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Abstract: Solvent exchange caused reversible variations in color, magnetic properties, and the Faraday
spectra of CoII

1.5[CrIII(CN)6]‚7.5H2O (1) prepared in water. Compound 1 turned from peach to deep blue,
which was due to a change in the coordination geometry on CoII ion from six-coordinate pseudo-octahedral
(OhCoII) to four-coordinate pseudo-tetrahedral (TdCoII) geometries, when it was immersed in EtOH. The
confirmed formula for the deep blue powder was CoII

1.5[CrIII(CN)6]‚2.5H2O‚2.0EtOH. The magnetic properties
also changed; that is, the magnetic critical temperature, saturation magnetization, and coercive field went
from 25 to 18 K, from 7.0 to 5.5 µB, and from 240 to 120 G, respectively. This solvatomagnetism is because
the ferromagnetic magnetic coupling between OhCoII (S ) 3/2) and CrIII (S ) 3/2) is replaced by the
antiferromagnetic coupling between TdCoII (S ) 3/2) and CrIII (S ) 3/2). Accompanying the solvatochromism
and solvatomagnetism, the Faraday spectra drastically changed. The Faraday ellipticity (FE) spectrum of
1 had a distorted dispersive peak (A), which is due to the 4T1g f 4T1g, 2T1g transitions of OhCoII ion, around
480 nm, but the FE spectra of 2 showed a new dispersive-shaped band (B) at 580 nm. The observed B
band was assigned to the 4A2 f 4T2 transition of the TdCoII ion. The Faraday spectra were well reproduced
by a simulation that considers the ligand field splitting, spin-orbital coupling, and the ferromagnetic ordering.
These solvatochromic effects were repeatedly observed.

1. Introduction

The Faraday effect is a magneto-optical phenomenon that
plays an important role in optical devices, such as optical isolator
and optical circulator.1 Since crystalline- and film-type molecule-
based magnets2 often possess transparently bright colors, they
have a possibility of exhibiting a strong Faraday effect at a
particular wavelength in the visible region. The reports of
transparent magnetic materials have been limited to a few
inorganic materials such as FeBO3 and K2CrCl4.3 From this
viewpoint, we have studied the Faraday effect of Prussian blue
analogues at the ferromagnetic state, using vanadium hexacy-
anochromates with a magnetic ordering temperature of 340 K.4

Since then, the Faraday effect has been observed in several

molecule-based magnets.5 In molecule-based magnets, the
structure and magnetic properties can be controlled by a small
change of circumstance. For example, Awaga et al. reported a
reversible change between paramagnetism and weak ferromag-
netism due to a solvatochromic behavior in a copper hydroxide
intercalation compound.6 This feature allows chemical modifica-
tions to control the magneto-optical effect. The objective in this
work is to observe a new magneto-optical functionality, sol-
vatomagnetism-induced magneto-optical effect. Typical mag-
netic materials such as metal alloys and metal oxides do not
display this type of magneto-optical effect because they are not
very sensitive to their environment. Among the solvatochromic
effects, the color change of a solution of CoII ion, which is
caused by changing the coordination geometry around CoII (6-
coordinate octahedralT 4-coordinate tetrahedral), is one of the
famous phenomena.7,8 Cobalt hexacyanochromate is reported
to show ferromagnetism with a Curie temperature (TC) of
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25 K.9 In the present work, solvatochromic and solvato-
magnetic effects in a cobalt hexacyanochromate were studied
and drastic changes in color and magnetic properties were
observed. Here, we report on a new magneto-optical functional-
ity, the solVatomagnetism-induced Faraday effect,with a cobalt
hexacyanochromate-based magnet.

2. Experimental Section

2.1. Materials.CoII
1.5[CrIII (CN)6]‚7.5H2O (1) was prepared by adding

50 mL of an aqueous solution of K3[Cr(CN)6] (10 mmol dm-3) to 50
mL of CoCl2‚6H2O aqueous solution (15 mmol dm-3). The precipitated
powder was washed with distilled water and air-dried. When the powder
1 was immersed in EtOH, the color drastically changed, which will be
referred to as compound2.

2.2. Measurements.Elemental analyses of Co and Cr for compounds
1 and2 were obtained by an HP4500 inductively coupled plasma mass
spectroscopy (ICP-MS), and those of C, H, and N were determined
using a standard microanalytical method. The visible reflectance spectra
were measured using a Shimadzu UV-3100PC UV-vis spectropho-
tometer. The crystal structures of the samples were determined by a
Rigaku RINT2100 X-ray powder diffraction (XRD) spectrometer. The
infrared (IR) spectra were measured using a Shimadzu FTIR-8200PC.
The magnetic properties were measured using a Quantum Design
MPMS 7 superconducting quantum interference device (SQUID)
magnetometer. Electron spin resonance (ESR) spectra were recorded
with a JEOL RE1X X-band ESR spectrometer. The Faraday spectra
were recorded on a JASCO E-250 magneto-optical meter. For the
measurement of Faraday spectra, the fine powder type of sample spread
on the CaF2 substrate was used.

3. Results

3.1. Structure.Compound1 was a peach powder. Elemental
analyses by an ICP-MS and standard microanalytical methods
confirmed that the formula of1 was CoII1.5[CrIII (CN)6]‚7.5H2O.
Calculated: Co, 20.5; Cr, 12.1; C, 16.7; H, 3.5; N, 19.5%.
Found: Co, 20.7; Cr, 12.3; C, 16.4; H, 3.5; N, 19.0%. When1
was immersed in EtOH, its color changed to deep blue, as shown
in Figure 1a. Successively, when this deep blue compound was
immersed in H2O, the color reverted to peach and this
solvatochromic behavior was repeatedly observed several times.
Elemental analyses showed that the formula of2 was CoII1.5-
[CrIII (CN)6]‚2.5H2O‚2.0EtOH. Calculated: Co, 20.4; Cr, 12.0;
C, 27.7; H, 3.9; N, 19.4%. Found: Co. 20.5; Cr, 12.1; C, 27.4;
H, 3.9; N, 19.5%. Figure 1b shows the visible reflectance spectra
for 1 and2. Compound1 possessed an absorption band around
490 nm (A band). In contrast,2 possessed a different absorption
band around 580 nm (B band) in addition to theA band. The
IR spectra for1 had a CN stretching peak at 2168 cm-1, while
2 displayed a shoulder CN peak at 2166 cm-1. In addition,2
had CO stretching peaks due to the coordinating EtOH
molecules at 1035 and 1085 cm-1. The XRD patterns showed
that both1 and 2 were face-centered cubic (fcc) structures
(Figure 2). The lattice constant, however, expanded from 10.583
(1) to 10.634 Å (2).

3.2. Magnetic Properties.The field-cooled magnetization
plots of 1 in a magnetic field of 10 G showed a spontaneous

magnetization with aTC of 25 K (Figure 3a). The magnetization
versus external magnetic field at 5 K showed a saturation
magnetization (Ms) value of 7.0µB for a given formula of
CoII

1.5[CrIII (CN)6]‚7.5H2O (Figure 3b) and a coercive field
(Hc) of 240 G (Figure 3c). The temperature dependence of
magnetic susceptibility (ø) data showed that the Weiss con-
stant (θ) of 1 was +32 K. Immersing in EtOH drastically
altered the magnetic properties of the sample; that is, compound
2 had aTC ) 18 K, Ms ) 5.5 µB, Hc ) 120 G (Figure 3a-c),
and θ ) +21 K. Immersing2 in water caused the magnetic
properties to revert to1, which indicates that the observed
solvatomagnetism between1 and 2 is reversible. This
switching behavior was repeatedly observed. ESR spectra
showed thatg-factors of 1 and 2 were 2.12 and 2.20,
respectively.
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M.; Desplanches, C.; Scuiller, A.; Train, C.; Grade, R.; Gelly, G.;
Lomenech, C.; Rosenman, I.; Veillet, P.; Cartier, C.; Villain, F.Coord.
Chem. ReV. 1999, 190, 1023.

Figure 1. Photographs (a) and reflectance spectra (b) of1 (dotted line)
and2 (solid line).

Figure 2. X-ray diffraction pattern spectra of1 and2 with Miller indices
of face-centered cubic structure.
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3.3. Faraday Spectra.Figure 4 shows the Faraday spectra
of 1 and 2 at 7 K in anexternal magnetic field of 1 T. The
Faraday ellipticity (FE) spectrum of1 had a distorted dispersive
peak (A) around 480 nm with intensities of+0.17 deg
µm-1 (460 nm) and-0.12 deg µm-1 (485 nm). Simul-
taneously, in the Faraday rotation (FR) spectrum, a positive
bell-shaped peak was observed at the same position. In addition
to the A band, the FE spectra of2 displayed an intense
dispersive-shaped band (B) with a center at 580 nm and had
intensities of-0.26 degµm-1 (555 nm) and+0.59 degµm-1

(595 nm). TheB band in the FR spectra showed a negative
distorted wing-type peak with an intensity of-0.38 deg
µm-1(580 nm).

4. Discussion

4.1. Solvatochromic Property.In the AII
1.5[BIII (CN)6]‚zH2O

type of Prussian blue analogues (A and B are transition metal

ions), vacancies randomly exist in the lattice as shown in Figure
5a. In these vacancies, an H2O molecule coordinates to AII ion
as aligand waterinstead of a nitrogen atom of a cyano group
and the interior of vacancy is occupied byzeolitic waters. Since
one-third of the [CrIII (CN)6] sites are vacant in copound1, the
CoII ions are expected to coordinate to four N atoms of cyano
groups and two O atoms of ligand waters on the average. The
statistical probabilities of CoIIN6 (geometryI ), CoIIN5O (ge-
ometryII ), CoIIN4O2 (geometryIII ), CoIIN3O3 (geometryIV ),
CoIIN2O4 (geometry V), and CoIINO5 (geometry VI ) are
expressed by the product of the combination (6Cn; n ) 0-5)
and existing probabilities of1/3 and2/3 for O and N atoms, that
is, 6Cn (1/3)n(2/3)6-n, where n is the number of O atoms.
Moreover, the geometries ofIII , IV , andV are divided into
two types (a andb) depending on coordinating positions of O
atoms. As shown in Figure 5b, the statistical probabilities are
estimated to be 8.8% (I ), 26.4% (II ), 26.4% (III-a ), 6.6% (III-
b), 13.2% (IV-a ), 8.8% (IV-b ), 6.6% (V-a), 1.6% (V-b), and
1.6% (VI ). Here, the contribution of the surface for the existing
probability can be neglected, since the particle size of micro-
crystal is large (ca. 500 nm). We also carried out the numerical
calculation of probabilities on the computer, using 100× 100
× 100 atoms (1 million atoms) corresponding the cubic crystal
with the size of 50 nm. As a result, the numerically calculated
probabilities almost correspond to the statistical probability
mentioned above. Figure 5c shows a schematic illustration of
the solvent exchange between H2O and EtOH on CoII ion for

Figure 3. Magnetic properties of1 (O) and 2 (b). (a) Field-cooled
magnetization curves in an external magnetic field of 10 G. (b) Magnetiza-
tion as a function of external magnetic field at 5 K. (c) Magnetic hysteresis
loops at 5 K.

Figure 4. Faraday ellipticity (FE) (a) and Faraday rotation (FR) spectra
(b) of 1 (dotted line) and2 (solid line) collected at 7 K in an external
magnetic field of 1 T.
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geometry V-a. CoII ions in steric bulky solvents prefer a
tetrahedral geometry (Td) over an octahedral geometry (Oh).7,8

Moreover, it is reported that the optical transition of an
octahedral coordinated CoII (OhCoII) is around 490 nm with a
small absorption coefficient and the optical transition of a
tetrahedral coordinated CoII (TdCoII) appears in the vicinity of
560 nm with a large absorption coefficient,10 which are
consistent with the observed reflectance spectra for1 and 2.
Therefore, ligand substitution from H2O to EtOH in1 changed
the coordination geometry of some of the CoII ions from six-
coordinate (pseudo-Oh) to four-coordinate (pseudo-Td) geom-
etries. Such a change is also expected at the sites ofIV-a and
VI . In other coordinate geometries such asIV-b and V-b,

obtaining the tetragonal coordinate is difficult because the∠N-
Co-N ) 180° is contained in their geometries. When the ligand
waters on sites ofIV-a , V-a, andVI are substituted by EtOH
molecules, the 21.4% portion of the CoII ions in this compound
is expected to be converted from six-coordinate to four-
coordinate geometries.

4.2. Solvatomagnetic Property.The observedMs value of
7.0 µB for 1 is close to the calculated value of 7.95µB for the
ferromagnetic coupling between the CoII (t2g

5eg
2, S ) 3/2) and

CrIII (t2g
3, S ) 3/2) ions in a given formula andg-factor. In

contrast, theMs value of2 ( ) 5.5 µB) is smaller than that of
1, which indicates that the magnetic coupling betweenTdCoII

and CrIII is antiferromagnetic. Hence, compound2 contains two
superexchange interactions of ferromagnetic (OhCoII-NC-CrIII )
and antiferromagnetic (TdCoII-NC-CrIII ) (Figure 6). Thus, the
magnetic properties of the present system obey amixed ferro-
ferrimagnetismas described in our previous papers.11 The Ms

(10) (a) Larrabee, J. A.; Alessi, C. M.; Asiedu, E. T.; Cook, J. O.; Hoerning, K.
R.; Klingler, L. J.; Okin, G. S.; Santee, S. G.; Volkert, T. L.J. Am. Chem.
Soc. 1997, 119, 4182. (b) Vallee, B. L.; Holmquist, B.Methods for
Determining Metal Ion EnVironments in Proteins: Structure and Function
of Metalloproteins; Elsevier/North-Holland: New York, 1980.

Figure 5. (a) Schematic illustration of the crystal structure of AII
1.5[BIII -

(CN)6]‚zH2O. Ligand water molecules coordinate to AII ions around the
vacancies of [BIII (CN)6], and zeolitic water molecules (omitted in this figure)
occupy the interior of the vacancies. (b) The statistical probabilities of
possible coordinating geometries around CoII ions. (c) Variation in the
coordination geometry around CoII by the solvent exchange for the
coordination geometry ofV-a. EtOH molecules substitute water molecules,
changing the coordination geometry from six-coordination (pseudo-Oh) to
four-coordination (pseudo-Td).

Figure 6. Explanation of solvatomagnetism in cobalt hexacyanochromate.
Superexchange interactions ofOhCoII-NC-CrIII andTdCoII-NC-CrIII are
ferromagnetic (J > 0) and antiferromagnetic (J < 0), respectively.

Figure 7. Multielectron energy diagram of4A2 f 4T2 transition on the
TdCoII ion, with three allowed left circularly polarized light (solid vertical
lines) and one allowed right polarized light (dashed vertical line). The
numbers attached to each vertical line are the relative transition strengths
calculated by the Wigner-Eckart theory.
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value of (TdCoII
x OhCoII

1-x)1.5[CrIII (CN)6] is expressed by eq 1,

where spin quantum numbers ofSCr, STdCo, and SOhCo are 3/2
andg-factors ofgCr, gTdCo, andgOhCo are 2.00, 2.33, and 2.20,
respectively. Based on this equation, theMs value depends on
x; for example, theMs value forx ) 0.78 is zero. TheMs value
of 5.5µB for 2 suggests that the estimatedx value is 0.24. This
x value is close to the sum value () 21.4%) of the theoretical
probabilities ofIV-a , V-a, andVI in TdCoII in section 4.1. The
decrease ofθ value from+32 K (1) to +21 K (2) also obeys
the theory of the mixed ferro-ferrimagnetism.11c Therefore, it
is concluded that the appearance of the antiferromagnetic contri-
bution betweenTdCoII and CrIII ions caused the solvatomag-
netism.

4.3. Solvatomagnetism-Induced Faraday Effect.In both
FE spectra of1 and2, a dispersiveA band centered at 470 nm
was observed as shown in Figure 4. Judging from its position,
we assigned theA band to4T1g f 4T1g, 2T1g transitions on the
OhCoII ion.10 In contrast, theB band of2 is assigned to the4A2

f 4T2 transition of theTdCoII ion. The absorption coefficient
of the TdCoII ion is known to be 10-50 times as much as the
value of theOhCoII ion.10 Along with these assignments, a
spectral simulation, which considered the ligand field splitting,
spin-orbit coupling, and the ferromagnetic ordering, was
conducted. Figure 7 shows the multielectron energy diagram
of the 4A2 f 4T2 transition in an idealTdCoII ion. The excited

state is equivalent to the4P(L ) 1) state, and then the spin-
orbit coupling splits it into three levels, which are determined
by the total angular momentaJ ) 5/2, 3/2, and 1/2. In a
ferromagnetic state, the molecular field further splits eachJ level
into 2J + 1 levels specified byJz and the optical transitions are
only from the lowestJz ) 3/2 state in the ground state. The
transition strengths for left or right circularly polarized light
can be evaluated by the Wigner-Eckart theory. The vertical
lines in Figure 7 show the allowed transitions and the relative
transition strengths. The frequency (ω) dependencies of the FE
and FR angles for each transition are calculated by eqs 2 and
3.

whereN is the number of ions per unit volume,e is the charge
of an electron,∆f is the relative transition strengths,ω0 andγ
are the absorption center and half width of each transition,
respectively,m is the weight of electron, andε0 is the dielectric
permeability in a vacuum. To simulate the Faraday spectra of
2, the following values were used:ω0 ) 17 400 cm-1, λ )
350 cm-1, andγ ) 300 cm-1 (J ) 5/2), 400 cm-1 (J ) 3/2), and
500 cm-1 (J ) 1/2). The shape of the calculated FE and FR
spectra well reproduced the observed spectra as shown in Figure
8a and b, respectively.

5. Conclusion

In this paper, a solvatomagnetism-induced Faraday effect in
cobalt hexacyanochromate is proposed. This effect is due to
ligand substitution, which causes a change in the coordination
geometry around CoII ions (OhCoII T TdCoII) and switches of
the magnetic interaction from ferromagnetic coupling
(OhCoII-CrIII ) to antiferromagnetic coupling (TdCoII-CrIII ).
One target in the field of molecule-based magnets is to
achieve new magnetic optical functionalities such as magneto-
optics4,5 and photomagnetism.12 Among molecule-based mag-
nets, cyanide-bridged metal complexes9b,13-15 are useful systems
in designing new magneto-optical functionalities. Recently,
we have observed the photoinduced Faraday effect as one
of new magneto-optical functionalities.5d Moreover, we are now
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J.; Hashimoto, K.Synth. Met.2001, 122, 523. (e) Rombaut, G.; Verelst,
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S.; Zhong, Z. J.; Seino, H.; Mizobe, Y.; Hashimoto, K.J. Am. Chem. Soc,
2003, 125, 9240.
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William, R. E.; Girolami, G. S.Science1995, 268, 397. (d) Ferlay, S.;
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AdV. Mater. 1999, 11, 914.

Figure 8. Simulation of Faraday spectra of2 considering the ligand field
splitting, spin-orbit coupling, and ferromagnetic ordering: (a) observed
(dotted line) and simulated FE spectra (solid line) and (b) observed (dotted
line) and simulated FR spectra (solid line).

FE =
Ne2γ∆fω0

mε0{(ω0
2 - ω2 + γ2)2 + 4ω2γ2}

(2)

FR = -
Ne2∆f(ω0

2 - ω2 + γ2)ω0

2mε0ω{(ω0
2 - ω2 + γ2)2 + 4ω2γ2}

(3)

MS ) |gCrSCr + 1.5[- gTdCoSTdCox + gOhCoSOhCo(1 - x)]| (1)

A R T I C L E S Sato et al.

14594 J. AM. CHEM. SOC. 9 VOL. 125, NO. 47, 2003



studying the humidity control of the magneto-optical
effect with the present system. Since new building blocks
for cyanide-bridged metal complexes are currently being
prepared,16 various additional magneto- optical function-
alities will be observed with molecule-based magnets soon.
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