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Single-chain magnets (SCMs) that exhibit slow relaxation of their
magnetization are popular topics in chemistry, physics, and materials
science.1 Although various SCMs have been designed and prepared,
it is a challenge to tune their properties with external stimuli such
as light, heat, and pressure.2 Photoinduced magnetization has
recently become an important subject because light is a very useful
and powerful tool for controlling the magnetic properties of
molecular compounds.3 Light- or heat-induced metal-to-metal
charge transfers (MMCTs) must be highly effective to produce
photoinduced SCMs, because the MMCT process involves con-
comitant spin-state and anisotropy changes at the metal centers.
Herein, through the light- and heat-induced transformation between
diamagnetic FeII

LS(µ-CN)CoIII
LS (LS ) low spin) units and para-

magnetic FeIII
LS(µ-CN)CoII

HS (HS ) high spin) units, we show the
photoswitched transformation from a paramagnetic state to an
antiferromagnetic ordered SCM state and the thermally induced
reverse transformation.

To obtain a photoswitchable SCM, we focused on a CN-bridged
FeIII

2CoII double zigzag chain system. SCM behaviors have been
reported for such a system,4 but no MMCT was observed because
CoII possesses a relatively weak ligand field through a N4O2

coordination sphere. To achieve an appropriate ligand field for
MMCT, we attempted to increase the ligand field around CoII by
replacing the weakly coordinated water molecules with a long
ditopic spacer possessing two potential nitrogen coordination sites,
thus producing well isolated chains wherein the CoII possesses a
N6 coordination sphere. Such FeIII

2CoII compounds would poten-
tially exhibit thermally induced and photoinduced MMCT, allowing
us to observe tunable spin states and spin topology in the SCMs.

The reaction of Li[Fe(bpy)(CN)4] (bpy )2,2′-bipyridine),
Co(ClO4)2 · 6H2O, and 4,4′-bipyridine in water produced block-
shaped crystals of {[Fe(bpy)(CN)4]2Co(4,4′-bipyridine)} ·4H2O (1).
Single crystal X-ray diffraction (XRD) analysis revealed that 1
crystallizes in a C2/m space group, with the crystal structure
comprising neutral bimetallic [Fe(bpy)(CN)4]2Co(4,4′-bipyridine)
layers with uncoordinated water molecules located between the
layers. Within the neutral layer, the [Fe(bpy)(CN)4]- unit acted as
a bis-monodentate bridging ligand toward two CoII ions through
two of its four cyanide groups in the cis position, while each CoII

coordinated to four nitrogen atoms from the CN- bridges, affording
bimetallic double-zigzag chains (Figure 1a). The mean planes
(Fe2Co2) of the square units were parallel to each other, in contrast
with other reported Fe2Co double-zigzag chains, where the mean
planes (Fe2Co2) of the square units usually show a dihedral angle.4

The chains were further linked by 4,4′-bipyridine ligands along the
apical direction of the cobalt centers, affording a layered framework
(Figure 1b). Each layer interlocked with its neighbors, affording
one-dimensional channels filled with uncoordinated water molecules
(Figure S1). The crystal structure consisted of one unique iron center
and one unique cobalt center. Two nitrogen atoms from the bpy
unit and four cyanide carbon atoms coordinated to each iron center,
and each cobalt center was located in the elongated N6 octahedral

environment with four shorter equatorial Co-N distances and two
longer apical Co-N distances (Figure 1a), suggesting a negative
anisotropy constant D that is essential for SCM behavior. At 270
K, the Fe-C and Co-N bond distances were 1.911-1.952 and
2.123-2.154 Å, respectively. Valence sum bond analysis and charge
compensation indicated that the cobalt centers were CoII

HS, while
the iron centers were FeIII

LS, forming FeIII
LS(µ-CN)CoII

HS linkages.
The shortest interchain Fe · · ·Fe and Co · · ·Co distance was 8.849
and 10.631 Å, respectively. However, when crystals of 1 were
slowly cooled, the Co-N bond distances were shortened to
1.971-2.028 Å at 173 K and 1.927-1.999 Å at 100 K, respectively.
The Co-N bond distances at 173 and 100 K were significantly
shorter than those expected for CoII

HS (≈ 2.1 Å), but slightly longer
than those expected for CoIII

LS (≈ 1.9 Å). These temperature
dependent structural variations suggested that intramolecular charge
transfer converted partial FeIII

LS(µ-CN)CoII
HS units into FeII

LS(µ-
CN)CoIII

LS units.

Additional support for this partial intramolecular electron-transfer
could be found in the temperature dependent infrared (IR) spec-
troscopy studies of 1 (Figure S2), between 10 and 300 K. At 300
K, we observed two cyano stretching absorptions (νCN), corre-
sponding to the free νCN absorption (2124 cm-1) of [FeIII(b-
py)(CN)4]- and the bridging νCN absorption (2150 cm-1) of
FeIII

LS(µ-CN)CoII
HS linkages. As the temperature decreased, new

stretches were observed, which were attributed to the free νCN

absorption of FeII(bpy)(CN)4
2- (2072 cm-1) and the bridging νCN

absorption of FeII
LS(µ-CN)CoII

HS (2090 cm-1), FeII
LS(µ-CN)CoIII

LS

(2109 cm-1), and FeIII
LS(µ-CN)CoIII

LS (2166 cm-1) linkages.5 Such

Figure 1. (a) Side view of the 1D double zigzag chain. (b) Side view of
the layer formed by linking the double-zigzag chain with 4,4′-bipyridine
along the a directions. H atoms are omitted for clarity. Atomic scheme:
Fe, green; Co, orange; C, gray; N, blue. (c) Temperature dependent
susceptibilities of 1 in �T vs T.
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IR results confirmed that only partial FeIII and CoII were involved
in the MMCT process. Moreover, these temperature-induced
changes in the IR of 1 were completely reversible upon warming
the samples, indicating the induction of the reversible MMCT.

Magnetic measurements verified the MMCT in 1. At room
temperature, the �T product was 4.20 cm3 mol-1K per Fe2Co unit,
corresponding to the presence of one CoII

HS and two FeIII
LS with

significant orbital contributions. On cooling, the �T values remained
nearly constant between 300 and 250 K (Figure 1c). However,
slowly decreasing the temperature (0.5 K min-1) from 250 to 200 K
afforded a steep decrease in the �T products, reaching 1.70 cm3 mol-1

K at 200 K. In contrast, on heating (0.5 K min-1), the �T values
increased and returned to the initial value with a small thermal
hysteresis loop. Such a magnetic feature confirmed a reversible charge-
transfer process that involved transformation between the high-
temperature (HT) phase with FeIII

LS (S ) 1/2) and CoII
HS (S ) 3/2)

metal ions and the low-temperature (LT) phase with diamagnetic FeII
LS

(S ) 0) and CoIII
LS (S ) 0) centers. According to the �T values, ∼2/3

CoII
HS changed to CoIII

LS from the HT phase to the LT phase. Hence,
the transformation could be expressed as {[FeIII(bpy)(CN)4]2-
CoII(4,4′-bipyridine)} ·4H2O/ [FeII(bpy)(CN)4]2/3[FeIII(bpy)(CN)4]4/3CoIII

2/3-
CoII

1/3(4,4′-bipyridine)} ·4H2O. As the temperature further decreased
from 200 K, another small thermal hysteresis was observed between
156 and 106 K, which may be due to structural transformation. The
�T values then increased to a maximum at 6.0 K, before decreasing
due to zero-field splitting and/or antiferromagnetic interactions. Further
magnetic investigation revealed that the LT phase showed paramagnetic
behavior as expected for discrete clusters (Figures S3, S4).

To probe the possibility of photoinduced magnetization, the IR
spectra after irradiating were measured. Irradiating with a 532 nm
laser light decreaseed the IR peaks due to the LT phase and
produced the spectra of the HT phase (Figure S2). Hence, irradiating
the LT phase induced a valence state change from the FeII

LS-CoIII
LS

state to the FeIII
LS -CoII

HS state.

After irradiating, the spin topology changed from discrete clusters
to one-dimensional, and SCM behavior would be expected con-
sidering the negative anisotropy constant D of CoII, strong intrachain
magnetic interaction transmitted via the cyanide bridge, and weak
interchain magnetic interaction transmitted via 4,4′-bipyridine and
hydrogen bonding. Upon light irradiation at 5 K for more than 12 h,
a significant increase in �T values was observed (Figure 2a) because
of the photoinduced transformation from diamagnetic FeII

LS(µ-
CN)CoIII

LS to metastable paramagnetic FeIII
LS(µ-CN)CoII

HS units.
On heating, the �T values first increased steeply to a sharp
maximum of 35.7 cm3 mol-1 K at 4.4 K, then decreased gradually,
and, at ∼100 K, overlapped with the plots of before photoirradiation.
The sigmoidal shape of the field dependent magnetizations at 1.8
K (Figure S5) featured the field-induced transition from an
antiferromagnetic state to a ferromagnetic state without obvious
hysteresis, indicating that the interchain interactions were antifer-
romagnetic. Coulon et al. demonstrated that the antiferromagnetic
interaction between SCMs stabilized a 3D antiferromagnetic
ordering without preventing the slow relaxation of the magnetization
induced by the SCM components of the material.6 To investigate
the dynamics of the magnetization, the alternative current (ac)
magnetic susceptibility was studied as a function of both temper-
ature and frequency. Variable-temperature ac susceptibility mea-
surements revealed a strong frequency dependence of both in-phase
(�′) and out-of-phase components (�′′), as observed in other SCMs.7

From these data, relaxation times have been estimated and fit to
Arrhenius laws (Figure S6), providing a pre-exponential factor of
τ0 ) 1.4 × 10-9 s and a relaxation energy barrier of ∆τ/kB ) 29 K.

The in-phase ac susceptibility showed a frequency independent peak
at 3.8 K, which might be due to the weak interchain antiferromag-
netic interactions, as suggested by the fact that the maximum of
�′′ decreased with decreasing frequency.7 A semicircular Cole-Cole
diagram (�′′ versus �′, Figure 2c) was constructed from the variable-
frequency data collected at 1.85 K and was fit to a generalized
Debye model,8 giving an R value of 0.34. This analysis demon-
strated that the state of 1 after irradiation was an antiferromagnetic
ordered phase of SCMs.

In summary, through the exploitation of the light-induced transfor-
mation from diamagnetic FeII

LS(µ-CN)CoIII
LS to paramagnetic FeIII

LS(µ-
CN)CoII

HS units, we have shown that an antiferromagnetic ordered
SCM can be photoswitched from paramagnetic discrete clusters. The
reverse transformation can be thermally switched, providing an
effective way to control the spin topology of the SCM via light- or a
thermally induced metal-to-metal charge transfer.

Supporting Information Available: X-ray crystallographic file in
CIF format for 1, a PDF file containing further information about the
experiments, Tables S1-S4, and Figures S1-S6. This material is
available free of charge via the Internet at http://pubs.acs.org.
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Figure 2. (a) Temperature dependent susceptibilities of 1 before irradiating
(red line), after irradiating (black line), and after thermally treating up to
150 K (0). (b) Temperature dependence of the real and imaginary parts of
the ac susceptibility for 1 after irradiating in zero dc-field at varying ac
frequency and with a 3 Oe ac field. (c) Cole-Cole diagram (0) for 1 after
irradiating at 1.85 K. The solid line represents the best fit of the experimental
results with a generalized Debye model.
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