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2-Methylimidazol-4-yl-methylideneamino-2-ethylpyridine (abbreviated as HLMe) is the 1:1 condensation product of 2-methyl-
4-formylimidazole and 2-aminoethylpyridine and functions as a bidentate ligand to the iron(II) ion to produce the 3:1
complexes together with anions, [Fe(HLMe)3]X2 (X = PF6 (1), ClO4 (2), BF4 (3)). The magnetic susceptibilities, differential
scanning calorimetric measurements, and M€ossbauer spectral measurements demonstrated that complexes 1, 2, and 3
showed a steep one-step spin crossover (SCO) between the high-spin (HS,S = 2) and low-spin (LS,S = 0) states with small
thermal hysteresis. Three complexes have an isomorphous structure and are crystallized in the same monoclinic space
group, C2/c, both in the HS and LS states. The iron(II) ion has the octahedral coordination geometry of a facial isomer with
N6 donor atoms of three bidentate ligands, in which an imidazole and an imine nitrogen atom per ligand participate in the
formation of the coordination bond, but the pyridine nitrogen is free from coordination. The complex cation fac-[Fe(HLMe)3]

2þ

is a chiral species with a Δ or Λ isomer, and the adjacent Δ and Λ isomers are linked alternately by an intermolecular
imidazole-pyridine NH 3 3 3N hydrogen bond to produce an achiral 1D chain. The two remaining imidazole moieties per
complex are hydrogen-bonded to the anions that occupy the space among the chains. TheSCOprofile becomes steeperwith
the decrease of the anion size (73.0 Å3 for PF6

-, 54.4 Å3 for ClO4
-, and 53.4 Å3 for BF4

-). The SCO transition temperature
T1/2 of the PF6 (1), ClO4 (2), and BF4 (3) salts estimated from the magnetic susceptibility measurements are (TV = 151.8 K,
Tv = 155.3 K), (TV= 184.5 K,Tv = 186.0 K), and (TV = 146.4 K,Tv= 148.2 K), respectively, indicating that theT1/2 value is not in
accord with the anion size.

Introduction

Spin crossover (SCO) is a representative example of
molecular bistability, in which the high-spin (HS) and low-
spin (LS) states are interconvertible by physical perturba-
tions, such as temperature, pressure, magnetic field, light,
ultrashort laser, soft- and hard-X-ray radiations, and nuclear
decay.1 While SCO is described fundamentally as a pheno-
menon of a single molecule,1 interesting SCO behaviors
observed in the solid state, such as steep- and multistep
SCO and hysteresis, have been ascribed to a cooperative
effect between SCO sites.1 From the synthetic viewpoint, to

achieve a cooperative effect, polymeric SCO complexes
bridged by coordination bonds2 and mononuclear SCO
complexes exhibiting intermolecular hydrogen bonding3 or
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π-π stacking4 have been synthesized, and interesting SCO
behaviors have been discovered. On the other hand, several
theoretical models have been used in order to take into
account the cooperative effect in SCO transition,5 and the
origin of the cooperative nature has been investigated by
considering elastic interactions among SCO molecules.6 As
the size of eachmolecule changes depending on its spin state,
the elastic interaction among the lattice distortions provides
the cooperative interaction of the spin states. However, the
parameters of the theoretical model calculations are not
straightforward with regard to the real molecular structure
of SCO complexes. The correlation between the theoretical
parameter and the structural parameter must, therefore, be
established. In order to approach this problem, a series of
SCO complexes exhibiting the same network structure and
showing different SCOproperties is helpful to understand the
spin transition behavior from synthetic, structural, magnetic,
and theoretical viewpoints.
In this study, we have synthesized a series of the 1:3 com-

plexes [Fe(HLMe)3]X2 (X=PF6 (1), ClO4 (2), BF4 (3)). Since
they have an isomorphous one-dimensional structure con-
structed by intermolecular hydrogen bonds and exhibit steep
one-step SCO, these are the suitable compounds by which to
investigate the correlation between the structural parameters
and the magnetic properties. Here, we report the syntheses,
structures, and SCOproperties of the iron(II) complexes. The
study of the PF6 salt has been in part reported in a previous
communication.7

Results and Discussion

Synthesis and Characterization of [Fe(HLMe)3]X2 (X=
PF6 (1), ClO4 (2), BF4 (3)).The ligandwas prepared by the
1:1 condensation reaction of 2-methyl-4-formylimidazole
and 2-aminoethylpyridine in methanol. In our previous
paper, the ligand was used for the synthesis of copper(II)
complexes. Under acidic conditions, the protonated com-
plex [CuCl2(HLMe)] was obtained, where the copper(II) ion
is coordinated by a tridentate ligand (HLMe) and two chlo-
ride ions. Under alkaline conditions, the perchlorate salt
of the deprotonated complex [Cu4(L

Me)4](ClO4)4 was ob-
tained, where the cation has a cyclic imidazolate-bridged
tetranuclear structure and the copper(II) ion is coordinated
by three nitrogen atoms of a tridentate ligand, HLMe, and
one imidazolate nitrogen atom of the adjacent copper(II)
unit.8 In the case of the iron(II) complexes, the ligand can
function as either abidentate or tridentate ligand toproduce

the 3:1 [Fe(HLMe)3]
2þ or 2:1 [Fe(HLMe)2]

2þ complexes,
respectively. The 2:1 complex [Fe(HLMe)2](PF6)2 and the
3:1 complex [Fe(HLMe)3](PF6)2 were prepared by mixing
the ligand, FeCl2 3 4H2O, andKPF6 in 2:1:2 and 3:1:2molar
ratios, respectively.7 In this study, the ClO4 and BF4 salts of
the 1:3 complexeswere prepared by a similarway to that for
the PF6 salt, using NaClO4 and NaBF4 instead of KPF6.
Well-grown crystals of these iron(II) complexes (5 mm or
larger in dimension) can be obtained from slow crystal-
lization and evaporation of the solvent at room temperature
in the air. TheM€ossbauer spectrumof thePF6 salt indicated
the existence of impurity due to high-spin FeIII species,
suggesting that the synthesis in an inert atmosphere is
preferable. The formula of [Fe(HLMe)3]X2 was confirmed
by elemental analyses and crystal structure analyses, sug-
gesting no crystal solvents. The existence of the crystal
solvent for the BF4 and PF6 salts was further examined by
TGA (thermogarvimetric analysis), while the measurement
of the ClO4 salt was not performed due to potential explo-
sion. The samples were heated from room temperature to
130 �C.No decrease of the sample weight for the BF4 salt is
observed, and a 0.3% weight loss corresponding to a
molecular weight of ca. 3 for the PF6 salt was observed.
These complexes showed a thermochromism in the solid
states from yellow at ambient temperature to dark red at
liquid nitrogen temperature, suggesting a SCO.

Magnetic Properties of [Fe(HLMe)3]X2 (X=PF6 (1),
ClO4 (2), BF4 (3)). The magnetic susceptibility was mea-
sured upon cooling from 300 to 5 K and then measured
upon warming from 5 to 300 at a 0.5 K min-1 rate under a
0.5 T applied magnetic field by the use of a SQUID
magnetometer. The χMT versus T plots for the ground
samples of three complexes are shown in Figure 1, demon-
strating a complete one-step, steep SCObetweenHS (S=2)
andLS (S=0) states. In the higher-temperature region, the
constant χMT value of ca. 3.3 cm3 K mol-1 is compatible
with the reported HS FeII (S=2) complexes. In the lower-
temperature region, a plateauvalue of nearly 0 cm3Kmol-1

is compatible with the expected value for LS FeII (S=0)
complexes. In the region of the spin-transition temperature,
the χMT value changes steeply between the HS and LS
values with small thermal hysteresis. The steepness of the
SCO transition is in the order of PF6 < ClO4 < BF4. The
SCO transition temperature, T1/2, of the PF6 (1), ClO4 (2),
and BF4 (3) salts are TV=151.8 K, Tv = 155.3 K; TV =
184.5 K, Tv=186.0 K; and TV=146.4 K, Tv=148.2 K,
respectively. As the counteranions used in this study can be
described as isotropicmolecules, themolecular volumes can
be evaluated by quantum-chemical calculations to be 53.4 Å3

forBF4
-, 54.4 Å3 forClO4

-, and73.0 Å3 forPF6
-, respecti-

vely.3e,9 The spin transition, therefore, becomes steeper
with the decrease of the size of the counteranion, while the
T1/2 values are not in accordwith the order of the anion size.

DSC Measurements. The differential scanning calori-
metry (DSC) measurements were carried out in the 128-
250 K temperature range, at a 5 K min-1 sweeping rate,
where in the temperature region of the SCO transition,
the ClO4 (2) and BF4 (3) salts showed a sharp peak, but
the PF6 salt showed a broad peak. The DSC curves of the
BF4 salt (3) are shown in Figure 2. The transition tem-
peratures have been determined to be ca. 154 and 153 K
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for the PF6 salt (1), ca. 186 and 184 K for the ClO4 salt (2),
and ca. 148 and 146K for theBF4 salt (3), in the heating and
cooling modes, respectively. These values agree well with
those observed in the χMT versusT plot. The enthalpy (ΔH)
and entropy (ΔS) variations can be estimated for the
ClO4 (2) and BF4 (3) salts. The value of the heating and
cooling modes areΔH=7.1 kJ mol-1 andΔS=38 J K-1

mol-1 for the ClO4 salt and ΔH=5.3 kJ mol-1 and ΔS=
36 J K-1 mol-1 for the BF4 salt. The estimated entropy
variations are much larger than the entropy gain R ln 5 =
13.4 J mol-1 K-1 due to the S=0f S=2 change in spin-
only value for iron(II) SCO systems.
The temperature dependence of the M€ossbauer spectra

of [Fe(HLMe)3](PF6)2 (1) was investigated in the tempera-
ture range of 78-240 K. Representative spectra in the
warming mode are shown in Figure 3a. At 78 K in the LS
state, the spectrum consists only of a doublet assignable to
LS FeII (isomer shift δ= 0.50 mm s-1 and quadruple
splitting ΔEQ=0.22 mm s-1). At the SCO temperature
regionof 150-170K, the spectrumconsists of twodoublets
assignable to the LS and HS FeII species (for example, at
160 K, LS FeII (δ=0.48 mm s-1,ΔEQ=0.23 mm s-1) and
HS FeII (δ=1.08 mm s-1,ΔEQ=1.26 mm s-1)). At 200 K
in the HS state, the spectrum consists of a doublet assign-
able to HS FeII species (δ=1.07 mm s-1 ΔEQ=1.10 mm
s-1) and signals of an unidentified impurity, probably due

to FeIII species. The unidentified component is attributable
to a HS FeIII species, such as FeIII oxide fine particles,
whichhave a small quadrupole splitting and an isomer shift
ranging from 0.3 to 0.4 mm s-1.10 Because the Debye
temperature of the impurity FeIII is far higher than that
of FeII in complex 1, the absorption of the impurity
becomes apparent at higher temperatures11 and the relative
value of the impurity looks very high, but the real percen-
tage of the impurity is equal to the value evaluated from the
low-temperature spectrum. The spectrum at 78 K consists
only of a doublet assignable to LS FeII, which means the
content of the impurity FeIII is fairly low. As shown in
Figure 3b, the M€ossbauer results are consistent with the
result from the magnetic susceptibility measurements.

Crystal Structures of [Fe(HLMe)3]X2 (X=PF6 (1), ClO4

(2), BF4 (3)). The crystal structures of [Fe(HLMe)3]X2

(X = PF6 (1), ClO4 (2), BF4 (3)) were determined in the
HS and LS FeII states by the single-crystal X-ray diffrac-
tion analyses. Table 1 shows the crystallographic data of
these complexes in theHSandLS states, demonstrating that
these complexes assumean isomorphous structure in theHS
and LS states, where the same atom numbering scheme
except for the anion is taken throughout the complexes as
well as their spin states. The crystal system and the space
group C2/c do not change during the spin transition. The
unit cell shows the volume reduction of 4.1, 5.0, and 5.0%
during the HSf LS spin transition for the PF6, ClO4, and
BF4 salts, respectively, whose values are in the reported
values. Table 2 summarizes the relevant bond distances and
angles, as well as the intermolecular hydrogen-bond dis-
tances. The crystallographic unique unit consists of one
complex cation of [Fe(HLMe)3]

2þ and two counteranions. It
should be noted that, among the three salts and two spin
states, the counteranions BF4

- in theHS state are subjected
to disorder. The crystal structures of [Fe(HLMe)3](ClO4)2
(2) in theHSandLS states are exemplified indetail. Figure 4
shows the molecular structure of the complex cation in the

Figure 1. (a) One-step, steep SCObehaviors of [Fe(HLMe)3]X2 (X=PF6 (green circle), ClO4 (blue square), BF4 (red triangle), in the formof χMT versusT
plots, where the values χMT are plotted between 300 and 5 at a 0.5 K min-1 rate under a 0.5 T applied magnetic field. The χMT value was measured upon
cooling from 300 to 5K, and then uponwarming from 5 to 300K. (b) Hysteresis loop of the BF4 salt (3) withTV=146.4K andTv=148.2K in the plots of
χMT versus T. The warming and cooling modes are plotted by red- and blue-colored triangles, respectively.

Figure 2. Differential scanning calorimetry (DSC) curves in the spin-
crossover region for the BF4 salt (3).
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LS state, together with the selected atom numbering
schemes. The cation [Fe(HLMe)3]

2þ and two anions ClO4
-

showed no disorder in both the HS and LS structures. The
FeII ion is coordinated octahedrally by N6 donor atoms of
three bidentate ligands HLMe, in which one imidazole and
one imine nitrogen atom per ligand participate in the
coordination, but the pyridine nitrogen of the 2-iminoethyl-
pyridine moiety is free from coordination. Of two possible
geometric fac andmer isomers, the complex assumes the fac
isomer. The complex is a chiral species with the Δ or Λ
isomer due to clockwise and counterclockwise arrange-
ments of three bidentate ligands around the iron(II) ion.
Since the space group C2/c is a centrosymmetric space
group, the crystal structure consists ofΔ-fac-[Fe(HLMe)3]

2þ

and Λ-fac-[Fe(HLMe)3]
2þ isomers.

On the basis of the Fe-N bond distances and N-Fe-
N bond angles, the spin state can be identified. At 250 K,
the Fe-N distances are in the range of 2.171(2)-2.231(3)
Å, typical for HS FeII bound to N6 donors. At 150 K, the
Fe-N distances are in the range of 1.985(2)-2.006(2) Å,
typical for LS FeII. The average Fe-Ndistance decreases
from 2.190 Å at 250 K to 1.998 Å at 150 K by 0.19 Å,

which is comparable with the value of the previously
reported SCO complexes (ca. 0.2 Å). TheN-Fe-Nbond
angles also indicate the spin state of the FeII ion. For
example, a bite angle of bidentate chelate N(2)-Fe-N(3)
is 77.2� at 250 K and 81.6� at 150 K, and the angle of
N(2)-Fe-N(7) is 171.1� at 250K and 174.6� at 150K.As
given in Table 2, the coordination bond angles in the LS
state at 150 K are closer to a regular octahedron than
those in the HS state at 250 K.
The crystal packing diagram of the ClO4 salt at 250K is

shown in Figure 5. The most striking structural feature is
a one-dimensional (1D) chain structure constructed by
the intermolecular NH 3 3 3N hydrogen bond between an
imidazole group of a cationic complex, N(1)-H, and a
pyridine nitrogen of the adjacent molecule, N(8), where
the hydrogen bond distance of N(1) 3 3 3N(8) is 2.893(5)
and 2.859(4) Å at 250 and 150 K, respectively. One of
three imidazole groups per complexmolecule participates
in the construction of the 1D chain structure, and the
remaining two imidazole groups are hydrogen-bonded to
the two ClO4

- ions with hydrogen bond distances of
N(5) 3 3 3O(8) = 2.866(5) and N(9) 3 3 3O(4) = 2.839(5) Å

Figure 3. (a) Selected 57Fe M€ossbauer spectra of [Fe(HLMe)3](PF6)2 (1) recorded at 78, 150, 160, and 200 K upon warming the sample. The HS and LS
signals are derived from the deconvolution analyses. (b) Molar fraction of HS versus total FeII for [FeII(HLMe)3](PF6)2 (1) obtained by deconvolution
analysis of the M€ossbauer spectra (2), together with nHS obtained by magnetic susceptibility measurements. The value of nHS was calculated by using the
equation (χMT)obs = nHS (χMT)HS þ (1 - nHS)(χMT)LS, with (χMT)HS = 3.3 cm3 K mol-1 and (χMT)LS = 0.0 cm3 K mol-1 as limiting values.

Table 1. X-Ray Crystallographic Data for [Fe(HLMe)3]X2 (X = PF6 (1), ClO4 (2), BF4 (3)) in the HS and LS States

PF6 ClO4 BF4

200 K 123 K 250 K 150 K 250 K 150 K

formula C36H42FeN12P2F12 C36H42FeN12P2F12 C36H42FeN12Cl2O8 C36H42FeN12Cl2O8 C36H42FeN12B2F8 C36H42FeN12B2F8

fw 988.58 988.58 897.56 897.56 872.26 872.26
cryst syst monoclinic monoclinic monoclinic monoclinic monoclinic monoclinic
space group C2/c (No. 15) C2/c (No. 15) C2/c (No. 15) C2/c (No. 15) C2/c (No. 15) C2/c (No. 15)
a, Å 37.408(7) 37.02(1) 37.523(11) 36.369(11) 37.478(10) 36.343(14)
b, Å 11.474(3) 11.057(3) 11.226(2) 11.294(4) 11.143(4) 11.227(5)
c, Å 22.196(4) 22.573(6) 21.604(7) 21.224(6) 21.581(5) 21.079(8)
β, deg 114.665(7) 116.075(9) 114.177(13) 115.243(11) 114.523(8) 115.172(11)
V, Å3 8657(2) 8299(3) 8302(4) 7886(4) 8199(4) 7784.2(6)
Z 8 8 8 8 8 8
Dcalcd, Mg m-3 1.517 1.582 1.436 1.512 1.413 1.488
μ(Mo KR), mm-1 0.517 0.540 0.557 0.586 0.448 0.471
R 0.050 0.052 0.058 0.049 0.109 0.075
wR 0.146 0.141 0.177 0.136 0.295 0.190

http://pubs.acs.org/action/showImage?doi=10.1021/ic9017344&iName=master.img-002.jpg&w=479&h=206
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at 250 K. Within a chain, Δ-fac-[Fe(HLMe)3]
2þ and

Λ-fac-[Fe(HLMe)3]
2þ isomers are linked alternately by

the hydrogen bond to produce an achiral 1D chain. As
shown in Figure 5a and b, the anions are hydrogen-
bonded to the 1D chain but do not contribute to the
formation of the 1D chain. Further, the anions show no
interchain interaction, at least by hydrogen bond.
Although there are no interchain hydrogen bonds, the
adjacent 1D chains, including the anions, are stacked so
as to compensate and adjust their undulated shapes of the
chains. The TGA measurements indicated a lack of
solvent of crystallization, and the result is consistent with
this crystal packing of 1D chains, as shown in Figure 6.
We can, therefore, expect easily that the anions can affect
the cooperativity due to the molecular volume change of

the spin-transition molecules both in the intra- and inter-
chain interactions.

Correlation between SCOProperty and Anion Size. It is
difficult to correlate structure and function in spin-transi-
tionmaterials. The studies of isostructural SCOmaterials
are, therefore, an important first step in learning the
mechanism of the SCO. However, few such studies have
been available up to now. The study on [Fe(NCS)2(PM-
X)2] compounds byGuionneau et al. is themost extensive
structure-function study.12 The present complexes

Table 2. Selected Bond Lengths (Å), Angles (deg), and Hydrogen-Bond Distances (Å) for [Fe(HLMe)3]X2 (X = PF6 (1), ClO4 (2), BF4 (3)) in the HS and LS States

PF6 ClO4 BF4

200 K 123 K 250 K 150 K 250 K 150 K

Fe(1)-N(2) 2.183(2) 1.999(3) 2.172(3) 2.003 (2) 2.179(6) 2.014(5)
Fe(1)-N(3) 2.177(2) 1.994(2) 2.192(2) 1.992(2) 2.194(5) 2.000(4)
Fe(1)-N(6) 2.159(2) 2.007(2) 2.177(2) 2.007(2) 2.179(5) 1.998(4)
Fe(1)-N(7) 2.246(3) 2.005(3) 2.231(3) 2.006(2) 2.228(6) 1.999(5)
Fe(1)-N(10) 2.168(2) 1.991(2) 2.171(2) 1.994(2) 2.173(5) 1.998(4)
Fe(1)-N(11) 2.203(2) 1.990(2) 2.199(2) 1.985(2) 2.206(5) 1.989(4)
average Fe-N 2.189 1.998 2.190 1.999 2.193 2.000
N(2)-Fe(1)-N(3) 77.38(9) 81.2(1) 77.26(12) 81.64(9) 77.0(2) 81.4(2)
N(2)-Fe(1)-N(6) 96.60(9) 94.8(1) 95.58(11) 94.59(9) 95.1(2) 95.0(2)
N(2)-Fe(1)-N(7) 172.60(7) 175.53(9) 171.14(9) 174.60(7) 170.07(18) 174.44(16)
N(2)-Fe(1)-N(10) 92.86(9) 93.3(1) 93.78(11) 92.61(9) 94.3(2) 92.9(2)
N(2)-Fe(1)-N(11) 94.04(9) 90.8(1) 93.97(11) 89.30(9) 95.1(2) 89.3(2)
N(3)-Fe(1)-N(6) 92.10(8) 89.64(9) 91.00(9) 90.42(8) 91.6(2) 90.57(18)
N(3)-Fe(1)-N(7) 98.55(9) 97.0(1) 97.03(11) 94.51(9) 96.7(2) 94.6(2)
N(3)-Fe(1)-N(10) 168.58(9) 173.1(1) 169.57(11) 173.13(9) 170.1(2) 173.1(2)
N(3)-Fe(1)-N(11) 97.31(8) 94.5(1) 97.54(10) 94.41(8) 98.5(2) 94.62(19)
N(6)-Fe(1)-N(7) 77.25(9) 81.1(1) 77.59(11) 81.61(9) 77.3(2) 81.2(2)
N(6)-Fe(1)-N(10) 94.94(8) 95.1(1) 95.23(10) 93.80(8) 93.9(2) 93.67(19)
N(6)-Fe(1)-N(11) 167.11(8) 173.53(9) 168.39(9) 174.19(7) 167.10(19) 173.75(17)
N(7)-Fe(1)-N(10) 91.78(8) 88.8(1) 92.48(11) 91.47(9) 92.5(2) 91.4(2)
N(7)-Fe(1)-N(11) 92.60(9) 93.4(1) 93.50(11) 94.78(9) 93.5(2) 94.9(2)
N(10)-Fe(1)-N(11) 77.25(9) 81.3(1) 77.54(10) 81.70(8) 77.3(2) 81.51(19)
N(1) 3 3 3N(8)* 2.921(4) 2.876(4) 2.893(5) 2.859(4) 2.903(10) 2.873(8)
N(5) 3 3 3F(8) or O(8) 3.013(4) 3.047(4) 3.013(4) 3.047(4) 3.013(4) 2.788(6)
N(9) 3 3 3F(5) or O(4) 2.907(3) 3.001(4) 3.233(4) 3.092(3) 3.233(4) 3.092(3)

Figure 4. ORTEP drawings of a complex-cation fac-[Fe(HL2-Me)3]
2þ of [Fe(HL2-Me)3](ClO4)2 (2) in the LS state at 150 K with 50% thermal probability

ellipsoids and selected atom numbering scheme. The hydrogen atoms are omitted for clarity. The imidazole, imine, and pyridine nitrogen atoms are drawn
by red-, blue-, and green-colored ink, respectively. Due to the clockwise and anticlockwise arrangements of three bidentate ligands around iron(II) ion of
fac-[Fe(HL2-Me)3]

2þ, the complex is a chiral molecule with Δ- or Λ-isomer. (a) fac-[Fe(HL2-Me)3]
2þ is viewed along the pseudo C3 axis. (b) Side view of

fac-[Fe(HL2-Me)3]
2þ.

(12) (a) Guionneau, P.; Letrad, J.-F.; Yufit, D. S.; Chasseau, D.; Bravic, G.;
Goeta, A. E.; Howard, J. A. K.; Kahn, O. J.Mater. Chem. 1999, 9, 985–994. (b)
Guionneau, P.; Marchivie, M.; Bravic, G.; Letrad, J.-F.; Chasseau, D. Topics in
Current Chemistry. Spin Crossover in Transition Metal Compounds II; G€utlich, P.,
Goodwin, H. A, Eds.; Springer: New York, 2004; Vol. 234, pp 97-128.
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[Fe(HLMe)3]X2 (X = PF6 (1), ClO4 (2), BF4 (3)) give
another such example, because they have an isomor-
phous structure for the series and in the HS and LS
states. The crystal structures assume a 1D chain con-
structed by an intermolecular imidazole-pyridine hy-
drogen bond. The anions are involved in the 1D chain
via the hydrogen bonds, but there is no interchain
hydrogen bond network. It can be described that the
adjacent 1D chains are arrayed along the c axis and the
anions occupy the spaces among the chains. A steep SCO
of the complexes can be rationalized by the 1D structure
constructed by the intermolecular imidazole-pyridine
hydrogen bonds. The steepness is in the order of PF6 (1)
< ClO4 (2) < BF4 (3). The molecular volumes are 53.4 Å3

for BF4
-, 54.4 Å3 for ClO4

-, and 73.0 Å3 for PF6
-,

respectively.3e,9 The results demonstrate that the spin
transition becomes steeper with the decrease of the size
of the counteranion. This tendency is in accord with the
results of [Fe(pic)3]X2 (pic = 2-picolylamine, X = Cl,
Br, I), where the influence of the anion was examined,
and the degree of completion and steepness of the
spin transition curve increases in the order of iodide

< bromide < chloride.13 Our present results and those
for [Fe(pic)3]X2 (X = Cl, Br, I) are in accord with the
elastic origin of the cooperative nature of SCO. As the
size of eachmolecule changes depending on its spin state,
the elastic interaction among the lattice distortions
provides the cooperative interaction of the spin states,
and the cooperative interaction is more effective in the
case of smaller counteranions.
The SCO transition temperature T1/2 of the PF6 (1),

ClO4 (2), and BF4 (3) salts are estimated from the
magnetic measurements to be TV = 151.8 K, Tv = 155.3
K; TV = 184.5 K, Tv = 186.0 K; and TV = 146.4 K, Tv =
148.2 K, respectively, and the result is not in the order of
the anion size. This can be examined by the DSC mea-
surements. The Gibbs free energy ΔG accompanying the
transformation from LS to HS is ΔG = ΔH - TΔS,
where ΔG = GHS - GLS, ΔH = HHS - HLS, and ΔS =
SHS - SLS. The same number of HS and LS molecules
is defined by ΔG = 0. Hence, at the ΔG = 0, we can get
T1/2 =ΔH/ΔS. From the DSC measurements, the values
ofΔH=7.1 kJmol-1 andΔS=38 JK-1 mol-1 for ClO4

(2) andΔH=5.3 kJmol-1 andΔS=36 JK-1 mol-1 for
BF4 (3) were evaluated. The entropy variationΔSmay be
written as the sum of electronic ΔSel, vibrational ΔSvib,
and order/disorder contributionΔSdisorder. TheΔS values
of two complexes are similar to each other, suggesting
that there is no significant difference between the ΔS
values of two complexes. Rather, the value ΔH showed a
significant difference and contributed to determine the
transition temperature. At present, we could not find out
the reason for the exceptional tendency of the transition
temperatures for the series of the complexes.

Concluding Remarks

It is difficult to predict the correlation between the SCO
parameters and structural parameters, because it has been
well-known that the SCO properties are affected complexly
by many subfactors. In this study, a series of 1:3 complexes,
[Fe(HLMe)3]X2 (X= PF6 (1), ClO4 (2), BF4 (3)), have been
synthesized, and the SCOproperties have been investigated.
They have an isomorphous one-dimensional structure con-
structed by an intermolecular hydrogen bond, where the
adjacent complex cations [Fe(HLMe)3]

2þ are linked by
intermolecular imidazole-pyridine NH 3 3 3N hydrogen
bond to produce an achiral 1D chain, and the remaining
two imidazole moieties per complex are hydrogen-bonded
to the anions which just occupy the space among the chains.
These are, therefore, suitable compounds by which to
investigate the correlation between the structural para-
meters and the magnetic properties: (1) The SCO profile
becomes steeper with the decrease of the anion size (73.0 Å3

for PF6
-, 54.4 Å3 for ClO4

-, 53.4 Å3 for BF4
-). This tendency

is rationalized by the fact that the positive effective co-
operativity is achieved by smaller-size anions within a
1D chain. (2) The SCO transition temperature T1/2 of the
PF6 (1), ClO4 (2), and BF4 (3) salts are TV=151.8 K, Tv=
155.3 K; TV=184.5 K, Tv=186.0 K; and TV=146.4 K, Tv=
148.2K, respectively, demonstrating that theT1/2 values are
not in accord with the anion size.

Figure 5. (a) Δ and Λ isomers of fac-[Fe(HLMe)3]
2þ species connected

alternately by the intermolecular NH 3 3 3N hydrogen bond between an
imidazole groupof a cationic complexN(1)-Hand a pyridine nitrogen of
the adjacent molecule N(8). Two adjacent iron(II) complexes drawn in
green and red colors are related by a symmetry operation of the c-glide
plane. (b) 1D structure of [Fe(HLMe)3](ClO4)2 (2) constructed with the
intermolecular NH 3 3 3N hydrogen bond. The remaining two imidazole
groups per unit are hydrogen-bonded to two ClO4 anions.

Figure 6. (a) Stacking manner of the adjacent chains of 2. The adjacent
1D chains, including the anions, are stacked so as to compensate and
adjust their undulated shapes of the chains, where the anions are drawn
with the space filling model. (b) Side view of the stacking manner of the
adjacent two chains, showing that the anions occupy the space between
the 1D chains.

(13) (a) Renovitch, G. A.; Baker, W. A. J. Am. Chem. Soc. 1967, 89, 2074.
(b) Sorai, M.; Ensling, J.; G€utlich, P.Chem. Phys. 1976, 18, 199. (c) Spiering, H.;
Meissner, E.; Koppen, H.; Muller, E. W.; G€utlich, P. Chem. Phys. 1982, 68, 65.
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Experimental Section

Caution! Perchlorate salts of metal complexes are poten-
tially explosive. Only small quantities of material should be
prepared, and the samples should be handled with care.

Materials. All reagents and solvents used in this study are
commercially available from Tokyo Kasei Co. Ltd. and Wako
Pure Chemical Industries Ltd. and were used without further
purification.

Ligand, 2-Methylimidazol-4-yl-methylideneamino-2-ethylpyr-
idine (HLMe). To a solution of 2-aminoethylpyridine (0.366 g,
3mmol) in 20mLofmethanol was added a solution of 2-methyl-
4-formylimidazole (0.330 g, 3 mmol) in 20 mL of methanol at
room temperature. The resulting solution was warmed at 50 �C
under stirring for 15 min and then cooled to room temperature.
The ligand solution was used for the synthesis of the FeII

complexes without further purification.

[Fe(HLMe)3](PF6)2 (1). To the ligand solution (3 mmol) was
added a solution of FeIICl2 3 4H2O (0.193 g, 1 mmol) in 10 mL
of methanol. To the mixture was added a solution of KPF6

(0.376 g, 2 mmol) in 20 mL of methanol. The resulting solution
was stirred at room temperature for 1 h and filtered. The filtrate
was kept for a few days, during which time yellow crystals
precipitated. They were collected by suction filtration. Yield:
0.35 g (35%). Anal. Calcd for [Fe(HLMe)3](PF6)2, C36H42-
FeN12P2F12: C, 42.85; H, 4.40; N, 16.70. Found: C, 42.99; H,
4.18; N, 16.67.

[Fe(HLMe)3](ClO4)2 (2). To the ligand solution (3 mmol)
was added a solution of FeII(ClO4)2 3 6H2O (0.362 g, 1 mmol)
in 10mLofmethanol. The resulting solutionwas stirred at room
temperature for 1 h and filtered. The filtrate was kept for a few
days, during which time yellow crystals precipitated. They were
collected by suction filtration. Yellow crystals, yield: 0.30 g
(33%). Anal. Calcd for [Fe(HLMe)3](ClO4)2, C36H42FeN12-
Cl2O8: C, 48.17; H, 4.71; N, 18.73. Found: C, 48.00; H, 4.82;
N, 18.62.

[Fe(HLMe)3](BF4)2 (3). To the ligand solution (3 mmol) was
added a solution of FeII(BF4)2 3 6H2O (0.337 g, 1mmol) in 10mL
of methanol. The resulting solution was stirred at room tem-
perature for 1 h and filtered. The filtrate was kept for a few days,
during which time yellow crystals precipitated. They were
collected by suction filtration. Yield: 0.28 g (32%). Anal. Calcd
for [Fe(HLMe)3](BF4)2, C36H42FeN12B2F8: C, 49.57; H, 4.85; N,
19.27. Found: C, 49.81; H, 4.76; N, 19.10.

PhysicalMeasurements.Elemental C,H, andNanalyses were
carried out by Ms. Kikue Nishiyama at the Center for Instru-
mental Analysis of Kumamoto University. TGAs were per-
formed on a TG/DTA6200 (Seiko Instrument Inc.), where the
samples of ca. 3 mg for the PF6 and BF4 salts were heated from
room temperature to 130 �C. Due to potential explosion, the
measurement for the ClO4 salt was not performed. DSC mea-
surements were performed with a Perkin-Elmer Pyris 1. The
samples were located in sealed samples pans, and the DSC
profiles were recorded at a rate of 5 K min-1.

Magnetic susceptibilities were measured with a Quantum
Design MPMS XL5 magnetometer in the temperature range
of 5-300 K at 0.5 K min-1 under an applied magnetic field of
0.5 T. The calibration was done with palladium metal. Correc-
tions for diamagnetism were made using Pascal’s constants.14

The M€ossbauer spectra were recorded using a Wissel 1200
spectrometer and a proportional counter. As the radioactive
source, 57Co(Rh) moving in a constant acceleration mode was
used. The hyperfine parameters were obtained by least-squares
fitting to Lorentzian peaks. The isomer shifts are reported
relative to metallic iron foil. The sample temperature was
controlled by a Heli-tran liquid transfer refrigerator (Air Pro-
ducts and Chemicals Inc.) with an accuracy of (0.5 K.

Crystallographic Data Collection and Structure Analyses. The
X-ray diffraction data were collected with a Rigaku RAXIS
RAPID imaging plate diffractometer using graphite monochro-
mated Mo KR radiation (λ = 0.71073 Å) equipped with a
Rigaku cooling device. The structures were solved by direct
methods and expanded using the Fourier technique. Hydrogen
atoms were fixed at the calculated positions and refined using a
riding model. All calculations were performed using the Crystal
Structure crystallographic software package.15
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