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Since slow magnetic relaxation at low temperature for
a dodecanuclear manganese cluster (Mn12) has been
observed and this cluster was recognized as a single-molecule
magnet (SMM), SMMs and single-chain magnets (SCMs)
have been extensively studied in chemistry, physics, and
materials science.[1] Light-responsive SMMs and SCMs have
been one of the challenging target materials for potential
applications in future molecular devices. In cyanide-bridged
mixed-valence Fe–Co systems, light irradiation to the inter-
valence charge-transfer (IVCT) bands induces an electron
transfer from the low-spin (LS) FeII to the LS CoIII ions,
followed by the spin transition of the Co ions to the high-spin
(HS) state, a process described as electron-transfer-coupled
spin transition (ETCST).[2] A promising strategy for the
construction of photoswitchable SMMs and SCMs is to
introduce an ETCST-active chromophore, the photoinduced
HS state of which should have uniaxial magnetic anisotropy,
into a larger cluster molecule. Some cyanide-bridged multi-
nuclear complexes have shown thermally and light-induced
phase transitions accompanied with spin-state changes,[3]

whereas in a cyanide-bridged coordination polymer, slow
magnetic relaxation was observed in its photoinduced HS
state.[4] Cyanide-bridged discrete system showing light-
induced superparamagnetism have not been reported so far.
We have recently reported a series of the cyanide-bridged
molecular squares, one of which exhibited ETCST behavior.[5]

Therefore, extended square systems may have a higher spin
ground state and the uniaxial magnetic anisotropy, necessary
for an SMM, and may also be expected to show
light-switchable SMM behavior. We report here a cyanide-
bridged extended square-type hexanuclear complex,
[Co2Fe4(bimpy)2(CN)6(m-CN)6(pztp)4]·2(1-PrOH)·4H2O (1)
(bimpy = 2,6-bis(benzimidazol-2-yl)pyridine, pztp = tetra-
kis(1-pyrazolyl)borate), exhibiting a light-induced phase
transition and slow magnetic relaxation (1-PrOH = 1-prop-
anol).

In the previously reported [Fe2Co2] squares, the cobalt
ions were capped by two bipyridine ligands.[5] The replace-
ment of the two bipyridines with one tridentate ligand leaves
one vacant coordination site on the cobalt ions, which is then
available for the extension of the square. The reaction of
(Bu4N)[FeIII(CN)3(pztp)] with Co(OTf)2·6 H2O and bimpy in
1-PrOH yielded red tabular crystals of 1 (OTf = triflate =

trifluoromethanesulfonate). X-ray crystallographic analyses
of 1 were performed at 250 and 100 K (Figure 1; Table S1 in
the Supporting Information), and the observed coordination

bond lengths are summarized in Table S2.[6] 1 crystallized in
the triclinic space group P�1 with a complex molecule residing
on the center of inversion. The central square core
([CoII

2FeIII
2]

2+) is composed of alternately arranged [Fe(m-
CN)2(CN)(pztp)]� and [Co(bimpy)]2+ units by the cyanide
ligands, with two additional [Fe(m-CN)(CN)2(pztp)]� units
linked to the CoII ions of the square, forming the extended
hexanuclear system [FeIII{CoII

2FeIII
2}FeIII] .

In the square core, each Fe1 ion (see Figure 1) is
coordinated by one tridentate pztp ligand and three cyanide
carbon atoms, whereas the coordination sites of the Co ions
are occupied by the tridentate bimpy and three cyanide
nitrogen atoms. The peripheral Fe2 ions (see Figure 1) are
coordinated by the tridentate pztp and the carbon atoms of
three cyanide ions, one of which forms a bridge to the
neighboring Co ion. At 250 K the average length of the
coordination bond around the Co ion is 2.199(6) �, character-
istic of a HS CoII ion, whereas the average Fe�CCN and Fe�
Npztp bond lengths are 1.921(8) and 1.959(6) � for Fe1, and
1.908(8) and 1.965(6) � for Fe2, respectively, which are

Figure 1. Molecular structure of 1 at 100 K. Solvent molecules and
hydrogen atoms have been removed for clarity.
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typical values for LS FeII or LS FeIII ions. 57Fe Mçssbauer
spectra (see Figure S1 in the Supporting Information)
revealed that both Fe1 and Fe2 are LS FeIII ions at 250 K.
The X-ray structural data at 100 K suggested an electronic
state transition had occurred with the temperature change. At
100 K, the average coordination bond length around Co1 is
1.928(3) �, characteristic of a LS CoIII ion. The average Fe1�
CCN and Fe1�Npztp bond lengths at 100 K also showed changes
from those at 250 K. The bond length changes between 250
and 100 K were DFe1-C = 0.037(8) � and DFe1-N =+ 0.034(6) �,
while the coordination bond lengths of the Fe2 ion showed
small changes (DFe2-C = 0.014(8) � and DFe2-N =+ 0.014(6) �)
upon decreasing temperature. The structural changes around
the Fe1 ion suggested that its electronic state had changed to
LS FeII, whereas the Fe2 ion had remained LS FeIII at 100 K.
The oxidation states of the Fe ions were confirmed by
Mçssbauer measurements. The 57Fe Mçssbauer spectra (Fig-
ure S1 in the Supporting Information) were recorded at 100
and 250 K and the parameters are summarized in Table S3.
The Mçssbauer spectrum at 250 K in the high-temperature
phase showed two quadrupole doublets, of which the
parameters (d =�0.08 and DEQ = 0.98 mms�1, and d = 0.03
and DEQ = 1.01 mms�1) were characteristic of LS FeIII ions. In
contrast a new doublet appeared at 100 K, replacing one LS
FeIII doublet, and the peak area ratio of the new doublet to
that of the remaining LS FeIII species was 0.48:0.52. The new
doublet could be assigned to a LS FeII species from the
Mçssbauer parameters (d = 0.16 and DEQ = 0.50 mms�1). The
Mçssbauer data suggested that the electronic states of 1 were
[FeIII

LS{CoII
HS2FeIII

LS2}FeIII
LS] and [FeIII

LS{CoIII
LS2FeII

LS2}FeIII
LS]

at 250 and 100 K, respectively, constituting the high-temper-
ature (HT) and low-temperature (LT) phases, in agreement
with the X-ray structural data. It was concluded that
1 exhibited thermal ETCST behavior associated with two
electron-transfer processes between the Co and Fe ions in the
central square core.

The ETCST behavior in 1 was confirmed by direct current
(dc) magnetic susceptibility measurements in the temperature
range of 5 to 270 K (Figure 2). The cm T values (cm = molar
susceptibility) were nearly constant down to 250 K, followed
by a gradual decrease centered around 220 K, because of the
occurrence of ETCST from the HT phase to the LT phase in
this temperature range. The cm T value was 8.12 emumol�1 K
in the HT phase at 270 K, close to the Curie constant
(8.13 emumol�1 K) calculated for uncorrelated four LS FeIII

(S = 1/2, gFe = 2.7) and two HS CoII (S = 3/2, gCo = 2.4) ions.
The large g values agree with those reported for correlated
FeIII and CoII complexes.[3c,7] In the LT phase the plateau value
(1.44 emumol�1 K at 100 K) corresponds to the theoretical
value (1.37 emumol�1 K) expected for two magnetically
isolated LS FeIII ions. The ETCST behavior in 1 was fully
reversible in the temperature range of 5–270 K.

Light irradiation experiments were performed on 1 at 5 K
in the superconducting quantum interference device
(SQUID) magnetometer, where the microcrystalline sample
fixed in a transparent polymer matrix was used to avoid
crystal alignment by the applied magnetic field (Figure 2).
Cyanide-bridged complexes with FeII

LS-CN-CoIII
LS units have

been shown to exhibit a broad absorption band at about
750 nm, assignable to an FeII!CoIII IVCT transition.[5,8] A
808 nm laser light was, therefore, used for the irradiation
experiments. A significant increase in the cm T value was
observed upon light irradiation at 5 K, reaching a saturation
value of 20.31 emumol�1 K after irradiation for 150 min. As
the temperature was raised after turning off the laser light, the
cm T values decreased to a plateau at 66 K, followed by
a sudden decrease to the cm T value of 1.49 emumol�1 K at
130 K. The temperature dependence of the cm T values
suggested the occurrence of intra- and/or intermolecular
ferromagnetic interactions in the photoinduced (HT*) phase,
before the HT* phase thermally relaxed back to the LT phase
at 130 K. X-ray data were collected at 20 K before and after
the light irradiation, to obtain information about the struc-
tural changes upon light irradiation (see Tables S1 and S2 in
the Supporting Information). The average coordination bond
lengths before the irradiation were 1.94(1), 1.94(1), and
1.933(9) � for Fe1, Fe2, and Co ions, respectively, supporting
its assignment as the [FeIII

LS{CoIII
LS2FeII

LS2}FeIII
LS] electronic

state. After the irradiation no change in the space group was
observed, however, the coordination bond lengths differed
from those in the LT phase. The average coordination bond
lengths of the Fe1, Fe2 and Co ions were 1.94(1), 1.93(1), and
2.04(1) �, respectively, close to the values observed for the
HT phase. The bond length changes (DFe1-C = 0.03(1) � and
DFe1-N = 0.03(1) �, and DFe2�C = 0.01(1) � and DFe2-N =

0.03(3) �) were not significantly different, which may be
due to incomplete light-induced phase transition. The elec-
tronic state of the photoinduced high-spin (HT*) phase was
understood to be [FeIII

LS{CoII
HS2FeIII

LS2}FeIII
LS], the same as

the HT phase, resulting from two electron-transfer processes
in the square core.

The field dependence of the magnetization was recorded
at 1.8 K before and after light irradiation (Figure S2 in the
Supporting Information). The magnetization values signifi-
cantly increased with light irradiation, suggesting the gener-
ation of a species with a higher spin ground state. The
saturation value of magnetization at 5 T was 2.09 Nb before
light irradiation, corresponding to the value expected for two
isolated LS FeIII species in the LT phase. On the other hand, in
the light-induced HT* phase the magnetization showed
a rapid increase at lower magnetic fields, followed by a gradual
increase to 6.8Nb at 5 T. At sufficiently low temperature
a CoII ion may be treated as an effective spin of S’= 1/2 with
anisotropic g’ values,[9] and the spin ground state of 1 in the

Figure 2. Plots of cmT versus T for 1 before (blue) and after (red) light
irradiation.
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light-induced HT* phase can thus be S = 3, due to intra-
molecular ferromagnetic interactions.

Some reported cyanide-bridged FeIII–CoII complexes have
exhibited intramolecular ferromagnetic interactions,[10] and
the HT* phase in 1 replicated this behavior. The cm T value of
the HT* phase was 21.50 emumol�1 K at 1.8 K, which was
higher than the value (11.20 emumol�1 K) calculated for an
S = 3 species with gFe = 2.1 and g’Co = 4.0. This implies that the
intermolecular interactions are also ferromagnetic. The
structural analyses for the HT* phase revealed close inter-
molecular contacts (a N5···C34 distances of 3.635 �) between
a cyanide nitrogen atom of the peripheral [Fe(CN)3(pztp)]�

unit and a pyridine ring in the bimpy ligand (Figure S3 in the
Supporting information). DFT calculations for the [Fe(CN)3-
(pztp)]� and [Co(bimpy)2(NC)3]

� units suggested that the
terminal cyanide nitrogen atom (N5) has a positive spin
density, whereas the pyridine carbon atom (C34) in the bimpy
has a negative spin density. The close contact of the N5 and
C34* atoms may be responsible for the occurrence of the
intermolecular ferromagnetic interactions. As previously
reported, a structurally related cyanide-bridged [FeIII

2NiII
2]

square showed both intra- and intermolecular ferromagnetic
interactions, and the latter were explained by the spin
polarization of p-stacked ligands.[11] The cm T value
(= 8.26 emumol�1 K) at 66 K in the HT* phase was close to
the value (8.12 emumol�1 K) in the HT phase at 270 K,
suggesting that the transformation from the LT phase to the
HT* phase was essentially complete, in contrast to the
incomplete photoinduced phase transition observed in the
single-crystal X-ray experiments. Zero-field-cooled and field-
cooled magnetization measurements under Hext = 15 Oe
showed no bifurcation down to 1.8 K, suggesting that the
blocking temperature of the ferromagnetic ordering is lower
than 1.8 K (Figure S4 in the Supporting Information).

Alternating current (ac) magnetic susceptibility measure-
ments were carried out before and after light irradiation
under an ac magnetic field (Hac) of 3 Oe oscillating at 10–
1500 Hz and an external dc field (Hext) of 0–1000 Oe. No
frequency dependence was observed before irradiation (see
Figure S5 in the Supporting Information). In contrast, fre-
quency-dependent in-phase (cm’) and out-of-phase (cm’’)
signals were observed after light irradiation, although no
peak maxima of cm’’ were detected in the temperature range
measured when Hext = 0 Oe (Figure S6 in the Supporting
Information). Since it has been reported that the energy
barrier (DE) of magnetization reversal in SMMs can be tuned
by applying Hext,

[12] the ac susceptibility measurements were
recorded with Hext = 250–1000 Oe (Figure S7 in the Support-
ing Information). In the ac magnetic data at Hext = 500 Oe,
both the cm’ and cm’’ signals showed peak maxima shifting to
higher temperature with increasing ac field frequency,
characteristic of slow magnetic relaxations (Figure 3). Cole–
Cole plots obtained from the data with Hext = 500 Oe were
analyzed by the generalized Debye model (Figure S8 in the
Supporting Information), and an a value of 0.20–0.34 was
obtained (Table S4), suggesting mono-dispersibility of mag-
netic relaxations.[13]

In summary, thermal and light-induced ETCST have been
investigated in the cyanide-bridged hexanuclear complex 1.

The light-induced HT* phase showed slow magnetic relaxa-
tion characteristic of superparamagnetism, the first observa-
tion of such synergic behavior in a discrete molecule.

Experimental Section
Synthesis: All reagents were obtained from commercial suppliers and
were used without further purification. Co(OTf)2·6H2O,
(Bu4N)[Fe(CN)3(Htp)], (Bu4N)[Fe(CN)3(pztp)], and bimpy were
prepared according to the literature methods.[14–16]

The reaction of bimpy (6 mg, 0.020 mmol) with Co(OTf)2·6H2O
(7 mg, 0.015 mmol) in 1-PrOH (10 mL) gave a pale yellow solution.
To the solution was added (Bu4N)[Fe(CN)3(pztp)] (20 mg,
0.030 mmol) in 1-PrOH (2 mL), and after stirring for 5 min the
reaction mixture was filtered. The filtrate was allowed to stand for
1 day to give red tabular crystals of 1. (10 mg, 0.0038 mmol, yield of
50%) Anal. Calcd. for C104H98B4Co2Fe4N54O6: C, 48.33; H, 3.82; N,
29.26%. Found: C, 48.06; H, 3.79; N, 28.93%. IR (KBr): ~n = 2168
(nCN), 2152 (nCN), 2135 (nCN), and 2125 cm�1 (nCN).
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