change in Fe‒N bond length and % change 

in unit cell volume. Experimental structural data from the isothermal photocrystallographic studies of the compounds are also presented for comparison. 

 
1[BF4]2·MeNO2 

(phase 1) 
1[BF4]2·MeCN 1[BF4]2·H2O 1[ClO4]2·H2O 2 3 

Helec / kJmol‒1 11.57 8.68  15.48  10.82  18.14  14.92  

T½ / K 171 163 212 173 260 271 

T(LIESST) / K 87 106 81 86 81 70 

       

d{Fe‒N, calc} / Å 0.220 0.219 0.220 0.221 0.233 0.229 

d{Fe‒N, expt} / Å 0.209(18)a 0.216(5) 0.211(9) 0.210(6) 0.215(3) 0.200(4) 

       

Vuc{calc} / % +0.53 +0.57 +0.29 ‒0.59 +2.98 +2.09 

Vuc{expt} / %  +1.31a ‒0.20 +0.15 ‒0.19 +2.22 +1.57 

aNormalised unit cell volume change for the phase 2→phase 3 transformaJon in this material 
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(Table 1 and Figure 7). One anomaly is 1[BF4]2·MeNO2, 

reflecting its phase 1→2→3 transformaJons which were not 

considered in the study. The other outlier is 1[BF4]2·MeCN 

where a typical positive Vuc is calculated, in contrast to the 

small negative value observed experimentally. Notably the 

other negative Vuc exhibited by 1[ClO4]2·H2O is reproduced by 

the calculations. 

 

Figure 7 Computed and experimental Vuc values for the compounds in Table 1 The grey 

line shows the best fit regression of the black data points on the graph. 

Comparison of the observed and energy-minimised 

structures of 1[BF4]2·MeCN shows significant differences in the 

disordered region of the asymmetric unit, which might account 

for these differences (Figure S37). In the low-spin form, the 

calculated orientation of the isopropyl group in the disordered 

region of the lattice is rotated by ca 12° compared to its 

experimental position at 85 K, while the solvent molecule is also 

displaced by 0.3 Å between the two models. In the high-spin 

calculation, that isopropyl residue is in better agreement with 

experiment, but the orientation of the MeCN molecule in the 

computed structure is rotated compared to the experimental 

one by 6.8° at 85 K, or by 6.6° at 15 K (Figure S37). Since these 

observations are unchanged upon cooling the crystal, the 

differences between computation and experiment for 

1[BF4]2·MeCN should not be caused by temperature effects.  

The other minimised structures show better agreement 

between experiment and theory (Figures S38 and S39). The 

greatest discrepancy among the 1X2·solv compounds is the 

position of the inter-bilayer BF4
‒ ion in high-spin 1[BF4]2·H2O, 

which is also shifted by 0.3 Å in the computed and experimental 

models. Since that anion is experimentally disordered, some 

disagreement between experiment and theory is reasonable in 

that case. Interestingly, the hydroxymethyl ligand substituents 

in 3 minimised to different conformations oriented towards 

different BF4
‒ hydrogen-bond acceptors, in its two spin states. 

This conformational rearrangement doesn’t occur 

experimentally during LIESST photoexcitation at 30 K, but is 

observed as crystallographic disorder at higher temperatures 

(Figure S40).44 

The interaction energy terms contributing to Helec were 

deconvoluted into the individual energies of the cations, anions 

and solvent, which contribute to the conformation and ligand 

field of the molecules in the crystal; and, the intermolecular 

interaction energies between each of these components (Table 

S16). These data give insight into the contribution of each 

residue in the crystal to its spin state energies, which is 

discussed in the ESI†. 

Discussion 

Our new understanding of 1X2·solv can be compared to 

[Fe(pic)3]Cl2·ROH (pic = 2-{aminomethyl}pyridine; R = Me, Et, n-

Pr, i-Pr, allyl or tBu), which show widely differing spin state 

properties despite their structural similarity.22 Recent 

computational studies have shown the magnitude of 

intermolecular interactions influences T½ in these crystals, but 

has no effect on their SCO cooperativity.25 Rather, the 

cooperativity differences may be governed by temperature-

dependent disorder of the alcohol solvent, whose influence on 

the symmetry and spin state of the crystals differs significantly 

between the compounds.23,24 That could be a simple 

mechanical effect between the lattice cavity occupied by the 

solvent and the differently shaped molecules held within it.  

There is substantial evidence that the spin state properties 

of 1X2·solv are also governed by the solvent present. For 

example the cooperative, hysteretic thermal SCO in 

1[BF4]2·MeCN occurs simultaneously with ordering of the 

solvent and a ligand substituent in the inter-bilayer space 

(Figure S12). Conversely the most gradual SCO is found in 

1[BF4]2·yMe2CO, where the same residues remain extensively 

disordered on cooling to 20 K (Figure S11). Moreover, the 

hydrate crystals 1[BF4]2·H2O and 1[ClO4]2·H2O are more similar 

to each other, than to the other solvates of each anion. That is 

clear in their abrupt, weakly hysteretic spin-transitions (Figures 

2 and S1); the similar changes to their molecular and lattice 

structures during photoexcitation (Table S13, Figures S19-S21 

and S38); and in their computed crystal energetics (Table S16).  

Our photocrystallographic study provides a full set of 

structural data for the T½/T(LIESST) correlation in Figure 1. Our 

former suggestion that T(LIESST) is influenced by the 

crystallographic symmetry-breaking shown by 1[BF4]2·MeNO2 

in the LIESST experiment, can now be ruled out.31 On one hand, 

no other compound in Figure 1 exhibits those low-temperature 

phase changes. On the other, accurate measurement of the 

phase transition temperatures in 1[BF4]2·MeNO2 has shown 

they occur 10-20 K below the onset of LIESST relaxation. 

The calculations do not capture 1[BF4]2·MeCN as an outlier 

from the inverse energy gap law in the LIESST experiment 

(Figure 1). Rather, they predict that 1[BF4]2·MeCN should follow 

the same Helec/T½ correlation as the other 1X2·solv crystals 

(Figure 6). Moreover, the positive unit cell volume change (Vuc) 

computed for its isothermal low→high-spin excitation disagrees 

with the negative Vuc observed crystallographically (Figure 7). 

That suggests the minimised structure(s) of 1[BF4]2·MeCN are 

not representative of the molecular arrangement during 

experiment. The largest discrepancy lies in the calculated 

orientations of the inter-bilayer isopropyl, anion and solvent 

moieties (Figures S37-S38). The mismatches in Helec and Vuc 

both indicate the spin state properties of 1[BF4]2·MeCN have, 

uniquely, been imperfectly reproduced by the calculations.  
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Since the calculations represent the thermodynamic minima 

for 1[BF4]2·MeCN, this discrepancy between experiment and 

theory should have a kinetic origin. Hence, it is noteworthy that 

isothermal SCO in 1[BF4]2·MeCN involves a much greater 

rearrangement of the inter-bilayer residues than for the other 

solvate crystals (Figures 5 and S21). Motion of these groups is 

more facile during thermal SCO around 165 K, where the solvent 

and neighbouring isopropyl group are disordered in the high-

spin state (Figure S12), than under LIESST conditions where 

these groups are crystallographically ordered (Figure S20). That 

implies a higher lattice activation energy associated with 

solvent reorientation during LIESST relaxation, than for the 

thermal SCO. That could lead to a higher than expected 

T(LIESST) temperature, as observed.  

Such a temperature-dependent lattice activation energy for 

SCO is not caused by significant changes to the crystal packing, 

according to the Hirshfeld analyses (Figures S22-S24). Rather, it 

should simply reflect the higher thermal phonon energy in the 

crystal at 165 K, resulting in a more deformable lattice during 

the thermal spin-transition.45 Lattice softening on warming will 

also occur in other SCO materials, including the other 1X2·solv 

samples in Figure 1. However, LIESST relaxation should be less 

influenced by the lattice in those compounds, because of the 

smaller structural changes involved (Figure S20). Thus, the 

inverse energy law relationship between high-temperature SCO 

and low-temperature LIESST relaxation is obeyed by those 

materials, but not by 1[BF4]2·MeCN.  

Conclusions 

This study provides the most detailed picture available, of the 

structural chemistry of isomorphous crystals exhibiting SCO 

under thermodynamic and kinetically controlled conditions (in 

the LIESST effect). The orientations and disorder of peripheral 

ligand substituents and solvent molecules strongly influence 

thermal SCO cooperativity in 1X2·solv. Our data have also 

detected an unexpected temperature dependence of the L 

ligand conformation in these compounds, occurring 

independently of SCO (Figure S6).46 This highlights that reliable 

SCO structure:function relationships can only be inferred from 

crystal structures measured near the spin transition 

temperature.12  

We also demonstrate, for the first time, that the same 

considerations can also affect T(LIESST). The deviation of 

1[BF4]2·MeCN from the inverse energy gap law, and its unusual 

unit cell contraction during low→high-spin photoexcitation, are 

not reproduced computationally. That implies those features 

are not linked to the thermodynamic spin state energies of the 

material, and instead have a kinetic origin. We attribute this to 

the reorientation of the acetonitrile molecule during the 

high→low-spin relaxation (Figure 5), which is much greater than 

in the other solvate crystals (Figure S21). When coupled to the 

highly anisotropic shape of the MeCN molecule, that solvent 

reorganisation should lead to a higher lattice activation energy 

for thermal SCO or LIESST relaxation compared to the other 

solvates (Figure 8). That has a greater impact on LIESST 

relaxation at low temperature, when that molecule is 

crystallographically ordered, than in thermal SCO at higher 

temperatures which induces disorder in that region of the 

asymmetric unit (Figure S12).  

 
Figure 8 Diagram comparing the rearrangement of the inter-bilayer residues during the 

low-temperature isothermal high-spin (white)→low-spin (brown) transformation for 

1[BF4]2·MeCN (top) and 1[BF4]2·H2O (bottom), and showing their proposed effect on the 

activation energy for LIESST relaxation. Full overlays of these isothermal structure 

determinations are shown in Figure S21. 

To conclude, the anomalous T(LIESST) in 1[BF4]2·MeCN is a 

function of the anisotropic shape of the MeCN molecule. More 

generally, while the inverse energy gap law is well known to be 

influenced by the rigidity of the ligand sphere in a molecular 

complex,20,47 the rigidity of the surrounding lattice also 

contributes to T(LIESST) in the 1X2·solv system. As well as 

informing the design of bistable SCO materials, this insight is 

relevant to wider studies of molecular dynamics in the 

crystalline state. These are of great current interest, following 

the recent development of ultrafast single crystal 

spectroscopies or diffraction methods.17 

Experimental 

Ligand L and the 1[BF4]2·solv and 1[ClO4]2·solv materials, and 

their single crystals, were prepared as previously described.30,31 

A crystal structure of ligand L is also included in the ESI†. 

WARNING Although we encountered no issues in handling 

1[ClO4]2 and its solvate crystals, metal/organic perchlorates 

are potentially explosive and should be handled with care in 

small quantities.  
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Diffraction data at temperatures above 100 K were collected 

with an Agilent Supernova dual-source diffractometer using 

monochromated Cu-Kα radiation (λ = 1.54184 Å). The 

diffractometer is fitted with an Oxford Cryosystems low-

temperature device. Experimental details of the structure 

determinations are given in Tables S1-S5; every structure 

determination for each 1[BF4]2·solv compound was obtained 

using the same crystal.  

Crystallographic data below 100 K, before and after 

irradiation of the crystal, were measured using an Oxford 

Diffraction Xcalibur3 diffractometer and monochromated Mo-

Kα radiation (λ = 0.71073 Å). The diffractometer was fitted with 

a Helijet Oxford Diffraction helium cryostat. A dataset from each 

crystal was first obtained in the dark, then the same crystal was 

irradiated with a 660nm cw-laser at ca 2mW laser power before 

recollection at the same temperature. Experimental details of 

these structure determinations are given in Table S6. 

The structures were solved by isomorphous replacement 

based on their previously published structures,30,31 and 

developed by full least-squares refinement on F2 (SHELXL9748). 

Full crystallographic refinement details for each structure are 

given in the ESI†. Crystallographic figures were prepared using 

X-SEED,49 VOh and other structural parameters were calculated 

using Olex2,50 and Hirshfeld surfaces were calculated and 

analysed with CrystalExplorer.51 

All computational energy evaluations were performed using 

the Quantum Espresso package (QE) Version 6.1,52 using the 

PBE+U+D2 scheme, with a U parameter of 2.65 eV on the “d” 

orbitals of iron53-55 and Grimme’s D2 dispersion correction.56 

We have used the spin unrestricted formalism, Vanderbilt 

pseudopotentials57 and a Γ-point sampling of the Brillouin zone. 

The computation of Helec was done by successive variable-cell 

optimisations using a kinetic energy cut-off of 70 Ry, until the 

high-spin and low-spin solid-state minima were found. 

The one- and two-body interaction terms in Table 3 were 

evaluated as in ref. 25. All one-body terms were computed as 

the sum of individual molecular energies, which were evaluated 

by means of separate single-point calculations at the solid-state 

minima, using a kinetic energy cutoff of 35 Ry, and the Makov-

Payne energy correction when the molecules had a net charge 

(SCO and X).58 All two-body terms were computed through 

single point evaluations of the solid state minima in which only 

one (for HSCO‒SCO, HX‒X and Hsolv‒solv) or two (for HSCO‒X, 

HSCO‒solv and HX‒solv) types of molecules are present in the unit 

cell. Then, the relevant one-body terms were subtracted to 

avoid double counting. 
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