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Abstract
In order to prepare spin-crossover (SCO) multinuclear structure, series of bis(bibentate) type
Schiff base ligands, N,N'-(1,3-phenylene)bis{1-(1H-imidazol-4-yl)methanimine} (H2L1,H),
N,N'-(1,3-phenylene)bis{1-(5-methyl-1H-imidazol-4-yl)methanimine} (H2L1,Me), N,N'-(1,4phenylene)bis{1-(1H-imidazol-4-yl)methanimine} (H2L2,H), N,N'-(1,4-phenylene)bis{1-(5methyl-1H-imidazol-4-yl)methanimine} (H2L2,Me), N,N'-{1,3-phenylenebis(methylenee)}bis{1-(1H-imidazol-4-yl)methanimine} (H2L3,H) and N,N'-{1,3-phenylenebis(methylene)}bis{1(5-methyl-1H-imidazol-4-yl)methanimine} (H2L3,Me), were designed. Each ligand contains
two imidazole groups and can bridge metal ions by two sets of imidazole and imine nitrogen
atoms. The resulting multinuclear complex structures were affected by the orientation of
substituents on the phenyl ring and the structural flexibilities of the ligands.
The bent rigid ligands, H2L1,H and H2L1,Me, constructed triple-mesocal dinuclear iron(II)
complexes, [Fe2(H2L1,H)3](BF4)4 (1H) and [Fe2(H2L1,Me)3](ClO4)4·1.5H2O (1Me). 1Me
showed gradual SCO behavior in the temperature region of 80 ~ 280 K while 1H is in the highspin (HS) state at 5~300 K and shows no SCO behavior. The ligand-field strength of H2L1,Me
is higher than that of H2L1,H because of the presence of electron-donating methyl groups on the
imidazole-ring.
The linear rigid ligands, H2L2,H and H2L2,Me, formed tetrahedral tetranuclear iron(II)
complexes, [Fe4(H2L2,H)6](ClO4)8·6H2O (2H) and [Fe4(H2L2,Me)6](BF4)8·5H2O (2Me). In the
crystals of 2H and 2Me, 3D-network structures were formed by hydrogen-bonds between
imidazole N−H and lattice water. They showed incomplete gradual SCO behaviors. Internal
spaces of 2H and 2Me were filled with phenyl groups of the ligands, and there were weak
offset p-p stacking interactions between phenylene rings. The intramolecular p-p stacking
interactions would prevent the shrinkage of the Fe−N bonds during the SCO phenomena.
The flexible ligands, H2L3,H and H2L3,Me, formed novel bicapped trigonal-prismatic
octacuclear iron(II) complexes, [Fe8(H2L3,H)12](ClO4)16·CHCl3·19H2O (3H), [Fe8(H2L3,Me)12]
(ClO4)16·3.5CHCl3·10H2O (3MeClO4) and [Fe8(H2L3,Me)12](BF4)16·4CHCl3·7H2O (3MeBF4).
The six iron(II) centers at the vertexes of the bicapped trigonal-prism structures were
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meridional configuration by imidazole- and imine nitrogen atoms and the two iron(II) centers
at the central position of each triangular base were facial configuration. 3H didn’t contain any
guests, but each of 3MeClO4 and 3MeBF4 encapusulated one anion into the polynuclear cage.
The bicapped trigonal-prismatic octanuclear cages were extended slightly in the direction
perpendicular to the triangular base. The complexes showed incomplete SCO behaviors
between ca. 250 and 350 K.

Introduction
Spin-crossover (SCO) is known as representative bistability, and many research efforts have
been devoted because of the potential to apply for memories and displays and switching
devices.1 SCO between low-spin (LS) and high-spin (HS) states is observed in mainly
octahedral 3dn (n = 4~7) complexes. SCO phenomena is occurred by external stimuli such as
temperature variation, light irradiation, pressure and so on.2 Metal complexes of 3dn (n = 4~7)
with higher ligand field splitting energies D than electron repulsion energies P are in LS states,
while those with lower D than P are in HS states. For the intermediate ligand field, SCO occur
when the energy difference (DEHL) between the lowest vibronic levels of the potential walls of
LS and HS states is sufficiently small. SCO can be induced thermally when DEHL = kBT, and if
this condition is satisfied by other stimuli the light irradiation- and pressure-induced SCO is
observed. Iron(II) complex with N6 donner atoms is the most commonly studied ion in SCO2

Fig. 1. Electron configuration and energy gap of octahedral d6 metal complex
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because the largest possible change in magnetic response from diamagnetic LS state (t2g6eg0;
1

A1) to paramagnetic HS state (t2g4eg2; 5T2) with 4 unpaired electrons (Fig. 1). Hence the spin

state is easily monitored by the dramatic changes of magnetic and other properties (bond
lengths and angles around iron(II) ion, color, bond vibration).
Because SCO essentially occurs independently on individual molecules, the ratio of LS and
HS of metal ions changes gradually according to a Boltzmann distribution. For this reason the
SCO behavior in solution state is follow a gradual curve similar to Fig.2a.2 In the solid state,
lattice effects become important and some types of SCO behavior shown in Fig.2 occur. In the
solid state with high cooperativity, the electronic and structural changes of one molecule with
spin transition propagate to the neighbor through some interactions or connections. As the
result, spin transition becomes more abrupt than that with low cooperativity and/or thermal
hysteresis, multi-step process appears (Fig. 2b, c, d). In a certain example the transition may
be incomplete at one or both extremes of the ST curve (Fig. 2e).

Fig. 2. Various SCO curves in the solid states, (a) gradual, (b) abrupt, (c) with hysteresis
loop, (d) with steps, (e) incomplete.
Many types of approaches were studied for enhance cooperativity, such as construction of
metal-organic frameworks with covalent bonds, introduction of p-interactions and/or hydrogen
bonds involving neighbor spin centers3. Among them, construction of multinuclear
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supramolecular structures4 is one of the attracted approach5. Host−guest interaction may be
created by multinuclear structure and it can affect its SCO behavior.6 Hofmann-type 3D porous
SCO coordination polymer is one of the typical examples showing remarkable SCO response
for guest molecule.6
Multidentate ligands can form various multinuclear complexes depending on their shapes.
Bis(bidentate)-type (L2) ligands having four donor atoms were utilized for complexation of
multinuclear structure [Fe2n(L2)3n]4n+. For instance, some triple helicate dinuclear7 and
tetrahedral tetranuclear8 iron(II) complexes with bis(diamine)-type ligands have been reported.
It was expected that the linear type bis(bidentate) ligands tend to form the tetranuclear
complexes, while the bent type ones give the triple helicates by the directed bonding approach5
(Fig. 3). Some helicates7e,f,g and tetrahedral8a,d,e,f,g multinuclear complexes can encapusulate the
guest in their complex cations. More complicated structures [M8(L2)12], [M12(L2)18] (M = MnII,
CoII, CuII, ZnII, CdII) with flexible bis(bidentate) ligands were reported by some researchers9.
However the selective formation of higher nuclearity iron(II) complexes like [Fe8(L2)12],
[Fe10(L2)15] and [Fe12(L2)18] is less common10, 11.

Fig. 3. Three-dimensional structures formed by the combination of octahedral metal
centers and rigid bis(bidentate)-type ligands by the directional bonding approach
In the previous studies by Sunatsuki et al., several iron(II) complexes with tris(imidazoleimine) coordination sphere were found to exhibit the SCO behaviors12. Additionally, because
4

the imidazole N−H moiety can form the connection between complex cations by the
intermolecular hydrogen-bond with a solvent molecule or a counter anion, these complexes are
expected to show cooperativities between SCO centers. Moreover, Schiff base ligands derived
from 4-formylimidazole have bridging and hydrogen accepter abilities by deprotonation of
imidazole N−H proton.13 Some iron(II) helicates with bis(imidazole-imine)-type ligands
having an −O− or −CH2− group as a rotational center between two chelating donor atoms were
reported by Schimitt et al.7b,c and Tuna et al.7a Recently, Struch and coworkers were reported a
dinuclear iron(II) meocate, [Fe2(H2L1,H)3](BF4)4 (1H: H2L1,H = N,N'-(1,3-phenylene)bis{1(1H-imidazol-4-yl)methanimine}, Scheme 1), with rigid ligand H2L1,H.7d This dinuclear
complex is in the HS state at 5~300 K and shows no SCO behavior. We designed a similar rigid
ligand,

H2L1,Me

(N,N'-(1,3-phenylene)bis{1-(5-methyl-1H-imidazol-4-yl)methanimine})

having electron-donating methyl groups at the imidazole 5-position. Methyl groups at the
imidazole 5-position are expected to enhance the ligand-field strength.12b,14 We also designed
the positional isomer of H2L2,R: Scheme 1 (H2L2,H: (N,N'-(1,4-phenylene)bis{1-(1H-imidazol4-yl)methanimine}),

H2L2,Me:

(N,N'-(1,4-phenylene)bis{1-(5-methyl-1H-imidazol-4-

yl)methanimine}). These ligands are expected to be form tetrahedral tetranuclear complexes
according to the direct bonding approach, whose complexes may show different magnetic
properties from those of H2L1,R due to some structural effects. As expected, tetrahedral
tetranuclrear complexes were obtained by using ligands H2L2,R. Furthermore, we designed
flexible Schiff base ligands having two (imidazole-imine) coordination sites at m-xylylene,
H2L3,R: Scheme 1 (H2L3,H: N,N'-{1,3-phenylenebis-(methylenee)}bis{1-(1H-imidazol-4yl)methanimine},

H2L3,Me:

N,N'-{1,3-phenylene-bis(methylene)}bis{1-(5-methyl-1H-

imidazol-4-yl)methanimine}). It would have a highly flexibilities because of two rotational
points at both sides of phenyl rings in one ligand. With H2L3,R, we could succeed to prepare
novel octanuclear iron(II) complexes having bicapped trigonal prismatic core structure with
six mer- and two fac-iron(II) centers. The molecular and crystal structure, magnetic,
spectroscopic and electrochemical properties of these three types of multinuclear iron(II)
complexes were described.

5

Scheme 1. Bis(bidentate)-type Schiff base ligands (R = H, Me)

1. Di- or tetranuclear iron complexes with rigid ligands
1.1 Experiments
i. Materials
The ligands precursors: m-phenylenediamine, p-phenylenediamine were purchased from TCI
chemicals, 4-formylimidazole and 5-methyl-4-formylimidazole were obtained from Wako,
while iron(II) perchlorate hexahydrate and iron(II) tetrafluoroborate hexahydrate were
purchased from SIGMA-ALDRICH. All chemicals were used as received.
ii. Synthesis
[Fe2(H2L1,H)3](BF4)4 was prepared according literature to the method7d.
[Fe2(H2L1,Me)3](ClO4)4 (1Me)
5-Methyl-4-formylimidazole (33 mg, 0.30 mmol) and m-phenylenediamine (16 mg, 0.15
mmol) were stirred in methanol (10 mL) for 10 min at room temperature. Iron(II) perchlorate
hexahydrate (36 mg, 0.10 mmol) was added to the resulting solution, and the mixture was
stirred for 20 min. The orange crystals were obtained by diffusion of diisopropyl ether into the
reaction solution. Yield: 18 mg (25%). Anal. Found: C, 40.85; H, 3.60; N, 17.71%. Calcd. for
C48H48N18Fe2Cl4O16·1.5H2O = [Fe2(H2L1,Me)3](ClO4)4·1.5H2O: C, 40.79; H, 3.64; N, 17.84%.
–1

IR (KBr/cm ): ν(C=Nimine) 1627; ν(Cl−O) 1144, 1110, 1090. ESI-MS (MeCN): m/z = 493.13
[FeII2(H2L1,Me)3–2H]2+, 543.12 [FeII2(H2L1,Me)3(ClO4)−H]2+, 593.10 [FeII2(H2L1,Me)3](ClO4)2]2+.
UV-vis (MeCN): 450 nm (e = 1.80 × 103 M-1cm-1), UV-vis (MeOH): 448 nm (e = 2.65 × 103
M-1cm-1).
6

[Fe4(H2L2,H)6](ClO4)8 (2H)
4-Formylimidazole (115 mg, 1.20 mmol) and p-phenylenediamine (65 mg, 0.60 mmol) were
stirred in acetonitrile (20 mL) at 50 °C for 10 min. To the resulting solution was added
iron(II) perchlorate hexahydrate (145 mg, 0.400 mmol). After stirring the mixture for 12 h,
toluene was added into the reaction solution by vapor diffusion method, giving a red
precipitate. The crude products were dissolved in nitromethane, and vapor diffusion of
toluene into the solution afforded the red block crystals. Yield: 191 mg (70%). Anal. Found:
C, 37.26; H, 3.12; N, 18.67%. Calcd. for C84H72N36Fe4Cl8O32·6H2O =
–1

[Fe4(H2L2,H)6](ClO4)8·6H2O: C, 37.19; H, 3.12; N, 18.59%. IR (KBr/cm ): ν(C=Nimine) 1612;
ν(Cl−O) 1143, 1110, 1088. ESI-MS (MeOH): m/z = 735.06 [FeII4(H2L2,H)6(ClO4)4–H]3+,
1102.10 [FeII4(H2L2,H)6(ClO4)4–2H]2+, 1152.07 [FeII4(H2L2,H)6(ClO4)5–H]2+. UV-vis (MeCN):
816 nm (e = 55.5 M-1cm-1), UV-vis (MeOH): 812 nm (e = 56.3 M-1cm-1).

[Fe4(H2L2,Me)6](BF4)8 (2Me)
5-Methyl-4-formylimidazole (66 mg, 0.60 mmol) and p-phenylenediamine (32 mg, 0.30
mmol) were stirred in acetonitrile (10 mL) at 50 °C for 10 min. Iron(II) tetrafluoroborate
hexahydrate (68 mg, 0.20 mmol) was added to the resulting solution, and the mixture was
stirred for 12 h at 50 °C. Diffusion of diethyl ether vapor into the reaction solution gave a red
precipitate, which was collected by filtration. The crude products were dissolved in
acetonitrile, and vapor diffusion of diethyl ether afforded red block crystals. Yield: 70 mg
(51%). Anal. Found: C, 41.66; H, 3.93; N, 18.29%. Calcd. for C96H96N36Fe4B8F32·5H2O =
–1

[Fe4(H2L2,Me)6](BF4)8·5H2O: C, 41.75; H, 3.87; N, 18.26%. IR (KBr/cm ): ν(C=Nimine) 1622;
ν(B−F) 1083. ESI-MS (MeOH): m/z = 581.15 [FeII4(H2L2,Me)6(BF4)4]4+, 774.54
[FeII4(H2L2,Me)6(BF4)5 –H]3+, 803.87 [FeII4(H2L2,Me)6(BF4)5]3+. UV-vis (MeCN): 693 nm (e =
100.7 M-1cm-1), UV-vis (MeOH): 704 nm (e = 46.9 M-1cm-1).
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iii.Physical measurements
The samples used for the following physical, electrochemical and spectroscopic measurements
were dried in vacuo for at least one day. Elemental analyses were performed at the Division of
Instrumental Analysis, Okayama University Advanced Science Research Center. Infrared
spectra were measured by KBr disc method using a Jasco FT/IT FT-001 spectrophotometer.
ESI-MS spectra of the complexes in methanol or acetonitrile were obtained with an Agilent
G4240/G6520 HPLC-Chip/QTOF system. Powder XRD were measured with a RIGAKU2
RINT-TTR III. Magnetic susceptibilities of the solid samples were measured with a Quantum
Design MPMS XL5 SQUID magnetometer in 5–300 K temperature region for 2H and 2Me or
5-350 K for 1Me with the temperature scan rate of 1.0 K min‒1 for the others under an applied
magnetic field of 0.5 T. Corrections for diamagnetism were applied using Pascal’s constants.15
Crystals of 2H or 2Me with small amount of the mother liquor were put into Wilmad 528-PP7 NMR tube and the contents were frozen by liquid N2. The tube was purged three times by N2
and then sealed under reduced pressure using a gas burner. The sealed tube (ca. 6 cm) was put
into a plastic straw. The susceptibility measurements were carried out by the same method as
for the usual solid sample. The data were subtracted by those of mother liquor. UV-vis spectra
were recorded on a JASCO V-550 UV-vis spectrophotometer. Cyclic voltammetric
measurements were performed with a BAS 612E electrochemical analyzer with three-electrode
system consisting of a glassy carbon working electrode, a platinum wire auxiliary electrode,
and an Ag/Ag+ (Ag/0.01 M AgNO3) reference electrode. All electrochemical measurements
were carried out in acetonitrile solution containing 0.1 M TBABF4 (electrochemical grade) as
a supporting electrode.
iv. X-ray crystallography
Each orange block crystal of 1Me or each red block crystal of 2H, 2Me suitable for X-ray
analysis was covered with Paraton-N immediately, after picking up from the mother liquor,
mounted with a cryoloop, and flash cooled using a cold nitrogen gas stream. X-ray diffraction
data were obtained at 180 K for 1Me, 113 K for 2H and 2Me on a Rigaku R-AXIS RAPID II,
using graphite monochromated Mo Ka radiation (l = 0.71069 Å). The data were processed
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using the Process-Auto software package,16 and the absorption corrections were applied using
the numerical method from the crystal shape.17 The structures were solved using the direct
methods and refined on F2 (with all independent reflections) using the SHELXL2014 software
package.18 Counter ions and solvent molecules were found in difference Fourier maps and
assigned. In the analysis of 1Me, the two of four perchlorate anions and one of two water
molecules and one of four methanol molecules were found to be positionally disordered. H
atoms of the complex cation and methyl groups of methanol except for those of the disordered
methanol were introduced at the calculated positions and treated with riding models in the
refinement cycles, and those of the solvent water and methanol hydroxy groups were not
included. In the analysis of 2H, the oxygen atoms of a perchlorate anion and water molecules
which were not participating in hydrogen-bonding schemes were found to be positionally
disordered. One nitromethane molecule of solvation was refined isotropically. H atoms of the
complex cation and the anisotropic nitromethane molecule were introduced at the calculated
positions and treated with riding models in the refinement cycles, and those of the solvent water
and the isotropic nitromethane molecules were not included. For 2Me, all H atoms were located
at the theoretical positions and refined with riding models, except for those of the solvent
molecules of crystallization which were refined isotropic.
All crystal data are collected in Crystallographic data section in Tables 4.

1.2 Result and discussion
i. Synthesis and structural characterization
In this study, we have attempted direct reactions of iron(II) salts and the sub-components of
ligands, 4-formylimidazole or 5-methyl-4-formylimidazole and the corresponding diamine, in
a molar ratio of 2:6:3. The reaction solution for 1Me immediately turned to orange.
Recrystallization by vapor diffusion of diisopropyl ether afford orange crystals of 1Me. In the
case of 2H, addition of toluene into the reaction solution gave a red precipitate, which was
recrystallized from nitromethane by vapor diffusion of toluene, affording red block crystals of
2H. On the other hand, 2Me was obtained as a red precipitate by vapor diffusion of diethyl
9

ether into the reaction mixture, and recrystallized from acetonitrile by vapor diffusion of diethyl
ether, resulting in red block crystals of 2Me. In the infrared spectra (Fig. 4) showed a n(C=N)
band at 1627 cm–1 for 1Me, 1612 cm–1 for 2H, 1622 cm–1 for 2Me. The bands of counter anion
appeared at 1090 cm–1 (ClO4–) or 1083 cm-1 (BF4–), respectively.
(a)

(b)

Fig. 4. Infrared spectra of (a) 1H (−), 1Me (−), (b) 2H (−) and 2Me (−).
The elemental analysis with vacuum-dried samples suggested the empirical formula of
[Fe2(H2L1,Me)3](ClO4)4·1.5H2O, [Fe2(H2L2,H)3](ClO4)4·3H2O, [Fe2(H2L2,Me)3](BF4)4 ·2.5H2O
for 1Me, 2H and 2Me, respectively. The results from infrared spectra and elemental analysis
indicate the products are metal complexes containing the Schiff base ligands whose iron(II) to
ligand ratios are 2:3.
ESI-MS spectra of acetonitrile solution of 1Me showed some peaks from dinuclear
fragments [FeII2(H2L1,Me)3−2H]2+ : m/z = 493.13, [FeII2(H2L1,Me)3(ClO4)−H]2+ : m/z = 543.12
and [FeII2(H2L1,Me)3(ClO4)2]2+ : m/z = 593.10 (Figs. 5 and 6). It is indicated that 1Me maintain
the dinuclear structure in solution. In the ESI-MS spectra of 2H and 2Me in methanol (Figs. 7,
8, 9 and 10), several envelopes corresponding to the ion pairs having the tetranuclear
complexes

were

observed,

[FeII4(H2L2,H)6
10

–H++4ClO4−]3+:

m/z

=

735.06,

[FeII4(H2L2,H)6(ClO4)4–2H]2+: m/z = 1102.10, [FeII4(H2L2,H)6(ClO4)5–H]2+: m/z = 1152.07 for
2H and [FeII4(H2L2,Me)6 (BF4)4]4+: m/z = 581.15, [FeII4(H2L2,Me)6(BF)4–H]3+: m/z = 774.54,
[FeII4(H2L2,Me)6(BF4)5]3+: m/z = 803.87 for 2Me, together with many other fragment peaks.
These observations suggest that the products are tetranuclear [Fe4(H2L2,R)6]8+ complexes.

{H+ + H2L1,Me}+

{[Fe2(H2L1,Me)3] −2H+}2+

{[Fe2(H2L1,Me)3](ClO4)1 −H+}2+
{[Fe2(H2L1,Me)3](ClO4)2}2+
m/Z

Fig. 5. ESI-MS Spectra of acetonitrile solution of 1Me.
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{[Fe2(H2L1,Me)3]–2H+}2+
493.13

m/Z

493.14

m/Z

m/Z

{[Fe2(H2L1,Me)3](ClO4)1−H+}2+
543.12

m/Z

543.12

m/Z

m/Z

{[Fe2(H2L1,Me)3](ClO4)2}2+
593.10

m/Z

593.10

m/Z

m/Z

Fig. 6. ESI-MS Spectra of 1Me showing the experimental and simulated isotope
patterns for {[Fe2(H2L1,Me)3]−2H+}2+, {[Fe2(H2L1,Me)3](ClO4)−H+}2+ and
{[Fe2(H2L1,Me)3](ClO4)2}2+, .,
+
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[FeII4(H2L2,H)6 –H+4ClO4−]3+

[FeII4(H2L2,H)6 –2H+4ClO4−]+2
[FeII4(H2L2,H)6 –H+5ClO4−]2+

m/Z

m/Z
Fig. 7. ESI-MS Spectra of MeOH solution of 2H.
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[FeII4(H2L2,H)6 –H+4ClO4−]3+
735.06

735.07

found

calcd

m/Z

m/Z

[FeII4(H2L2,H)6 –2H+4ClO4−]2+
1102.10

1102.09

found

m/Z

calcd

m/Z

[FeII4(H2L2,H)6 –H+5ClO4−]2+
1152.07

1152.07

found

m/Z

calcd

m/Z

Fig. 8. ESI-MS Spectra of 2H showing the experimental and simulated isotope
patterns for [FeII4(H2L2,H)6–H+4ClO4]3+, [FeII4(H2L2,H)6–2H+4ClO4]2+ and
[FeII4(H2L2,H)6 –H+5ClO4]2+, respectively.
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[FeII4(H2L2,Me)6 +4BF4−]4+
[FeII4(H2L2,Me)6 +5BF4−]3+

[FeII4(H2L2,Me)6 −H+4BF4−]3+

m/Z

m/Z
Fig. 9. ESI-MS Spectra of MeOH solution of 2Me.
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[FeII4(H2L2,Me)6 +4BF4−]4+
581.15

581.16

found

m/Z

calcd

m/Z

[FeII4(H2L2,Me)6 –H+4BF4−]3+
774.54

774.54

found

m/Z

calcd

m/Z

[FeII4(H2L2,Me)6 +5BF4−]3+
803.87

803.87

found

m/Z

calcd

m/Z

Fig. 10. ESI-MS Spectra of 2Me showing the experimental and simulated isotope
patterns for [FeII4(H2L2,Me)6+4BF4−]4+, [FeII4(H2L2,Me)6–H+4BF4−]3+ and
[FeII4(H2L2,Me)6+5BF4−]3+, respectively.
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ii. Crystal structures
The single-crystal X-ray analysis of 1Me was carried out at 180 K. Because of cracking the
crystal below ca. 170 K, it couldn’t be measured the diffraction data of 1Me at low temperature.
1Me was crystallized in a triclinic space group P-1 with Z = 2 (Table 4). In the asymmetric
unit, there are two iron(II) atoms and three ligands, which forms a triple mesocate (Fig. 11),
and four counter anions, as well as some solvent molecules. Since two Fe centers have a pair
of chirality, that is, Fe1 and Fe2 has a L and a D form, respectively, this complex is not a
helicate but a mesocate. It is a similar dinuclear structure as observed in 1H.7b It seems that
mesocates are easy to form using ligand having two bidentate groups at a ca. 120° angle to the
rigid aromatic spacer.7 In such cases, two bidentate groups bends to the same direction toward
the central spacer to form mesocate structures.7 The imidazole nitrogen−iron bond distances at
180 K are 2.134(4) ~ 2.179(4) Å and those of the imine nitrogen−iron are 2.218(4) ~ 2.264(4)
Å (Table 1), typical for high-spin iron(II) complexes. It indicates that high-spin state is
dominant in 1Me at 180 K. These bond length are longer than 1H at 123 K (Fe−Nimidazole:
1.963(7) ~ 1.986(7), Fe−Nimine: 1.996(6) ~ 2.038(7) Å which are at the lower limit found in HS
iron(II) complexes)7d. The intramolecular Fe···Fe distance in 1Me is 7.2625(9) and the shortest
intermolecular Fe···Fe distance is 9.3126(9) Å, which is too far to have any magnetic
interactions. Each N−H moiety forms a hydrogen-bond with anion or solvent molecule (Fig.
12, Table 1). By the hydrogen-bonds of N17H…O3(ClO4)··· O20B(disordered MeOH)···H
N5, two adjacent complexes are connected as shown in Fig. 12.
Close intramolecular CH−p distances are observed (Fig. 13). The hydrogen atom at 2-position
of the central phenylene ring faces to the centroids of another phenylene ring. It is also observed
in Some dinuclear mesocates.7a,7c The distances of the hydrogen atoms and the centroids of
phenyl rings of 2.472~2.561 Å are relatively short for general CH−p distances which tend to
be longer than 2.5 Å19. These distances are slightly longer than those of 1H at 123 K
(2.308~2.384 Å), because 1H has more compact structure due to the shorter bond lengths of
Fe−N.7d
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Fig. 11. A schematic drawing of the dinuclear complex cation in 1Me at 180 K.
Hydrogen atoms, counter anions and lattice solvents are omitted for clarity.

Fig. 12. Dimer-structure of 1Me formed by hydrogen bonds at 180 K. The other counter
anions and solvent molecules are omitted for clarity.
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Table 1. Selected metrical parameters for 1Me (180 K)
Fe-Nimidazole

bond length/Å

Fe-Nimine

bond length/Å

Fe1-N1

2.139(4)

Fe1-N3

2.218(4)

Fe1-N7

2.149(5)

Fe1-N9

2.263(4)

Fe1-N13

2.179(4)

Fe1-N15

2.232(4)

Fe2-N6

2.142(4)

Fe2-N4

2.263(4)

Fe2-N12

2.145(4)

Fe2-N10

2.225(4)

Fe2-N18

2.135(4)

Fe2-N16

2.263(4)

Intra- and intermolecular Fe···Fe distances /Å
Fe1

Fe2

7.2625(9)

Fe2

Fe21

9.3126(9)

Hydrogen bond distances /Å
N2

O21 (H2O)

2.733(14)

N11

O5 (ClO4)

2.847(7)

N5

O20A or O20B 2.789(12),

N14

O18 (CH3OH)

2.744(7)

N17

O3 (ClO4)

2.955(6)

(disordered CH3OH)
N8

O13 (ClO4)

2.835(10)
2.845(8)

Intramolecular CH-p distances /Å
Cg1···H23

2.472

Cg3···H7

2.561

Cg2···H39

2.494

Symmetry operators: 1) 1‒x, 3‒y, 1-z.
Cg is the center of gravity for following atoms: Cg1: C6, C7, C8, C9, C10, C11; Cg2: C22,
C23, C24, C25, C26, C27; Cg3: C38, C39, C40, C41,C42, C43.
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(a)

(b)

Fig. 13. Intramolecular CH−p interactions of (a) 1H at 123 K and (b) 1Me at 180 K.
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The single-crystal X-ray analyses of 2H and 2Me were carried out at 113 K. Both compounds
were crystallized in a tetragonal space group I41/a with Z = 4 (Table 4). In the asymmetric unit,
there are one Fe atom and one and a half of the ligands, which form a tetrahedral tetranuclear
complex cation (Fig. 14) by symmetry operations, as well as two counter ions and some solvent
molecules. At the vertices of the molecular tetrahedron each Fe atom is coordinated in a facial
mode by three bidentate of imine and imidazole nitrogen atoms from different ligands, and the
respective ligand is located at the edge of tetrahedron to bridge two Fe atoms. The Fe−N bond
distances (Tables 2 and 3) analyzed at 113 K are typical for high-spin iron(II) complexes.2

(b)

(a)

(c)

(d)

Fig. 14. Crystal structures of (a) asymmetric unit and (b) complex cation [Fe4(H2L2,H)6]8+ in
2H, and (c) asymmetric unit and (d) complex cation [Fe4(H2L2,Me)6]8+ in 2Me at 113 K.
Hydrogen atoms are omitted for clarity.
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Table 2. Selected bond distances and angles for 2H (113 K)
Fe-Nimidazole

bond length/Å

Fe-Nimine

bond length/Å

Fe1-N1

2.166(4)

Fe1-N3

2.244(3)

Fe1-N4

2.153(3)

Fe1-N6

2.185(3)

Fe1-N7

2.114(3)

Fe1-N9

2.248(3)

Intra- and intermolecular Fe···Fe distances /Å
Fe1···Fe11

8.8233(9)

Fe1···Fe12

8.6059(8)

N1-Fe1-N3

77.2(1)

N3-Fe1-N9

103.4(1)

N1-Fe1-N4

91.7(1)

N4-Fe1-N6

76.5(1)

N1-Fe1-N6

90.9(1)

N4-Fe1-N7

99.5(1)

N1-Fe1-N7

88.7(1)

N4-Fe1-N9

91.2(1)

N3-Fe1-N6

88.6(1)

N6-Fe1-N9

103.8(1)

N3-Fe1-N7

95.2(1)

N7-Fe1-N9

76.5(1)

bond angles/°

Hydrogen bond distances (NH
N(2)

O(7) 2.820(5)

N(5)

O(7) 2.820(5)

Owater) /Å

Intramolecular p-p offset stacking distances /Å
Cg1···Cg2

4.267

Cg is the center of gravity for following atoms: Cg1: C15, C13, C14, C141, C131, C151; Cg2:
C6, C5, C7, C8, C205, C215.
Symmetry operators: 1) 1‒x, 1/2‒y, z; 2) 1/4+y, 3/4‒x, 3/4‒z; 3) y+1, 1‒x, ‒z; 4) 3/4‒y,
1/4+x, 1/4+z; 5) 3/4‒y, x‒1/4, 3/4‒z
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Table 3. Selected bond distances and angles for 2Me (113 K)
Fe-Nimidazole

bond length/Å

Fe-Nimine

bond length/Å

Fe1-N1

2.177(3)

Fe1-N3

2.234(3)

Fe1-N4

2.147(3)

Fe1-N6

2.223(3)

Fe1-N7

2.148(3)

Fe1-N9

2.257(3)

Intra- and intermolecular Fe···Fe distances /Å
Fe1···Fe11

8.8233(9)

Fe1···Fe12

8.6059(8)

N1-Fe1-N3

76.8(1)

N3-Fe1-N9

103.7(1)

N1-Fe1-N4

90.3(1)

N4-Fe1-N6

76.7(1)

N1-Fe1-N6

94.2(1)

N4-Fe1-N7

98.2(1)

N1-Fe1-N7

87.9(1)

N4-Fe1-N9

93.4(1)

N3-Fe1-N6

87.1(1)

N6-Fe1-N9

101.6(1)

N3-Fe1-N7

98.4(1)

N7-Fe1-N9

76.3(1)

bond angles/°

Hydrogen bond distances (NH
N(2)

O(1) 2.786(4)

N(5)

O(1) 2.812(4)

Owater) /Å

Intramolecular p-p offset stacking distances /Å
Cg1···Cg2

4.183

Cg is the center of gravity for following atoms: Cg1: C15, C13, C14, C141, C131, C151; Cg2:
C7, C6, C244, C234, C214, C224.
Symmetry operators: 1) 1‒x, 3/2‒y, z; 2) 5/4‒y, 1/4+x, 5/4‒z; 3) 1‒x, 1‒y, 2‒z; 4) y‒1/4,
5/4‒x, 5/4‒z.

23

Each internal space of the tetrahedron in 2H or 2Me is filled with phenyl rings of H2L2,R (Figs.
15a, b). Thus, there are no cavity to encapsulate any guest molecule in the tetrahedral
architecture. These compact and rigid structures are affected their magnetic properties, which
is discussed in chapter 1.2.iii. The resulting tetrahedron is achiral, because the absolute
configuration around four Fe centers are two D and two L due to their S4 symmetry. This
situation is in contrast with a large number of previously reported tetrahedral cage complex
having chiral structures20. Because the phenylene spacer between imine-imidazole bidentate
sites of the ligands is short, weak p-p offset stacking interactions between phenylene rings exist
in 2H and 2Me with centroid-centroid distances of 4.267 and 4.183 Å, respectively. As shown
in Fig. 15c, d, two set of stacking containing three phenylene rings per one set of S4 symmetry
(a)

(b)

(c)

(d)

Fig. 15. The orientation of the phenyl groups of (a) 2H and (b) 2Me. Phenyl rings are drawn
by space-filling models. And the intramolecular p-p stacking (c) 2H and (d) 2Me with 4.267
and 4.183 Å, respectively.
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and this stacking manner dominates symmetry of net tetrahedral structure of both 2H and 2Me.
Thus these two complexes have achiral structures. The intramolecular Fe···Fe distances in the
tetrahedron are 8.6059(8) (between D-L) and 8.8233(9) Å (between D-D or L-L) in 2H and
8.608(1) (between D-L) and 8.977(1) Å (between D-D or L-L) in 2Me. The shortest
intermolecular Fe···Fe distances of 2H and 2Me are 10.1117(9) and 10.1697(8) Å, respectively.
Two of three imidazole groups on each vertex of the tetrahedron are connected to water
molecule through hydrogen bonds in both complexes (Fig. 16). The tetrahedral cations in both
complexes are doubly connected each other by these hydrogen bonds to form a three
dimensional network structure (Fig. 17). Counter anions and other crystal solvent molecules
are located in the voids of such three dimensional structures. In 2H, the remaining one
imidazole is also connected to a perchlorate oxygen through hydrogen bond. On the other hand,
the remaining imidazole group does not offer any hydrogen bonds in 2Me.

Fig. 16. Hydrogen-bonding interaction found in 2H at 113 K. Other perchlorate anions
and solvent molecules which are not participating in the hydrogen-bonding network are
omitted. Color code; orange, Fe; blue, N; gray, C; white, H; green, Cl; red, O.
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(b)

(a)

Fig. 17. Crystal structure of 2H at 113 K, showing a 3D-structure formed by hydrogen
bonds between imidazole N−H and water: (a) top view and (b) side view. The counter
anions and other solvent molecules are omitted for clarity.
Powder XRD patterns of dried samples of 2H and 2Me are shown in Fig. 18. The patterns are
different from the simulations by single-crystal XRD data. These results clearly show crystal
lattices of both complexes are changed before and after the desolvation by efflorescence of the
samples. These facts indicate that the environments around complex cations are changed by
efflorescence. As discussed below, these environmental changes by the desolvation affect their
SCO behaviors.

Fig. 18. Powder X-ray diffractions of (a) 2H (red) and (b) 2Me (blue). Orange solid lines are
simulation patterns from the single crystal data of each complex.
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iii.Magnetic properties
The magnetic susceptibility of desolvated 1Me was measured by SQUID in the temperature
region of 5-350 K with 5000 Oe applied field and sweep mode at scan rate 1 K min-1, which is
shown in Fig. 19. The crystals of 1Me lost the crystallinity quickly when it was picked out
from the solvent. The samples were completely dried in vacuo (for a day) before measuring.
The cMT value of 1Me in 350 K is 7.8 cm3 mol–1 K, which indicates that two iron(II) ions are
in high-spin state (S = 2) with some orbital contributions. The cMT value decreased gradually
bellow ca. 280 K and reached a plateau near 1.0 cm3 mol–1 K at 80 K. The cMT value at 80 K
shows ca. 12.5% of iron(II) ions are still in the HS state at this temperature. Further cooling,
the cMT value decrease below 20 K because of the orbital contribution of remaining HS iron(II)
ions. The SCO in the temperature region of 280−80 K can be divided into two steps at ca.180
K, although the cMT change around this temperature is obscure. From temperature dependent
of first derivative of the cMT products (Fig. 18b), the T1/2 values for both two steps are 212 and
134 K. There are two possible SCO process for two step SCO of the dinuclear iron(II) complex,
that is, an alternative SCO like [LS-Fe‒LS-Fe] ↔ [LS-Fe‒HS-Fe] ↔ [HS-Fe‒HS-Fe] and the
process like [LS-Fe‒LS-Fe] ↔ 50% [LS-Fe‒LS-Fe] + 50% [HS-Fe‒HS-Fe] ↔ [HS-Fe‒HSFe]. It can’t be determined what SCO process occurs in 1Me because the molecular structure

(a)

(b)

Fig. 19. (a) Temperature dependent cMT plot of [Fe2(H2L1,Me)3](ClO4)4•1.5H2O (1Me) at
sweep rate of 1 K min–1. (b) Temperature dependence of the first deviation of cMT products
of 1Me showing two step SCO.
27

in the desolveted sample is hard to determine. It is noted that crystalline 1Me is in the highspin state at 180 K as shown in the above-mentioned X-ray study. This fact indicates that the
desolvation of crystalline 1Me enhances the essential SCO nature of [Fe2(H2L1,Me)3]4+ cation,
although the hydrogen-bonding network structure observed by the X-ray study (Fig. 12) will
be broken by the desorption of the crystal solvents. Thus, the thermal hysteresis was not
observed between cooling and heating scans. Previously reported similar dinuclear mesocate
1H shows no SCO behavior.7d Because the electron-donating methyl groups on imidazole rings
make the ligand-field stronger, H2L1,Me has a suitable ligand-field strength for SCO of iron(II).
The cMT vs T plot of desolvated 2H and 2Me is shown in Fig. 20a. The cMT value of 2H at
300 K is 15.2 cm3 mol–1 K, which is in the range of the expected values for four high-spin (S =
2) iron(II) ions with some orbital contributions. On decreasing the temperature, the cMT value
remains constant, indicating that all FeII centers in 2H are in the high-spin states between 150
to 300 K. The cMT value decreases gradually below 150 K. Below ca. 30 K a further sharp
decrease in the cMT value was observed, which is probably due to the zero-field splitting of the
remaining high-spin FeII centers. The gradual cMT decreases below 150 K for 2H and 200 K
for 2Me were not observed in the susceptibility data of crystalline samples of both complexes
which are almost constant at 30‒300 K (Fig. 20b). Thus, it is expected that gradual cMT
decreases observed for dried samples of 2H (< 150 K) and 2Me (< 200 K) are not due to the
intra- or intermolecular antiferromagnetic interactions. In addition, the intramolecular (see
above) and shortest intermolecular Fe···Fe distances (10.1117(9) Å) are too long to operate an
effective magnetic interaction between them. Thus, these decreases in the cMT values for dried
samples are incomplete SCO of the FeII centers. The powder XRD patterns of dried 2H and
2Me (Fig.18) show crystal lattices of both complexes are changed before and after the
desolvation by efflorescence of the samples. These facts indicate that the environments around
complex cations are changed by efflorescence. It is expected that these environmental changes
around complex cations by the desolvation are favorable to show SCO behavior for both
complexes. However, the SCO behavior of both complexes is quite incomplete. It is expected
that the intramolecular p-p stacking interactions illustrated in Fig. 15 prevent Fe‒N bonds form
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shrinking to change their spin state to low-spin.
In the case of 2Me, the cMT value above 200 K is nearly constant as 15.6 cm3 mol-1 K, which
is in the normal range for four uncoupled high-spin FeII system with some orbital contributions.
Below ca. 200 K, the cMT value decreases slightly with lowering the temperature likewise 2H,
which is indicative of incomplete SCO behavior. The difference in the ligand-field strength
between H2L2,H and H2L2,Me gave a slight difference in the transition temperature. It is expected
that the ligand-field strength of H2L2,Me is stronger than that of H2L2,H due to the existence of
the electron-donating methyl groups on the imidazole ring, as reported previously.12b,14 This
expectation agrees with the observation that the temperature at the start to decrees of cMT of
2Me is higher than that of 2H.

(a)

(b)

Fig. 20. Temperature dependence of the magnetic susceptibility of (a) desolvated
and (b) crystalline samples of [Fe4(H2L2,H)6](ClO4)8·6H2O (2H, red) and
[Fe4(H2L2,Me)6](BF4)8·5H2O (2Me, blue).
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iv. Spectroscopic properties in solution
As shown in chapter 1.2.i, ESI-MS measurements reveal that 1Me, 2H and 2Me maintain
tetranuclear structures in solution. UV-vis spectra of 1Me were measured in acetonitrile and
methanol at ambient temperature (Fig. 21). 1Me show metal-to-ligand charge transfer (MLCT)
band in the visible region around 450 nm (in acetonitrile e = 1.8×103 mol dm-3 cm-1, in methanol
e = 2.6×103 mol dm-3 cm-1), which is typical for HS iron(II) complex2a,b and 1H has a similar
band (in acetonitrile e = 1.6×103 mol dm-3 cm-1, in methanol e = 9.9×102 mol dm-3 cm-1). 1H
showed a very strong p-p* band at 270 nm.5d The foot of the p-p* bands of 1H and 1Me were
observed in the wavelength region shorter than 400 nm. 1Me showed relatively weak bands
around 700 nm in both solvents, which are assigned as the spin-allowed d-d (5T2g → 5Eg)
transition bands of a high-spin state d6 iron(II) complex2. The d-d band of 1H was not observed
clearly, probably due to overlapping with MLCT bands. The spectra of each complex in
acetonitrile and methanol are similar, which suggests that both two complexes are stable in
these solvents.
(a)

(b)

Fig. 21. UV-vis spectra of (a) 20 µM acetonitrile solution of 1H red, 1Me blue and (b)
20 µM methanol solution of 1H red, 1Me blue at 900-300 nm, inset: 600-900 nm with
concentrated solution (500 µM).
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Absorption spectra of 2H and 2Me in acetonitrile and methanol at ambient temperature are
shown in Fig. 22. Both compounds exhibited a very intense absorption in the UV (< 430 nm)
region (e > 1.10 × 105 mol–1 dm3 cm–1) and relatively weak absorption bands around 700–800
nm. The latter absorption could be assigned as the spin-allowed d–d (5T2g → 5Eg) transition
band of a high-spin state d6 iron(II) complex2. Due to the presence of electron-donating methyl
groups, d–d transition band of 2Me is observed in shorter wavelength region than 2H. The
spectra of each complex in acetonitrile are very similar to those in methanol. These results
suggest that both two complexes are stable in these solvents.
(a)

(b)

Fig. 22. UV-vis spectra of (a) 10 µM acetonitrile solution of 2H red, 2Me blue and (b)
10 µM methanol solution of 2H red, 2Me blue at 900-300 nm, inset: 600-900 nm with
concentrated solution (100 µM).
Mononuclear iron(II) complex with a tris(bidentate) Schiff base ligand containing imidazole
groups was reported that it showed a drastic color change oxidized by addition of base under
aerobic condition due to the deprotonation of imidazole N−H and the oxidization to iron(III)12a.
In order to check whether such reaction occurred, the acid-base reactivities of 1H, 1Me, 2H
and 2Me were investigated. Methanol solution of triethylamine was added to each methanol
solution of 1H and 1Me up to six equivalents. (Fig. 23a, b) The both solution color was yellow,
which was not changed so much. Below 400 nm absorption, the foot of the p-p* bands, turned
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to intense with adding triethylamine. MLCT band of 1H couldn’t be observed after adding base
probably due to overlap with the foot of p-p* band, while that of 1Me changed slightly. After
adding of triethylamine, HCl in methanol was dropped the solution up to six equivalents. (Fig.
23c, d) The spectra were almost same after adding HCl, and different from before adding
triethylamine. It indicated that 1H and 1Me undergo the irreversible reactions with base.
(a)

(b)

(c)

(d)

Fig. 23. UV-vis spectral changes of 20 µM methanol solution of (a) 1H and (b) 1Me with
adding triethylamine (inset: 500 µM methanol solution), (c) 1H and (d) 1Me with HCl
in air. Methanol solution of triethylamine and that of HCl was added stepwise up to 6
equivalents.
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Methanol solution of triethylamine was added to each methanol solution of 2H and 2Me up
to twelve equivalents. (Fig. 24a, b) When triethylamine was added to 2H or 2Me, the
absorption below ca. 650 nm increased stepwise by adding base. After adding HCl in methanol
up to twelve equivalents, the spectra didn’t change much by the stepwise (Figs. 24c, d). These
results are similar as those of dinuclear complexes 1H and 1Me. The detail reaction hasn’t
found out because the products from reactions of 1H, 1Me, 2H and 2Me with base can’t be
isolated.
(a)

(b)

(c)

(d)

Fig. 24. UV-vis spectral changes of 10 µM methanol solution of (a) 2H and (b) 2Me
with adding triethylamine (inset: 500 µM methanol solution), (c) 2H and (d) 2Me with
HCl in air. Methanol solution of triethylamine and that of HCl was added stepwise up
to 12 equivalents.
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The electrochemical properties of 1H and 1Me were investigated by cyclic voltammetry (CV)
in acetonitrile solutions containing 0.1 M tetrabutylammonium tetrafluoroborate (TBABF4) as
an electrolyte. Both complexes show two quasi-reversible redox couple in the range of ‒1.5 to
1.5 V vs Ag/Ag+ except irreversible ligand reduction/oxidation peaks. 1H showed the two set
of redox couple around 0.52 V (E1pc = 0.48 V, E1pa around 0.55 V) and around 0.62 V (E2pc
around 0.58 V, E2pa = 0.65 V) vs Fc+/Fc at the scan rate 100 mV s-1 (Fig. 25, a), and the rest
potential was determined as –0.13 V (vs. Fc+/Fc). (Fig. 27a) Peak currents were difficult to
determine because two sets of redox couples were close to each other. The peak heights were
dependent on the scan rate (Fig. 25b). These observations indicate the redox process of this
complex is a reversible fast electron transfer process. This conclusion is consistent with pseudo
reversible two sets of the redox processes shown below, and it is thought that there is a certain
electronic interaction between the two iron(II) centers.
[FeIII2(H2L1,H)3]6+ + e–

[FeIIFeIII(H2L1,H)3]5+ + e–

(a)

[FeII2(H2L1,H)3]4+

(b)

Fig. 25. Cyclic voltammograms of dinuclear complexes of 1H of 1 mM in acetonitrile
containing 0.1 M TBABF4 at a glassy carbon electrode at sweep rate of (a) 100 mV
s-1 and (b) 50, 75, 100, 150, 200 mV s-1.
The two set of redox couple of 1Me appears at around 0.39 V (E1pc = 0.35 V, E1pa around 0.43
V) and around 0.48 V (E2pc around 0.44 V, E2pa = 0.52 V) vs Fc+/Fc of the scan rate 100 mV s1

(Fig. 26 a), the rest potential was determined as –0.15 V vs. Fc+/Fc. These couples are

similarly assigned as the two set of FeIII/FeII redox process of the two iron(II) centers as
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[Fe2(H2L1,H)3](BF4)4. In general, the potential shifts in negative direction when the electrondonating effect of substituent increases. It is because that the higher electron density of metal
centers by electron-donating substituent makes the reduction to be more difficult (and easier to
oxidize)21. As expected, the redox potentials of 1Me is lower than those of those of 1H due to
electron-donating methyl group on imidazole groups. The peak heights were dependent on the
scan rate (Fig. 26b), which indicates the redox process of this complex is a reversible fast
electron transfer process.
(a)

(b)

Fig. 26. Cyclic voltammograms of dinuclear complexes 1Me of 1 mM in acetonitrile
containing 0.1 M TBABF4 at a glassy carbon electrode at sweep rate of (a) 100 mV
s-1 and (b) 50, 75, 100, 150, 200 mV s-1.
The electrochemical properties of 2H and 2Me were investigated by cyclic voltammetry (CV)
in acetonitrile solutions containing 0.1 M TBABF4 as an electrolyte. In contrast dinuclear
complex of 1H and 1Me, both of 2H and 2Me show a single quasi-reversible redox couple in
the range of ‒1.5 to 1.5 V vs Ag/Ag+ except irreversible ligand reduction/oxidation peaks. For
2H, a quasi-reversible redox couple appeared at 0.61 V (Epc = 0.54 V, Epa = 0.68 V, DEp = 0.14
V) vs. Fc+/Fc at the scan rate of 100 mV s–1, while the rest potential was determined as

– 0.16

V (vs. Fc+/Fc). (Fig. 27a) Thus, this couple is assigned to the FeII/FeIII redox process.
Compound 2Me exhibited a similar redox couple at a slightly less positive region, 0.48 V (Epc
= 0.42 V, Epa = 0.54 V, DEp = 0.080 V) vs. Fc+/Fc (100 mV s–1), and its rest potential was
observed at –0.19 V (vs. Fc+/Fc). (Fig. 27b) In general, the electron-donating effect of the
ligand causes the negative shift of the metal-centered redox potentials, indicating the
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stabilization of the higher oxidation state of the metal center21. The observed potential shift of
2Me from 2H is consistent with the presence of electron-donating methyl groups on the
imidazole rings of the ligand. Interestingly, when multiple cyclic scans were performed, the
peak currents of ipc and ipa of 2H decreased gradually (Fig. 27a). In general, such behavior
suggests the gradual decomposition of the sample, the chemisorption of the oxidized species
or some impurities on the surface of the electrode, and so on. However, no desorption current
was observed in the range of −1.5–1.5 V vs Fc/Fc+. Thus, the observed current decreases for
2H are due to the gradual decomposition of the sample under the measurement condition. In
contrast, compound 2Me was found to be highly stable in the multiple redox scans (Fig. 27b).

Fig. 27. Cyclic voltammograms of (a) 2H and (b) 2Me of 1.0 mM in acetonitrile
containing 0.1 M TBABF4 at a sweep rate of 100 mV s–1).
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1.3 Summary
The dinuclear mesocate and tetranuclear tetrahedral structures were formed by using the rigid
Schiff base ligands, H2L1,R and H2L2,R (R = H and Me). The dinuclear mesocate,
[Fe2(H2L1,Me)3](ClO4)4·1.5H2O (1Me) was synthesized by using the bent rigid ligands. 1Me
was formed dimeric mesocate structure by hydrogen-bonds between imidazole N−H,
perchlorate and methanol molecule. 1Me showed two step gradual SCO behavior in the
temperature region of 280−80 K, which is in contrast to a dinuclear high-spin iron(II) complex
[Fe2(H2L1,H)3](BF4)4 (1H). UV-vis spectra of 1H and 1Me showed the foot of p-p* bands and
MLCT bands. The intense of foot of p-p* bands of 1H and 1Me changed irreversibly by
addition of base. It indicated that 1H and 1Me undergo the irreversible reactions. The two
FeII/FeIII redox couples were found by CV measurements of both 1H and 1Me. 1Me was
oxidized more easily than 1H due to the effect of electron-donating methyl groups on the
imidazole groups.
I have synthesized and characterized two supramolecular tetrahedrons 2H and 2Me by using
the liner rigid ligands, H2L2,H and H2L2,Me. They have tetrahedral tetranuclear structure whose
internal cavities were filled with phenyl rings of the ligands. The 3D-network structures were
formed by hydrogen bonds between imidazole N−H, counter anions and water molecule. They
showed the gradual incomplete SCO behavior. The intramolecular p-p stacking interactions
prevent Fe‒N bonds form shrinking to change their spin state to low-spin. Spin transition
temperature of 2Me was a little higher than that of 2H because of a stronger ligand-field
strength of H2L2,Me as compared to that of H2L2,H. UV-vis spectra of tetranuclear complexes
showed a very intense absorption below 430 nm and relatively weak absorption bands around
700–800 nm. The spectra changed by addition of base, as those of dinuclear complexes 1H and
1Me did. From CV measurement, the one FeII/FeIII redox couple of each complex indicated
that four iron centers were electrochemically independent. 2Me was oxidized more easily than
2H due to the effect of electron-donating methyl groups at the imidazole 5-position.
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Crystallographic data

Table 4. Crystallographic data of [Fe2(H2L1,Me)3](ClO4)4·3MeOH·2H2O (1Me), [Fe4(H2L2,H)6]
(ClO4)8·3MeCN·7.2H2O (2H) and [Fe4(H2L2,Me)6](BF4)8·10.8MeCN·4H2O (2Me)
complex

1Me

2H

2Me

Formula

C51H64N18Fe2Cl4O21

C94H113.2N46Fe4Cl8O57.6

C120H140N48Fe4B8F32O4

Formula weight

1518.68

3316.01

3187.3

T/K

180

113

113

Crystal system

triclinic

tetragonal

tetragonal

Space group

P–
1

I41/a

I41/a

a/Å

12.4032(7)

28.7507(13)

28.620(5)

b/Å

13.9596(9)

28.7507(13)

28.620(5)

c/Å

20.6197(14)

17.9975(9)

18.813(3)

a/°

93.988(3)

90

90

b/°

102.157(2)

90

90

g/°

90.526(2)

90

90

V / Å3

3480.6(4)

14876.8(12)

15410(4)

Z

2

4

4

Dcalc / g cm–3

1.449

1.480

1.374

µ(Mo Ka) / cm–1

6.517

6.26

4.706

No. data obsd.

15800

8516

8818

No. variables

958

530

487

R1(I > 2s(I))

0.0808

0.0796

0.0738

wR2(all data)

0.2942

0.2494

0.2351
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2. Octanuclear iron complexes with flexible ligands
2.1 Experiments
i. Materials
Source of materials: m-xylylenediamine was purchased from TCI chemicals, 4formylimidazole and 5-methyl-4-formylimidazole were obtained from Wako, while iron(II)
perchlorate hexahydrate and iron(II) tetrafluoroborate hexahydrate were purchased from
SIGMA-ALDRICH. All chemicals were used as received.
ii. Synthesis
[Fe8(H2L3,H)12](ClO4)16 (3H)
4-Formylimidazole (29 mg, 0.30 mmol) and m-xylylenediamine (20 mg, 0.15 mmol) were
stirred in acetonitrile (10 mL) for 10 min at room temperature. Iron(II) perchlorate hexahydrate
(36 mg, 0.10 mmol) was added to the resulting solution, and the mixture was stirred for 20 min.
Diffusion of chloroform into the reaction solution crude product. The products were collected
and dissolved in acetonitrile. Vapor diffusion of chloroform into the solution gave dark-red
crystals after several days, which were collected by filtration. Yield: 23 mg (31%). Anal.
Found: C, 38.83; H, 3.53; N, 16.88%. Calcd. for C192H192N72Fe8Cl16O64·CHCl3·12H2O =
–1

[Fe8(H2L3,H)12](ClO4)16·CHCl3·12H2O: C, 38.83; H, 3.66; N, 16.81%. IR (KBr/cm ):
ν(C=Nimine) 1634; ν(Cl−O) 1144, 1113, 1089. ESI-MS (MeCN): m/z = 1287.13
[FeII8(H2L3,H)12](ClO4)12]4+. UV-vis (MeCN): 475 nm (e = 4.54 × 104 M-1cm-1). UV-vis
(MeOH): 477 nm (e = 4.51 × 104 M-1cm-1). Single crystals suitable for X-ray analysis were
obtained by vapor diffusion of benzene into acetonitrile solution.

[Fe8(H2L3,Me)12](ClO4)16 (3MeClO4)
5-Methyl-4-formylimidazole (66 mg, 0.60 mmol) and m-xylylenediamine (40 mg, 0.30 mmol)
were stirred in acetonitrile (10 mL) for 10 min at room temperature. Iron(II) perchlorate
hexahydrate (72 mg, 0.20 mmol) was added to the resulting solution, and the mixture was
stirred for 20 min. Diffusion of chloroform into the reaction solution gave dark-red crystals
after several days, which were collected by filtration. Yield: 70 mg (43%). Anal. Found: C,
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40.14; H, 4.29; N, 15.52%. Calcd. for C216H240N72Fe8Cl16O64·3CHCl3·17H2O =
–1

[Fe8(H2L3,Me)12](ClO4)16·3CHCl3·17H2O: C, 40.18; H, 4.26; N, 15.40%. IR (KBr/cm ):
ν(C=Nimine) 1634; ν(Cl−O) 1144, 1112, 1090. ESI-MS (MeCN): m/z = 1345.74
[FeII8(H2L3,Me)12(ClO4)11–H+]4+, 1371.23 [FeII8(H2L3,Me)12](ClO4)12]4+. UV-vis (MeCN): 473
nm (e = 4.81 × 104 M-1cm-1) UV-vis (MeOH): 476 nm (e = 5.40 × 104 M-1cm-1).

[Fe8(H2L3,,Me)12](BF4)16 (3MeBF4)
3MeBF4 was synthesized by a similar method to that for 3MeClO4 except using iron(II)
tetrafluorobolate hecxahydrate, instead of iron(II) perchlorate hexahydrate. Yield: 39%. Anal.
Found: C, 41.81; H, 4.55; N, 16.27%. Calcd. for C216H240N72Fe8B16F64·CHCl3·24H2O =
–1

[Fe8(H2L3,Me)12](BF4)16·CHCl3·24H2O: C, 41.82; H, 4.67; N, 16.67%. IR (KBr/cm ):
ν(C=Nimine) 1634; ν(B−F) 1084. ESI-MS (MeCN): m/z = 1049.31 [FeII8(H2L3,Me)12](BF4)11]5+,
1299.39

[FeII8(H2L3,Me)12](BF4)10F2]4+,

1316.39

[FeII8(H2L3,Me)12](BF4)11F1]4+.

UV-vis

(MeCN): 473 nm (e = 5.68 × 104 M-1cm-1)

iii.Physical measurements
The samples used for the following physical, electrochemical and spectroscopic measurements
were dried in vacuo for at least one day. Elemental analyses were performed at the Division of
Instrumental Analysis, Okayama University Advanced Science Research Center. Infrared
spectra were measured by KBr disc method using a Jasco FT/IT FT-001 spectrophotometer.
ESI-MS spectra of the complexes in methanol or acetonitrile were obtained with an Agilent
G4240/G6520 HPLC-Chip/QTOF system. Magnetic susceptibilities of the solid samples were
measured with a Quantum Design MPMS XL5 SQUID magnetometer in 5–350 K temperature
region with the temperature scan rate of 1.0 K min‒1 under an applied magnetic field of 0.5 T.
Corrections for diamagnetism were applied using Pascal’s constants.14 UV-vis spectra were
recorded on a JASCO V-550 UV-vis spectrophotometer. Cyclic voltammetric measurements
were performed with a BAS 612E electrochemical analyzer with three-electrode system
consisting of a glassy carbon working electrode, a platinum wire auxiliary electrode, and an
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Ag/Ag+ (Ag/0.01 M AgNO3) reference electrode. All electrochemical measurements were
carried out in acetonitrile solution containing 0.1 M TBABF4 (electrochemical grade) as a
supporting electrode.

iv. X-ray crystallography
Each red block crystal of 3H, 3MeClO4 and 3MeBF4 suitable for X-ray analysis was covered
with Paraton-N immediately, after picking up from the mother liquor, mounted with a cryoloop,
and flash cooled using a cold nitrogen gas stream. X-ray diffraction data were obtained at 190
K for 3H and 143 K for 3MeClO4 and 3MeBF4, on a Rigaku R-AXIS RAPID II, using graphite
monochromated Mo Ka radiation (l = 0.71069 Å). The data were processed using the ProcessAuto software package,16 and the absorption corrections were applied using the numerical
method from the crystal shape.17 The structures were solved using the direct methods and
refined on F2 (with all independent reflections) using the SHELXL97 software package.18
Counter ions and solvent molecules were found in difference Fourier maps and assigned. In
the analysis of 3H, the five of twelve perchlorate anions, five of nine water molecule and four
acetonitrile molecules were found to be positionally disordered. The Cl O bonds of disordered
perchlorate anion around Cl12 were constrained to be same distances by SADI command of
SHELXL.18 H atoms of the complex cation were introduced at the calculated positions and
treated with riding models in the refinement cycles, and those of the solvent water and
acetonitrile molecules were not included. In the lattice, there is a large solvent accessible area
and some electron densities. No reasonable fit could be found and this is treated with
SQUEEZE22 of PLATON23. In the unit cell of this compound, the solvent accessible void
volume per unit cell is 9764.6 Å3. This volume can been divided six voids of ca. 465 Å3 and
three voids of ca. 2197 Å3. These voids are occupied by 66 and 255 electrons, which is roughly
corresponds to three acetonitrile molecules for the further and one water and twelve acetonitrile
molecules for the latter. In the analysis of 3MeClO4, the two of six perchlorate anions were
found to be positionally disordered. The Cl O bonds of disordered perchlorate anions Cl6A
and Cl6B were constrained to be the same distances by SADI command of SHELXL.18 H atoms
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of the complex cation and acetonitrile were introduced at the calculated positions and treated
with riding models in the refinement cycles, and those of the solvent water were not included.
In the lattice, there is a relatively large solvent accessible area and some electron densities, and
this is treated with SQUEEZE22 of PLATON23. In the unit cell of this compound, the solvent
accessible void volume per unit cell is 1927.3 Å3. This volume can been divided mainly nine
voids of ca. 118 Å3, nine voids of ca. 53 Å3 and nine voids of ca. 36 Å3. These voids are
occupied by 22, 10 and 9 electrons, which are roughly corresponds to one acetonitrile for first
one and water molecule for other voids. For 3MeBF4, all tetrafluoroborate anions and one of
twelve water molecules were found to be positionally disordered. H atoms were located at the
theoretical positions and refined with riding models, except for those of the solvent water
molecules of crystallization. In the lattice, there is a relatively large solvent accessible area and
some electron densities, and this is treated with SQUEEZE22 of PLATON23. In the unit cell of
this compound, the solvent accessible void volume per unit cell is 469.4 Å3. This volume can
been divided mainly nine voids of ca. 47 Å3. Each void is occupied by 9 electrons, which is
roughly corresponds to one water molecule.
All crystal data are collected in Crystallographic data section in Table 8.
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2.2 Result and discussion
i. Synthesis and structural characterization
In this study, we have attempted direct reactions of iron(II) salts and the sub-components of
ligands, 4-formylimidazole or 5-methyl-4-formylimidazole and corresponding diamine, in a
molar ratio of 2:6:3. Red block crystals of 3H, 3MeClO4 or 3MeBF4 were afforded by vapor
diffusion of chloroform into acetonitrile solution. In the infrared spectra showed a n(C=N) band
at 1634 cm–1 for 3H, 3MeClO4 and 3MeBF4. (Fig. 28) The bands of counter anion appeared
at 1090 cm–1 (ClO4–) or 1084 cm-1 (BF4–), respectively.

Fig. 28. Infrared spectra of 3H(−), 3MeClO4 (−) and 3MeBF4 (−).
The elemental analysis with vacuum-dried samples suggested the empirical formula of
[Fe2(H2L3,H)3](ClO4)4·0.25CHCl3·4.75H2O, [Fe2(H2L3,Me)3](ClO4)4·0.75CHCl3 ·2.5H2O and
[Fe2(H2L3,Me)3](BF4)4·CHCl3·1.75H2O for 3H, 3MeClO4 and 3MeBF4, respectively. These
results also indicate the products are metal complexes whose iron(II) to ligand ratios are 2:3.
The results from infrared spectra and elemental analysis indicate the products are metal
complexes containing the Schiff base ligands whose iron(II) to ligand ratios are 2:3
ESI-MS spectra of acetonitrile solution of 3H, 3MeClO4 and 3MeBF4 showed more
complicated spectra than others (Figs. 29−34). There are some peaks from octanuclear
fragments.

(3H

{Fe8(H2L3,H)12(ClO4)12}4+:

m/z

=

1287.13,

3MeClO4

{Fe8(H2L3,Me)12+12ClO4−}4+ : m/z = 1345.74 {[FeII8(H2L3,Me)12](ClO4)11–H+}4+, 1371.23 and
{Fe8(H2L3,Me)12(ClO4)11−H+}4+ :3MeBF4 {Fe8(H2L3,Me)12(BF4)12}5+, Fe8(H2L3,Me)12(BF4)11F}4+,
{Fe8(H2L3,Me)12(BF4)10F2}4+). F− is regularly found in mass spectrometry of tetrafluoroborate
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salts. The isotope patterns of {Fe8(H2L3,H)12(ClO4)12}4+, {Fe8(H2L3,Me)12(ClO4)12}4+ and
{Fe8(H2L3,Me)12(BF4)10F2}4+ are not coincide with simulated ones, due to over lap with
{Fe2(H2L3,H)3(ClO4)3}+, {Fe2(H2L3,Me)3(ClO4)3}+ and {Fe4(H2L3,Me)6(BF4)5F1}2+, respectively
which is probably from breaking of the octanuclear structures by ionization. The results
indicate 3HClO4, 3MeClO4 and 3MeBF4 keep the octanuclear structure in the solution.

{H+ + H2L3,H}+

{[Fe8(H2L3,H)12](ClO4)12}4+

m/Z

Fig. 29. ESI-MS Spectra of acetonitrile solution of 3H.
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{[Fe8(H2L2,H)12](ClO4)12}4+
{[Fe8(H2L3,H)12](ClO4)12}4+
1287.13

m/Z

1287.15

m/Z

{[Fe2(H2L3,H)3](ClO4)3}+
1287.15

m/Z

Calcd: 60% of {[Fe8(H2L3,H)12](ClO4)12}4+ and 40% of{[Fe2(H2L3,H)3](ClO4)3}+

m/Z

Fig. 30. ESI-MS Spectra of 3H showing the experimental and simulated isotope peak
patterns for the {[Fe8(H2L3,H)12](ClO4)12}4+
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{H++H2L3,Me}+
{[Fe8(H2L3,Me)12](ClO4)12}4+

{[Fe8(H2L3,Me)12](ClO4)11−H+}4+

m/Z

{[Fe8(H2L3,Me)12](ClO4)12}4+

m/Z
Fig. 31. ESI-MS Spectra of acetonitrile solution of 3MeClO4.
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{[Fe8(H2L3,Me)12](ClO4)12}4+
{[Fe8(H2L3,Me)12](ClO4)12}4+
1371.23

m/Z

1371.24

m/Z

{[Fe2(H2L3,Me)3](ClO4)3}+
1371.24

m/Z

Calcd: 70% of {[Fe8(H2L3,Me)12](ClO4)12}4+ and 30% of{[Fe2(H2L3,Me)3](ClO4)3}+

m/Z

{[Fe8(H2L3,Me)12](ClO4)11−H+}4+
1346.00

m/Z

1346.00

m/Z

m/Z

Fig. 32. ESI-MS Spectra of 3MeClO4 showing the experimental and simulated isotope
peak patterns for the {[Fe8(H2L3,Me)12](ClO4)12}4+ and {[Fe8(H2L3,Me)12](ClO4)11−H+}4+
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{H++H2L3,Me}+

{[Fe8(H2L3,Me)12](BF4)11F2}4+
{[Fe8(H2L3,Me)12](BF4)11F1}4+

{[Fe8(H2L3,Me)12](BF4)11}5+

m/Z

m/Z
Fig. 33. ESI-MS Spectra of acetonitrile solution of 3MeBF4.
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{[Fe8(H2L3,Me)12](BF4)11}5+
1049.31

m/Z

1049.32

m/Z

m/Z

{[Fe8(H2L3,Me)12](BF4)11F1}4+
1316.39

m/Z

{[Fe8(H2L3,Me)12](BF4)10F2}4+
1299.39

m/Z

1316.39

m/Z

m/Z

{[Fe8(H2L3,Me)12](BF4)10F2}4+
1299.40

{[Fe4(H2L3,Me)6](BF4)5F}+
1299.40

m/Z

m/Z

Calcd: 65% of {[Fe8(H2L3,Me)12](BF4)10F2}4+ and 35% of{[Fe4(H2L3,Me)6](BF4)5F}+

m/Z

Fig. 34. ESI-MS Spectra of 3MeBF4 showing the experimental and simulated isotope peak
patterns for the {[Fe8(H2L3,Me)12](BF4)11}5+,
{[Fe8(H2L3,Me)12](BF4)10F2+}4+ .,
+
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{[Fe8(H2L3,Me)12](BF4)11F1}4+

and

ii. Crystal structures
The crystal of 3H from vapor diffusion of chloroform into acetonitrile solution was not
enough quality, whose diffraction spots didn’t appear on wide angle area. X-ray suitable single
crystal was obtained from vapor diffusion of benzene into acetonitrile solution and X-ray
analysis was carried out at 188 K. 3H was crystalized in a hexagonal space group P–62c with Z
= 6 (Table 8), the lattice parameter is similar value to that of the crystal from vapor diffusion
of chloroform (Lattice parameter predicted from these images is written below and fitted for
91.9% of the spots; a = 38.290 Å, b = 38.331 Å, c = 37.019 Å, a = 89.990°, b = 90.060°, g =
119.980°, V = 47062 Å3). Asymmetric unit of this complex consists of two Fe (Fe1 and Fe2)
and two one-third Fe (Fe3 and Fe4) with four ligands, one Fe (Fe5) and a one-third Fe (Fe6)
with two ligands, eight half and four full perchlorate anions and some solvents. (Fig. 35) There
are two similar bicapped trigonal prismatic octanuclear complex cations in the unit cell. One
cation containing Fe1‒Fe4 is on the –6 axis, [2/3 1/3 1] or [1/3 2/3 1], and the other cation
containing Fe5 and Fe6 is on the –6 axis, [0 0 1], and cations having opposite chirality are
aligned alternately on these axes. In both cations, Fe atoms on the vertices of the bicapped
trigonal-prism (Fe1, 2 and 5) have mer configuration with three bidentate imine-imidazole
groups from three different ligands. On the other hands, iron atoms at the centers of each
triangular base (Fe3, Fe4 and Fe6) have fac configuration also with three bidentate imineimidazole groups from three different ligands. The ratio of meridional- to facial-configured
iron atoms is 3:1. In addition, mer-Fe on the vertexes and fac-Fe on the centers of triangle bases
in a complex cation have the opposite chirality. That is, one octanuclear complex cation
consists of six mer-D Fe on the vertexes and two fac-L Fe on the centers of the triangle bases
and the other cation contains six mer-L Fe and two fac-D Fe. There are intramolecular p-p
stacking interactions between phenyl rings of xylylene spacer and imidazole rings of mer- and
fac-Fe centers (Fe1…Fe3, Fe2…Fe4 and Fe5…Fe6, shown in Fig. 36), whose centroid to
centroid distances between imidazole and phenyl rings are 3.563‒3.650 Å. The abovementioned mesocate dinuclear complexes, 1H and 1Me, doesn’t have such intramolecular p-p
stacking interactions.7b These interactions are due to the flexibility on methylene carbons of
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xylylene spacers and probably govern the formation of the octanuclear bicapped trigonal
prismatic structure.
(a)

(b)

(c)

(e)

(d)

Fig. 35. The crystal structure of 3H at 188 K. (a) asymmetric unit in crystal of 3H, (b)
side and (c) top view of [Fe8(H2L3,H)12]16+ with Fe1, Fe2, Fe3 and Fe4. (d) side and (e)
top view of [Fe8(H2L3,H)12]16+ with Fe5 and Fe6. Hydrogen atoms, counter anions and
lattice solvents are omitted for clarity.
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The Fe−N bond distances around meridional configured iron centers analyzed at 188 K (Fe1,
Fe 2 and Fe5 shown in Table 4) are 1.928(8) ~ 1.991(7) Å and those around fac-Fe centers
(Fe3, Fe4 and Fe6 shown in Table 4) are 1.941(8) ~ 1.999(7) Å and these values clearly show
all iron(II) ions are in the low-spin state at this temperature.2 The intramolecular Fe···Fe
distances are 8.409(2) ~ 9.369(2) Å in 3H, which is sufficiently long to have no magnetic
interactions. Each imidazole N−H moiety forms a hydrogen-bond with ClO4− anion or water
molecule of crystallization (Table 4). By these hydrogen-bonds the adjacent bicapped trigonalprisms are connected to each other and a 3D-network structure shown in Fig. 37 is constructed.

Fig. 36. p-p interactions between imidazole rings and xylylene rings around (a) Fe3,
(b) Fe4 and (c) Fe6 in 3H, yellow: centroids of imidazole rings, pink: xylyl ring planes

Fig. 37. Crystal structure of 3H at 188 K, showing a 3D-structure formed by hydrogen
bonds. The other counter anions and solvent molecules are omitted for clarity.
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Table 5. Selected metrical parameters for 3H (188 K)
Fe-Nimidazole

bond length/Å

Fe-Nimine

bond length/Å

Fe1-N1

1.947(9)

Fe1-N3

1.945(8)

Fe1-N7

1.934(8)

Fe1-N9

1.989(8)

Fe1-N13

1.943(9)

Fe1-N15

1.970(7)

Fe2-N6

1.948(7)

Fe2-N4

1.970(8)

Fe2-N12

1.928(8)

Fe2-N10

1.981(8)

Fe2-N19

1.945(8)

Fe2-N21

1.982(8)

Fe3-N18

1.969(8)

Fe3-N16

1.973(7)

Fe4-N24

1.941(8)

Fe4-N22

1.999(7)

Fe5-N25

1.976(7)

Fe5-N27

1.980(8)

Fe5-N30

1.947(7)

Fe5-N28

1.972(7)

Fe5-N31

1.953(7)

Fe5-N33

1.991(7)

Fe6-N36

1.958(6)

Fe6-N34

1.970(7)

Hydrogen bond distances /Å
N2

O40 (H2O)

2.82(2)

N23

O41 (H2O)

2.80(2)

N11

O5 (ClO4)

2.92(2)

N26

O41 (H2O)

2.85(2)

N17

O28A (ClO4)

2.75(3)

N29

O1 (ClO4)

2.96(3)

or

O29A (ClO4)

2.76(3)

N32

O4 (ClO4)

2.96(2)

N20

O39A (ClO4)

2.80(4)

N35

O42 (H2O)

2.87(1)

Intramolecular Fe…Fe distances /Å
Fe1…Fe2

8.698(2)

Fe1…Fe3

8.659(2)

Fe2…Fe4

8.409(2)

Fe3…Fe4

9.114(3)

Fe5…Fe51

8.726(1)

Fe5…Fe6

8.593(2)

Fe6…Fe62

9.369(2)

Symmetry operators: 1) 2‒x, 1‒x+y, 1‒z; 2) y, x, 1‒z.
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The single-crystal X-ray analysis of 3MeClO4 and 3MeBF4 were carried out at 143 K. Both
3MeClO4 and 3MeBF4 are isomorphous to each other and crystallized in the same trigonal
space group R3 with Z = 3 (Table 8). The asymmetric units of these complexes consist of two
one-third Fe atoms located on three-fold rotation axis and two full Fe atoms, four ligands, five
and one-third counter anions and some solvent molecules. The asymmetric unit forms a
bicapped trigonal-prism octanuclear complex cation (Fig.38, 43) by three-fold rotation.

(b)

(a)

(c)

Fig. 38. The crystal structure of 3MeClO4 at 143 K. (a) Asymmetric unit in crystal of
3MeClO4, (b) side and (c) top view of [Fe8(H2L3,Me)12]16+ and one disordered ClO4− (O
atoms are positionally disordered). Hydrogen atoms, other counter anions and lattice
solvents are omitted for clarity.

As in the case of 3H, the bicapped trigonal-prismatic cation in 3MeClO4 contains six mer-LFe atoms on the vertices of the bicapped trigonal-prism and two fac-D-Fe atoms at the centers
of each triangular bases. (Fig. 38) Since both 3MeClO4 and 3MeBF4 are crystallizes in the
space group of R3, both complexes are spontaneously resolved. However, Flack parameters for
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both complexes are large (0.584(13) for 3MeClO4, 0.316(8) for 3MeBF4). These facts suggest
that the formation of the unbalanced racemic solid solution in both complexes. There are
intramolecular p-p stacking interactions between phenyl rings of xylylene spacer and
imidazole rings of mer-L-Fe1 or Fe2 and that of fac-D-Fe3 or Fe4 (Fig. Fig. 40), whose centroid
to centroid distances are 3.528‒3.893 Å, which are similar to those in 3H. Unlike the case of
3H, the cation in 3MeClO4 encapsulates one disordered perchlorate anion into the center of its
bicapped trigonal-prism structure. The intramolecular Fe···Fe distances of this complex are in
the range of 8.620(3)‒11.713(5) Å. The heights of bicapped trigonal-prism (Fe1···Fe2 =
9.172(3) Å; Fe3···Fe4 = 11.713(5) Å) are elongated by the anion encapsulation compared with
those of 3H (Fe1···Fe2 = 8.698(2) Å; Fe3···Fe4 = 9.114(3) Å; Fe5···Fe5 = 8.726(1) Å;
Fe6···Fe6 = 9.369(2) Å). Totally six methyl groups (those sets of C17 and C21, Fig. 39 b) on
imidazole rings are located into the inner space of the bicapped trigonal prismatic structure. It
is expected that the steric hindrance of these methyl groups elongates the height of the bicapped
trigonal prism to encapsulate a perchlorate.
(a)

(b)

Fig. 39. H atoms or methyl groups on 5-position of imidazole rings located inside of the
complex cations of (a) 3H and (b) 3MeClO4, which are shown by space-filling model.
The Fe−N bond distances around meridional-configured iron centers analyzed at 143 K (Fe
1 and Fe2 shown in Table 5) are 1.933(14) ~ 2.024(16) Å and those of facial-configured iron
centers (Fe3 and Fe4 shown in Table 5) are 1.926(14) ~ 1.985(13) Å, and these values clearly
indicate all iron(II) is in the LS state at this temperaure.2 Looking at the imidazole groups, each
N−H moiety forms a hydrogen-bond with either anion or water molecule of crystallization (Fig.
41 and Table 6). By these hydrogen-bonds the adjacent bicapped trigonal-prisms are connected
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to each other to construct a 3D-network structure in 3MeClO4 as shown in Figs. 41 and 42.

Table 6. Selected metrical parameters for 3MeClO4 (143 K)
Fe-Nimidazole

bond length/Å

Fe-Nimine

bond length/Å

Fe1-N1

1.943(15)

Fe1-N3

1.964(16)

Fe1-N7

1.976(15)

Fe1-N9

1.981(14)

Fe1-N13

1.958(14)

Fe1-N15

2.004(14)

Fe2-N6

1.933(14)

Fe2-N4

1.997(15)

Fe2-N12

1.971(14)

Fe2-N10

1.989(14)

Fe2-N19

1.964(15)

Fe2-N21

2.024(16)

Fe3-N18

1.980(14)

Fe3-N16

1.985(13)

Fe4-N24

1.926(14)

Fe4-N22

1.975(14)

Hydrogen bond distances /Å
N5

O19 (ClO4)

2.83(4)

N14

O17 (ClO4)

2.83(6)

N8

O34 (H2O)

2.81(3)

N20

O23 (ClO4)

2.93(4)

N11

O8 (ClO4)

2.85(3)

Intramolecular Fe…Fe distances /Å
Fe1…Fe2

9.172(3)

Fe1…Fe3

8.783(4)

Fe2…Fe4

8.620(3)

Fe3…Fe4

11.713(5)

Fig. 40. p-p interactions between imidazole rings and xylylene rings around (a) Fe3
and (b) Fe4 in 3MeClO4, yellow: centroids of imidazole rings, pink: xylyl ring planes
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Fig. 41. Hydrogen bonds of 3MeClO4 at 143 K. Perchlorate anions and solvent
molecules not participating hydrogen bonds are omitted for clarity. Color code; orange,
Fe; blue, N; gray, C; green, Cl; red, O.

Fig. 42. 3D-structure formed by hydrogen bonds of 3MeClO4 at 143 K. The other
counter anions and solvent molecules are omitted for clarity.
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The crystal structure of 3MeBF4 is similar to that of 3MeClO4. One disordered
tetrafluoroborate anion is located at the center of bicapped trigonal-prism like a perchlorate
encapusulated 3MeClO4. The Fe−N bond distances around meridional-configured iron centers
analyzed at 143 K (Fe1 and Fe2 shown in Tables 6) are 1.937(11) ~ 1.993(11) Å and those of
facial ones are 1.937(10) ~ 1.994(9) Å, which are typical for low-spin iron(II) complexes.2
Each imidazole group also forms a N–H···F or a N–H···O hydrogen-bond with anion or water
molecule of crystallization (Fig. 45, Table 7), respectively. A 3D-network structure is also
constructed by these hydrogen bonds as shown in Figs. 45 and 46.
(a)

(b)

(c)

Fig. 43. The crystal structure of 3MeBF4 at 143 K. (a) Asymmetric unit in crystal of
3MeBF4, (b) side and (c) top view of [Fe8(H2L3,Me)12]16+ and one disordered BF4− (F
atoms are positionally disordered). Hydrogen atoms, other counter anions and lattice
solvents are omitted for clarity.
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Table 7. Selected metrical parameters for 3MeBF4 (143 K)
Fe-Nimidazole

bond length/Å

Fe-Nimine

bond length/Å

Fe1-N1

1.950(11)

Fe1-N3

1.970(11)

Fe1-N7

1.941(10)

Fe1-N9

1.968(10)

Fe1-N13

1.957(10)

Fe1-N15

1.991(12)

Fe2-N6

1.937(11)

Fe2-N4

1.978(11)

Fe2-N12

1.958(12)

Fe2-N10

1.972(11)

Fe2-N19

1.956(11)

Fe2-N21

1.993(11)

Fe3-N18

1.940(9)

Fe3-N16

1.994(9)

Fe4-N24

1.937(10)

Fe4-N22

1.979(9)

Hydrogen bond distances /Å
N2

F7 (BF4)

2.73(3)

N17

O12 (H2O)

2.78(3)

N5

F38 (BF4)

2.76(3)

N20

F36 (BF4)

2.71(3)

N8

F35 (BF4)

2.81(3)

N23

O9 (H2O)

2.79(5)

N14

F30 (BF4) 2.81(3)

Intramolecular Fe…Fe distances /Å
Fe1…Fe2

9.153(3)

Fe1…Fe3

8.604(3)

Fe2…Fe4

8.724(3)

Fe3…Fe4

11.509(4)

Fig. 44. p-p interactions between imidazole rings and xylylene rings around (a) Fe3
and (b) Fe4 in 3MeBF4, yellow: centroids of imidazole rings, pink: xylyl ring planes
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Fig. 45. Hydrogen bonds of 3MeBF4 at 143 K. Perchlorate anions and solvent molecules
not participating hydrogen bonds are omitted for clarity. Color code; orange, Fe; blue,
N; gray, C; dark-green, B; yellow, F.

Fig. 46. 3D-structure formed by hydrogen bonds of 3MeBF4 at 143 K. The other counter
anions and solvent molecules are omitted for clarity.
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iii. Magnetic properties
The magnetic behaviors of desolvated 3H, 3MeClO4 and 3MeBF4 are shown in Fig. 47 and
48. Because the crystals of 3H, 3MeClO4 and 3MeBF4 were highly efflorescent in air, the
samples were completely dried in vacuo (for a day) before measuring. 3H exhibits an
incomplete SCO behavior above ca. 250 K and the spin transition has not reached yet at 350
K. The cMT value at 350 K is 18.1 cm3 K mol–1, which corresponds to ca. 75% of eight isolated
HS iron(II) (S = 2, g = 2.00). As shown in chapter 1.3.ii, Fe···Fe distances for octanuclear
structure of 3H are too long to interact magnetically. The cMT value decreases gradually as
cooling the temperature. At 50 K, the cMT value reaches 3.7 cm3 mol–1 K, which indicates that
ca. 15% of eight iron(II) centers of octanuclear structure are still in the HS state, and the cMT
decrease below 20 K is attributed to the zero-field splitting of residual high-spin iron(II). The
difference between cooling and hearing scans at high temperature region is probably due to the
desorption of the residual crystal solvents.

Fig. 47. Temperature dependent cMT plot of [Fe8(H2L3,H)12](ClO4)16•2CHCl3•12H2O
(3H:
cooling,
heating mode) at sweep rate of 1 K min–1.
3MeClO4 exhibits an incomplete SCO above ca. 250 K, which is a similar behavior to that of
3HClO4. The cMT value in 350 K is 18.1 cm3 mol–1 K, which corresponds to ca. 80% of eight
isolated HS iron(II) (S = 2, g = 2.00). The cMT values decrease gradually with decreasing the
temperature and reaches 3.6 cm3 mol–1 K at 50 K, which indicates that ca. 15% of eight iron(II)
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centers of octanuclear structure still remain in the HS state. And the cMT decrease below 20 K
is attributed to the zero-field splitting of residual HS iron(II). Two effects discussed below are
the reason why 3H and 3MeClO4 show similar to each other, however, the cMT value of
2MeClO4 at 350 K is larger than that of 3H. These results agree with the fact that the ligand
field strength of H2L2,Me is stronger than that of H2L2,H due to the introduction of the electrondonating methyl groups12b,14. The difference between cooling and heating scans is also due to
the desorption of the residual crystal solvents.
The cMT plots of desolvated 3MeBF4 is shown in Fig. 48. In 350 K, the cMT value 20.7 cm3
mol–1 K indicating ca. 86% of iron(II) centers are in low-spin state, which is slightly higher
than that of 3MeClO4. This value indicates that ca. 85% of iron(II) are in the HS state estimated
by the cMT values of eight isolated HS iron(II) (S = 2, g = 2.00). The cMT value reaches 4.7
cm3 mol–1 K at 50 K, which indicates that ca. 20% of iron(II) centers of 3MeBF4 remain in the
high-spin state at this temperature. Decreasing below 20 K is attributed to the zero-field
splitting of residual high-spin iron(II).

Fig. 48. [Fe8(H2L3,Me)12](ClO4)16•3CHCl3•17H2O (3MeClO4:
and [Fe8(H2L3,Me)12](BF4)16•CHCl3•24H2O (3MeBF4:
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cooling,

cooling,

heating mode)

heating mode).

iv. Spectroscopic properties in solution
UV-vis spectra were measured in acetonitrile and methanol at ambient temperature (Fig. 49).
3H and 3MeClO4 showed similar behaviors. They show intense MLCT bands in the visible
region ca. 470 nm (3H: 473 nm, e = 4.7 ×104 mol dm-3 cm-1 in acetonitrile and 477 nm, e = 4.5
×104 mol dm-3 cm-1 in methanol, 3MeClO4: 473 nm e = 4.7 ×104 mol dm-3 cm-1 in acetonitrile
and 476 nm e = 5.4 ×104 mol dm-3 cm-1 in methanol). Generally, a mononuclear HS
tris(imidazole–imine)iron(II) complex shows orange color in both solid state and solution, on
the other hand, a LS one shows deep red in both states.12 Octanucler complexes show deep red
color in both solid state and solution. Thus, it is expected that observed absorption bands for
octanuclear complexes are assigned as the overlap of a MLCT band of LS FeII and d-d transition
of HS one. However, these bands were not exactly assigned at this stage because almost all
tris(imidazole–imine)iron(II) complexes are in the HS state at room temperature.

(a)

(b)

Fig. 49. UV-vis spectra of (a) 10 µM acetonitrile solution and (b) 10 µM methanol solution of
octanuclear complexes 3HClO4 red and 3MeClO4 blue at 900-350 nm.
Acid-base reactivities of 3H and 3MeClO4 were investigated. Methanol solution of
triethylamine was added to each methanol solution of 3H and 3Me up to twenty four
equivalents. (Fig. 50a, b) The intensities of MLCT bands decreased by the titration of base, and
broad absorption bands appeared at 600-800 nm. The spectra didn’t return by the stepwise
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adding HCl in methanol up to twelve equivalents (Fig. 50c, d). These results suggest that 3H
and 3MeClO4 underwent irreversible oxidation reactions of several iron centers by addition of
base. Brown precipitates were obtained by titrating three equivalents of triethylamine to about
1 mM of methanol solutions of 3H and 3MeClO4, but the pure products weren’t isolated.

(a)

(b)

(c)

(d)

Fig. 50. UV-vis spectral changes of 20 µM methanol solution of (a) 3H and (b)
3MeClO4 with adding triethylamine, (c) 3H and (d) 3MeClO4 with HCl in air.
Methanol solution of triethylamine and that of HCl was added stepwise up to 24
equivalents.
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The electrochemical properties of 3H and 3MeClO4 were investigated by cyclic voltammetry
(CV) in acetonitrile solutions containing 0.1 M tetrabutylammonium tetrafluoroborate
(TBABF4) as an electrolyte. Both complexes show broad redox couples in the range of ‒0.2 to
1.0 V vs Ag/Ag+ and except irreversible ligand reduction/oxidation peaks. In acetonitrile
solution containing 0.1 M tetrabutylammonium tetrafluoroborate (TBABF4), The broad redox
couple of 3H appears at 0.25 V and 0.40 V and vs Fc+/Fc of the scan rate 50~200 mV s-1 (Fig.
51). The peak separation is relatively large (0.15 V) and the peak currents are different. This
point means that the electrochemical processes were multiple whose redox peaks were
overlapped in a closed area.

(a)

(b)

Fig. 51. Cyclic voltammograms of octanuclear complexes 3H and of 1 mM in
acetonitrile containing 0.1 M TBABF4 at a glassy carbon electrode at sweep rate of (a)
100 mV s-1, (b) 50, 75, 100, 150, 200 mV s-1.
In the case of 3MeClO4, two set of redox couple appear at around 0.070 V (E1pc isn’t clear at
around 0.039 V, E1pa = 0.10 V) and 0.21 V (E2pc = 0.15 V, E2pa = 0.26 V, DE2p = 0.11 V) and vs
Fc+/Fc of the scan rate 50 ~ 150 mV s-1 (Fig. 52), while the rest potential was determined as
– 0.044 V (vs. Fc+/Fc). Their redox couples are assigned as the FeIII/FeII redox process and the
peak potentials of 3MeClO4 are lower than that of 3H due to electron-donating methyl groups
on imidazole groups. Two sets of redox peaks were thought to be caused from mer- and facFeII centers of the complex cation. Considering the peak current ip, the redox couple around
0.07 V was assigned as two fac-FeII and that at 0.21 V is assigned as six mer-FeII centers.
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(a)

(b)

Fig. 52. Cyclic voltammograms of octanuclear complexes 3MeClO4 of 1 mM in
acetonitrile containing 0.1 M TBABF4 at a glassy carbon electrode at sweep rate of (a)
100 mV s-1, (b) 50, 100, 150 mV s-1.
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2.3 Summary
The novel bicapped trigonal-prismatic octanuclear iron(II) complexes were synthesized using
flexible bis(bidentate) ligands. The bicapped trigonal-prismatic complexes consist of six merFeII centers at the vertices and two fac-FeII centers at the centers of each base with twelve
ligands. In the case of 3MeClO4 and 3MeBF4, one counter ion is encapsulated in the center of
the octanuclear complex cation and the bicapped trigonal-prismatic structures of 3MeClO4 and
3MeBF4 are expanded slightly in the vertical direction comparing 3H. There are intermolecular
p–p interactions between imidazole rings and phenylene rings of xylylene spacers, which
probably govern the formation of the bicapped trigonal prismatic structures as well as the
flexibility on the methylene carbons of the ligand. The desolvated 3H, 3MeClO4 and 3MeBF4
showed incomplete SCO behaviors. UV-vis spectra of the octanuclear complexes show intense
MLCT bands in the visible region ca. 470 nm. The intensities of MLCT bands of 3H and
3MeClO4 decrease by the addition of base and broad absorption bands appeared at 600-800
nm. These spectral changes didn’t return by the addition of acid. These results indicate that 3H
and 3MeClO4 undergo irreversible oxidation reactions of several iron(II) centers with base.
This point is in contrast to the cases of dinuclear and tetranuclear complexes with rigid ligands.
CV measurement of 3H showed a broad redox peak. The peak separation is 0.15 V and the
peak current is different, which means the electrochemical processes were multiple whose
redox peaks were overlapped. In the case of 3MeClO4, two sets of redox couples appeared and
they are assigned as the FeIII/FeII redox processes. These redox couples were thought to be
caused from mer- and fac-FeII centers of the complex cation.
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Crystallographic data

Table 8. Crystallographic data of [Fe8(H2L3,H)12](ClO4)16·3MeCN·7.2H2O (3H), [Fe8(H2L3,Me)12]
(ClO4)16 ·3MeCN·25.8H2O (3MeClO4) and [Fe8(H2L3,Me)12](BF4)16·3MeCN·31.5H2O (3MeBF4)
complex

3H

3MeClO4

3MeBF4

Formula

C198H215,4N75Fe8Cl16O71.2

C222H300.6N75Fe8Cl16O89.8

C222H312N75Fe8B16F64O31.5

Formula weight

5798.96

6470.69

6371.02

T/K

188

143

143

Crystal system

hexagonal

trigonal

trigonal

Space group

P–
62c

R3

R3

a/Å

37.9467(7)

36.6815(13)

36.3235(18)

c/Å

36.9628(8)

20.0694(9)

19.9906(10)

V / Å3

46093.9(16)

23386.2(12)

22841.9(2)

Z

6

3

3

Dcalc / g cm–3

1.253

1.378

1.389

µ(Mo Ka) / cm–1

5.847

5.881

4.798

No. data obsd.

35626

23722

23094

No. variables

1588

1227

1207

R1(I > 2s(I))

0.1067

0.1244

0.1099

wR2(all data)

0.3117

0.3464

0.3270
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Conclusion
This thesis takes up three types of multinuclear iron(II) complexes, whose structures were
dinuclear mesocate, tetranuclear tetrahedron and octanuclear bicapped trigonal-prism, with the
rigid or flexible bis(bidentate) Schiff base ligands containing imidazole groups. They showed
different SCO behaviors each other and the ligand-field strengths can be controlled by the
introduction of electron donating methyl groups at the 5-position of imidazole group.
Chapter 1 describes the mesocate dinuclear and tetrahedral tetranuclear complexes with rigid
bis(bidentate) ligands of H2L1,R or H2L2,R. The structures of them were showed by X-ray
diffraction, elemental analysis and IR measurements. The m-isomer of H2L1,R formed the
mesocate structure, on the other hand the tetrahedral structure was formed by the p-isomer of
H2L2,R. Dinuclear mesocate 1Me showed two step gradual SCO behavior in the temperature
region of 280−80 K, while 1H was in the high-spin (HS) state at 5~300 K and showed no SCO
behavior. Such difference is caused by the change in ligand-field strength due to the electrondonating methyl groups at the 5-position of imidazole group. Tetrahedral complexes 2H and
2Me showed incomplete SCO behaviors because the intramolecular p-p stacking interactions
prevent Fe‒N bonds form shrinking to change their spin state to low-spin. The changes of UVvis spectra by addition of base showed that the dinuclear and tetranuclear complexes undergo
the irreversible reactions not containing the oxidations of iron(II) centers with base. The two
FeII/FeIII redox couples were found by CV measurements of both 1H and 1Me. On the other
hand, the one FeII/FeIII redox couple of 2H or 2Me indicated that four iron centers in the
tetranuclear complexes were electrochemically independent. 1Me or 2Me were oxidized more
easily than 1H or 2H due to the effect of electron-donating methyl groups at the imidazole 5position. From these results, it is expected that the SCO cage complex is obtained using ligands
having a long spacer between two imidazole-imine bidentate sites instead of the short
phenylene group.
Chapter 2 describes the bicapped trigonal-prismatic octanuclear complexes with flexible
bis(bidentate) ligands of H2L3,R. The structures of them were showed by X-ray diffraction,
elemental analysis and IR measurements. Bicapped trigonal-prismatic complex cations 3H,
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3MeClO4 and 3MeBF4 consist of six mer-FeII centers at the vertices and two fac-FeII centers
at the centers of bases. One counter anion was encapusulated into the center of complex cation
of 3MeClO4 or 3MeBF4. The octanuclear structures of 3MeClO4 and 3MeBF4 were expanded
slightly in the vertical direction comparing 3H. There are intermolecular p–p interactions
between imidazole rings and phenylene rings of xylylene spacers. It probably govern the
formation of the bicapped trigonal prismatic structures as well as the flexibility on the
methylene carbons of the ligand. The desolvated 3H, 3MeClO4 and 3MeBF4 showed
incomplete SCO behaviors. The intensities of MLCT bands of 3H and 3MeClO4 decrease
irreversibly by the addition of base and broad absorption bands appeared at 600-800 nm, which
suggests that 3H and 3MeClO4 undergo irreversible oxidation reactions of several iron(II)
centers with base. It is in contrast to the cases of dinuclear and tetranuclear complexes with
rigid ligands. CV measurement of 3H showed a broad redox peak. The large peak separation
means the electrochemical processes were multiple whose redox peaks were overlapped. In the
case of 3MeClO4, two sets of redox couples appeared and they are assigned as the FeIII/FeII
redox processes. These redox couples were thought to be caused from mer- and fac-FeII centers
of the complex cation. These results suggest that highly flexible bis(bidentate) ligand have the
potential to construct a more complex and higher nuclear structure. Furthermore, the
combinations of H2L3,Me and other counter anions having a different shape, such as
hexafluorophosphate and trifluoromethanesulfonate, would have possibilities to change the
magnetic property of the product due to distortion of the bicapped trigonal-prismatic
octanuclear structure.
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