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ABSTRACT

Two series of 4-(alkoxyphenyl) 2,6-di{pyrazol-1-yl}pyridine-4-carboxyate (L3R) or alkyl 2,6-di{pyrazol-

1-yl}pyridine-4-carboxyate (L4R) esters have been synthesized and complexed to iron(II), where R =

CnH2n+1 (n = 6, 12, 14, 16 or 18); two other derivatives related to L3R are also reported. While the solid

[Fe(L4R)2][BF4]2 compounds are isostructural by powder diffraction and show similar spin state

behaviors, the [Fe(L3R)2][BF4]2 series shows more varied structures and magnetic properties. This was

confirmed by solvated crystal structures of [Fe(L3R)2][BF4]2 with n = 6, 14 and 16, which all adopt the

P 1 space group but show significantly different side-chain conformations and/or crystal packing. The

solid complexes are mostly low-spin at room temperature, with many exhibiting the onset of thermal

spin-crossover (SCO) upon warming. Heating the complexes with n ≥ 14 significantly above their SCO 

temperature transforms them irreversibly into a predominantly high-spin state, which is accompanied by

structure changes and loss of crystallinity by powder diffraction. These transformations do not coincide

with lattice solvent loss, and may reflect melting and refreezing of their alkyl chain conformations during

the thermal cycle. Four of the complexes exhibit SCO in CD3CN solution with T½ = 273-277 K, which is

apparently unaffected by their alkyl chain substituents.



Introduction

Complexes derived from [Fe(bpp)2]2+ (bpp = 2,6-di{pyrazol-1-yl}pyridine, Chart 1)1-3 are widely

studied in spin-crossover (SCO) research.4-6 Synthetic routes have been developed to incorporate carbon

or heteroatom substituents to every position of the bpp skeleton.7,8 Functionalization of the pyridyl C4

position is particularly useful, for introducing functional substituents or tether groups with no steric

consequences for the metal ion. Thus, [Fe(bpp)2]2+ derivatives bearing redox-active,9 conducting,10

fluorescent,11,12 photoisomerizable,13 magnetically active14 or metal-binding12,14,15 substituents have been

produced, in many cases yielding dual SCO switching functionality. Alternatively, bpp ligands and

complexes with suitable tether groups have been deposited onto gold16 or graphite17 surfaces, or in single

molecule junctions.18

Chart 1 Ligands referred to in this work (m, n = 6, 12, 14, 16 or 18).

An important area where the [Fe(bpp)2]2+ family has not been much applied so far, however, is in SCO

soft materials.19 Many established SCO centers have been derivatized with long chain alkyl substituents

and screened for mesogenic behavior.20 Although a few genuine SCO liquid crystals are known,21 it is



more common for SCO to occur concomitantly with a crystal-to-liquid-crystal (C→LC) phase change22-27

or with isotropic melting.28 These phenomena sometimes lead to abrupt spin-transitions.26-28 However, the

alkyl substituents can also act as inert spacers between the SCO centers in a material,29 leading to gradual

SCO switching30,31 that is only slightly perturbed by a change of state, where this is observed.22-25

Alternatively, SCO switching and liquid crystallinity may simply occur over different temperature

ranges.32,33 Where mesophase formation does not occur, changes in alkyl group conformation or disorder

in the solid phase can also induce hysteretic SCO34 or other novel properties. An example of the latter is

low→high-spin “reverse SCO” on cooling, whose intrinsically unfavorable electronic and vibrational 

entropy can be offset by an increased conformational disorder in the alkyl chain substituents.23,35,36 SCO

complexes with alkyl chain substituents have also been used in switchable Langmuir-Blodgett films and

other amphiphile assemblies.20

To probe the utility of [Fe(bpp)2]2+ centers in this area, we have synthesized two series of esters from

2,6-di{pyrazol-1-yl}pyridine-4-carboxyate (bppCOOH, Chart 1) and their iron(II) complexes.14,37 These

were selected because previous work implied the bpp carboxy substituents should stabilize the low-spin

form of the complexes,8 promoting SCO at higher temperatures which might coincide with mesophase

formation on heating.22-26 Complexes of two other related ligands lacking long-chain substituents, L1 and

L2 (Chart 1), are also described. The synthesis of L4C18 has been briefly reported in a previous study.37

Experimental

Synthetic procedures and characterization data for the new organic ligands are given in the Supporting

Information.

Synthesis of the iron complexes. All the iron(II) complexes were prepared using the following general

procedure. Solutions of the appropriate ligand (0.5 mmol) in 1,2-dichloroethane (25 cm3), and

Fe[BF4]2·6H2O (0.25 mmol) in acetone (20 cm3), were mixed and briefly stirred at room temperature. The



yellow-brown solution was then concentrated to ca 50 % its original volume. Slow diffusion of n-pentane

into the filtered solution yielded the complex as a red powder which was collected, and washed copiously

with pentane before drying. Multiple recrystallization were often required to obtain the product in

analytical purity. Crystallized yields were in the range of 30-70 %, depending on the solubility of the

complex. Analytical data:

For [Fe(L1)2][BF4]2. Recrystallized from acetonitrile/diethyl ether. Elemental analysis for

C38H30B2F8FeN10O6 found (calcd) (%) C 47.5 (47.9), H 3.10 (3.18), N 14.8 (14.7). 1H NMR (CD3CN) 

3.9 (s, 6H, OCH3), 7.1 (d, 7 Hz, 4H, Ph H3/5), 7.5 (d, 7 Hz, 4H, Ph H2/6), 23.1, 26.2 (both 4H, Py H3/5 & Pz

H5), 39.8, 40.4 (both 4H, Pz H3 + H4).

For [Fe(L2)2][BF4]2. Recrystallized from acetonitrile/diethyl ether. Elemental analysis for

C36H26B2F8FeN10O6 found (calcd) (%) C 46.7 (46.8), H 3.00 (2.84), N 15.3 (15.2). 1H NMR (CD3CN) 

7.0 (br s, 4H, Ph H3/5), 7.2 (br s, 2H, OH), 7.4 (br s, 4H, Ph H2/6), 23.1, 26.4 (both 4H, Py H3/5 & Pz H5),

39.6, 40.7 (both 4H, Pz H3 + H4).

For [Fe(L3C6)2][BF4]2·C2H4Cl2. Recrystallized from 1,2-dichloroethane/pentane. Elemental analysis for

C48H50B2F8FeN10O6·C2H4Cl2 found (calcd) (%) C 50.2 (50.4), H 4.15 (4.57), N 12.1 (11.8). 1H NMR (1:1

CDCl3:CD3CN)  0.9 (6H), 1.3 (4H), 1.4 (4H), 1.5 (4H), 1.8 (4H), 4.0 (4H, Ak C1H2), 7.1, 7.5 (both 4H,

phenylene H2/6 + H3/5), 24.1, 27.2 (both 4H, Py H3/5 & Pz H5), 41.3, 42.4 (both 4H, Pz H3 + H4). The

presence of 1,2-dichloroethane as lattice solvent is supported by the TGA of this material (Figure S46).

However, single crystals that were obtained by slow evaporation from the same solvent instead contain

lattice water. Elemental analysis for C48H50B2F8FeN10O6·H2O found (calcd) (%) C 51.2 (51.9), H 4.20

(4.72), N 12.5 (12.6).

For [Fe(L3C12)2][BF4]2·H2O. Recrystallized from 1,2-dichloroethane/pentane. Elemental analysis for

C60H74B2F8FeN10O6·H2O found (calcd) (%) C 55.9 (56.4), H 5.75 (5.99), N 11.0 (11.0). 1H NMR (1:1

CDCl3:CD3CN)  0.9 (6H), 1.3 (16H), 1.5 (4H), 1.7 (4H), 1.9 (4H), 2.1 (4H), 3.6 (4H), 3.8 (4H), 4.1 (4H,



Ak C1H2), 7.1, 7.5 (both 4H, phenylene H2/6 + H3/5), 23.0, 26.2 (both 4H, Py H3/5 & Pz H5), 39.4, 40.1

(both 4H, Pz H3 + H4).

For [Fe(L3C14)2][BF4]2. Recrystallized from 1,2-dichloroethane/pentane. Elemental analysis for

C64H82B2F8FeN10O6 found (calcd) (%) C 58.2 (58.4), H, 6.19 (6.28), N, 10.7 (10.6). 1H NMR (1:1

CDCl3:CD3CN)  0.9 (6H), 1.2 (28H), 1.5 (4H), 1.8 (4H), 1.9 (8H), 3.6 (4H), 4.0 (4H, Ak C1H2), 7.0, 7.5

(both 4H, phenylene H2/6 + H3/5), 24.3, 27.2 (both 4H, Py H3/5 & Pz H5), 41.3, 42.6 (both 4H, Pz H3 + H4).

For [Fe(L3C16)2][BF4]2. Recrystallized from 1,2-dichloroethane/pentane. Elemental analysis for

C68H90B2F8FeN10O6 found (calcd) (%) C 59.3 (59.5), H, 6.67 (6.61), N, 10.1 (10.2). 1H NMR (1:1

CDCl3:CD3CN)  0.9 (6H), 1.2 (40H), 1.8 (4H), 1.9 (4H), 4.0 (4H), 5.5 (8H), 7.0, 7.3 (both 4H,

phenylene H2/6 + H3/5), 24.6, 27.2 (both 4H, Py H3/5 & Pz H5), 41.4, 42.5 (both 4H, Pz H3 + H4).

For [Fe(L3C18)2][BF4]2. Recrystallized from 1,2-dichloroethane/pentane. Elemental analysis for

C72H98B2F8FeN10O6 found (calcd) (%) C 60.4 (60.5), H, 7.04 (6.91), N, 9.9 (9.8). 1H NMR (1:1

CDCl3:CD3CN)  0.8 (6H), 1.2 (48H), 1.4 (8H), 1.7 (4H), 1.9 (4H), 3.9 (4H), 6.9, 7.3 (both 4H,

phenylene H2/6 + H3/5), 24.7, 27.1 (both 4H, Py H3/5 & Pz H5), 41.3, 42.9 (both 4H, Pz H3 + H4).

For [Fe(L4C12)2][BF4]2. Recrystallized from 1,2-dichloroethane/pentane. Elemental analysis for

C48H66B2F8FeN10O4 found (calcd) (%) C 53.4 (53.6), H, 6.33 (6.18), N, 12.9 (13.0). 1H NMR (1:1

CDCl3:CD3CN)  0.9 (6H), 1.3 (28H), 1.6 (4H), 2.1 (4H), 2.6 (4H), 4.6 (4H, Ak C1H2), 22.6, 25.9 (both

4H, Py H3/5 & Pz H5), 38.7, 39.6 (both 4H, Pz H3 + H4).

For [Fe(L4C14)2][BF4]2. Recrystallized from 1,2-dichloroethane/pentane. Elemental analysis for

C52H74B2F8FeN10O4 found (calcd) (%) C 54.9 (55.1), H, 6.46 (6.58), N, 12.2 (12.4). 1H NMR (1:1

CDCl3:CD3CN)  0.9 (6H), 1.3 (28H), 1.6 (4H), 1.9 (12H), 3.0 (4H), 4.6 (4H, Ak C1H2), 24.3, 27.2 (both

4H, Py H3/5 & Pz H5), 41.3, 42.6 (both 4H, Pz H3 + H4).

For [Fe(L4C16)2][BF4]2. Recrystallized from 1,2-dichloroethane/pentane. Elemental analysis for

C56H82B2F8FeN10O4 found (calcd) (%) C 56.5 (56.6), H, 6.79 (6.95), N, 11.6 (11.8). 1H NMR (1:1



CDCl3:CD3CN)  0.9 (6H), 1.2 (32H), 1.6 (4H), 1.9 (12H), 2.6 (8H), 4.5 (4H), 22.7, 26.1 (both 4H, Py

H3/5 & Pz H5), 39.1, 39.8 (both 4H, Pz H3 + H4).

For [Fe(L4C18)2][BF4]2. Recrystallized from 1,2-dichloroethane/pentane. Elemental analysis for

C60H90B2F8FeN10O4·2H2O found (calcd) (%) C 55.9 (56.3), H, 7.71 (7.40), N, 10.9 (10.9). 1H NMR (1:1

CDCl3:CD3CN)  0.9 (6H), 1.3 (36H), 1.6 (4H), 1.9 (16H), 3.2 (8H), 4.5 (4H), 22.7, 26.0 (both 4H, Py

H3/5 & Pz H5), 39.1, 39.8 (both 4H, Pz H3 + H4).

Single crystal X-ray structure determinations

Crystals of L3C14 and [Fe(L3C14)2][BF4]2·2MeCN formed from the same solution of the complex in

CD3CN, after standing inside an NMR tube. Crystals of [Fe(L3C6)2][BF4]2·H2O were obtained following

slow evaporation of a dilute 1,2-dichloroethane solution of that compound over a period of weeks. Single

crystals of the other compounds were grown from deuterochloroform solution (L3C12, L4C12); from

acetone/pentane solvent mixtures (bppCOOH, L1, L2, [Fe(L3C16)2][BF4]2·H2O); or from acetonitrile solution

using diethyl ether vapor as antisolvent ([Fe(L1)2][BF4]2, [Fe(L2)2][BF4]2). Diffraction data for L3C12,

L3C14 and [Fe(L3C14)2][BF4]2·2MeCN were recorded at station I19 of the Diamond synchrotron ( =

0.6998 Å). This was necessary owing to their weak diffraction, which may be a consequence of their

small crystal size and (for the L3Cm crystals) thin needle morphology. All the other crystallographic data

were measured with an Agilent Supernova dual-source diffractometer, using monochromated Cu-K ( =

1.5418 Å) or Mo-K ( = 0.7107 Å) radiation. The diffractometer was fitted with an Oxford Cryostream

low-temperature device. Experimental details of the structure determinations are listed in Tables 1, S1

and S2. The structures were all solved by direct methods (SHELXS97738), and developed by full least-

squares refinement on F2 (SHELXL9738). Crystallographic figures were prepared using XSEED.39

No disorder is present in the ligand crystal structures, or in [Fe(L3C14)2][BF4]2·2MeCN. All their non-H

atoms were refined anisotropically, and H atoms were placed in calculated positions and refined using a

riding model. The absolute structure of L4C12, which adopts a handed space group, could not be



unambiguously determined owing to the light atom composition of the crystal. Hence the Friedel opposite

reflections in those datasets were merged for the final least squares cycles.

One BF4
‒ ion in [Fe(L3C6)2][BF4]2·H2O is disordered about three sites, which were treated with refined

B‒F and F...F distance restraints. One hexoxy substituent was also refined over two orientations with a 

0.67:0.33 occupancy ratio, using fixed C‒O, C‒C and 1,3-C...C distance restraints. One of the water H 

atoms was located in the Fourier map and refined, with the fixed restraint O‒H = 0.90(2) Å and Uiso =

1.5x Ueq{O}. The other water H atom has no obvious hydrogen bond acceptor and was not located or

refined, but is included in the molecular weight and density calculation.

Minor disorder about a B‒F axis in one of the anions in [Fe(L3C16)2][BF4]2·H2O was modelled over two

orientations, with a refined occupancy ratio of 0.81:0.19. Refined B‒F and F...F distance restraints were 

applied to this disorder. All non-H atoms except the minor anion disorder site were refined

anisotropically. Both water H atoms were located in the Fourier map and refined described as above.

The other crystallographic refinement procedures are described in the Supporting Information.

Other measurements

Elemental microanalyses were performed by the microanalytical services at the University of Leeds

School of Chemistry, or the London Metropolitan University School of Human Sciences. Electrospray

mass spectra were recorded on a Bruker MicroTOF-q instrument from CHCl3 solution. Diamagnetic

NMR spectra employed a Bruker Ascend Advance III spectrometer operating at 400.1 MHz (1H) or 100.6

MHz (13C), while paramagnetic 1H NMR spectra were obtained with a Bruker DPX300 spectrometer

operating at 300.1 MHz. Thermogravimetric analyses employed a TA Instruments TGA Q50 analyser

with a temperature ramp of 10 Kmin−1 under a stream of nitrogen gas. Differential scanning calorimetry

(DSC) measurements used a TA Instruments DSC Q20 calorimeter, heating at a rate of 10 K min−1. X-ray

powder diffraction measurements were obtained at room temperature from a Bruker D2 Phaser

diffractometer, using Cu-K radiation ( = 1.5419 Å).



Table 1 Experimental details for the long chain alkyl-substituted compounds in this work. Other crystallographic data are listed in Tables S1 and

S2.

L3C12 L3C14 L4C12 [Fe(L3C6)2][BF4]2·H2O [Fe(L3C14)2][BF4]2·2MeCN [Fe(L3C16)2][BF4]2·H2O

formula C30H37N5O3 C32H41N5O3 C24H33N5O2 C48H52B2F8FeN10O7 C68H88B2F8FeN12O6 C68H92B2F8FeN10O7

fw 515.65 543.70 423.55 1110.47 1398.97 1390.99

cryst syst monoclinic monoclinic orthorhombic triclinic triclinic triclinic

space group P21/n P21/n P212121 P 1 P 1 P 1

a / Å 4.0957(1) 4.1217(1) 4.8115(2) 10.3052(8) 14.3159(1) 13.2899(3)

b / Å 64.302(1) 68.6161(7) 8.9659(7) 15.1497(10) 15.2193(1) 13.6465(4)

c / Å 10.3523(2) 10.3199(1) 53.569(3) 16.7305(9) 16.7869(2) 19.4605(6)

 / deg 90 90 90 89.147(5) 84.009(1) 98.865(2)

 / deg 96.680(2) 96.811(1) 90 77.068(6) 89.718(1) 91.201(2)

/ deg 90 90 90 82.391(6) 72.722(1) 98.421(2)

V / Å3 2707.91(9) 2898.02(8) 2310.9(2) 2523.0(3) 3472.07(5) 3446.19(17)

Z 4 4 4 2 2 2

T / K 100(2) 100(2) 120(2) 120(2) 100(2) 120(2)

 / mm–1 0.083c 0.081c 0.632d 3.193d 0.299c 0.301e

Dcalcd / gcm–3 1.265 1.246 1.217 1.462 1.338 1.340

reflns collected 10503 45669 5750 21089 74693 51010

unique reflns 3811 13562 2684 9509 31292 16785



Rint 0.082 0.071 0.053 0.059 0.051 0.048

R1, I > 2(I)a 0.071 0.058 0.063 0.071 0.051 0.052

wR2, all datab 0.194 0.155 0.175 0.196 0.142 0.120

GOF 1.071 0.904 1.058 1.040 0.951 1.026

Flack parameter ‒ ‒ 0.1(7)f ‒ ‒ ‒ 

aR =  [Fo – Fc] / FobwR = [w(Fo
2 – Fc

2)2 / wFo
4]1/2. cCollected with synchrotron radiation. dCollected with Cu-Ka radiation.

eCollected with Mo-Ka radiation. fThe absolute structure of this light atom crystal was not determined.
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Magnetic susceptibility measurements were performed using Quantum Design SQUID or

VSM SQUID magnetometers, in an applied field of 5000 G with a temperature ramp of 5

Kmin−1. Diamagnetic corrections for the samples were estimated from Pascal’s constants.40

Susceptibility measurements in solution were obtained by Evans method using a Bruker Avance

500 FT spectrometer operating at 500.1 MHz.41 A diamagnetic correction for the sample,40 and a

correction for the variation of the density of the CD3CN solvent with temperature,42 were applied

to these data. Thermodynamic parameters and spin-crossover midpoint temperatures were

derived by fitting these data to eq 1 and 2, where nHS(T) is the high-spin fraction of the sample

at temperature T:43

 ln[(1‒ nHS(T))/nHS(T)] = ΔH/RT ‒ ΔS/R (1)

 ΔS = ΔH/T½ (2)

Results and Discussion

Our initial attempts to prepare L3Cm involved esterification of bppCOOH 37 with 4-methoxyphenol

to form L1, which was then demethylated to L2 with BBr3. However, treatment of L2 with alkyl

iodides under basic conditions led to cleavage of the ester linkage, regenerating bppCOOH as the

major product. Hence, L3Cm were instead prepared by an alternative route, of treating bppCOOH

with preformed 4-alkoxyphenol44 using 4-(dimethylamino)pyridine (DMAP) as coupling

reagent. This method afforded L3Cm (m = 6, 12, 14, 16 or 18) in yields of 15-60 %, the lower

yields reflecting solubility losses during purification. The alkyl esters L4Cn were obtained in

similar yields by treating bppCOOH with the appropriate primary alcohol and DMAP, as before.

X-ray structure refinements were obtained for bppCOOH, L1, L2, L3C12, L3C14 and L4C12.

Crystals of bppCOOH and L1 are isomorphs in the orthorhombic space group Pna21, despite their
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different molecular structures and hydrogen bonding characteristics (Figures S14 and S16), while

L3C12 and L3C14 are isostructural (monoclinic, P21/n). The alkoxy chains in L3C12, L3C14 and

L4C12 (orthorhombic, P212121) all adopt extended conformations in the crystal. However, while

the L4C12 molecule is almost planar in its overall shape, the phenylene spacers in L3C12 and

L3C14 give those molecules a bent conformation about the carboxy pivot group. The heterocyclic

groups in each compound form … stacks by translation along the unit cell a direction, which

are grouped into bilayers related by crystallographic m symmetry in L3C12 and L3C14, and by 21

symmetry in L4C12 (Figures 1, 2, S20 and S21). Adjacent bilayers associate by interdigitation of

their alkyl chains, giving V-shaped arrays of alternating heterocyclic and alkyl domains. The

dihedral angle between the (almost planar) heterocyclic regions of the molecular stacks in each

bilayer is 34.24(4)° in L3C12, 34.20(2)° in L3C14 and 86.31(4)° in L4C12. Hence, the molecular

stacks in L4C12 are more canted with respect to their neighbors than in the L3Cm crystals.

Figure 1 Packing diagram of L3C12. One molecular stack is highlighted with dark coloration, for

clarity. The view is parallel to the [001] crystallographic vector, with b horizontal. Color code C,

white or dark grey; H, pale grey; N, pale or dark blue; O, red.
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Figure 2 Packing diagram of L4C12. One molecular stack is highlighted with dark coloration, for

clarity. The view is parallel to the [010] crystallographic vector, with c horizontal. Color code C,

white or dark grey; H, pale grey; N, pale or dark blue; O, red.

The L4Cn materials are all isostructural by powder diffraction and/or crystallographic unit cell

measurements. Solid L3C12, L3C14 and L3C16 are also isostructural, but the powder patterns of

L3C6 and L3C18 are less informative owing to poor crystallinity (Figures S22-S25). All these

compounds undergo reversible isotropic melting at temperatures between 109-118 °C (L3Cm) and

78-91 °C (L4Cn), with no evidence of mesophase formation by DSC (Figures S27-S28) or optical

microscopy.

Homoleptic iron(II) complexes of each new ligand were prepared as their BF4
‒ salts.

Purification of these compounds was often challenging owing to their solubility characteristics,

but all the complexes except [Fe(L4C6)2][BF4]2 (which is not described further) were obtained in

analytical purity after recrystallization from 1,2-dichloroethane (dce)/pentane or (for
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[Fe(L1)2][BF4]2 and [Fe(L2)2][BF4]2) from acetonitrile/diethyl ether. All characterization of the

bulk materials was performed using samples isolated from these solvent mixtures. While the

[Fe(L4Cn)2][BF4]2 materials are mostly solvent-free, the [Fe(L3Cm)2][BF4]2 series often contain

lattice water or organic solvents by crystallography, TGA and/or microanalysis. The solvent

content seems to vary in different samples of the same compound, particularly in

[Fe(L3C6)2][BF4]2 which reproducibly contains ca 1 equiv lattice dce when rapidly precipitated

from dce, but whose single crystals grown by slow evaporation from the same solvent have a

monohydrate formulation. These different formulations were confirmed by TGA (Figure S46),

but have little effect on the structure of the material by X-ray powder diffraction (Figure S41).

The solvent in [Fe(L3Cm)2][BF4]2 can often be removed in vacuo, although this may induce a

structural phase change (see below). In view of their variable solvent content, this series of

complexes is referred to in the following discussions as [Fe(L3Cm)2][BF4]2·xsolv, or as

[Fe(L3Cm)2][BF4]2·xH2O when the hydrate compounds are considered specifically.

Crystal structures were obtained of [Fe(L1)2][BF4]2, [Fe(L2)2][BF4]2 and three

[Fe(L3Cm)2][BF4]2·xsolv compounds: [Fe(L3C6)2][BF4]2·H2O, [Fe(L3C14)2][BF4]2·2MeCN and

[Fe(L3C16)2][BF4]2·H2O.45 All five crystalline complexes are low-spin at 120 K, as expected

from their magnetic susceptibility data (see below). While the [Fe(L3Cm)2][BF4]2·xsolv crystals

each adopt the triclinic space group P 1 , they differ in their alkyl chain conformations and/or

molecular packing. The hexoxy substituents in [Fe(L3C6)2]2+ both have at least one gauche

torsion, with one of them being crystallographically disordered. In contrast, [Fe(L3C14)2]2+ and

[Fe(L3C16)2]2+ have perfectly extended alkoxy groups with all-anti torsions, and no sign of

crystallographic disorder (Figures 3 and S32-S34). The complexes also differ in the orientations

of the ligand phenylene groups. In [Fe(L3C14)2]2+ and [Fe(L3C16)2]2+
, one phenylene ring is
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perpendicular to its carboxy group while the two groups on the other ligand are coplanar. In

contrast, both phenylene rings are (approximately) perpendicular to their carboxy linker in

[Fe(L3C6)2]2+
. That implies some conformational flexibility in the 4-alkoxyphenoxy substituents

of these complexes. These differences have little apparent influence on the [Fe(bpp)2]2+ core of

the compounds however, whose metric parameters are all typical for low-spin complexes of this

type (Table S5).1 The lattice water in the hydrate crystals is remote from the metal centers, and

donates hydrogen bonds to the BF4
‒ ions.

Figure 3 The complex dications in [Fe(L3C6)2][BF4]2·H2O (top) and [Fe(L3C16)2][BF4]2·H2O

(bottom). Displacement ellipsoids are at the 50 % probability level, and H atoms are omitted for

clarity. The major and minor hexoxy group disorder sites in [Fe(L3C6)2]2+ are highlighted in dark

and pale coloration, respectively. Color code C, white or dark grey; Fe, green; N, blue; O, red.

The metal/heterocyclic (Fe/bpp) cores in all three crystals form weak centrosymmetric dimers,

with overlapping coplanar pyrazolyl rings separated by 3.431(9)-3.613(8) Å. In

[Fe(L3C14)2][BF4]2·2MeCN and [Fe(L3C16)2][BF4]2·H2O these cation dimers are arranged by

translation into layers within the (001) crystal plane. These layers are separated by interdigitated

alkoxy chains oriented at an angle of ca 25° to the plane of the layers (Figures 4 and S37-S39).
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This packing motif requires all the phenylene spacer groups in the lattice to be approximately

coplanar, which explains the different conformations of the two carboxyphenylene substituents

in these molecules. The interlayer spacings in the structures are slightly smaller than the unit cell

c dimensions, at 16.689(1) (m = 14) and 19.209(2) (m = 16) Å. The placement of anions and

solvent in the two structures is also similar, apart from the second MeCN molecule in

[Fe(L3C14)2][BF4]2·2MeCN which lies beside a BF4
‒ ion in an enlarged cavity between the cation

layers. That suggests space filling by additional solvent may be a requirement for these two

crystals to adopt the same molecular association motif, despite their different alkoxy chain

lengths. In contrast, there is no interdigitation of the hexyl groups in [Fe(L3C6)2][BF4]2·H2O,

which has no segregation of the rigid and flexible moieties in the lattice (Figure S36).

Figure 4 Packing diagram of [Fe(L3C16)2][BF4]2·H2O, showing the association of the cations

into layers parallel to the (001) crystal plane. Only one orientation of the disordered anion is

shown. One cation is highlighted with dark coloration and the anions and solvent are de-

emphasized, for clarity. The view is parallel to the [ 1 10] vector, with c horizontal. Color code C,

white or dark grey; H, pale grey; Fe, green; N, pale or dark blue; O, red; BF4
‒ and H2O, yellow.
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Powder samples of each [Fe(L3Cm)2][BF4]2·xsolv compound adopt a different structure, except

m = 16 and 18 which appear isostructural (Figure S42). Moreover, these structures show a

complicated dependence on the presence or absence of lattice solvent (see below). On one hand,

powdered [Fe(L3C14)2][BF4]2·xH2O is not isostructural with its crystalline phase

[Fe(L3C14)2][BF4]2·2MeCN (Figure S41).45 That implies loss or replacement of the lattice solvent

leads to structural changes in that compound (see below). Conversely, the powder patterns of

crystalline [Fe(L3C6)2][BF4]2·H2O and powdered [Fe(L3C6)2][BF4]2·C2H4Cl2 closely resemble

each other, implying their solvent content has little effect on the structure of

[Fe(L3C6)2][BF4]2·xsolv. In contrast, all the [Fe(L4Cn)2][BF4]2 compounds apparently adopt the

same structure type by powder diffraction, which becomes more crystalline with longer chain

lengths (Figure S43).

[Fe(L3Cm)2][BF4]2·xH2O show varied solid state magnetic properties, in keeping with their

different powder diffraction structures. The materials with m = 6, 16 and 18 remain low-spin

between 5-350 K, with the latter two compounds showing the onset of SCO between 350-370 K

(Figure 5). However, when m = 14, the compound is low-spin at room temperature but shows a

small, irreversible increase in MT upon warming to 350 K, consistent with a low→high-spin 

conversion in about 10 % of the sample. That may be associated with loss of lattice water from

the material, which occurs around 340 K by DSC and TGA (see below).22,46 Finally,

[Fe(L3C12)2][BF4]2·xH2O is the only solid compound with a significant high-spin population at

room temperature when freshly isolated. Its MT value of 2.2 cm3mol‒1K at 300 K implies ca 65

% of the sample is high-spin at that temperature. Around half this high-spin fraction exhibits a

gradual, non-hysteretic SCO on cooling with T½ ≈ 210 K; the onset of a second SCO event is 

also apparent above 370 K. Warming the freshly prepared sample to 370 K leads to a small,
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permanent increase in its high-spin population without changing the form of the MT vs T curve

over that temperature range. A more pronounced form of the same behavior was found when the

sample was rapidly cooled to 5 K, then remeasured (Figure S47). The initial MT vs T curve of

the quenched sample has a similar form as in Figure 5, but MT rises more slowly upon warming

from 5 K, reaching 1.9 cm3mol‒1K at 300 K which is 0.3 cm3mol‒1K lower than in the

unquenched material. Upon further heating to 330 K MT in the quenched sample increases more

rapidly towards that of the unquenched material, and the cooling scans under both temperature

programs are more similar.

Figure 5 Magnetic susceptibility data for [Fe(L3C6)2][BF4]2·xH2O (black),

[Fe(L3C12)2][BF4]2·xH2O (red), [Fe(L3C14)2][BF4]2·xH2O (blue), [Fe(L3C16)2][BF4]2·xH2O (pale

green) and [Fe(L3C18)2][BF4]2·xH2O (pink). [Fe(L3C12)2][BF4]2·xH2O was measured on a

300→370→3→300 K temperature cycle (see also Figure S47). The dark green curve shows a

sample of [Fe(L3C16)2][BF4]2·xH2O after annealing at 170 °C. All scan rates 5 Kmin‒1.
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In contrast, solid [Fe(L1)2][BF4]2, [Fe(L2)2][BF4]2 and all the [Fe(L4Cn)2][BF4]2 series exhibit

more consistent magnetic data, being low-spin between 5-250 K but with a slow increase in MT

on further warming that indicates the onset of SCO (Figure 6). This is best defined for

[Fe(L4C14)2][BF4]2, whose SCO has a midpoint temperature (T½) of 353 K and a small thermal

hysteresis loop (T = 10 K at its widest point) which is retained upon multiple cycling about the

transition. The other materials show T½ >370 K, with no hysteresis within the temperature range

of the measurement. These data are consistent with salts of [Fe(bppCOOH)2]2+ and other

[Fe(bpp)2]2+ derivatives bearing carboxy pyridyl substituents, which often undergo SCO above

room temperature in the solid state.8,14,47

Figure 6 Magnetic susceptibility data for [Fe(L1)2][BF4]2 (black), [Fe(L2)2][BF4]2 (yellow),

[Fe(L4C12)2][BF4]2 (red), [Fe(L4C14)2][BF4]2 (blue), [Fe(L4C16)2][BF4]2 (green) and

[Fe(L4C18)2][BF4]2 (pink). The dark purple curve shows a sample of [Fe(L4C18)2][BF4]2 after

annealing at 170 °C. All scan rates 5 Kmin‒1.



20

DSC data for the [Fe(L4Cn)2][BF4]2 series all show a single endotherm at 73±1°C (n = 14) or

92-95 °C (other compounds), which agree well with the SCO transition temperatures derived

from the magnetic data (Figure S49). However, this is only reversible if the sample is kept below

ca 120 °C. If the sample is scanned to higher temperatures, the SCO becomes irreversible and,

for n = 18 only, is replaced by two new weak and reversible features near room temperature

(Figure 7). DSCs of the [Fe(L3Cm)2][BF4]2·xH2O materials are again more complicated (Figure

S48), and were interpreted by comparison with their magnetic, TGA and thermochromic

behavior. The DSC of [Fe(L3C6)2][BF4]2·xH2O is almost featureless, with no peak that might

indicate SCO below 180 °C. In contrast, [Fe(L3C12)2][BF4]2·xH2O shows a weaker, fully

reversible endotherm at 126 °C, which is consistent with the partial SCO evident in its magnetic

data at high temperature (Figure 5). DSCs of [Fe(L3Cm)2][BF4]2·xH2O (m = 14, 16, 18) each

exhibit two endotherms: one at 70-80 °C, which correlates with a mass loss of 1.5-2.0 % between

60-80 °C by TGA and can be attributed to loss of lattice water; and, another between 126-142 °C

which can be assigned to SCO. Both endotherms in these three compounds are irreversible, and

are replaced in the reverse scans by broad, weak features just above room temperature that

resemble those in the high-temperature scan in Figure 7.

The irreversible changes to the DSC data upon heating the longer chain complexes were

confirmed by magnetic measurements, on samples of one compound from each series that had

been previously annealed at 170 °C (Figures 5 and 6). In contrast to the freshly prepared

materials, the annealed samples were predominantly high-spin at room temperature, and

underwent very gradual, ill-defined and incomplete SCO upon cooling to 5 K.
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Figure 7 DSC data for [Fe(L4C18)2][BF4]2 measured over low-temperature (top) and high-

temperature (bottom) ranges, where the SCO endotherm is respectively reversible and

irreversible. Initial heating (black), initial cooling (blue) and second heating (red) temperature

ramps are shown, at a scan rate of 10 Kmin‒1.

The effect of heating on the long chain complexes was probed further, by measuring X-ray

powder patterns of samples after annealing for 15 mins at 100 or at 170 °C (Figure 8). The
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annealing had little effect on [Fe(L3C6)2][BF4]2·xH2O or [Fe(L3C12)2][BF4]2·xH2O, but for m ≥ 

14 the samples showed large changes in their powder patterns after annealing at both

temperatures, implying crystallographic phase changes (which could reflect loss of lattice water,

see above) coupled to a general loss of crystallinity (Figure S44). In contrast all the

[Fe(L4Cn)2][BF4]2 series behaved similarly, in showing little change after heating to 100 °C

while the higher temperature annealing caused a reduction in crystallinity, which is more

pronounced for the longer chain lengths (Figure S45). Similar irreversible phase changes on

heating have been seen in some other SCO complexes bearing long chain alkyl substituents.24

Figure 8 Room temperature X-ray powder patterns of [Fe(L3C18)2][BF4]2·xH2O and

[Fe(L4C18)2][BF4]2, before and after annealing at different temperatures. Data for the other

compounds from these series are in Figures S44 and S45.
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Visual inspection of the long chain complexes on heating showed all of them except

[Fe(L3C6)2][BF4]2·xH2O undergo a gradual color change from brown to orange upon heating

above 100 °C, which is consistent with the absence or presence of thermal SCO predicted by

their magnetic and/or DSC data (Figures S50 and S51). However, all the compounds remain in

the solid state at all temperatures up to 170 °C. Hence, changes in spin state behavior and loss of

crystallinity upon heating the samples does not reflect mesophase formation or melting within

the temperature range examined.22-28

Magnetic susceptibility data for four of the complexes in CD3CN solution were also measured

by Evans method (Figure S52).41 Each compound undergo typical SCO equilibria in solution

with midpoint temperatures between 273-277 K (Table 2; for comparison, [Fe(bppCOOH)2][BF4]2

exhibits T½ = 281 K under similar conditions8). Although there are small variations in the

enthalpy and entropies of these equilibria, these are within the normal ranges for measurements

of this type.8,48 We conclude that the conformational entropy of the hexadecyl substituents in

[Fe(L3C16)2][BF4]2 and [Fe(L4C16)2][BF4]2 has little influence on the progress of SCO in solution.

Table 2 SCO parameters in CD3CN solution for four of the compounds in this work. The

magnetic data and fits to derive the thermodynamic quantities are shown in Figure S52.

T½ / K H / kJmol‒1 S / Jmol‒1K‒1

[Fe(L1C12)2][BF4]2 277(1) 26.6 96

[Fe(L2C12)2][BF4]2 277(1) 25.6 93

[Fe(L3C16)2][BF4]2·xH2O 273(2) 22.3 81

[Fe(L4C16)2][BF4]2 275(2) 28.2 103
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Conclusion

The first members of the [Fe(bpp)2]2+ family of SCO complexes bearing peripheral long chain

substituents, have been synthesized from two series of bpp derivatives L3Cm and L4Cn. While

[Fe(L4Cn)2][BF4]2 (n = 12, 14, 16, 18) are isostructural by powder diffraction and show quite

similar spin state and phase behaviors at different temperatures, the [Fe(L3Cm)2][BF4]2·xsolv

series (m = 6, 12, 14, 16, 18) show more varied structures and spin state properties in the solid

state. This was confirmed by crystal structures of [Fe(L3C6)2][BF4]2·H2O and

[Fe(L3C16)2][BF4]2·H2O, which are not isostructural and show quite different crystal packing

motifs. A third crystalline solvate [Fe(L3C14)2][BF4]2·2MeCN was also obtained, whose

molecular packing resembles [Fe(L3C16)2][BF4]2·H2O but is different from

[Fe(L3C14)2][BF4]2·xH2O by powder diffraction. Conversely, the structures of [Fe(L3C-

6)2][BF4]2·H2O and [Fe(L3C6)2][BF4]2·C2H4Cl2 are very similar by powder diffraction despite

their different solvent content. Hence the structures of [Fe(L3Cm)2][BF4]2·xsolv, and their

dependence on the solvent present, differ strongly depending on m. With one exception

([Fe(L3C12)2][BF4]2·xH2O) all the complexes in this work are low-spin at 298 K, and many of

them undergo SCO on warming with T½ ≥ 350 K. Four of the compounds also undergo SCO in 

CD3CN solution, with almost identical T½ values just below room temperature.

While none of the ligands or complexes formed mesophases under the conditions of

measurement, some complexes bearing longer chain substituents convert irreversibly to a

predominantly high-spin form upon heating above 420-440 K. This transformation is not

connected to SCO for [Fe(L4Cn)2][BF4]2 (n ≥ 14) which show 345 ≤ T½ ≤ 368 K by DSC, since 

their SCO is reversible if the material is kept below 400 K but not after heating to 443 K (Figure

7). However, SCO itself is apparently irreversible in [Fe(L3Cm)2][BF4]2·H2O (m ≥ 14), which 
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have higher T½ values. Variable temperature magnetic data were collected for two annealed

samples, which were predominantly high-spin and exhibited very gradual and incomplete SCO

on cooling. Such ill-defined SCO is often found in amorphous materials.29,49 Consistent with

that, annealing the compounds at 443 K transforms them to new, poorly crystalline phases by

powder diffraction.

While the [Fe(L3Cm)2][BF4]2·xH2O compounds contain variable amounts of lattice water, the

irreversible spin-state changes are not directly caused by dehydration, which occurs at least 45 K

below the SCO temperature.22,46 Rather, they seem to be a function of the alkyl chain

substituents in the molecules. The structural changes causing this behavior presumably involve

conformational melting of the alkyl chains upon heating, which would then be frozen into a more

random distribution of conformations upon recooling the sample. That process, which resembles

the glass transition common in organic soft materials,50 would explain the reduced crystallinity in

the annealed materials (Figures 8, S44 and S45). Similar effects have been seen upon annealing

other series of SCO complexes bearing long-chain substituents, which were also attributed to

phase changes involving the alkyl chains.24,30 Moreover DSC data from those literature

compounds strongly resemble those in this work, including the ingrowth of weak reversible

features close to room temperature after annealing.24,30 Similar changes to the ligand

conformations, at lower temperatures, can also account for the more complicated magnetic

behavior of [Fe(L3C12)2][BF4]2·xH2O when thermally scanned from room temperature, and after

rapid cooling (Figures 5 and S43).33

Finally, softening of the lattice during the annealing process might allow the some of the high-

spin iron centers to isomerize to more distorted coordination geometries, reflecting Jahn-Teller

distortion of the pentet high-spin iron(II) centers. These distortions are well-known to trap solid
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[Fe(bpp)2]2+ derivatives in their high-spin form.1,3,51 That could explain the predominantly high-

spin state nature of the annealed samples, as well as the incompleteness of their thermal SCO

(Figures 5 and 6). Stereochemically related [Fe(terpy)2]2+ derivatives, dispersed in liquid crystal

matrices, show irreversible low→high-spin transitions above room temperature which might 

have a similar origin.52

Our current work aims to exploit the synthetic versatility of the bpp ligand family7 to produce

new iron(II) complexes decorated with alkyl chains at different sites on the ligand framework.

The spin-states and phase behavior of these new compounds will be reported in future

publications.
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