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Isomorphous bi- and mononuclear iron(III) complexes,
[FeIII2L2(bimb)](BPh4)2 (1) and [FeIIIL(meim)]BPh4 (2),
where H2L = bis(3-methoxysalicylideneaminopropyl)amine,
bimb = 1,4-bisimidazolylbutane, meim = N-methylimida-
zole, and BPh4

� = tetraphenylborate, respectively, were syn-
thsized. Binuclear complex 1 showed a two-step spin-cross-
over (SCO) behavior at T1=2 ¼ 60 and 90K, whereas mono-
nuclear complex 2 showed a one-step SCO behavior at
T1=2 ¼ 215K. The different SCO behavior can be ascribed
to the quasi-one-dimensional structure constructed by �–�
stacking and the binuclear structure.

The spin-crossover (SCO) phenomenon is one of the most
fascinating electro-structural properties in coordination chem-
istry.1 Because of the theoretical and experimental aspects, as
well as the potential applications to new electronic devices.
SCO complexes have attracted intense interest over the past
decades.1,2 Although the SCO behavior is essentially the phe-
nomenon of a single molecule, it has been well recognized that
the interaction between SCO sites is an important factor that
governs the SCO properties, such as hysteresis and LIESST
(Light-Induced Excited Spin State Trapping) effect.1,3 The
SCO behaviors are influenced complicatedly by many factors
so that it is difficult to clarify the detailed SCO mechanism.
Therefore, a simple model compound is needed in order to
investigate each effect on the SCO properties. In our previous
studies, we have synthesized a family of SCO iron(III) com-
plexes with Schiff-base multidentate ligands derived from
salicylaldehyde derivatives and linear polyamines, consisting
of mononuclear, binuclear, and one-dimensional complexes,4,5

in order to determine (1) how the ligand field strength of
Schiff-base ligand can be tuned in the SCO region and (2)
how the binuclear or one-dimensional structure affects on
the SCO behavior. In the course of our study, we have found
a pair of SCO complexes, [FeIII2L2(bimb)](BPh4)2 (1) and
[FeIIIL(meim)]BPh4 (2), of which the crystal structures are
isomorphous to each other and their magnetic properties show
different SCO behaviors. Here, we report their synthesis, struc-
ture, and SCO behavior and discuss why these two complexes
show different SCO behaviors.

Binuclear complex 1 was synthesized by mixing the pre-
cursor complex [FeIIIClL], 1,4-bisimidazolylbutane and sodium
tetraphenylborate in a 2:1:2 mole ratio in methanol at room
temperature and obtained as black block crystals. Mononuclear
complex 2 was synthesized by mixing [FeIIIClL], N-methyl-
imidazole, and sodium tetraphenylborate in a 1:1:1 mole ratio
in methanol at room temperature. The two complexes showed
thermochromism in the solid states from purple at room tem-
perature to green at liquid nitrogen temperature, indicating
SCO behavior.

The crystal structures of the two complexes were deter-
mined by single-crystal X-ray diffraction at 296K.4 The pack-
ing diagrams for the bi- and mononuclear complexes are
shown in Figs. 1 and 2, respectively. As demonstrated by their
crystallographic data, these two complexes crystallize in the
same crystal system and the same space group, P�11 (No. 2) with
very similar cell dimensions, in which binuclear complex 1 has
an inversion center and the crystallographic unique unit is
one half of a binuclear structure. Further, as evidenced by
the tables of the atomic coordinates and packing diagrams,
the corresponding atomic coordinate of bi- and mononuclear
complexes were almost the same both for the cation and anion,
excluding those of two central carbon atoms of the bridging
ligand of 1, C(51) and C(51�).

The above data imply that these two complexes are very
suitable compounds to investigate the effect of the bridging
ligand on the SCO properties. As shown in Figs. 1 and 2, both
complexes have intermolecular weak �–� stacking between
salicylidene moieties of the adjacent molecules. Taking into
this �–� stacking, 1 is considered as a quasi-one-dimensional
species, whereas 2 is considered as a quasi binuclear species,
including �–� stacking.

The molecular structures of the cationic parts of bi- and
mononuclear complexes are shown in Figs. 3 and 4, respec-
tively, together with the selected atom numbering scheme,

Fig. 1. Packing diagram of 1 at 296K. BPh4
� ions are omit-

ted for clarity. Blue broken lines show �–� interaction.

Fig. 2. Packing diagram of 2 at 296K. BPh4
� ions are omit-

ted for clarity. Blue broken lines show �–� interaction.
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where the same atom numberings are taken for these two com-
plexes. Each FeIII ion of the bi- and mononuclear complexes
has a pseudo-octahedral coordination environment with N3O2

donor atoms of a pentadentate ligand L and N donor atom of
imidazole nitrogen atom. The equatorial coordination plane
consists of N2O2 donor atoms of the bis(3-methoxysalicyli-
dene) moiety of the pentadentate ligand in the trans-form.

The magnetic susceptibilities of the crystalline samples of
1 and 2 were measured in the temperature range of 5–300K
at a 5Kmin�1 sweeping rate under a 0.5 T applied magnetic
field. The samples were quickly cooled from room temperature
to 5K within 5 s, and the magnetic susceptibilities were first
measured in the warming mode from 5 to 300K, measured in
the cooling mode from 300 to 5K.
�MT per Fe vs. T plots of 1 for the warming and cooling

modes are shown in Fig. 5, where �M is the magnetic suscepti-
bility per Fe and T is the absolute temperature. The �MT value
in the higher temperature region of 300–150K is constant
around 3.7 cm3 Kmol�1, of which the value is slightly lower
than the spin-only value (4.35 cm3 Kmol�1) of HS FeIII species
(S ¼ 5=2). In the lower temperature region of 50–5K, the �MT

value is nearly constant at ca. 0.70 cm3 Kmol�1, being compat-
ible with the spin-only value (0.35 cm3 Kmol�1) of LS FeIII

(S ¼ 1=2). Upon lowering the temperature from 150 to 50K,
the �MT vs. T curve showed a two-step SCO behavior, as dem-
onstrated by the calculation of the first derivative ��MT=�T in
the inset of Fig. 5. The first and second SCO transitions occur-
red around 60 and 90K, respectively, and the second SCO tran-
sition around 90K is more abrupt than the first one.
�MT per Fe vs. T plots for 2 are shown in Fig. 6, showing

no difference in the cooling and warming modes and a one-
step SCO between the HS and LS states. At 5K, the �MT

value of 0.58 cm3 Kmol�1 is compatible with the spin-only
value (0.35 cm3 Kmol�1) of LS FeIII species (S ¼ 1=2). In
the temperature region from 5 to 150K, the �MT value was
nearly constant. Upon elevating the temperature from 150K,
the �MT value increased gradually and monotonically from
0.58 cm3 Kmol�1 at 150K to 3.13 cm3 Kmol�1 at 300K. At
300K which was the highest temperature used, the �MT value
of 3.13 cm3 Kmol�1 is considerably lower than the expected
value of 4.35 cm3 Kmol�1 for the spin-only value of HS
FeIII species (S ¼ 5=2), indicating that a higher temperature
is needed to reach the HS state. The inflection point was
calculated to be T1=2 ¼ 215K.

Since SCO behavior was observed during the magnetic sus-
ceptibility measurements, the crystal structural studies at the
lower temperature 100K were carried out. The unit cell vol-
ume decreased from 296 to 100K by 4.5 and 4.6% for 1 and
2, respectively, whereas the space group did not change, indi-
cating no phase transition during the spin transition. Table 1
shows the relevant bond distances and angles of the two com-
plexes at 296 and 100K. At 296K, the average bond distances
of 1 (hFe{Oi ¼ 1:914 Å; hFe{Ni ¼ 2:116 Å) are compatible
with the reported values for the HS complexes with the
same donor atoms. At 100K, the average bond distances are
hFe{Oi ¼ 1:869 Å and hFe{Ni ¼ 1:981 Å respectively, dem-

Fig. 3. Molecular structure of the cationic part of 1 at 296K
with the atoms numbering scheme.

Fig. 4. Molecular structure of the cationic part of 2 at 296K
with the selected atoms numbering scheme.

Fig. 5. �MT per Fe vs. T plots of 1 in the warming ( ) and
cooling ( ) modes. The inset represents ��MT=�T .

Fig. 6. �MT per Fe vs. T plots of 2 in the warming ( ) and
cooling ( ) modes. The inset represents ��MT=�T .
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onstrating that the complex is almost in a LS state. At 296K,
the average bond distances of 2 (hFe{Oi ¼ 1:905 Å, hFe{Ni ¼
2:099 Å) are a little shorter than those of 1, which is consistent
with the result from the magnetic measurement that 2 is be-
tween HS and LS states at 296K. At 100K, the average bond
distances of (hFe{Oi ¼ 1:872 Å and hFe{Ni ¼ 1:976 Å) are
compatible with the values expected for the LS complex.

Isomorphous bi- and mononuclear iron(III) complexes 1 and
2 were synthesized 1 showed a two-step spin-crossover (SCO)
behavior with T1=2 ¼ 60 and 90K, and 2 showed a one-step
SCO behavior at T1=2 ¼ 215K. The different SCO behavior
can be ascribed to the one-dimensional structure constructed
by �–� stacking and the binuclear structure.

Experimental

Preparation. The precursor complex [FeIIIClL] was prepared
according to the method reported previously.4a

[FeIII2L2(bimb)](BPh4)2 (1): To a solution of [FeIIIClL] (196
mg, 0.4mmol) in 30mL of methanol was added a solution of
1,4-bisimidazolylbutane dihydrate (44mg, 0.2mmol) in 10mL of
methanol. The mixture was warmed under stirring for 10min and
then filtered. The filtrate was added to a solution of sodium tetra-
phenylborate (137mg, 0.4mmol) in 30mL of methanol. The re-
sulting solution was allowed to stand for overnight, during which
time black block crystals precipitated. They were collected by
suction filtration, washed with methanol and dried. Anal. Calcd
for C102H108N10O8Fe2B2�H2O�CH3OH: C, 69.29; H, 6.44; N,
7.85%. Found: C, 69.32; H, 6.61; N, 8.16%. IR (KBr): �C=N

(imine), 1614 cm�1; �B{C (BPh4
�) 733, 708 cm�1.

[FeIIIL(meim)]BPh4 (2): To a solution of [FeIIIClL] (196mg,
0.4mmol) in 30mL of methanol was added a solution of N-meth-
ylimidazole (33mg, 0.4mmol) in 10mL of methanol. The mixture
was warmed and stirred for 10min and then filtered. The filtrate
was added to a solution of sodium tetraphenylborate (137mg,
0.4mmol) in 30mL of methanol. The resulting solution was kept
to stand for overnight, during which time black block crystals
precipitated. Anal. Calcd for C50H53N5O4FeB: C, 70.26; H, 6.25;
N, 8.19%. Found: C, 70.53; H, 6.34; N, 8.45%. IR (KBr): �C=N

(imine), 1614 cm�1; �B{C (BPh4
�) 734, 708 cm�1.

Physical Measurements. Elemental C, H, and N analyses
were carried out by Miss. Kikue Nishiyama at the Center for In-
strumental Analysis of Kumamoto University. Infrared spectra
were recorded on a Nicolet Avatar 370 DTGS (Thermo Electron
Corporation) spectrometer using KBr disks at ambient tempera-
ture. Magnetic susceptibilities were measured using a MPMS-5S
SQUID (Quantum Design) in the 5–300K temperature range
under an applied magnetic field of 0.5 T. Corrections for diamag-
netism were applied using Pascal’s constants.

X-ray Crystallography. The X-ray diffraction data were col-
lected using a Rigaku R-Axis Rapid diffractometer at 296, and
100K. Hydrogen atoms were fixed at calculated positions and re-
fined using a riding model. All calculations were performed using
the CrystalStructure software package. Crystallographic data for
[FeIII2L2(bimb)](BPh4)2 (1) at 296K: formula; C102H108N10O8-
Fe2B2, fw; 1735.35, triclinic, space group P�11 (No. 2), a ¼
12:151ð4Þ, b ¼ 12:449ð5Þ, c ¼ 17:195ð7Þ Å, � ¼ 78:72ð2Þ, � ¼
70:51ð2Þ, � ¼ 68:77ð2Þ�, V ¼ 2277ð1Þ Å3, Z ¼ 1, Dcalcd ¼ 1:265
g cm�1, �(MoK�) = 3.812 cm�1, R ¼ 0:0527, Rw ¼ 0:1354.
Crystallographic data at 100K: triclinic, space group P�11 (No. 2),
a¼ 12:052ð4Þ, b¼ 12:245ð5Þ, c¼ 17:027ð7Þ Å, �¼ 77:94ð2Þ, �¼
69:50ð2Þ, � ¼ 68:14ð2Þ�, V ¼ 2175ð1Þ Å3, Z ¼ 1, Dcalcd ¼ 1:325
g cm�1, �(MoK�) = 3.991 cm�1, R ¼ 0:0400, Rw ¼ 0:1150.

Crystallographic data for [FeIIIL(meim)]BPh4 (2) at 296K:
formula; C50H53N5O4FeB, fw; 854.66, triclinic, space group P�11

(No. 2), a ¼ 12:227ð3Þ, b ¼ 12:391ð5Þ, c ¼ 17:204ð6Þ Å, � ¼
78:23ð1Þ, � ¼ 70:65ð1Þ, � ¼ 68:71ð1Þ�, V ¼ 2281ð1Þ Å3, Z ¼ 2,
Dcalcd ¼ 1:244 g cm�1, �(MoK�) = 3.795 cm�1, R ¼ 0:0526,
Rw ¼ 0:1314. Crystallographic data at 100K: triclinic, space
group P�11 (No. 2), a ¼ 12:048ð4Þ, b ¼ 12:213ð3Þ, c ¼ 17:041ð6Þ Å,
� ¼ 77:69ð1Þ, � ¼ 69:71ð1Þ, � ¼ 68:27ð1Þ�, V ¼ 2175ð1Þ Å3, Z ¼
2, Dcalcd ¼ 1:305 g cm�1, �(MoK�) = 3.981 cm�1, R ¼ 0:0671,
Rw ¼ 0:1753. Crystallographic data in CIF format has been de-
posited at the deposition numbers 658811–658814 of CCDC.
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Table 1. Bond Distances (Å) for 1 and 2 at 296 and 100K

Complexes [FeIII2L2(bimb)](BPh4)2 [FeIIIL(meim)]BPh4

296K 100K 296K 100K

Fe–O(2) 1.919(2) 1.877(1) 1.910(2) 1.880(2)
Fe–O(3) 1.908(2) 1.861(1) 1.900(2) 1.863(2)
Fe–O(average) 1.914 1.869 1.905 1.872
Fe–N(1) 2.074(2) 1.971(1) 2.067(2) 1.954(2)
Fe–N(2) 2.196(2) 2.015(2) 2.176(2) 2.023(2)
Fe–N(3) 2.070(2) 1.946(1) 2.053(2) 1.946(2)
Fe–N(4) 2.124(2) 1.990(1) 2.098(2) 1.982(2)
Fe–N(average) 2.116 1.981 2.099 1.976
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