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A B S T R A C T

A tetranuclear iron grid-type spin crossover complex, [FeII4(HL)4](BF4)4·6H2O (1) (H2L= 2-(4-hydroxyphenyl)-
4,5-bis{6-(3,5-dimethylpyrazol-1-yl)pyrid-2- yl}-1H-imidazole), was synthesized. Magnetic susceptibility mea-
surements revealed that 1 shows gradual spin crossover behavior above 200 K. The electronic states of the
compound were elucidated by Mössbauer spectra.

1. Introduction

Spin crossover (SCO) systems attract significant interdisciplinary
research interest from molecular and material scientists due to their
potential application in molecular switching devices [1]. Iron(II) com-
plexes in which the metal center is held in a ligand field of intermediate
strength can exhibit reversible transition between high spin (S= 2) and
low spin (S= 0) states, and significant structural, optical, and magnetic
changes accompany the process [2]. The structures and physical
properties of mononuclear spin crossover complexes have been ex-
tensively studied and molecular design approaches are well-established.
In contrast, research into polynuclear spin crossover systems is still in
its relative infancy [3,4]. Despite this, the search for single molecular
systems with multiple programmable spin states is a key target in mo-
lecular electronics [5]. The earliest studies into binuclear SCO systems
were reported in 1987 [6], and showed that ligands such as 2,2′-bi-
pyrimidine (bpym) could be employed as bridging ligands to connect
multiple SCO-active metal centers. Two-step spin crossover behavior
was observed for [Fe(bt)(NCS)2]2bpym (bt= 2,2′-bi-2-thiazoline),
arising from synergistic intramolecular interactions, mediated by the
bridging ligand [6b]. More recently, a variety of polynuclear SCO-ac-
tive clusters have been reported, including tetranuclear cage clusters,
[Fe4L′4]n+ or [Fe4L″6]m+ (L and L″ are bridging ligands), obtained from
the one-pot reaction of iron salts with aldehyde and amine, forming
Schiff-base ligands [7]. Octahedral cube-type iron SCO complexes based
on imidazolylimine-functionalized porphyrins were constructed, and
their host-guest chemistry with fullerenes was investigated [8]. A

number of research groups have focused on the fabrication of tetra-
nuclear [2× 2] grid-type SCO complexes [9–12]. Lehn et al. reported a
tetranuclear [2×2] grid-type iron(II) SCO complex employing 4,6-bis
(2′,2″-bipyrid-6′-yl)-2-phenyl-pyrimidine as a bridging ligand, and
found it to exhibit gradual thermal spin transition from 3HS/1LS to
1HS/3LS (HS: high spin, LS: low spin) upon cooling [9]. Sato et al.
reported a carbazone-bridged iron(II) [2×2] grid complex which
showed spin transition from 2HS/2LS to 4HS [10], while Meyer et al.
reported two-step SCO behavior in a [2× 2] grid complex based on
polypyridine ligands from 2HS/2LS to 4HS [11]. Our group reported
imidazolate bridged tetranuclear [2×2] grid complexes showing
stepwise SCO behavior (Scheme 1) [12]. [FeII4(LA)4](BF4)4 (HLA=2-
phenyl-4,5-bis[6-(3,5-dimethylpyrazol-1-yl)pyrid-2-yl]-1H-imidazole)
shows two step SCO in the temperature range of 100–250 K from 2HS-
2LS to 4HS [12a] On the other hand, when the ligand was modified
with carboxylic acid moieties, the resultant clusters, [FeII4(HLB)4](BF4)4
and [FeII4(LB)4] (H2LB= 4-{4,5-bis[6-(3,5-dimethylpyrazol-1-yl)-pyrid-
2-yl]-1H-imidazol-2-yl} benzoic acid) show one step gradual SCO from
1.5HS/2.5LS to 4HS, and from 4LS to 2HS-2LS, respectively [12c].
These results suggest that modification of peripheral substituents on the
bridging ligands can be useful for fine-tuning of the electronic states
and SCO behavior of [2×2] grid-type complexes.

In the course of developing our research into the magnetic and su-
pramolecular chemistry of polynuclear SCO systems, we are exploring
the degree to which ligand modification can be employed to tune the
physical properties of the cluster. In this work, a tetranuclear grid
complex has been prepared with hydroxyl-group substituents on the
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bridging ligands and its supramolecular chemistry and SCO properties
have been investigated.

2. Experimental

2.1. Materials

All chemicals were purchased from commercial sources and used
without further purification. Bis-{6-(3,5-dimethylpyrazol-1-yl)pyrid-2-
yl}glyoxal, which is precursor of the ligand H2L, was prepared ac-
cording to the literature method [12a].

2.2. Synthesis of ligand, H2L (2-(4-hydroxyphenyl)-4,5-bis{6-(3,5-
dimethylpyrazol-1-yl)pyrid-2-yl}-1H-imidazole))

Bis-{6-(3,5-dimethylpyrazol-1-yl)pyrid-2-yl}glyoxal (269mg,
0.673mmol), 4-hydroxybenzaldehyde (83.3 mg, 0.682mmol) and am-
monium acetate (213mg, 2.77mmol) were dissolved in acetic acid
(20 cm3) and refluxed for two hours before cold water was added and
the mixture was neutralized by addition of saturated sodium hydrogen
carbonate solution. The resulting mixture was extracted into di-
chloromethane, and the organic phase was dried over anhydrous
magnesium sulfate. The solvent was removed in vacuo, and the residue
was washed by ethyl acetate/n-hexane (1:3) solution to give H2L
(280mg, 0.557mmol, 83% yield) as a white solid. 1H NMR (CDCl3) δ
10.7 (s, 1H), 8.33 (d, 1H, J=8.0 Hz), 8.01 (dd, 1H, J=8.0 Hz), 7.94
(dd, 1H, J=8.0 Hz), 7.89 (d, 2H, J=8.0 Hz), 7.80 (d, 1H, J=8.0 Hz),
7.68 (dd, 1H, J=8.0 Hz), 7.59 (d, 1H, J=8.0 Hz), 6.96 (d, 2H,
J=8.0 Hz), 6.11 (s, 1H), 5.97 (s, 1H), 2.73 (s, 3H), 2.36 (s, 3H), 2.35
(s, 6H). Anal. Found (calc.) for C29H30N8O2 (H2L·2H2O): C, 64.93
(64.67); H, 5.61 (5.63); N, 20.70 (20.80) %. IR (KBr pellet, cm−1):
1595, 1568, 1458. ESI–MS m/z (obs.)= 503.23 [H2L+H+], 525.22
[H2L+Na+].

2.3. Synthesis of [FeII4(HL)4](BF4)4·6H2O (1)

A solution of H2L (31.5mg, 0.0627mmol) and trimethylamine
(18.2 μL, 0.129mmol) in acetonitrile (5 ml) was added to Fe
(BF4)2·6H2O (21.9 mg, 0.0649mmol) in acetonitrile (2 ml) and the
mixture was stirred for a few minutes with heating. The resulting dark
red solution was filtered and o-xylene was allowed to diffuse into the
filtrate. After a few days, dark red block crystals were obtained. Crystals
of [Fe4(HL)4](BF4)4·5H2O suitable for single crystal X-ray structural
analysis were collected by filtration (15.2mg, 0.00455mmol, 29%
yield). An air-dried sample, [Fe4(HL)4](BF4)4·6H2O (1), was used for
the physical property measurements. Anal. Found (calc.) for
C116H110N32O9B4F16Fe4 ([Fe4(HL)4](BF4)4·6H2O): C, 52.05 (51.89); H,
4.13 (4.20); N, 16.48 (16.69) %. IR (KBr pellet, cm−1): 1607, 1557,
1474.

2.4. Physical measurements

Magnetic susceptibility data were collected in the temperature

range of 5–400 K in an applied field of 20,000 Oe by using a Quantum
Design model MPMS-5XL SQUID magnetometer by using quartz glass
sample tube. Pascal’s constants were used to determine the diamagnetic
corrections.

2.5. X-ray crystallography

Dark red block of 1 (0.30× 0.20× 0.20mm3) was mounted on the
tip of a glass fiber with epoxy resin. Diffraction data were collected at
100 K on a Bruker SMART APEXII diffractometer with a CCD type area
detector, and a full sphere of data were collected using graphite-
monochromated Mo–Kα radiation (λ=0.71073 Å). The data frames
were integrated using SAINT and were merged to give a unique data set
for structure determination. The structures were solved by direct
methods and refined by the full-matrix least-squares method on all F2

data using the SHELXTL package (Bruker Analytical X-ray Systems).
Hydrogen atoms were included in calculated positions and refined with
isotropic thermal parameters riding on those of the parent atoms.

Crystallographic data for 1 have been deposited at the Cambridge
Crystallographic Data Centre as the publication citation and deposition
numbers CCDC 1877460. Copies of the data can be obtained free of
charge on application to CCDC, 12 Union Road, Cambridge CB21EZ,
UK, fax: (+44)1223-336-033; e-mail: deposit@ccdc.cam.ac.uk). A
summary of the crystallographic parameters and data is given in
Table 1.

Scheme 1. Three multidentate ligands, HLA, H2LB, and H2L.

Table 1
Crystallographic data for complex 1.

Compound 1

Formula C116H100N32O4B4F16Fe4
Formula weight 2576.91
Crystal color Dark red
Crystal habit Block
Crystal size/mm3 0.30× 0.20× 0.20
Crystal system Tetragonal
Space group P4/ncc
Unit cell dimensions
a/Å 20.7815(13)
b/Å 20.7815(13)
c/Å 26.6601(17)
α/° –
β/° –
γ/° –

V/Å3 11513.7(16)
Z 4
Dcalc/Mg m−3 1.487
Absorption coefficient/mm−1 0.589
θ range/° 1.242 to 27.497
Reflections collected 63,471
Independent reflections (Rint) 6620 (0.0357)
Final R indices [I > 2σ(I)] R1=0.0714

wR2=0.2047
R indices (all data) R1=0.1025

wR2=0.2189
Goodness of fit on F2 1.382
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3. Result and discussion

3.1. Crystal structures

1 crystallized in the tetragonal space group P4/nnc (Fig. 1) and
selected atomic separations and bond angles are presented in Table 2.
This structure has high symmetry, and the asymmetric constitutes one
quarter of the grid molecule. We previously reported three ferrous
tetranuclear grid complexes, [FeII4(LA)4](BF4)4, [FeII4(HLB)4](BF4)4 and
[FeII4(LB)4], which has P1̄ , P1̄, and P21/n space groups. The asymmetric
unit in each of these examples incorporates one entire grid complex.
Considering coordination charge balance, bond lengths and coordina-
tion geometry, the electronic state of iron ion at 100 K can be assigned
as divalent low spin. The average coordination bond length is 1.966 Å.
The Σ value of the iron ion, which corresponds to the sum of the de-
viation of each of the 12 cis N-Fe-N angles from 90°, is 86.07°, which is
in the range expected of low spin Fe(II) species [13]. Each grid mole-
cule interacts with its neighbors through hydrogen bonds between
water molecules and ligand hydroxyl groups, forming a one-dimen-
sional network elongated along the c-axis (Fig. 2).

3.2. Magnetic properties

Magnetic susceptibility measurements were performed in the tem-
perature range of 5–400 K and the results are shown in the χmT vs. T
plot (Fig. 3). The χmT value for 1 is 0.093 emumol−1 K at 5 K, which
suggests it is in a diamagnetic state derived from four low spin iron(II)
ions. Increasing the temperature led to increases in the χmT values
above 200 K, reaching a maximum value of 12.41 emumol−1 K at
400 K. There is an inflection point around 330 K, which may indicate
the existence of an intermediate spin state corresponding to 2HS/2LS.
The maximum χmT value at 400 K is close to the theoretical value,
12.00 emumol−1 K expected from four high spin iron(II) ions (S=2,
g=2.00). This temperature dependent magnetic susceptibility suggests
that 1 shows thermal SCO behavior from four low spin iron(II) to four
high spin iron(II) ions. The previously reported tetranuclear iron(II)
grid complexes show significantly different SCO behavior. [FeII4(LA)4]
(BF4)4 shows two step SCO in the temperature range of 100–250 K from
2HS/2LS to 4HS states [12a]. While [FeII4(HLB)4](BF4)4 and [FeII4(LB)4]
show gradual one-step SCO from 1.5HS/2.5LS to 4HS, and from 4LS to
2HS-2LS, respectively [12c]. The coordination environments in the
three complexes are similar, but the spin states were different. This is
likely to originate from structural changes to the iron coordination
geometry due to intermolecular interactions and packing effects.

4. Mössbauer spectra

In order to elucidate the electronic states of iron ions, the Mössbauer
spectrum of 1 was collected at 20 K (Fig. 4). The spectrum was fitted to
a doublet, yielding best fit parameters of δIS= 0.39mm sec−1,
ΔEQ= 0.67mm sec−1, which are close to the values of previously re-
ported in similar complexes [12]. The parameters are reasonable values
for low spin iron(II) species.

5. Conclusion

A tetranuclear iron grid-type spin crossover complex, [FeII4(HL)4]
(BF4)4·6H2O (1) (H2L=2-(4-hydroxyphenyl)-4,5-bis{6-(3,5-di-
methylpyrazol-1-yl)pyrid-2-yl}-1H-imidazole), was synthesized.
Magnetic susceptibility measurements revealed that 1 showed gradual
spin crossover behavior between 0LS and 4HS states above 200 K. The
low temperature electronic structure was confirmed by Mössbauer
spectra. These results show how minor modifications to the ligand

Fig. 1. Molecular structure of 1. (a) top view, (b) side view. Counter anions and solvent molecules were omitted for clarity. Color code: C, grey; N, light blue; FeII(LS),
green.

Table 2
Selected interatomic distances (Å) and angles (°) for
complex 1.

1

Fe(1)-N(3) 1.906(3)
Fe(1)-N(6) 1.917(3)
Fe(1)-O(8) 1.982(3)
Fe(1)-O(1) 1.987(3)
Fe(1)-O(4) 1.997(3)
Fe(1)-O(5) 2.004(3)
N(3)-Fe(1)-N(8) 99.49(12)
N(6)-Fe(1)-N(8) 80.44(12)
N(3)-Fe(1)-N(1) 80.43(13)
N(6)-Fe(1)-N(1) 98.89(13)
N(8)-Fe(1)-N(1) 88.78(11)
N(3)-Fe(1)-N(4) 80.20(12)
N(6)-Fe(1)-N(4) 100.48(11)
N(8)-Fe(1)-N(4) 91.35(10)
N(3)-Fe(1)-N(1) 99.78(11)
N(6)-Fe(1)-N(5) 80.27(11)
N(1)-Fe(1)-N(5) 93.04(11)
N(4)-Fe(1)-N(5) 93.29(10)
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backbone of multinuclear SCO complexes can lead to significant knock-
on effects to the switching properties due to intermolecular and packing
effects. We are now exploring how the nature of the supramolecular
chemistry and intermolecular cooperativity of multinuclear SCO clus-
ters can be tuned and manipulated to effect multiple spin transitions on
demand under conditions close to room temperature.
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Fig. 2. Packing structure of 1. Hydrogen bonds are shown in dashed blue lines.

Fig. 3. Plot of χmT vs. T for 1.

Fig. 4. Mössbauer spectrum for 1 at 20 K. Blue and black lines indicate fitting
curves, the parameters of which are given in the text.
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