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The Flexibility of Long Chain Substituents Influences Spin-

Crossover in Isomorphous Lipid Bilayer Crystals†‡  

Iurii Galadzhun,a Rafal Kulmaczewski,a Namrah Shahid,a Oscar Cespedes,b Mark J. Howarda and  
Malcolm A. Halcrow*a 

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

with a bent geometry of hexadec-1-ynyl or hexadecyl substituents 

pyrazole are isomorphous, and high-spin at room temperature. 

However, only the latter compound undergoes an abrupt, stepwise 

spin-transition on cooling. This may reflect the different 

conformational flexibilities of their long chain substituents.  

Spin-crossover (SCO) compounds are molecular switches, 

where a change of spin state at a metal ion perturbs the colour, 

(para)magnetism, conductivity, dielectric constant and/or the 

volume of a material.1-3 Such transitions can be triggered by 

physical or chemical stimuli, making SCO centres of interest for 

device applications; in switchable nanostructures for molecular 

electronics; or as reporters for chemical or physical sensors.4 

While most of this research is done with solid materials, SCO 

molecules bearing long chain substituents can form switchable 

liquid crystals, gels and micellar assemblies.5-7 Other such 

materials show mesophase transitions8 or isotropic melting9 

coupled to spin-state changes. Lastly, SCO compounds 

decorated with long chains can form crystals exhibiting unusual 

switching cooperativity reflecting conformational changes in 

the alkyl substituents during the SCO process.10-14 However, 

other compounds bearing long chain substituents show more 

typical solid state SCO, where the alkyl chains have little effect 

on the form of the transition.14,15 

 We have reported derivatives of the [Fe(bpp)2]2+ (bpp = 2,6-

di{pyrazol-1-yl}pyridine) family of SCO materials,16 bearing long 

chain alkyl substituents at their pyridyl C4 positions. That gives 

a linear distribution of alkyl groups on the complex molecule.17 

While the structural chemistry of the complexes depended on 

their alkyl chain length, their spin state properties were more 

consistent, with most showing the onset of gradual SCO above 

350 K. Appending alkyl chains to other sites on the heterocyclic 

skeleton should give differently shaped amphiphile complexes 

based on the same [Fe(bpp)2]2+ core. With that in mind, we now 

report new bpp derivatives bearing alkyl chains at just one 

pyrazolyl ring (Scheme 1), which yield a bent geometry of alkyl 

substituents about an [Fe(L1
n)2]2+ or [Fe(L2

n)2]2+ centre. We have 

found examples from both series which are isomorphous, but 

have unexpectedly different spin state properties.  

 
Scheme 1 The new ligands synthesised in the work (n = 12, 14, 16, 18). 

 Sonogashira coupling of 2-{iodopyrazol-1-yl}-6-{pyrazol-1-

yl}pyridine with 1 equiv of the appropriate 1-alkyne afforded 

L1Cn (n = 12, 14, 16 or 18) in yields of 34-48 %.18 Hydrogenation 

of L1Cn over Pd/C gave the corresponding alkylated derivatives 

L2Cn in 54-94 % yield. X-ray crystal structures were obtained for 

L1C12, L2C12 and L2C14. The alkynyl substituent in L1C12 has a 

gauche torsion at the C3 position, which induces a ca 95° kink 

between its heterocyclic and alkyl domains. The molecules pack 

into bilayers in the lattice, with weak - overlap between their 

heterocyclic cores but no interdigitation of their alkyl groups. 

The alkyl chains in isomorphous L2C12 and L2C14 have no gauche 

torsions, and their alkyl and heterocyclic domains are almost 

coplanar. These molecules also associate into bilayers in the 

lattice, with alternating pairs of stacked heterocyclic cores and 

interdigitated alkyl chains (Figures S10-S13†).  
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 Iron tetrafluoroborate complexes of all these ligands were 

obtained in analytical purity, except [Fe(L1C18)2][BF4]2 which is 

not discussed further. While most complexes analysed as 

solvent-free materials, some contained 1-2 equiv lattice water 

by microanalysis and/or TGA. Single crystals were only obtained 

from the [Fe(L2Cn)2][BF4]2 series and, of these, only 

[Fe(L2C12)2][BF4]2 diffracted synchrotron radiation sufficiently 

well for a full structure refinement. Preliminary structure 

solutions from more weakly diffracting crystals of 

[Fe(L2C16)2][BF4]2 and [Fe(L2C18)2][BF4]2 confirmed these are 

isomorphous with the L2C12 complex (Table S2†). 

 The asymmetric unit of [Fe(L2C12)2][BF4]2 contains two 

unique cation sites, which are both high-spin at 120 K (Figures 1 

and S21, and Table S3†). Both ligands in each molecule have one 

gauche torsion, at the C2 position in one dodecyl chain and the 

C3 position of the other, which are oriented so the remainder 

of the chains are approximately co-parallel. The cations form 

bilayers in the (001) plane, with tightly packed interdigitated 

alkyl chains (Figure 1). The interlayer distance in the lattice is 

29.592(3) Å, slightly less than the unit cell c dimension.19 The 

[Fe(bpp)2]2+ core of each cation interacts with two nearest 

neighbours in the other half of its bilayer, through ... contacts 

between their unsubstituted pyrazolyl groups (Figure S22†). 

Interacting pairs of pyrazolyl rings are coplanar, and separated 

by 3.19(6) Å. The A and B cation environments are segregated 

within the bilayers by these interactions, into alternating -

stacked chains along the unit cell a axis (Figures S23-S25†). 

 Bulk samples of [Fe(L1C12)2][BF4]2 and [Fe(L1C14)2][BF4]2 are 

apparently isomorphous but poorly  crystalline, and contain a 

significant amount of amorphous material by powder 

diffraction (Figure S28†). The compounds show similar 

magnetic behaviour in undergoing gradual, incomplete thermal 

SCO with midpoint temperatures (T½) near 270 K (n = 12) and 

290 K (n = 14; Figure S29†). Both materials exhibit constant MT 

values of 1.2 cm3 mol‒1 K between 50-130 K, implying ca one-

third of their iron sites remain high-spin at low temperature, 

with a typical zero-field splitting-induced decrease in MT on 

cooling below 50 K.20 We attribute this behaviour to the 

presence of both SCO-active and high-spin phases in the 

samples, corresponding to their crystalline or amorphous 

fractions. In contrast [Fe(L1C16)2][BF4]2 is more crystalline, 

adopts a different structure type, and shows no amorphous 

hump in its powder pattern (Figure 2). This compound is fully 

high-spin between 5-350 K (Figures 3 and S28†). 

 Room temperature powder diffraction of [Fe(L2Cn)2][BF4]2 (n 

= 12-18) implies they are isomorphous with each other, and 

with [Fe(L1C16)2][BF4]2; the powder patterns of [Fe(L1C16)2][BF4]2 

and [Fe(L2C16)2][BF4]2 are almost identical (Figures 2 and S30†). 

That is supported by crystallographic unit cell data from 

compounds in the L2Cn series (Table S2†). The (002), (003) and 

(004) reflections in each powder pattern are correlated and 

strongly enhanced while other reflections are weak or absent, 

especially for the shorter alkyl chain lengths. Since the cation 

bilayers lie in the (001) plane, that reflects the lamellar crystal 

packing in the materials.21 The correlated (00l) 2 values are 

significantly different in each material, and are consistent with 

the available crystallographic simulations (Figure S31†).  

 The powder pattern of [Fe(L2C12)2][BF4]2 resembles the 

other L2Cn complexes, even though the bulk material contains 

1-2 equiv lattice water by microanalysis, TGA and DSC whereas 

its single crystals are anhydrous. The flexibility of the dodecyl 

chains may allow water molecules to penetrate its lattice, 

without significantly changing its bilayer packing.17 

 Magnetic data from [Fe(L2Cn)2][BF4]2 show a consistent 

trend, of a thermal spin transition near 150 K which becomes 

more complete and better resolved as the chain length n 

increases. Thus [Fe(L2C12)2][BF4]2·H2O remains almost entirely 

high-spin on cooling; [Fe(L2C14)2][BF4]2·H2O shows a small SCO in 

ca 15 % of its iron centres; and [Fe(L2C16)2][BF4]2 and 

[Fe(L2C18)2][BF4]2 show more abrupt spin transitions proceeding 

to ca 60 % and 70 % completeness respectively (Figures 3 and 

S32†). In contrast to [Fe(L1Cn)2][BF4]2, the phase purity of these 

Figure 1 Left: one of the two unique complex cations in the asymmetric unit of [Fe(L2C12)2][BF4]2. Displacement ellipsoids are at the 50 % probability level, and H atoms are omitted 

for clarity. Right: packing diagram of [Fe(L2C12)2][BF4]2, viewed parallel to the [100] crystal vector, with b vertical. Atoms are plotted with arbitrary radii; one cation is highlighted with 

dark colouration; and the anions are de-emphasised, for clarity. Colour code: C, white or dark grey; H, pale grey; B, pink; F, yellow; Fe, green; N, pale or dark blue. 
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Figure 2 Room temperature X-ray powder diffraction patterns for [Fe(L1C16)2][BF4]2 

(black) and [Fe(L2C16)2][BF4]2 (red). The assignment of the most intense peaks is shown, 

based on a simulated powder pattern from [Fe(L2C16)2][BF4]2 (Figure S30).  

 

Figure 3 Magnetic susceptibility data for [Fe(L1C16)2][BF4]2 (black) and [Fe(L2C16)2][BF4]2 

(red). The inset shows the first derivative of the data for [Fe(L2C16)2][BF4]2, whose cooling 

and warming scans have dark and pale colouration. Scan rate 5 K min‒1. The decrease in 

MT below 50 K reflects zero-field splitting of the high-spin fraction of the samples.20  

materials implies their incomplete SCO is more likely to reflect 

thermal trapping of the residual 30-40 % fraction of the samples 

in their high-spin state.22-24 That is common in materials from 

the [Fe(bpp)2]2+ family whose SCO extends below ca 100 K.23,24 

This is supported by the small decrease in MT near 130 K shown 

by [Fe(L2C16)2][BF4]2 in warming mode, indicating relaxation of 

the sample to its thermodynamic spin state population at that 

temperature (Figure 3). A repeat measurement of that 

compound at a faster scan rate of 10 K min‒1 led to a less 

complete spin-transition and a more pronounced relaxation 

step on re-warming, confirming the kinetic origin of this 

behaviour (Figure S33†).24,25 

 The spin-transitions in [Fe(L2C16)2][BF4]2 and 

[Fe(L2C18)2][BF4]2 clearly proceed in two steps, with narrow 

thermal hysteresis (Figures 3 and S32†). For m = 16, the steps 

occur at T½ = 149 K [T½ = 15 K] and 159 K [6 K], and for m = 18 

the parameters are T½ = 150 K [T½ = 15 K] and 166 K [2 K]. This 

hysteresis is likely to be kinetic in origin, based on the discussion 

in the previous paragraph.26 The stepwise nature of the 

transitions is consistent with the two unique cation sites in the 

crystals of both compounds, which would be likely to undergo 

SCO independently of each other (Figures S26 and S27†).27 

Alternative explanations such as the involvement of a re-

entrant intermediate crystal phase in the SCO process cannot 

be ruled out, however, since crystals of both compounds 

diffract too weakly for full structural characterisation.28 

 All the [Fe(L2Cn)2][BF4]2 compounds, and [Fe(L1C16)2][BF4]2, 

show a reversible endotherm by DSC at a temperature between 

350-375 K (Figure S35†). This is not a mesophase transition, 

since the materials remain solid on heating to 443 K (Figure 

S36†). Hence, we tentatively assign it to a crystal-to-crystal 

phase transition.  

 The most striking aspect of this work is the different spin 

state properties of isomorphous [Fe(L1C16)2][BF4]2, which is 

high-spin, and SCO-active [Fe(L2C16)2][BF4]2 (Figure 3). That 

could be influenced by the conformational properties of an 

alkynyl vs an alkyl substituent, and by the electronic influence 

of those substituents on the metal ion ligand field.29 To 

investigate the latter, magnetic measurements in solution were 

obtained for these compounds (Figure S37†). These showed 

[Fe(L1C16)2][BF4]2 undergoes SCO at T½ = 247 ±2 K in CD3CN, 

which is just 6 K below [Fe(L2C16)2][BF4]2 [T½ = 252.8 ±0.5 K]. 

Hence, the inductive properties of the L1C16 and L2C16 ligand 

substituents are unlikely to be solely responsible for quenching 

SCO in [Fe(L1C16)2][BF4]2. 

 In conclusion, [Fe(L2Cn)2][BF4]2 exhibit a partial spin-

transition near 150 K, which becomes more complete and 

better defined as n increases. When n = 16 and 18 the transition 

occurs abruptly and in two steps, which likely reflects the 

presence of two unique iron environments in their crystal 

lattice. In contrast [Fe(L1C16)2][BF4]2, which is isomorphous with 

the L2
n complexes by powder diffraction, remains high-spin on 

cooling. This does not reflect the electronic character of the L1R 

and L2R ligands, but may instead be explained by the more rigid 

hexadec-1-ynyl substituents in the L1C16 complex. The 

cooperative SCO shown by [Fe(L2C16)2][BF4]2 and 

[Fe(L2C18)2][BF4]2 is also unusual for materials bearing such long-

chain alkyl spacers. However, it is noteworthy that other iron(II) 

complexes with a bent disposition of alkyl chains also exhibit 

cooperative and structured spin-transitions in the solid state.12-

14 A bent amphiphile geometry may be particularly suited to 

cooperative spin-transitions in lipid bilayer materials. 
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