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Binuclear iron(

 

Ⅲ

 

) spin-crossover complexes with salten ligand [Fe

 

2

 

(salten)

 

2

 

(L)](BPh

 

4

 

)

 

2

 

 were synthesized and char-
acterized by single-crystal X-ray diffraction, Mössbauer spectra, magnetic susceptibilities and electronic spectra, where
H

 

2

 

salten is a pentadentate ligand derived from salicylaldehyde and 3,3

 

′

 

-diaminodipropylamine and L is a didentate axial
ligand (az 

 

=

 

 azobis(4-pyridine) and cc 

 

=

 

 4,4

 

′

 

-vinylenebis(pyridine)).  The structures of [Fe

 

2

 

(salten)

 

2

 

(az)](BPh

 

4

 

)

 

2

 

 (

 

1

 

) and
[Fe

 

2

 

(salten)

 

2

 

(cc)](BPh

 

4

 

)

 

2

 

 (

 

2

 

) were determined at both 100 K and 298 K.  Crystal data for 

 

1

 

 at 100 K: C

 

98

 

H

 

94

 

O

 

4

 

N

 

10

 

B

 

2

 

Fe

 

2

 

,
monoclinic, space group 

 

P

 

2

 

1

 

/

 

c

 

, 

 

Z

 

 

 

=

 

 2, 

 

a

 

 

 

=

 

 15.986(2) Å, 

 

b

 

 

 

=

 

 15.825(2) Å, 

 

c

 

 

 

=

 

 16.441(2) Å, 

 

β

 

 

 

=

 

 107.902(2)°, 

 

V

 

 

 

=

 

3957.8(8) Å

 

3

 

.  Crystal data for 

 

2

 

 at 100 K: C

 

100

 

H

 

96

 

O

 

4

 

N

 

8

 

B

 

2

 

Fe

 

2

 

, monoclinic, space group 

 

P

 

2

 

1

 

/

 

a

 

, 

 

Z

 

 

 

=

 

 2, 

 

a

 

 

 

=

 

 16.4296(8) Å,

 

b

 

 

 

=

 

 15.747(1) Å, 

 

c

 

 

 

=

 

 16.637(1) Å, 

 

β

 

 

 

=

 

 109.2375(9)° and 

 

Z

 

 

 

=

 

 2.  The complexes 

 

1

 

 and 

 

2

 

 exhibited the spin-crossover
behavior depending on temperature within the temperature range of 200 to 350 K, and rapid spin equilibrium behavior
was observed by means of Mössbauer spectroscopy at 293 K.  The complexes 

 

1

 

 and 

 

2

 

 also exhibited a pressure-induced
spin transition between the rapid spin equilibrium state and low-spin state at 300 K.  Such a pressure-induced spin transi-
tion has not been reported earlier.

 

The first transition metal complexes with d

 

4

 

, d

 

5

 

, d

 

6

 

 and d

 

7

 

electron configuration are usually classified into two categories
according to the strength of ligand field against the mean spin-
pairing energy, i.e., high-spin (HS) and low-spin (LS) com-
plexes.  In some cases, however, if the ligand field strength is
comparable to the mean spin-pairing energy, the complexes ex-
hibit a spin transition with the change in temperature

 

1,2

 

 or pres-
sure.

 

3

 

  In particular, a number of spin-crossover iron(

 

Ⅱ

 

) and
iron(

 

Ⅲ

 

) complexes have been studied, the spin-crossover
iron(

 

Ⅱ

 

) complexes have been also exhibited a spin transition
from low-spin to metastable high-spin states by light irradia-
tion at low temperature.  This light-induced spin-transition ef-
fect is termed LIESST (light-induced excited spin-state trap-
ping); the high-spin species remain trapped by light irradia-
tion.

 

4

 

  The difference in metal-ligand bond length 

 

∆

 

r

 

°

 

HL

 

 and
the zero-point energy difference 

 

∆

 

E

 

°

 

HL

 

 of spin-crossover
iron(

 

Ⅲ

 

) complexes are smaller than those of iron(

 

Ⅱ

 

) complex-
es, so the lifetime of the light-induced high-spin state in the
iron(

 

Ⅲ

 

) spin-crossover complexes is very short even at low
temperature.

 

5

 

  Furthermore, ligand-driven light-induced spin
changes (LD-LISC) in the spin-crossover iron(

 

Ⅱ

 

) complexes
have been reported by Zarembowitch et al.

 

6

 

  The spin transi-
tion of LD-LISC is classified in a new strategy which consists
in varying the ligand field strength under photochemical 

 

cis–
trans

 

 isomerization of the ligand.  The phenomenon has been
observed by using 4-styrylpyridine derivatives at relatively
high temperature.  One of the advantages of this LD-LISC ef-

fect is that the spin transition is driven by photoisomerization,
and the photoisomerization ligands may be applied to the com-
pounds having functions such as dynamical electronic states
(spin-crossover or mixed-valence etc.).

 

7

 

  Furthermore, the
spin-crossover iron(

 

Ⅱ

 

) complexes are particularly well suited
for pressure studies because the difference in volume, 

 

∆

 

V

 

°

 

HL

 

 

 

=

 

V

 

HS

 

 

 

−

 

 

 

V

 

LS

 

, between HS and LS complexes is comparatively
large due to the difference in metal-ligand bond lengths, 

 

∆

 

r

 

°

 

HL

 

=

 

 

 

r

 

HS

 

 

 

−

 

 

 

r

 

LS

 

 

 

�

 

 0.16 

 

−

 

 0.21 Å; the external pressure also affect
the kinetics of the HS →

 

 LS relaxation.

 

8,9

 

  The application of
pressure can be a powerful tool to investigate the interplay be-
tween spin transition and structural phase transition because
pressure usually stabilizes the LS state.

Recently, we have reported iron(

 

Ⅲ

 

) complexes whose spin
transition is driven by photoisomerization.

 

10

 

  Hence, we report
for the first time that the binuclear spin-crossover iron(

 

Ⅲ

 

)
complexes 

 

1

 

 with photoisomerization ligands az and 

 

2

 

 with
cc

 

7a

 

 (Scheme 1) exhibit spin transition induced by pressure.

 

Experimental

 

Syntheses.    

 

The ligand az 

 

= azobis(4-pyridine) was prepared
by the following procedure described previously.11  The ligand cc
= 4,4′-vinylenebis(pyridine) was purchased from Aldlich-Co. and
was used without any purification.

[Fe2(salten)2(az)](BPh4)2 (1).    H2salten was prepared by add-
ing a solution of 3,3′-diaminodipropylamine (0.21 g, 2 mmol) in
methanol (25 mL) to a solution of salicylaldehyde (0.49 g, 4
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mmol) in methanol (25 mL) under stirring.  The solution turned
yellow immediately; this solution was stirred at room temperature
for 2 h.  Then a solution of Fe(NO3)3•9H2O (0.81 g, 2 mmol) in
methanol (10 mL) was added dropwise to the yellow solution,
producing a dark purple solution.  To the solution was added a so-
lution of az (0.19 g, 1 mmol) in methanol (10 mL) and this mix-
ture was stirred for 1 h.  Then to the solution was added a solution
of sodium tetraphenylborate (2.05 g, 6 mmol) in methanol (10
mL) and this mixture was stirred for 1 h.  The solution was filtered
and taken to dryness under reduced pressure at room temperature.
The dark purple solid materials were recrystallized from an ace-
tone–ethanol solution.  The crystals were washed with ethanol and
then with ether, and dried under vacuum at room temperature.
Anal. Calcd for C98H94O4N10B2Fe2 (1): C, 73.14; H, 5.89; N,
8.71%.  Found: C, 72.59; H, 5.87; N, 8.58%.12

[Fe2(salten)2(cc)](BPh4)2 (2).    The preparative method for the
complex 2 is similar to that described above.  Anal. Calcd for
C100H96O4N8B2Fe2 (2): C, 74.73; H, 6.02; N, 6.97%.  Found: C,
75.14; H, 6.00; N, 6.72%.12

Physical Measurements.    The magnetic susceptibilities of
the polycrystalline samples were measured by a Quantum Design
MPMS5S SQUID magnetometer at 0.5 T.  Temperatures were
controlled over the range 1.8–350 K.  Both heating and cooling
rates were controlled and magnetic data for one loop were con-
stantly collected in about 10 h.  Effective magnetic moments were
calculated by use of the formula µeff = (8χmT)1/2, where χm is mo-
lar susceptibility after applying a diamagnetic correction using
Pascal’s constants.

Mössbauer spectroscopy was effected by use of a constant-ac-
celeration spectrometer (Austin Science Associates (ASA)).  Data
were stored in a 1024-channel pulse height analyzer, Type 5200
(Inotech, Inc.).  The temperatures were monitored with a calibrat-
ed copper vs constantan thermocouple within a variable-tempera-
ture cryostat, Type ASAD-4V-(ASA).  A cobalt-57 source of 10
mCi diffused into palladium foil was used for the absorption mea-
surement.  Some of the spectra were fitted to the Lorentzian line
shape by using a least-squares method at the Computer Center,
Kyushu University.   Isomer shifts are reported with respect to the
centroid of the spectrum of iron foil enriched with 57Fe.

The pressure system used a small high-pressure clamp cell
made of Cu-Ti alloy which can be equipped to a Quantum Design
SQUID magnetometer.13  The inner pressure of the clamp cell has
been calibrated by the superconducting transition temperature of
Pb.  The maximum pressure maintained is ca. 8 kbar, the repro-
ducibility is good, and the pressure deviation depending on tem-
perature in the cell is within ca 0.3 kbar.  As pressure-transmitting
medium, a fluorine oil (Montefluos, H-VAC140/13) was used.

X-ray Crystallography.    Brown platelet crystals of 1 and 2
having approximate of 0.2 × 0.2 × 0.05 and 0.4 × 0.4 × 0.1 mm,
respectively, were mounted in a glass capillary.  The temperatures
of the crystals were slowly decreased from room temperature to
100 K, and then the X-ray structure analyses were carried out.  All
measurements were made on a Rigaku RAXIS-RAPID Imaging
Plate diffractometer with graphite monochromated Mo-Kα radia-
tion.  The data were collected at 100 K to a maximum 2θ value of
55.0°.  For 1, of the 32016 reflections which were collected,
25844 were unique (Rint = 0.090) and 8412 with I > 3σ(I) were
used to solve the structure with SIR92.  Final R values gave R1 =
0.065 for I > 3σ(I), R = 0.089 and Rw = 0.144 for all data; linear
absorption coefficient µ(MoKα) = 4.29 cm−1.  For 2, of the 73402
reflections which were collected, 64388 were unique (Rint =
0.139) and 9001 with I > 3σ(I) were used to solve the structure
with SIR92.  Final R values gave R1 = 0.044 for I > 3σ(I), R =
0.068 and Rw = 0.093 for all data; linear absorption coefficient
µ(MoKα) = 4.17 cm−1.  The non-hydrogen atoms were refined
anisotropically.  Hydrogen atoms were included but not refined.
Selected crystal data are given in Table 1.

Results and Discussion

Magnetic Susceptibilities.    The temperature dependen-
cies of magnetic susceptibilities of the single crystals were
measured in the temperature range of 1.8 to 350 K and the ef-
fective magnetic moments per one iron for the complexes are
shown in Fig. 1.  The values of the magnetic moments for 1
and 2 are almost constant (µeff = 2.0 µB) in the temperature
range of 1.8–200 K, and are in the range of values expected for
low-spin iron(Ⅲ) ions.  The values for 1 and 2 increase gradu-
ally from ca. 2.0 µB at 200 K to ca 4.4 µB and 3.9 µB at 350 K,
respectively.  The magnetic behavior for the increasing and de-
creasing temperature sequences is practically the same, indi-
cating that the spin transition between high- and low-spin
states is not associated with a thermal hysteresis.  The results
suggest that 1 and 2 can be classified as a continuous type of
the spin transition.  The value of the magnetic moment of 1 at
350 K (ca. 4.4 µB) is larger than that of 2 (ca. 3.9 µB), i.e. the
ligand field strength of 2 with cc (vinyl group) is stronger than
that of 1 with az (azo group).  A value of ca. 2.0 µB is charac-
teristic of an iron(Ⅲ) complex in the low-spin state; a value of

Scheme 1.   

Fig. 1.   Temperature dependence of the effective magnetic
moments of 1 (�) and 2 (�).
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5.9 µB would be expected for iron(Ⅲ) complexes in the high-
spin state.  The values of the magnetic moments of 1 and 2
were smaller than typical values of high-spin (S = 5/2).  The
complexes 1 and 2 are in the low-spin state (S = 1/2) below
200 K.  These observations suggest that the complexes are the
mixtures of high- and low-spin species (S = 1/2 and S = 5/2)
or that the complexes show rapid spin-equilibrium behavior (S
= 1/2 ↔ S = 5/2).2c,d

Mössbauer Spectra.    The variable temperature Mössbau-
er spectra of 1 and 2 are shown in Figs. 2 and 3, respectively.
The Mössbauer parameters derived from the spectra are given
in Table 2.  Typical absorptions of low-spin iron(Ⅲ) ions with
the large quadrupole splitting (Q.S. = 1.525 mms−1) and small
isomer shift (I.S. = 0.251 mms−1) were observed for the spec-
trum of 1 at 80 K, the spin state (low-spin) expected from the
spectrum agreed with that expected from the magnetic mea-
surements (2.0 µB).  The value of the quadrupole splitting of 1
at 80 K is less than that of the iron(Ⅲ) complexes with salten
reported previously (2.72 mms−1);2a the difference seems to re-
sult from the change in qlat (the electron field gradient due to
lattice contribution) because the iron atoms have a distorted
octahedral coordination.  The spectrum at 80 K is very broad
and antisymmetric, and the exact reason for the broadening is
not clear; however, spin-lattice relaxation effects on 2T2 may be
induced because of the presence of the bulky anion BPh4

− and
the large Fe≥Fe distance.  On the other hand, the spectrum of
1 at 298 K shows quadrupole splitting of Q.S. = 0.886 mms−1

with I.S. = 0.280 mms−1.  In the temperature range 80–298 K,
the Q.S. values decrease on increasing the temperature and no
broadening of the full widths at half maximum is observed.
The spin state expected from the Mössbauer parameters and
magnetic moments (3.70 µB) may be in a rapid spin-equilibri-
um between high- and low-spin states at 298 K.  The spectra
for rapid intercrossing between high- and low-spin states have
been theoretically calculated by Maeda et al.14  It is expected
that the relaxation spectra of an antisymmetric doublet could
not be reliably analyzed, and so the interconversion rate for 1

Table 1.   Crystallographic Data for Complexes at 298 and 100 K

Complexes 1 2

T = 298 K T = 100 K T = 298 K T = 100 K
Empirical formula C98H94O4N10B2Fe2 C100H96O4N8B2Fe2

Formula weight 1609.20 1607.22
Crystal dimensions/mm 0.20 × 0.30 × 0.10 0.20 × 0.20 × 0.10
Crystal system monoclinic monoclinic
Space group P21/c (#14) P21/a (#14)
a/Å 16.422(7) 15.986(2) 16.554(8) 16.4296(8)
b/Å 16.005(6) 15.825(2) 15.877(3) 15.747(1)
c/Å 16.565(8) 16.441(2) 16.823(3) 16.637(1)
β/° 108.47(3) 107.902(2) 109.20(2) 109.2375(9)
V/Å3 4129(2) 3957.8(8) 4175(1) 4063.9(4)
Z 2 2 2 2
Dcalcd/g cm−3 1.294 1.350 1.278 1.313
R1 0.065b) 0.044b)

R 0.075a) 0.089b) 0.051a) 0.068b)

Rw 0.060a) 0.144b) 0.040a) 0.093b)

a) R and Rw values were gave for I > 3σ(I).  b) R1 values were gave for I > 3σ(I), and R
and Rw for all data.

Fig. 2.   Mössbauer spectra of 1 (a) at 293 K and (b) at 80 K.

Fig. 3.   Mössbauer spectra of 2 (a) at 293 K and (b) at 80 K.
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could not be calculated from the spectra.  However, the spectra
suggest that the interconversion rate between the high- and
low-spin states for 1 (the rate of electronic relaxation of spin
transition) is faster than the inverse of the lifetime of the excit-
ed states of 57Fe (1 × 107 s−1) at 298 K.  Thus the electronic
state is in a spin-equilibrium state between the high- and low-
spin states.  The Mössbauer spectra of 2 are similar to those of
1; the spectrum shows a large doublet (Q.S. = 1.526 mms−1) at
80 K and a small doublet (Q.S. = 0.936 mms−1) at 298 K.  The
spin state expected from the Mössbauer spectrum and the mag-
netic moments (2.95 µB) shows that the compound 2 is in the
rapid spin-equilibrium between the high- and low-spin states at
298 K.

Electronic Spectra.    The temperature dependence of the
electronic spectra was measured in acetonitrile.  The binuclear
complexes 1 and 2 showed thermochromic behavior.  Figure 4
shows the temperature dependence of the spectra for 1.  At 60
°C, the spectrum of 1 exhibits absorptions at 405 and 470 nm,
with extinction coefficients (ε) of 2190 and 1740 lmol−1 cm−1

attributable to ligand-to-metal charge transfer (LMCT) bands.
Hauser et al. reported that the bands with the extinction coeffi-
cients on the order of 103 lmol−1 cm−1 for iron(Ⅲ) compounds
correspond to the LMCT transitions.15  On lowering the tem-
perature, the absorption at 405 nm decreases in intensity and
that at 470 nm shifts to a longer wavelength.  The spectral
change is similar to those of the complexes with salten report-
ed previously.2a,b  The temperature dependence of the electron-
ic spectrum is due to the spin-equilibrium between high- and
low-spin states, as is known for the well-characterized spin-
crossover ccompounds.2  The spectral changes are associated
with two isosbestic points at 365 and 490 nm.  Figure 5 shows

the temperature dependence of the spectra for 2.  At 60 °C, the
spectrum exhibits bands at 400 and 470 nm; the absorption at
400 nm decreases in intensity with decreasing temperature and
that at 470 nm shifts to a longer wavelength, accompanied by
the decrease in intensity with lowering the temperature.  The
temperature dependence of the electronic spectra is also due to
the spin-equilibrium between high- and low-spin states.  The
spectrum changes with a set of isosbestic points at 370 and 520
nm.

Structures of the Complexes.    The crystal structures of 1
and 2 were determined by X-ray diffraction at both 298 and
100 K.  The space groups (P21/c and P21/a) for 1 and 2 are re-
tained in both of the high- and low-spin states.  Figures 6 and 7
show ORTEP views of the molecules together with the num-
bering of the atoms included in the symmetric unit at 100 K.
Each iron atom is surrounded by a nitrogen atom of pyridine,
and two oxygen atoms and three nitrogen atoms of a pentaden-
tate salten ligand.  The bond lengths and angles corresponding
to the intermediate state (298 K) and LS (100 K) forms are
compared in Table 3.  All of the cell parameters, a, b and c, for
1 and 2 decrease with increasing in temperature, and the vol-
umes of the unit cell decrease 4.15% and 2.66% between 298
and 100 K for 1 and 2, respectively.

Crystal Structure in the Spin-Equilibrium State.     The
structures of [Fe2(salten)2(L)](BPh4)2 at 298 K have already
been reported.10  One can briefly notice that the oxgen atoms
coordinate to iron atoms in trans positions.  The values of the
bond distances Fe–O (1.89 Å) and Fe–N (2.03 Å) for 1 are in-
termediate between the typical values of the bond distances for
high-spin and low-spin compounds,15 and the values of the
bond distances exhibit also a rapid spin-equilibrium state, as

Table 2.   Mössbauer Parameters for the Complexes at 80 and 293 K

Complexes 1 2

I.S. Q.S. Γ+ Γ− I.S. Q.S. Γ+ Γ−

mms−1 mms−1 mms−1 mms−1 mms−1 mms−1 mms−1 mms−1

80 K 0.251 1.525 1.218 0.836 0.235 1.526 1.186 0.793
298 K 0.280 0.886 0.779 0.647 0.194 0.936 0.681 0.654

Fig. 4.   Temperature dependence of the electronic spectra of
1 in acetonitrile solution; (a): 60 °C, (b): 40 °C, (c): 20 °C,
(d): 0 °C.

Fig. 5.   Temperature dependence of the electronic spectra of
2 in acetonitrile solution; (a): 60 °C, (b): 40 °C, (c): 20 °C,
(d): 0 °C.
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shown from the Mössbauer spectrum for 1 at 298 K.  The bond
distances Fe–O (1.89 Å) and Fe–N (2.02 Å) for 2 are also in-
termediate between high- and low-spin states, and the com-
pound 2 is in the spin-equilibrium state at 298 K.  The Fe–O
distances are shorter than the Fe–N distances, this induces a
pronounced distortion of the FeN4O2 octahedron.  This is also
illustrated by O(1)–Fe(1)–O(2) = 176.9(4)° and 177.7(3)°,
N(1)–Fe(1)–N(3) = 172.8(6)° and 175.8(3)°, and N(2)–Fe(1)–
N(4) = 178.0(5)° and 179.3° for 1 and 2, respectively (Table
3).

Crystal Structure in the Low-Spin State.    At 100 K the
arrangements of [Fe2(salten)2(L)](BPh4)2 (1 and 2) units are
quite similar to that obtained at 298 K.  The ORTEP views of
the complexes 1 and 2 are shown in Figs. 6 and 7, respectively.
The binuclear iron(Ⅲ) complex is bridged by azobis(4-pyri-
dine).  The moiety of diazo (NwN) of the cation of 1 sits on a
center of symmetry, two nitrogen atoms of the diazo moiety
(N(5) and N(5*)) are a trans geometry.  The iron atom of the
binuclear complex assumes a pseudo-octahedral coordination
with a trans geometry for the two salicylideneaminato moieties
(N(1) and N(3)), in which the basal plane comprises the N2O2

donors of these two moieties and the two axial positions are
occupied by the secondary amine nitrogen atom of the 3,3′-di-

aminodipropylamine moiety and the nitrogen atom of azo-
bis(4-pyridine).  The basal plane defined by Fe, O(1), O(2),
N(1) and N(3) assumes a slight tetrahedral distortion; two oxy-
gen atoms (O(1) and (O(2)) are trans to each other, imino ni-
trogen atoms (N(1) and N(3)) are trans, and amine and pyri-
dine nitrogen atoms (N(2) and N(4)) are trans.  The deviations
of the constituent atoms from the least-squares plane FeO2N2

are from −0.0207 to 0.0506 Å, and the dihedral angle between
the planes Fe–O(1)–N(1) and Fe–O(2)–N(3) is 3.104°.  The di-
hedral angle between two phenyl rings is 118.759° in two sali-
cylideneaminato moieties.  The moieties construct a shallow
“cave” (or “bow” shape), in which the pyridine unit is posi-
tioned, where the depth of the cave can be estimated (by the
atom deviations from the FeO2N2 basal plane) to be 2.8 Å for
C(4) and 1.8 Å for C(17).  The values of the bond distances
Fe–O (1.87 Å) and Fe–N (1.97 Å) are typical values of the
bond distances for low-spin compounds.  The spin transition
affects principally the FeN4O2 core geometry.  The Fe–O
bonds in low-spin form are shorter by 0.013 Å and the Fe–N
bonds by about 0.056 Å as compared to those in the spin-equi-
librium state for 1.  The structure of 2 is similar to that of 1,
and the binuclear iron(Ⅲ) complex is bridged by 4,4′-vinyl-
enebis(pyridine).  The vinylene group has trans geometry

Fig. 6.   ORTEP view of 12+ at 100 K showing 50% probabil-
ity displacement ellipsoids.  All hydrogen atoms are omit-
ted for clarity.

Fig. 7.   ORTEP view of 22+ at 100 K showing 50% probabil-
ity displacement ellipsoids.  Some hydrogen atoms are
omitted for clarity.
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(C(26) and C(26*)).  The FeO2N2 basal plane shows a slight
tetrahedral distortion, with two oxygen atoms (O(1) and (O(2))
being trans to each other, imino nitrogen atoms (N(1) and
N(3)) being trans, and amine and pyridine nitrogen atoms
(N(2) and N(4)) being trans.  The deviations of the constituent
atoms from the least-squares plane FeO2N2 are from −0.0337
to 0.0091 Å, and the dihedral angle between the planes Fe–
O(1)–N(1) and Fe–O(2)–N(3) is 1.955°.  The dihedral angle
between two phenyl rings is 115.847° in two salicylideneami-
nato moieties.  The moieties construct a cave as with 1 in
which the pyridine unit is positioned; the depth of the cave can
be estimated (by the atom deviations from the FeO2N2 basal
plane) to be 2.8 Å for C(4) and 2.0 Å for C(17).  The values of
the bond distances Fe–O (1.88 Å) and Fe–N (1.99 Å) are inter-
mediate between the typical values of the bond distances for
low-spin compounds, too.  Similarly, the Fe–O bonds in low-
spin form are shorter by 0.011 Å and the Fe–N bonds by about
0.039 Å as compared to those in the spin-equilibrium state for
2.  It can be considered that a slight conformational change of
the chelate rings reflects the tetrahedral distortion of the
FeO2N2 basal plane and the iron-ligand bond lengths, and as a
result it induces the spin transition.

Pressure-Stabilized Low-Spin State.    The temperature
dependences of the effective magnetic moments for the com-
plexes 1 and 2 were measured on single crystals in the temper-
ature range from 1.8 to 350 K and results are shown in Figs. 8
and 9, respectively.  At ambient pressure, the complexes 1 and
2 are in the low-spin state below 200 K and in the rapid
spin-equilibrium state at room temperature, as previously de-
scribed (Fig. 1).  At 8 kbar, the magnetic moments of 1 and 2
are ca. 2.0 µB, and the low-spin state is stabilized even at 350
K.  On warming, the moments of 1 and 2 slightly increase to

Table 3.   Representative Bond Distances (Å) and Angles (°) for the Complexes

Complexes 1 2

T = 298 K T = 100 K T = 298 K T = 100 K

Bond distances (Å)
Fe(1)–O(1) 1.893(8) 1.866(4) 1.886(5) 1.867(5)
Fe(1)–O(2) 1.890(9) 1.881(4) 1.892(5) 1.889(5)
Fe(1)–N(1) 2.05(1) 1.963(5) 1.989(6) 1.975(6)
Fe(1)–N(2) 2.02(1) 2.000(5) 2.065(6) 2.011(6)
Fe(1)–N(3) 2.01(1) 1.944(5) 2.000(6) 1.952(6)
Fe(1)–N(4) 2.037(10) 1.988(4) 2.045(6) 2.006(6)

Bond angles (°)
O(1)–Fe(1)–O(2) 176.9(4) 177.8(2) 177.7(3) 179.4(2)
O(1)–Fe(1)–N(1) 89.1(5) 88.9(2) 90.6(2) 89.8(3)
O(1)–Fe(1)–N(2) 91.9(4) 90.9(2) 92.6(3) 89.3(2)
O(1)–Fe(1)–N(3) 89.8(4) 90.1(2) 89.9(2) 90.0(2)
O(1)–Fe(1)–N(4) 88.4(4) 89.4(2) 87.9(2) 90.7(2)
O(2)–Fe(1)–N(1) 89.1(5) 89.3(2) 90.3(2) 89.8(3)
O(2)–Fe(1)–N(2) 90.7(5) 90.4(2) 89.6(3) 91.2(2)
O(2)–Fe(1)–N(3) 92.2(4) 91.7(2) 89.3(2) 90.4(2)
O(2)–Fe(1)–N(4) 89.1(4) 89.3(2) 89.9(2) 88.8(2)
N(1)–Fe(1)–N(2) 87.3(6) 89.4(2) 87.3(3) 89.5(3)
N(1)–Fe(1)–N(3) 172.8(6) 177.0(2) 175.8(3) 178.1(3)
N(1)–Fe(1)–N(4) 94.6(6) 91.3(2) 92.3(3) 90.8(3)
N(2)–Fe(1)–N(3) 85.6(6) 87.7(2) 88.6(3) 88.6(3)
N(2)–Fe(1)–N(4) 178.0(5) 179.2(2) 179.3(2) 179.7(3)
N(3)–Fe(1)–N(4) 92.5(5) 91.6(2) 91.8(3) 91.1(3)

Fig. 8.   Temperature dependence of the effective magnetic
moments of 1 under 1 bar (a) and 8 kbar (b).

Fig. 9.   Temperature dependence of the effective magnetic
moments of 2 under 1 bar (a) and 8 kbar (b).
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ca. 2.2 µB at 350 K.  The application of pressure to the high-
spin systems first decreases the volume of the crystal unit cell,
which leads to a shortening of intermolecular spacing and then
to an increase of the lattice strain.  When the pressure becomes
high enough to force a structural rearrangement to occur, then
the low-spin species where the lattice strain is weaker due to
the smaller volume of molecules, is thermodynamically stabi-
lized and a spin-equilibrium → low-spin transition takes place.
Figure 10 shows the influence of pressure on the low-spin state
(2T2) and high-spin state (6A1).  The spin-crossover iron(Ⅲ)
complexes are suited for pressure studies because the differ-
ence in volume: ∆V°HL = VHS − VLS, between HS and LS com-
plexes is due to the difference in metal-ligand bond lengths:
∆r°HL = rHS − rLS � 0.10 Å.  Therefore, the external pressure
gives the work term, p∆V°HL, to the Gibbs’ free energy and
thus influences both the thermal spin transition as well as inter-
system-crossing dynamics substantially.  For 1 and 2, the ther-
mal spin transition occurs gradually with a transition tempera-
ture T1/2 of ca. 300 K at normal pressure, and there are no indi-
cations of a crystallographic phase transition.  When pressure
is applied T1/2 increases to higher temperature.  This is due to a
small decrease in the bond length of the metal-ligand in the
low-spin state with pressure and the resulting increasing in
ligand-field strength of 10 Dq.

Conclusions

Binuclear iron(Ⅲ) complexes with bridging photoisomeriza-
tion ligands az or cc are prepared; they exhibit spin-crossover
behavior depending on temperature.  The Mössbauer spectra
for 1 and 2 show a doublet at 293 K, suggesting the rapid spin-
equilibrium between high- and low-spin states.  The average
bond lengths of Fe–O and Fe–N for 1 and 2 are intermediate
between the typical values of the bond lengths for high- and

low-spin complexes.  Both of the complexes exhibit the low-
spin state under 8 kbar at room temperature.

We thank Prof. J.-P. Tuchagues (University of Paul Sabatier
Ⅰ, Toulouse Cedex, France) for kind suggestions about this
work.

Supplementary Material Available:

Tables of full crystal data, calculated hydrogen atom positions,
anisotropic thermal parameters, and completed bond lengths and
angles for [Fe2(salten)2(az)](BPh4)2 (1) and [Fe2(salten)2(cc)]-
(BPh4)2 (2).  Ordering information is given on any current mast-
head page.
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