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Two kinds of cobalt-iron cyanides (Rb0.66Co1.25[Fe(CN)6]‚4.3H2O and Co1.5[Fe(CN)6]‚6H2O) with different
electronic structures have been investigated to understand the photoinduced long-range magnetic ordering. Rb0.66-
Co1.25[Fe(CN)6]‚4.3H2O produces a photomagnetic effect, whereas Co1.5[Fe(CN)6]‚6H2O does not respond to
light. FT-IR and Mössbauer studies revealed that their oxidation states are expressed as Rb0.66CoIII

0.84CoII
0.41-

[FeII(CN)6] and CoII1.5[FeIII (CN)6], respectively. The difference in the oxidation states of the metal atoms in these
two compounds has been explained by the Co coordination with H2O or CN ligands. In the case of Rb0.66Co1.25-
[Fe(CN)6]‚4.3H2O, more CN ligands are involved in coordination than expected in the case of Co1.5[Fe(CN)6]‚
6H2O. A charge-transfer (CT) band from FeII to CoIII is observed at around 550 nm for Rb0.66Co1.25[Fe(CN)6]‚
4.3H2O. The magnetism of Rb0.66Co1.25[Fe(CN)6]‚4.3H2O changed from paramagnetic to ferrimagnetic due to
the CT from FeII to CoIII when illuminated at low temperature. The Curie temperature after illumination was 22
K. This metastable state was stable for more than several days at 5 K. The metastable state was restored back to
its original one when the sample was heated to 120 K. It is considered that the interconversion proceeded via a
pronounced domain formation.

Introduction

The design of molecule-based compounds exhibiting spon-
taneous magnetization with high Curie temperature,Tc, is one
of the main challenges in molecular materials science.1-4 The
V(TCNE)2‚1/2CH2Cl2 compound has been reported to exhibit
the highestTc (above 350 K).3 All other high-Tc compounds
are Prussian blue analogues such as V[Cr(CN)6]0.86‚2.8H2O (Tc

) 315 K),5 [Cr2.12(CN)6]‚2.8H2O (Tc ) 270 K),6 [Cr5(CN)12]‚
10H2O (Tc ) 240 K),7 and (Et4N)1.25Mn0.5[V(CN)5]‚2H2O (Tc

) 230 K).8

Recently, the development of new magnetic materials in
which magnetic properties are combined with optical and

electrical properties has been extensively studied.6,9-13 We have
been trying to make new types of magnets whose magnetic
properties can be controlled by external stimuli. One of the most
important challenges in the new field is the control of magnetic
properties by light illumination. This subject is of considerable
importance, because the photon mode allows us to access a
variety of different types of materials with high speed and
superior resolution. In our previous reports, we have shown that
cobalt-iron cyanide exhibits photoinduced magnetization ef-
fects.9 In this work, we have attempted to explore the photo-
magnetic behavior of two types of materials, namely, Co1.5[Fe-
(CN)6]‚6H2O and Rb0.66Co1.25[Fe(CN)6]‚4.3H2O. The unit cell
structure of these compounds is schematically shown in Figure
1. We have characterized these two cobalt-iron cyanides by
various analytical techniques and also discussed the mechanism
of the light-induced effects.

Experimental Section
Compound Preparation. Co1.5[Fe(CN)6]‚6H2O. An aqueous solu-

tion of CoCl2 (1 mM) was slowly added to a vigorously stirred aqueous
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solution of K3Fe(CN)6 (1 mM). The reaction produced a red precipitate.
Anal. Calcd for Co1.5[Fe(CN)6]‚6H2O: K, 0; Co, 21.64; Fe, 13.67; C,
17.64; N, 20.58; H, 2.97; Cl, 0. Found: K, 0.29; Co, 20.46; Fe, 12.91;
C, 17.06; N, 19.78; H, 2.85; Cl, 0. (Co:Fe) 1.50:1).

Rb0.66Co1.25[Fe(CN)6]‚4.3H2O. An aqueous solution containing
CoCl2 (10 mM) and RbCl (1 M) was slowly added to a vigorously
stirred aqueous solution containing K3Fe(CN)6 (10 mM) and RbCl (1
M). The reaction produced a dark purple precipitate. Anal. Calcd for
Rb0.66Co1.25[Fe(CN)6]‚4.3H2O: Rb, 13.4; Co, 17.6; Fe, 13.3; C, 17.18;
N, 20.08; H, 2.07; Cl, 0. Found: Rb, 12.8; Co, 16.6; Fe, 12.7; C, 17.05;
N, 19.62; H, 1.97; Cl, 0. (Rb:Co: Fe) 0.66:1.24:1).

Characterization. Physical Methods.The infrared (IR) spectra were
measured with a model FT-IR 8900µ (JASCO) and an FTS-40A (Bio-
Rad) spectrophotometer at various temperatures. The powder samples
were held by CaF2 plates. IR measurement were not performed by the
KBr method due to the interference of K+ ions.14 The UV-vis spectra
were monitored with a UV-3100 (Shimazu) at various temperatures.
At room temperature the spectra were measured by the diffuse
reflectance method. At lower temperatures, the transmitted spectra were
measured for the sample supported on commercial transparent tape.
Temperature was controlled by a closed-cycle helium refrigerator
(Iwatani Co., Ltd.) and a model 9650 temperature controller (Scientific
Instruments). Powder X-ray diffraction patterns were measured with a
RINT 2500V (Rigaku) at room temperature. Magnetic properties were
investigated with a superconducting quantum interference device
(SQUID) magnetometer (Quantum Design MPMS-5S). A Hg-Xe lamp
(Yamashita Denso XFL-300L) was guided via optical fiber into the
SQUID magnetometer for studying the photomagnetic effects. A powder
sample (200-300 µg) was supported on a commercial transparent
adhesive tape as thin as possible in order to efficiently illuminate the
whole sample. The sample was placed on the edge of the optical fiber.
An approximate value of the light intensity is mentioned in the text
due to inhomogeneous illumination. The Mo¨ssbauer spectra (isomer
shift vs metal Fe at room temperature) were measured using a Wissel
MVT-1000 Mössbauer spectrometer with a57Co/Rh source in the
transmission mode. The measurements at low temperature were
performed with a closed-cycle helium refrigerator (Iwatani Co., Ltd.)
or with liquid-helium cryostat.

Results and Discussion

The reaction of K3Fe(CN)6 and CoCl2 in aqueous solution
typically produces red or purple precipitates. The stoichiometry
and the electronic structure of the compounds strongly depend
on the preparation conditions. In general, it is known that the
single crystal of Prussian blue analogues is difficult to obtain
due to the rapid reaction of the K3Fe(CN)6 and CoCl2. Therefore,
the powder form of the cobalt-iron cyanides has been char-
acterized.

IR and Mo1ssbauer Spectra.The frequencies of CN stretch-
ing mode,ν(CN), of Co1.5[Fe(CN)6]‚6H2O and Rb0.66Co1.25[Fe-
(CN)6]‚4.3H2O are listed in Table 1, and their IR spectra in the
region from 1950 to 2300 cm-1 are shown in Figure 2. The
ν(CN) values for Prussian blue analogues are also listed in Table
1.15,16 The ν(CN) values of FeII-CN-MII and FeIII -CN-MII

appear in the region from 2065 to 2100 cm-1 and from 2146 to
2185 cm-1, respectively. Theν(CN) for CoII

2[FeII(CN)6] and
K2CoII[FeII(CN)6] with FeII-CN-CoII bond structure were
observed at 2085 cm-1.16 Theν(CN) for a dinuclear compound,
[(NC)5FeII-CN-CoIII (CN)5], with FeII-CN-CoIII bond struc-
ture was observed at 2130 cm-1.17,18 These data indicate that
the peaks at around 2163, 2133, and 2103 cm-1 observed with
Co1.5[Fe(CN)6]‚6H2O and Rb0.66Co1.25[Fe(CN)6]‚4.3H2O can be

(14) Reguela et al. claim that tribochemical reduction proceeds when the
compound is mixed with KBr during the preparation of the IR pellet.15
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Figure 1. Unit cell of cobalt-iron cyanide. Certain Fe(CN)6 sites are
vacant, and the bridging oxygen of H2O fills the empty nitrogen end.
Interstitial alkali metal cations have been omitted for clarity.

Table 1. Frequencies of CN Stretching,ν(CN), of Prussian Blue
Analogs and Their Related Compounds

compd ν(CN) (cm-1) ref and notes

FeII-CN-MnII 2065 15
FeII-CN-CoII(hs) 2085 16
FeII-CN-NiII 2095 15
FeII-CN-CuII 2100 15
FeII-CN-ZnII 2097 15
FeIII-CN-MnII 2146 15
FeIII-CN-CoII(hs) 2160 16
FeIII-CN-NiII 2165 15
FeIII-CN-CuII 2172 15
FeIII-CN-ZnII 2185 15
Co1.5[Fe(CN)6]‚6H2O

FeIII-CN-CoII(hs) 2163 this work
Rb0.66Co1.25[Fe(CN)6]‚4.3H2O

FeII-CN-CoIII (ls) 2133 this work
after illumination

FeIII-CN-CoII(hs) 2169 this work
FeII-CN-CoII(hs) 2103 this work

[(NC)5FeII-CN-CoIII (ls)(CN)5]6- 2130 17

Figure 2. IR spectra of Co1.5[Fe(CN)6]‚6H2O (top) and Rb0.66Co1.25-
[Fe(CN)6]‚4.3H2O (bottom) before and after light illumination at ca.
15 K.
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assigned to the stretching of the CN bridge with the FeIII-CN-
CoII, FeII-CN-CoIII , and FeII-CN-CoII bond structures,
respectively.

Theν(CN) value assigned to the FeII-CN-CoIII moiety (2133
cm-1) is higher by about 30 cm-1 compared with that assigned
to the FeII-CN-CoII moiety (2103 cm-1). The shift toward
higher frequency is due to the change in the electronic states of
Co cations from high-spin CoII(hs, t2g

5eg
2) to low-spin CoIII (ls,

t2g
6eg

0), where hs and ls represent high-spin and low-spin,
respectively. Here, the decrease of the eg electrons with
antibonding character leads to the increase in back-bonding
accompanied by a partial depopulation of theπ*(N-C) orbital
in order to compensate the charge deficit at the central ion
caused by the back-bonding. The decrease of the electrons in
antibondingπ*(N-C) results in the shift ofν(CN) toward higher
frequency.

Mössbauer spectra support this assignment. The Mo¨ssbauer
spectra of Co1.5[Fe(CN)6]‚6H2O and Rb0.66Co1.25[Fe(CN)6]‚
4.3H2O are shown in Figure 3. The Mo¨ssbauer parameters for
these two compounds and their related ones are listed in Table
2.16,19-22 Co1.5[Fe(CN)6]‚6H2O has a doublet absorption peak
with IS ) -0.17( 0.01 mm/s, QS) 0.61( 0.01 mm/s, and
Γ ) 0.51( 0.01 mm/s, which can be assigned to FeIII (ls). Rb0.66-
Co1.25[Fe(CN)6]‚4.3H2O also has a doublet absorption peak with
IS ) -0.08( 0.01 mm/s, QS) 0.16( 0.01 mm/s, andΓ )
0.34 ( 0.01 mm/s, which can be assigned to FeII(ls).23 Here,
IS, QS, andΓ represent isomer shift, quadrupole splitting, and
line width, respectively. The idealized electronic configurations
of FeIII -CN-CoII and FeII-CN-CoIII in octahedral symmetry
are expressed as FeIII (t2g

5eg
0)-CN-CoII(hs, t2g

5eg
2) and FeII-

(t2g
6eg

0)-CN-CoIII (ls, t2g
6eg

0), respectively. The IR and Mo¨ss-
bauer studies support the oxidation states of the metal atoms in
Co1.5[Fe(CN)6]‚6H2O and Rb0.66Co1.25[Fe(CN)6]‚4.3H2O as
CoII

1.5[FeIII (CN)6] and Rb0.66CoIII
0.84CoII

0.41[FeII(CN)6], respec-

tively. The relatively broad CN stretching peaks of Rb0.66Co1.25-
[Fe(CN)6]‚4.3H2O is due to the contribution from FeII(t2g

6eg
0)-

CN-CoII (hs, t2g
5eg

2).
Powder X-ray Diffraction. Buser et al. have carried out a

single-crystal analysis for Prussian blue, FeIII
4[FeII(CN)6]3‚

15H2O,24 which suggests that Prussian blue has a face-centered
cubic (fcc) structure. The powder X-ray diffraction patterns of
Co1.5[Fe(CN)6]‚6H2O and Rb0.66Co1.25[Fe(CN)6]‚4.3H2O are
consistent with the fcc structure. Their unit cell parameters are
10.32 and 9.96 Å, respectively. In general, CoIII (ls, t2g

6eg
0) to

CoII(hs, t2g
5eg

2) interconversion is characterized by elongation
of the Co-to-ligand bond distance.25 This is due to the fact that
the eg σ-antibonding orbitals in the CoIII (ls, t2g

6eg
0) form are

unoccupied but doubly occupied in the CoII(hs, t2g
5eg

2) form.
Therefore, the change in the unit cell parameters of these
compounds (10.32 to 9.96 Å) is mainly due to the variation in
the Co-N bond length (∆r). It has been reported that the FeII-C
and C-N bond lengths of FeIII 4[FeII(CN)6]3‚15H2O are 1.92 and
1.13 Å, respectively.24 Assuming that the bond lengths of Fe-C
(FeII-C, FeIII -C) and C-N of cobalt iron cyanide are equiva-
lent with those of FeIII 4[FeII(CN)6]3‚15H2O, the CoII(hs)-N bond
length of Co1.5[Fe(CN)6]‚6H2O and CoIII (ls)-N bond length of
Rb0.66Co1.25[Fe(CN)6]‚4.3H2O are calculated to be 2.11 and 1.93
Å, respectively.26 Their bond lengths are consistent with that
of Co valence tautomeric compounds.25 In general, the mean
∆r variations for CoII valence tautomeric compounds and FeII,
FeIII , and CoII spin crossover complexes lie in the ranges of
0.16-0.22, 0.14-0.24, 0.10-0.18, and 0.09-0.13 Å, respec-
tively.25,27 The ∆r variation of the cobalt-iron cyanides (0.18
Å) is larger than the∆r of CoII spin crossover complexes and
falls within the ∆r of FeII and FeIII spin crossover and Co
valence tautomeric compounds. This is because only one eg

orbital with antibonding character affects the∆r of CoII spin
crossover complexes, while two eg orbitals affect the∆r of the
others.

The elemental analysis shows that the number of Fe(CN)6

moieties is larger than that of Co cations in the two compounds.
It has been reported that the Prussian blue analogues have Fe-
(CN)6 vacancies and the oxygen of H2O fills the empty nitrogen
sites of the vacancy (Figure 1).24 For example, FeIII 4[FeII(CN)6]3

can be expressed by FeIII
4[vacancy][FeII (CN)6]3. The mean

coordination of FeIII is FeIIIN4.5O1.5, where N and O represent
the nitrogen end of CN and the oxygen of H2O. When this
assumption is simply applied to the structural analysis, the two
compounds prepared here can be expressed by Co0.5[vacancy]0.5-
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Mössbauer spectra with a symmetric quadrupole doublet.
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3.084 Å, Co-Fe ) 5.00 Å (from Co K-edge EXAFS). Rb0.66Co1.25-
[Fe(CN)6]‚4.3H2O: Fe-C ) 1.933 Å, Fe-N ) 3.052 Å, Fe-Co )
5.17 Å (from Fe K-edge EXAFS); Co-N ) 2.110 Å, Co-C ) 3.243
Å, Co-Fe ) 5.20 Å (from Co K-edge EXAFS). These data clearly
show that the differences of the unit cell parameters between Co1.5-
[Fe(CN)6]‚6H2O and Rb0.66Co1.25[Fe(CN)6]‚4.3H2O mainly arise from
the change in the Co-N bond length.

(27) Zarembowitch, J.New J. Chem.1992, 16, 255.

Figure 3. Mössbauer spectra for Co1.5[Fe(CN)6]‚6H2O (top) and Rb0.66-
Co1.25[Fe(CN)6]‚4.3H2O (bottom) at room temperature.
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Co[Fe(CN)6]‚6H2O and Rb0.66Co0.25[vacancy]0.25Co[Fe(CN)6]‚
4.3H2O. The mean coordination of Co in each compound is
CoN4O2 and CoN4.8O1.2, respectively. The coordination of Fe
is always maintained as FeC6 in the Prussian blue analogues,
where C represents the carbon end of CN.

The ligand field for nitrogen of CN is slightly higher than
H2O in the spectrochemical series. The difference in the ligand
field of Co should affect the electronic structure of these
compounds. The strong ligand field favors a low-spin state of
Co ion rather than a high-spin state. Therefore, the electronic
state of FeII(t2g

6eg
0)-CN-CoIII (ls, t2g

6eg
0) is more stabilized as

the number of vacancies decreases. As a consequence, Co1.5-
[Fe(CN)6]‚6H2O with a relatively weak ligand field of Co
cations procures the FeIII (t2g

5eg
0)-CN-CoII(hs, t2g

5eg
2) state and

Rb0.66Co1.25[Fe(CN)6]‚4.3H2O with a relatively strong ligand
field takes the FeII(t2g

6eg
0)-CN-CoIII (ls, t2g

6eg
0) state.28

UV-Vis Electronic Absorption Spectra.29 The optical
absorption spectra of the present two compounds are shown in
Figure 4. The red compound, Co1.5[Fe(CN)6]‚6H2O, has broad
absorption peaks at around 1200, 470, and 380 nm. The
spectrum seems to be the superposition of the spectrum of K3-
FeIII (CN)6 and CoII(hs). The absorption at 1200 and 470 nm
can be attributed to the d-d transitions of CoII(hs), and the

absorption at 380 nm is due to the charge-transfer band of
Fe(CN)63-. The purple compound, Rb0.66Co1.25[Fe(CN)6]‚
4.3H2O, has only one broad absorption peak at around 550 nm.
The spectrum does not seem to be the simple superposition of
the spectrum of K4Fe(CN)6 and CoIII (ls), which indicates that
Rb0.66Co1.25[Fe(CN)6]‚4.3H2O is a class II compound under the
classification of Robin and Day.30 This means that an electron
is mainly trapped on Fe but is partially located on Co. We assign
the broad band at 550 nm to the charge-transfer (CT) band from
FeII to CoIII (ls). The band structure calculation reported by
Yoshizawa et al. also suggests that the absorption corresponds
to the CT from FeII to CoIII .31 It is also important to note that
several dinuclear compounds with FeII-CN-CoIII (ls) structure
have the CT bands in the 385-565 nm range.32-36

Magnetic Properties. There are several reports available on
the magnetic properties of CoII

1.5[FeIII (CN)6].37-39 The magnetic
properties of our samples are shown in Figures 5-7. The product
of the molar magnetic susceptibility and temperature,øMT,
versus temperature plot of CoII

1.5[FeIII (CN)6]‚6H2O first de-
creased upon cooling and then increased at lower temperatures
(Figure 5), indicating a short-range antiferromagnetic interaction
between paramagnetic centers bearing different numbers of
unpaired electrons (ferrimagnetism). The Curie constant (C) and
the Weiss constant (Θ) are 5.4 cm3 mol-1 K and -15 K,
respectively. The field-cooled magnetization (FCM) versus
temperature plots atH (magnetic field)) 0.5 mT displayed an
abrupt break atTc ) 16 K (Figure 6). The field dependence of
the magnetization (5 K) yielded a magnetization atH ) 5 T of
about 2.8µB/CoII

1.5[FeIII (CN)6]‚6H2O (Figure 7). The magnetic
hysteresis loop at 5 K yielded a remnant magnetization (Mr) of
3600 cm3 mol-1 G and a coercive field (Hc) of 480 G.

By neglect of the interaction between the next-nearest
neighbors, the exchange interactions in the present compounds
can be divided into two types. The interaction between the t2g

orbital of FeIII and the eg orbital of CoII(hs), which are orthogonal

(28) Verdaguer, M.Science, 1996, 272, 698.
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Table 2. Mössbauer Parameters (Isomer Shift vs Metal Fe at Room Temperature)

compd IS (mm/s) QS (mm/s) Γ (mm/s) ref

K4Fe(CN)6 -0.031 19
K3Fe(CN)6 -0.122 0.285 0.242 20
CoII

2[FeII(CN)6] -0.01 21
CoII

2[FeII(CN)6] -0.085 0.320 16
CoII

3[FeIII (CN)6]2 -0.08 0.85 21
CoII

3[FeIII (CN)6]2 -0.151 0.408 0.353 16
Co1.5[Fe(CN)6]‚6H2O{)CoII

3[FeIII (CN)6]2} (293 K) -0.17( 0.01 0.61( 0.01 0.51( 0.01 this work
Rb0.66Co1.25[Fe(CN)6]‚4.3H2O (293 K) -0.08( 0.01 0.16( 0.01 0.34( 0.01 this work

before illumination (25 K) 0.02( 0.01 0.15( 0.01 0.44( 0.01 this work
after illumination (25 K) 0.09( 0.01 1.13( 0.01 0.67( 0.01 this work

Figure 4. UV-vis spectra for Co1.5[Fe(CN)6]‚6H2O (top) and Rb0.66-
Co1.25[Fe(CN)6]‚4.3H2O (bottom) at room temperature. The sharp
oscillation around 830 nm is due to the change in the light source of
the UV-vis spectrometer.
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to each other, is ferromagnetic. The other interaction between
the t2g orbital of FeIII and t2g orbital of CoII(hs), which are
overlapped with each other, gives rise to antiferromagnetic
character. When the ferromagnetic and antiferromagnetic in-
teractions are superimposed, the antiferromagnetic term, in
general, dominates the interactions.1,7 Therefore, ferrimagnetic
properties are expected for the cobalt-iron cyanide, which is
consistent with the observed magnetic properties of Co1.5[Fe-
(CN)6]‚6H2O.

The øMT values of Rb0.66Co1.25[Fe(CN)6]‚4.3H2O are quite
small compared with those of Co1.5[Fe(CN)6]‚6H2O over all the
temperature range (Figure 5), because they are mainly consti-
tuted from the diamagnetic component FeII(t2g

6eg
0)-CN-CoIII -

(ls, t2g
6eg

0). The small amounts of CoII ions in Rb0.66CoIII
0.84-

CoII
0.41[FeII(CN)6] are responsible for the paramagnetic character.

An FCM versus temperature plot for Rb0.66Co1.25[Fe(CN)6]‚
4.3H2O displayed no break between 2 K and room temperature
(Figure 6). The field dependence of the magnetization yielded
a magnetization atH ) 5 T of about 0.66µB at 5 K per Rb0.66-
CoIII

0.84CoII
0.41[FeII(CN)6] (Figure 7). The magnetic hysteresis

loop could not be observed even at 5 K, which is characteristic
of a paramagnetic material.

Effect of Illumination. The ferrimagnet, Co1.5[Fe(CN)6]‚
6H2O, did not show any photoeffect during magnetic measure-
ments. Conversely, the paramagnetic compound, Rb0.66Co1.25-
[Fe(CN)6]‚4.3H2O, showed a strong response upon irradiation.
The magnetization value of Rb0.66Co1.25[Fe(CN)6]‚4.3H2O atH
) 0.5 mT increased significantly under illumination at 5 K.
The time dependence of the change in the magnetization value
under light illumination (500-750 nm, light intensity) ca. 0.1
mW/ cm2, sample mass) 268 µg) is shown in Figure 8. The
magnetization value started to increase upon illumination,
indicating that a long-range magnetic ordering is induced by
the light illumination. The light was turned off, and the
magnetization was observed to be stable for several days. The
original magnetization value at 5 K before illumination was
recovered, when the sample was heated to 150 K (thermal
treatment). This phenomenon can be repeated for several times.
The light-induced persistent change in magnetization could be
induced by any wavelength in the visible region, indicating that
this effect is triggered by the excitation of the CT band. The
light intensity in Figure 8 was reduced to 0.1 mW/cm2 in order
to clearly show the change in the magnetization during light
illumination. Therefore, no saturation in the magnetization was
attained even after illumination for 5 h. Basically, the increase
in the magnetization is faster with an increase in the light
intensity. The interconversion was completed below 10 min
when white light at 20 mW/cm2 was used. Figure 8 also shows
the time dependence of the decrease in the magnetization at 5
K after the light is turned off. The FCM was measured as a
function of temperature before and after the light illumination
at 5 K (Figure 9). The Curie temperature was 22 K after
illumination for about 40 min (500-750 nm, light intensity)

Figure 5. øΜT vs temperature plots for Co1.5[Fe(CN)6]‚6H2O (0) and
Rb0.66Co1.25[Fe(CN)6]‚4.3H2O (O).

Figure 6. Field-cooled magnetization (FCM) vsT at H ) 0.5 mT for
Co1.5[Fe(CN)6]‚6H2O (0) and Rb0.66Co1.25[Fe(CN)6]‚4.3H2O (O) at 5
K.

Figure 7. Field dependence of the magnetization for Co1.5[Fe(CN)6]‚
6H2O (0) and Rb0.66Co1.25[Fe(CN)6]‚4.3H2O (O) at 5 K.

Figure 8. Change in the magnetization for Rb0.66Co1.25[Fe(CN)6]‚
4.3H2O at H ) 0.5 mT andT ) 5 K during light illumination and
after thermal treatment; on, off, and4 represent light on, light off, and
thermal treatment at 150 K.

Figure 9. Field-cooled magnetization (FCM) curves for Rb0.66Co1.25-
[Fe(CN)6]‚4.3H2O before and after light illumination (hν) at H ) 0.5
mT: O, before light illumination;b, after light illumination;×, after
thermal treatment at 150 K: (O and × fall on the same line.)4
represents thermal treatment.
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ca. 7 mW/ cm2, sample mass) 251.5µg). The field dependence
of the magnetization at 2 K is shown in Figure 10. The
magnetization atH ) 5 T yielded about 1.32µB/Rb0.66Co1.25-
[Fe(CN)6] after the illumination. Magnetic hysteresis after the
illumination at 2 K yieldedMr of 2260 cm3 mol-1 G andHc of
4500 G. Similar light-induced phenomena (enhanced magnetiza-
tion) were observed even at 100 K.

The IR spectra at 12 K before and after light illumination
are shown in Figure 2. Upon irradiation at 5 K for 10 min (white
light, light intensity) ca. 20 mW/ cm2), the intensity of the
peak at 2133 cm-1 disappeared almost completely and the peaks
at 2169 and 2103 cm-1 appeared for Rb0.66Co1.25[Fe(CN)6]‚
4.3H2O. Theν(CN) peaks at 2169, 2133, and 2103 cm-1, are
assigned to FeIII (t2g

5eg
0)-CN-CoII(hs, t2g

5eg
2), FeII(t2g

6eg
0)-

CN-CoIII (ls, t2g
6eg

0), and FeII(t2g
6eg

0)-CN-CoII(hs, t2g
5eg

2),
respectively. This means that the light illumination induced the
CT from FeII to CoIII (ls) for Rb0.66Co1.25[Fe(CN)6]‚4.3H2O. The
process could be expressed by

Mössbauer spectra support these assignments (Figure 11). Upon
irradiation at 25 K, an absorption peak (IS) 0.02( 0.01 mm/
s, QS) 0.15( 0.01 mm/s,Γ ) 0.44( 0.01 mm/s) of FeII(ls)
was significantly reduced and a new doublet peak (IS) 0.09
( 0.01 mm/s, QS) 1.13( 0.01 mm/s,Γ ) 0.67( 0.01 mm/
s) was observed. This can be assigned to FeIII (ls). As a result
of the light-induced CT from FeII to CoIII (ls), the oxidation state
of Rb0.66Co1.25[Fe(CN)6]‚4.3H2O is changed from Rb0.66CoIII

0.84-
CoII

0.41[FeII(CN)6] to Rb0.66CoII
1.25[FeIII

0.84FeII
0.16(CN)6]. This

means that the compound after light illumination has the
oxidation states as FeIII (t2g

5eg
0)-CN-CoII(hs, t2g

5eg
2) (ν(CN)

) 2169 cm-1) and FeII(t2g
6eg

0)-CN-CoII(hs, t2g
5eg

2) (ν(CN)
) 2103 cm-1) which is confirmed by IR data.

Figure 12 shows the UV-vis spectra before and after the
light illumination of Rb0.66Co1.25[Fe(CN)6]‚4.3H2O. Upon il-

lumination, the broad CT band was reduced, and the resultant
spectra were similar to that of CoII

1.5[FeIII (CN)6]‚6H2O shown
in Figure 4. This change is also explained by the CT process
from FeII to CoIII (ls). This reveals that the contribution of
FeII(t2g

6eg
0)-CN-CoIII (ls, t2g

6eg
0) is reduced and that of

FeIII (t2g
5eg

0)-CN-CoII(hs, t2g
5eg

2) is increased by light illumina-
tion. The increase in the contribution of the paramagnetic
components, FeIII (t2g

5eg
0)-CN-CoII(hs, t2g

5eg
2), enhances the

magnetization value and creates the magnetic exchange path-
ways. Although the theoretical saturation magnetization value
for Rb0.66CoII

1.25[FeIII
0.84FeII

0.16(CN)6]‚4.3H2O is 2.9 µB, the
experimental value at 5 T is about 1.32µB at 2 K, indicating
some fractions of the paramagnetic component are magnetically
isolated due to the presence of the diamagnetic component, FeII-
(t2g

6eg
0)-CN-CoIII (ls, t2g

6eg
0).

The temperature dependences of the UV-vis (from 15 to
120 K) and IR (from 15 to 300 K) spectra after the light
illumination at 15 K are shown in Figures 12 and 13,
respectively. No change was observed below 70 K in the IR
and UV-vis spectra, showing that the metastable state, FeIII -
(t2g

5eg
0)-CN-CoII(hs, t2g

5eg
2), is maintained below this tem-

perature. Above 80 K, however, the IR peak at 2169 cm-1

assigned toν(CN) of FeIII (t2g
5eg

0)-CN-CoII(hs, t2g
5eg

2) was

Figure 10. Top: Field dependence of the magnetizations for Rb0.66-
Co1.25[Fe(CN)6]‚4.3H2O before and after light illumination (hν) at 2
K. Bottom: Hysteresis loops for Rb0.66Co1.25[Fe(CN)6]‚4.3H2O at 2 K.
O, before light illumination;b, after light illumination;× after thermal
treatment at 150 K. (O and × fall on the same line.)4 represents
thermal treatment.

FeII(t2g
6eg

0)-CN-CoIII (ls, t2g
6eg

0) f

FeIII (t2g
5eg

0)-CN-CoII(hs, t2g
5eg

2) (1)

Figure 11. Mössbauer spectra for Rb0.66Co1.25[Fe(CN)6]‚4.3H2O before
(top) and after (bottom) light illumination (hν) at 25 K.

Figure 12. UV-vis spectra for Rb0.66Co1.25[Fe(CN)6]‚4.3H2O before
and after light illumination (hν) at ca. 15 K (solid line). Temperature
dependence of UV-vis spectra after light illumination (dotted line).
Temperature is raised from 15 to 120 K.4 represents thermal treatment.
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decreased and the peak at 2133 cm-1 assigned toν(CN) of FeII-
(t2g

6eg
0)-CN-CoIII (ls, t2g

6eg
0) was increased. Similarly, the

UV-vis spectra showed an increase in the broad CT band above
80 K. Both the IR and UV-vis spectra were completely restored
to the original spectra, when the sample was heated to about
120 K, showing that the electron transfer from CoII(hs) back to
FeIII is thermally induced.The photomagnetization process is
schematically illustrated in Figure 14. The potential curve on
the left side is the electronic state of FeII(t2g

6eg
0)-CN-CoIII (ls,

t2g
6eg

0). The upper and lower curves on the right side are FeIII -
(t2g

5eg
0)-CN-CoII(ls, t2g

6eg
1) and FeIII (t2g

5eg
0)-CN-CoII(hs,

t2g
5eg

2), respectively. Since the energies of the electronic states
of FeII(t2g

6eg
0)-CN-CoIII (ls, t2g

6eg
0) and of FeIII (t2g

5eg
0)-CN-

CoII(hs, t2g
5eg

2) are quite close, the slight change in the ligand
field of Co ions can possibly enable the interconversion between
the two states.

The light illumination induces the CT from FeII to CoIII (ls).
To explain this process two possible optical CT transition routes
can be considered. One is the direct transition from FeII(t2g

6eg
0)-

CN-CoIII (ls, t2g
6eg

0) to FeIII (t2g
5eg

0)-CN-CoII(hs, t2g
5eg

2), but
this is a spin-forbidden process and may not be seen in the
spectrum. Another transition is shown as

which is spin-allowed and could be observed in the spectrum.
The low-spin octahedral CoII(ls) complex typically has a strong
Jahn-Teller distortion. The absorption coefficient of this CT
band is expected not to be large compared with typical CT

transitions, because the corresponding electronic transition is
symmetrically forbidden from a t2g state of FeII to an eg state of
CoIII (ls).40 After the excitation, some fractions of the excited-
state relax to the initial state as

However, an alternative spin-forbidden decay path could be
possible due to the spin-orbit coupling as follows:

Because CoII favors a high-spin state, the electronic state of
FeIII (t2g

5eg
0)-CN-CoII(hs, t2g

5eg
2) could be lower than that of

FeIII (t2g
5eg

0)-CN-CoII(II, t2g
6eg

1) and it forms a metastable state.
The bottoms of the potential wells (x-axis in Figure 14) for

FeII(t2g
6eg

0)-CN-CoIII (ls, t2g
6eg

0) and FeIII (t2g
5eg

0)-CN-CoII-
(hs, t2g

5eg
2) are expected to be sufficiently separated, because

the interconversion from FeII(t2g
6eg

0)-CN-CoIII (ls, t2g
6eg

0) to
FeIII (t2g

5eg
0)-CN-CoII(hs, t2g

5eg
2) is accompanied by a large

change in the Co-N bond length due to the spin transition of
Co ions. The change is estimated to be as large as 0.18 Å.26

Hence, to induce the back electron transfer as shown

a large reorganization energy is required, which contributes to
the potential barrier. Furthermore, this process involves a∆S
) 3/2 transition in Co ions. This reaction is typically spin-
forbidden, which also functions as a barrier to the back electron
transfer. Therefore, the relaxation involving spin transition
results in an increase in the thermal activation energy for the
back electron transfer. Consequently, the self-trapping via
electron-phonon coupling is the key factor in the extraordinary
long-lived metastable state. Note that the light illumination
effects for dinuclear compounds with the electronic state of MII-
CN-CoIII (M ) Fe, Ru, etc.) have been investigated,32,41 in
which the MIII -CN-CoII bonding structure is formed by the
photoinduced CT from a t2g state of MII to an eg state of CoIII .
However, these compounds dissociate into two (or more than
two) components in solution phase, because CoII is a labile
species. In contrast, the CoII(hs) state can be maintained in the
solid state, allowing the reversible CT between Fe and Co ions.

Finally, we remark on the cooperativity resulting from the
intermolecular interactions. As described above, the electron
transfer is accompanied by a large change in the Co-N bond
length. It is possible that the FeIII (t2g

5eg
0)-CN-CoII(hs, t2g

5eg
2)

moieties are more stabilized when they are surrounded by similar
FeIII (t2g

5eg
0)-CN-CoII(hs, t2g

5eg
2) moieties, because the distor-

tion of the CN networks which arises from the mismatch of the
lattice parameters between these two moieties can be avoided.
In fact, the strong cooperative interactions in the cobalt-iron
cyanide systems can be demonstrated by two phenomena. One
is the thermally induced abrupt transition between FeIII (t2g

5eg
0)-

CN-CoII(hs, t2g
5eg

2) and FeII(t2g
6eg

0)-CN-CoIII (ls, t2g
6eg

0)
around room temperature reported for the compounds synthe-
sized via an electrochemical route.42 Such abrupt interconversion
is observed only when the strong cooperative interactions induce

(40) Braterman, P. S.J. Chem. Soc. A1966, 1471.
(41) Vogler, A.; Kunkely, H.Ber. Bunsen-Ges. Phys. Chem.1975, 79, 83.

Figure 13. Temperature dependence of CN stretches for Rb0.66Co1.25-
[Fe(CN)6]‚4.3H2O after light illumination (hν) at ca. 15 K. Temperature
is raised from 15 to 300 K.4 represents thermal treatment.

Figure 14. Potential energy diagram of electronic charge-transfer states
of Rb0.66Co1.25[Fe(CN)6]‚4.3H2O.

FeII(t2g
6eg

0)-CN-CoIII (ls, t2g
6eg

0) f

FeIII (t2g
5eg

0)-CN-CoII(ls, t2g
6eg

1) (2)

FeIII (t2g
5eg

0)-CN-CoII(ls, t2g
6eg

1) f

FeII(t2g
6eg

0)-CN-CoIII (ls, t2g
6eg

0) (3)

FeIII (t2g
5eg

0)-CN-CoII(ls, t2g
6eg

1) f

FeIII (t2g
5eg

0)-CN-CoII(hs, t2g
5eg

2) (4)

FeIII (t2g
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2) f

FeII (t2g
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the growth of the domains of moieties with similar electronic
states [FeIII (t2g

5eg
0)-CN-CoII(hs, t2g

5eg
2) or FeII(t2g

6eg
0)-CN-

CoIII (ls, t2g
6eg

0)] from the nucleation centers. Another is the
change in the IR spectra during the interconversion between
FeIII (t2g

5eg
0)-CN-CoII(hs, t2g

5eg
2) and FeII(t2g

6eg
0)-CN-CoIII -

(ls, t2g
6eg

0). If the transition is induced randomly, theν(CN) of
FeIII (t2g

5eg
0)-CN-CoIII (ls, t2g

6eg
0) as well as theν(CN) of FeIII -

(t2g
5eg

0)-CN-CoII(hs, t2g
5eg

2) and FeII(t2g
6eg

0)-CN-CoIII (ls,
t2g

6eg
0) should be observed during the interconversion. However,

theν(CN) of FeIII (t2g
5eg

0)-CN-CoIII (ls, t2g
6eg

0), which is located

around 2185 cm-1, did not appear in the spectra. This means
that the interconversion proceeded via a pronounced domain
formation, indicating the existence of the strong cooperative
interactions. Thus, it could be thought that the change from FeII-
(t2g

6eg
0)-CN-CoIII (ls, t2g

6eg
0) to FeIII (t2g

5eg
0)-CN-CoII(hs,

t2g
5eg

2) is a phase transition induced by light illumination, which
is distinct from that of the conventional photochromic behavior
at a single molecule level.
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