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Abstract: A single crystal of CsI
2CuII

7[MoIV(CN)8]4‚6H2O was electrochemically prepared on a Pt wire
electrode with a constant potential of +500 mV vs Ag/AgCl electrode. X-ray single-crystal structural analysis
showed that this compound consists of a three-dimensional cyano-bridged Cu-Mo bimetallic assembly
with a tetragonal structure of I4/mmm. The coordination geometry of MoIV is bicapped trigonal prism, and
that of CuII is five-coordinate of square pyramidal or four-coordinate of square planar. This compound was
also prepared as a 0.2-3.0 µm thick film on a SnO2-coated glass in the same electrochemical manner.
When the sample, which shows paramagnetism due to CuII (S ) 1/2), was irradiated with 450-500 nm
light at 5 K, spontaneous magnetization with a Curie temperature of 23 K was observed. This photoinduced
change was recovered by a thermal treatment. In the infrared (IR) and electron spin resonance (ESR)
spectra after light irradiation, variations in the stretching IR peak of CN bridged to MoIV and the paramagnetic
ESR peak of CuII were observed, respectively. The data indicate that this photomagnetism is caused by
the electron transfer from MoIV to CuII and the ferromagnetic ordering between CuII (S ) 1/2) and MoV (S
) 1/2).

1. Introduction

Optical control of magnetic properties is an issue of current
interest in materials science.1-9 A successful approach is to
control the electronic state of a magnetic material. For example,
magnetization is controlled when the oxidation numbers of
transition metal ions within a magnetic material are varied by
photoirradiation. In addition, the bistability of the electronic
states is indispensable for observing photoinduced magnetization

since the photoproduced state must persist even after photoir-
radiation is terminated. Along these lines, the photomagnetic
properties of cyano-bridged metal assemblies have been
studied,2-9 that is, the photoinduced magnetization in cobalt-
hexacyanoferrate,3 cobalt-octacyanotungstate,4 and copper-
octacyanomolybdate,5,6 photodemagnetization in iron-hexacy-
anochromate7 and rubidium-manganese-hexacyanoferrate,8

and a photoinduced magnetic pole inversion in iron-manganese-
hexacyanochromate.9 Furthermore, cyano-bridged metal as-
semblies10 have been studied as functionalized molecule-based
magnets. For example, hexacyanometalate-based magnets ex-
hibit high magnetic phase transition temperatures11 and unique
magnetic behaviors.12-15 Octacyanometalates [M(CN)8]n-

(M ) Mo, W, ...) are also useful building blocks for function-
alized molecule-based magnets since they can adopt three
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different spatial configurations (e.g., square antiprism (D4h),
dodecahedron (D2d), and bicapped trigonal prism (C2V)), depend-
ing on their chemical environment, such as the surrounding
ligands.16-30 In this work, we electrochemically synthesized a
novel cyano-bridged copper-molybdenum complex, CsI

2CuII
7-

[MoIV(CN)8]4‚6H2O, which exhibits photoinduced magnetiza-
tion. Herein, we show the electrochemical synthesis, crystal
structure, magnetic properties, and photofunctionality of this
cyano-bridged CuII-MoIV complex.

2. Experimental Section

2.1. Electrochemical Synthesis.The target material was electro-
chemically prepared by reducing a 30 cm3 mixed aqueous solution of
CuII(NO3)2‚3H2O (36 mg, 0.15 mmol) and Cs3[MoV(CN)8]‚2H2O31 (55

mg, 0.075 mmol) in a standard three-electrode cell at a constant potential
condition of+500 mV vs Ag/AgCl electrode using a Hokuto-Denko
HSV-100 potentiostat. The electrolytic aqueous solutions were adjusted
to pH 3 with HNO3. After 3 days, a single crystal of the compound
was obtained on a Pt wire electrode (0.5 mmφ). A film-type of material
was prepared on a SnO2 (20 Ω/square)-coated glass with a loaded
electrical capacity of 45-605 mC. Elemental analyses by an inductively
coupled plasma mass spectroscopy (ICP-MS) and standard microana-
lytical methods confirmed that the formula of the single crystal was
CsI

2CuII
7[MoIV(CN)8]4‚6H2O. Calculated: Cs, 13.1; Cu, 21.9; Mo, 18.9;

C, 18.9; N, 22.0%. Found: Cs, 12.3; Cu, 22.0; Mo, 18.4; C, 19.0; N,
21.5%. The formula of the film was consistent with that of the single
crystal. Found: Cs, 12.4; Cu, 21.8; Mo, 18.4; C, 18.9; N, 21.3%.

2.2. Measurements.The film thickness was measured by a
KEYENCE VF-7500 laser profile micrometer. The surface morphol-
ogies and cross sections of the thin films were measured by a Hitachi
S-4200 scanning electron microscopy (SEM). The UV-visible absorp-
tion spectrum was measured by a Shimadzu UV-3100 spectrometer.
The infrared spectra (IR) were recorded on a Shimadzu FT-IR 8200PC
spectrometer. The X-ray powder diffraction (XRD) patterns were
measured by a Rigaku RINT2100 spectrometer. The electron spin
resonance (ESR) spectra were recorded at 103 K with a JEOL RE1X
X-band ESR spectrometer. The determination of the unit cell and the
collection of intensity data were made at 123 K on a Rigaku RAXIS-
RAPID imaging plate with graphite monochromated Mo KR radiation.
Of the 8836 reflections that were collected, 701 were unique. The
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Figure 1. Photograph of electrochemically synthesized single crystals.

Table 1. Film Thickness and Total Charge Per Unit Area

total charge
per unit area

(mC/cm2)

film
thickness

(µm)

10 0.2(1)
27 0.7(1)
50 1.3(1)
73 1.7(1)
96 2.4(1)

122 3.0(1)

Figure 2. Electrochemically synthesized thin film: (a) photograph. (b)
SEM image of the cross-section of the film. (c) SEM image of the top of
view of the film.

Properties of a 3D Cyano-Bridged Cu−Mo Complex A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 127, NO. 11, 2005 3865



structure was solved by direct methods using SHELXS-97.32 All non-
hydrogen atoms were refined anisotropically. All calculations were
performed using a teXsan crystallographic software package of Mo-
lecular Structure Corporation.33 Magnetic susceptibility and magnetiza-
tion measurements were conducted using a Quantum Design MPMS 7
superconducting quantum interference device (SQUID) magnetometer.
The experimental conditions of the light irradiation measurements in
SQUID, IR, ESR, and XRD spectrometries are as follows. In the
SQUID measurement, a film-type of the compound was placed on the
edge of an optical fiber, and a filtered blue light (450-500 nm, 5 mW/
cm2, 24 h) of a Xe lamp was used at 5 K. IR measurement was carried
out using a film-type of the compound in the range of 1000-4000
cm-1 using a Xe lamp (450-500 nm, 10 mW/cm2, 6.5 h) at 3 K. In
the ESR measurement, a film-type of the compound was irradiated using
a 473 nm light of a CW diode laser (115 mW/cm2, 0.75 h) at 103 K.
In the XRD measurement, a crashed sample of the film-type of the
compound was irradiated using a Xe lamp (450-500 nm, 6 mW/cm2,
24 h) at 15 K.

3. Results and Discussion

3.1. Materials. Dark purple single crystals that were 70(
30 µm were obtained on a Pt wire electrode (Figure 1). Purple
thin films were obtained on SnO2-coated glasses, as shown in
Figure 2a. The thickness of the prepared films depended on the
total charge per unit area, as shown in Table 1. Measurements
by a laser profile micrometer showed that the roughness of the
film surface was c.a. 0.1µm in any obtained films, indicating
that the surface of the films was smooth. SEM images also
showed that the film surface was smooth and homogeneous over
the entire area of the film (1.5× 2.0 cm2) (Figure 2b,c).

The electrochemical growth of this compound is caused by
the reduction of the [MoV(CN)8]3- ion. Since the redox potential

of [MoIV/V (CN)8]4-/3- is +580 mV vs Ag/AgCl electrode,34

[MoV(CN)8]3- is reduced to [MoIV(CN)8]4- on the surface of
the working electrode at a constant potential of+500 mV. Then,
the produced [MoIV(CN)8]4- reacts with Cu2+ ions, which results
in the crystal of the cyano-bridged CuII-MoIV complex being
deposited on the electrode, as described by the following
electrochemical reactions.

3.2. Crystal Structure. X-ray single-crystal structural analy-
sis shows that this compound consists of a three-dimensional
cyano-bridged Cu-Mo bimetallic assembly with a tetragonal
structure ofI4/mmmspace group (a ) b ) 7.2444(9) Å,c )
28.417(5) Å, andZ ) 1) (Figure 3a). Table 2 lists the
crystallographic data. Figure 3b,c shows the coordination
environments around Mo and Cu and a unit cell of the crystal
structure, respectively. This crystal has one coordination
geometry for the Mo atom and two coordination geometries
for the Cu atoms (Cu1 and Cu2). A Mo ion links five Cu1 ions
and three Cu2 ions through CN ligands. The coordination
geometry of MoC8 adopts a bicapped trigonal prism geometry,
and the Mo-C bond distances range from 2.148(4) to 2.171(9)
Å. The Cu1 ion is coordinated to five cyanonitrogens, and its
geometry is square pyramidal, in which the distances of the
equatorial Cu1-N1 and the apical Cu1-N3 are 1.977(4) and
2.233(7) Å, respectively. The Cu2 ion is coordinated to four
cyanonitrogens, and it has a square planar geometry with a
Cu2-N2 bond distance of 1.923(8) Å. As shown in Figure 4a,(32) Sheldrick, G. M.SHELXS 97, Program for Crystal Structure Determination.

Acta Crystallogr. 1990, A46, 467.
(33) teXsan: Crystal Structure Analysis Package; Molecular Structure Corpora-

tion, 1985, 1992. (34) Samotus, A.; Szklarzewicz, J.Coord. Chem. ReV. 1993, 125, 63.

Figure 3. (a) Three-dimensional crystal structure using polyhedral model. Pink, blue, and light-blue polyhedron show MoC8, Cu1N5, and Cu2N4, respectively.
Water molecules and cesium atoms are omitted for clarity. (b) ORTEP drawing of the coordination environments around Cu and Mo. Blue, red, gray, and
yellow-green ellipsoids represent Cu, Mo, C, and N, respectively. Displacement ellipsoids are drawn at a 50% probability level. Cu2, C2, and N2 atoms
are disordered, and only selected atoms are drawn for clarity. (c) ORTEP drawing of the unit cell. Blue, red, light-blue, gray, and yellow-green ellipsoids
represent Cu, Mo, Cs, C, and N, respectively. Displacement ellipsoids are drawn at a 50% probability level. Water molecules are omitted for clarity.

[MoV(CN)8]
3- + e- f [MoIV(CN)8]

4- (1)

4[MoIV(CN)8]
4- + 7Cu2+ + 2Cs+ f

CsI
2CuII

7[MoIV(CN)8]4‚6H2O (2)
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Cu1 and Mo form the square-grid layer through the cyanides
in the ab plane, and the axial cyanide of Cu1(NC)5 connects
the upper (or lower) grid layer, which forms a double-layer

structure. The cesium ion occupies the cubic cavity of this
double layer with an occupancy of1/2. Three out of the eight
cyanides that surround the Mo ions stand out of the double-
layer and connect to Cu2 ions (Figure 4b). There are eight
symmetry equivalent positions of Cu2 on the plane ofz ) 1/2.
Thus, the occupancies of C2, N2, and Cu2 atoms are3/8 (see
Supporting Information). The distances between the Cu and Mo
ions are 5.252 (Mo-C1-N1-Cu1), 5.549 (Mo-C3-N3-Cu1),
and 5.228 Å (Mo-C2-N2-Cu2). Water molecules are between
the double-layers as zeolitic water molecules.

3.3. Spectroscopic and Magnetic Properties.The CN
stretching frequency was observed at 2163 cm-1 in the IR
spectra for both the film-type and the crystal-type of the
compound at room temperature. On the basis of the IR data of
bridging cyanide previously reported (νCN ) 2162-2124
cm-1),5,6,35,36this peak is assigned to the CN stretching peak of
MoIV-CN-CuII. Figure 5 shows a UV-visible absorption
spectrum of the film prepared at a total charge per unit area of
96 mC/cm2 (d ) 2.4(1) µm). This compound possesses
absorption bands near 520 nm with an absorption coefficient
(R) of 2200 cm-1 and 650 nm withR ) 850 cm-1. The
absorption at 650 nm is assigned to a d-d transition of CuII

(2B1 f 2B2 in square pyramidal Cu1 and/or2B1g f 2A1g in
square planar Cu2). In light of the previous papers,5a,6a,37the
other absorption at 520 nm is assigned to an intervalence transfer
(IT) band between MoIV-CN-CuII and MoV-CN-CuI.

The ESR spectra of the film at room temperature show one
dispersive peak with ag value of 2.14 and line width of 180 G,
which is probably due to paramagnetic CuII (S ) 1/2). Figure
6a shows the temperature dependence of the molar magnetic
susceptibility (øΜ) under an applied field of 5000 G. TheøΜT
value at 300 K is equal to 3.1 cm3 mol-1 K, which almost corre-
sponds to the expected spin-only moment value of 3.0 cm3

mol-1 K for S ) 1/2 and gCu ) 2.14. As the temperature de-
creases, theøΜT value is almost constant until 10 K, and then
it decreases. The observedøΜ values obey the Curie-Weiss
law (i.e., øM ) C/(T - θ)) in the range of 10-300 K with a
Weiss constant (θ) of -0.42 K and a Curie constant (C) of
3.13 cm3 mol-1 K (Figure 6b). The negative sign of theθ value

(35) Li, D. F.; Yang, D. X.; Li, S. H.; Tang, W. X.Inorg. Chem. Commun.
2002, 5, 791.

(36) Podgajny, R.; Korzeniak, T.; Stadnicka, K.; Dromze´e, Y.; Alcock, N. W.;
Errington, W.; Kruczała, K.; Bałanda, M.; Kemp, T. J.; Verdaguer, M.;
Sieklucka, B.J. Chem. Soc., Dalton Trans.2003, 3458.

(37) Hennig, H.; Rehorek, A.; Rehorek, D.; Thomas, P.Inorg. Chim. Acta1984,
86, 41.

Figure 4. Crystal structure of Cs2Cu7[Mo(CN)8]4‚6H2O. Blue, red, light-
blue, gray, and yellow-green ellipsoids represent Cu, Mo, Cs, C, and N,
respectively. Displacement ellipsoids are drawn at a 50% probability level.
(a) Structure of cyano-bridged{Cu[Mo(CN)5]}n double-layer. The oc-
cupancy of cesium atom is 50%. (b) Projection of three-dimensional network
viewed toward theb axis. Water molecules and cesium atoms are omitted
for clarity.

Table 2. Crystallographic Data

chemical formula C32H12N32O6Cs2Cu7Mo4
formula weight 2035.04
crystal system tetragonal
space group I4/mmm(No. 139)
a/Å 7.244(9)
b/Å 7.244(9)
c/Å 28.417(5)
V/Å3 1491.4(4)
Z 1
Dcalcd/g cm-3 2.266
T/K 123
λ/Å 0.71069
µ/cm-1 45.20
Ra 0.0305
wRa 0.0750

a R ) ∑||Fo| - |Fc||/∑|Fo|; wR ) [∑(w(Fo
2 - Fc

2)2)/∑w(Fo
2)2]1/2.

Figure 5. UV-visible absorption spectrum of an electrochemically
synthesized film.
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suggests that the magnetic interaction between the CuII through
the diamagnetic-NC-MoIV(S ) 0)-CN- bridge is weak
antiferromagnetic coupling.

3.4. Photomagnetic Properties.When the sample was
irradiated with blue light (450-500 nm) at 5 K, a spontaneous
magnetization with a Curie temperature (TC) of 23 K and a
magnetic hysteresis loop with coercive field (Hc) of 350 G were
observed (Figure 7). The temperature dependences of the
remanent magnetization (RM) curve and the field-cooled
magnetization (FCM) curve were almost the same, as shown
in Figure 7a. This indicates that the magnetization increase
below 23 K is due to the ferromagnetic ordering. Warming the
sample to 200 K returned the magnetic properties to the initial
state. This photomagnetic behavior was repeatedly observed,
indicating that the magnetization can be induced by a photon
mode and recovered by a thermal mode.

To understand the mechanism of this photomagnetic behavior,
IR and ESR spectra after irradiating were measured. Figure 8
shows IR spectra when irradiating with blue light (450-500
nm) at 3 K. Irradiating decreased the IR peak due to MoIV-
CN-CuII at 2171 cm-1,38 and when the sample was warmed
above 300 K and cooled to 3 K, the IR spectra were identical
to the spectra before irradiating. Irradiating with 473 nm light
at 103 K decreased the ESR peak due to CuII, as shown in Figure
9. The signal intensity returned to the initial value after a thermal
treatment of 300 K. These results indicate that irradiating
decreases the number of MoIV and CuII.

The photoinduced magnetization of this compound can be
explained by the following mechanism. The compound in the
initial state is paramagnetic. Irradiating excites the compound
to a charge transfer state. The compound in the excited state
immediately relaxes to the initial state or forms the valence
isomer (MoV-CN-CuI) state. In the present system, the
decrease of the number of MoIV and CuII indicates the change
from MoIV-CN-CuII to MoV-CN-CuI. In this valence isomer

(38) With decreasing temperature, the CN stretching peak gradually shifted from
2163 cm-1 at room temperature to 2171 cm-1 at 3 K due to the volume
contraction.

Figure 6. Temperature dependence of the magnetic susceptibility measured
under an external magnetic field of 5000 G. (a)øMT vs temperature plots.
(b) øM

-1 vs temperature plots. The solid line represents the fitting line using
Curie-Weiss law. Figure 7. (a) Magnetization vs temperature curves in the magnetic field

of 10 G before light irradiation (9), after light irradiation (b), and after
thermal treatment of 200 K (4). Remanent magnetization (3) of the
irradiated sample was measured with increasing temperature after the
temperature decreased at 10 G. (b) Magnetic hysteresis loop at 2 K before
(9) and after light irradiation (b), and after thermal treatment at 200 K
(4).

Figure 8. IR spectra at 3 K before light irradiation (s), after light irradiation
(‚ ‚ ‚), and after thermal treatment of 300 K (-‚-‚-).
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state, the MoV (4d1, S ) 1/2) has an unpaired electron, but CuI

(3d10, S) 0) does not have an unpaired electron. However,3/7
of the copper ions should remain as CuII due to the stoichio-
metric limitation in the present compound, that is, the irradiated
compound is expressed as CsI

2CuI
4CuII

3[MoV(CN)8]4‚6H2O.
Consequently, the produced MoV is coordinated to an average
of 3.42 (8 × 3/7) of CuII after the electron transfer is
accomplished. A spontaneous magnetization appears to be due
to the ferromagnetic coupling between the unpaired electrons

on the MoV (S ) 1/2) and those on the CuII (S ) 1/2) of the
irradiated compound.

To investigate the structural changes, the XRD pattern with
the light irradiation was also measured. Irradiating with blue
light (450-500 nm) at 15 K caused some XRD peaks (e.g.,
(1 1 4), (2 0 0), (2 2 0), and (2 0 8)) to shift to a lower angle,
but some XRD peaks (e.g., (1 0 11)) did not shift, as shown in
Figure 10. The lattice constant ofa () b) axis increased from
7.242(3) to 7.255(5) Å, while that ofc axis (28.44 Å) remained
the same. When the irradiated sample was warmed above 300
K and then cooled to 15 K, the XRD pattern returned to the
initial pattern. This anisotropic structure expansion when
irradiating suggests that the electron transfer from MoIV to
square pyramidal CuII (Cu1) is dominant in this photoreaction
since (i) square planar CuI is unstable and cannot exist even if
square planar CuII (Cu2) accepts an electron from MoIV, and
(ii) the equatorial bond distance in square pyramidal CuII should
be elongated when CuII is reduced to CuI (Figure 11).39 When
the present photomagnetic phase is compared to that of Cu2-
[Mo(CN)8]‚8H2O (TC ) 30 K, Hc ) 7 G)5a, the Hc value is
remarkably improved (i.e.,Hc ) 350 G). This may be related
to the double-layer structure formed by an introducing a Cs ion
to cyano-bridged Cu-Mo system.

4. Conclusion

Single crystal- and film-types of a three-dimensional cyano-
bridged Cu-Mo bimetallic assembly, CsI

2CuII
7[MoIV(CN)8]4‚

6H2O, were electrochemically prepared. When the compound
was irradiated with 450-500 nm light at 5 K, a spontaneous
magnetization with a Curie temperature of 23 K was observed.
In this photoinduced magnetization, ferromagnetic ordering
between MoV (S ) 1/2) and CuII (S ) 1/2) was produced by
exciting the intervalence transfer band between molybdenum
and copper.
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Figure 9. ESR spectra at 103 K before light irradiation of 473 nm (s),
after light irradiation (‚ ‚ ‚), and after thermal treatment of 300 K (-‚-‚-).

Figure 10. (a) XRD spectra before (bottom) and after (top) the light
irradiation at 15 K. Panels b and c are enlarged plots of a. Before (- - -)
and after irradiation (s).

Figure 11. Schematic illustration of the change in bond distances for five-
coordinated square pyramidal Cu1 by the reduction from CuII to CuI.
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