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Abstract: This article describes the studies of a photomagnetic cyanide-bridged Cu-Mo bimetallic assembly,
CuII

2[MoIV(CN)8]‚8H2O (CuII, S ) 1/2; MoIV, S ) 0) (1), which has an intervalence transfer (IT) band from
MoIV-CN-CuII to MoV-CN-CuI around 480 nm. Wide-angle X-ray scattering and X-ray spectroscopic
studies provide precise information about the 3D connectivity and the local environment of the transition
metal ions. Irradiating with blue light causes solid 1 to exhibit a spontaneous magnetization (Curie
temperature ) 25 K). The thermal reversibility is carefully studied and shows the long-time stability of the
photoinduced state up to 100 K. Photoreversibility is also observed; i.e., the magnetization is induced by
irradiation with light below 520 nm, while the magnetization is reduced by irradiation with light above 520
nm. The UV-vis absorption spectrum after irradiation shows a decrease of the IT band and the appearance
of the reverse-IT band in the region of 600-900 nm (λmax ) 710 nm). This UV-vis absorption spectrum is
recovered to the original spectrum by irradiation with 658-, 785-, and 840-nm light. In this photomagnetic
effect, the excitation of the IT band causes an electron transfer from MoIV to CuII, producing a ferromagnetic
mixed-valence isomer of CuICuII[MoV(CN)8]‚8H2O (CuI, S ) 0; CuII, S ) 1/2; MoV, S ) 1/2) (1′). 1′ returns to
1 by irradiation of the reverse-IT band, which obeys the scheme for the potential energy surface in mixed-
valence class II compounds.

1. Introduction

Over the past 15 years, Prussian blue analogues that involve
hexacyanometalate [M(CN)6]n- with 3d metal ions have been
used to design and synthesize new molecular-based magnets
due to their high critical temperatures and interesting functionali-
ties.1-5 Recently, polycyanides with higher coordination num-
bers have also attracted increasing attention. For example, the

anisotropic magnetic effects on bimetallic cyanides of hepta-
cyanomolybdate [Mo(CN)7]4- were reported.6 Moreover, high-
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spin clusters from the assembly of octacyanometalates [M(CN)8]3-

(M ) MoV, WV) were prepared. Octacyanometalates [M(CN)8]n-

(M ) Mo, W, etc.) are a versatile class of building blocks that
adopt some different spatial configurations depending on their
chemical environment, such as the surrounding ligands.7 Thus,
a variety of coordination geometries are found in the crystal
structure of their complexes, i.e., zero-dimensional (0-D), 1-D,
2-D, and 3-D.8 One attractive issue in the field of molecule-
based magnets is the development of novel opto-functional-
ities.5,9 In cyanometalate-based magnets, photoinduced magne-
tization was first observed in cobalt hexacyanoferrate,5c,f,g,10in
which the electron transfer proceeds from FeII to CoIII by
irradiation with visible light. Successively, photoinduced mag-
netic pole inversion was observed in a ferro/ferrimagnet
composed of iron-manganese hexacyanochromate,5d,11 which
is caused by the optical control of the compensation tempera-
ture.12,13,14

One possible method for achieving optical control of spon-
taneous magnetization is to change the electron spin state of a
magnetic material. For example, when irradiation varies the
oxidation numbers of transition metal ions in a magnetic

material, its magnetization changes. From this viewpoint, mixed-
valence compounds15 are considered to be suitable systems for
observing photomagnetic phenomena. Mixed-valence com-
pounds are usually divided into three categories: class I, class
II, and class III, according to the magnitude of the mixed
valency.15c Photoinduced electron transfer is often observed in
class II compounds. Hennig et al. reported that [MoIV(CN)8]4-

and Cu2+ ions form a mixed-valence compound in aqueous
solution, which exhibits an IT band around 500 nm.16,17 The
excitation of this band causes electron transfer to proceed from
MoIV to CuII ions and produces a valence isomer, CuI/[MoV-
(CN)8]3-.16c,18 When such a photoinduced electron transfer
occurs in the corresponding solid compound, irradiation will
change the magnetic properties; i.e., there is the possibility that
the unpaired electrons of the produced MoV (S ) 1/2) and CuII

(S) 1/2) ions interact, leading to the ordering of the spins. Along
this scenario, we investigated the photoinduced magnetic effect
on a CuII2[MoIV(CN)8]‚8H2O (1) solid and showed the prelimi-
nary results of this approach.19 In this paper, we complete the
study of1 by reporting (i) the crystal structure of1 by wide-
angle X-ray scattering and X-ray absorption spectroscopies, (ii)
the photomagnetic data of photoinduced magnetization, photo-
induced exchange coupled system, photoreversibility, and
thermal reversibility, (iii) the photoinduced change in the
infrared (IR) spectra and UV-vis absorption spectra, and (iv)
the mechanism of the photomagnetism.

2. Experimental Section

2.1. Synthesis and Physical Characterization.The target compound
was prepared by reacting an aqueous solution of K4[Mo(CN)8]‚2H2O
(0.2 mol dm-3) with an aqueous solution of CuCl2‚2H2O (0.2 mol
dm-3). The precipitated product was filtered, washed with H2O, and
air-dried. To measure accurate UV-vis absorption spectra, a film-type
of the target compound was also prepared on a SnO2-coated glass by
an electrochemical method (Supporting Information).

Elemental analyses were conducted by inductively coupled plasma
mass spectroscopy (ICP-MS) and standard microanalysis methods. The
UV-visible absorption spectra were measured by a Shimadzu
UV-3100 spectrometer. The IR spectra were recorded on a Shimadzu
FT-IR 8200PC spectrometer. The X-ray powder diffraction (XRD)
patterns were measured by a Rigaku RINT2100 spectrometer. Magnetic
susceptibility and magnetization measurements were conducted using
a Quantum Design MPMS superconducting quantum interference device
(SQUID) magnetometer.

2.2. Wide-Angle X-ray Scattering.Powder of1 was sealed in a
Lindemann capillary. The scattering diffusion spectrum of the samples
irradiated with graphite-monochromatized Mo KR radiation (λ )
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0.71069 Å) was obtained using a LASIP diffractometer.20 A total of
457 intensities corresponding to equidistant points (s ) 4π(sin θ/λ);
∆s) 0.035 Å-1) were collected in the range 0< θ < 65°. Immediately
afterward, measurements of air and Lindemann capillary diffusion were
done under exactly the same conditions. The scattered intensity (sample
+ air + capillary) of the raw sample was corrected for air and capillary
contributions by spectral subtraction, taking into account absorption
from the sample, and then corrected for polarization and self-absorption
effects. Normalization was performed using the method of Norman
and Krogh-Moe.21 The atomic scattering factors were taken from
Cromer and Waber.22 The reduced experimental radial distribution
function (RDF) was calculated by a procedure similar to that given in
ref 23. The theoretical RDF was computed from the structural models
by Fourier transform of the theoretical intensities calculated using
Debye’s formula.24

2.3. X-ray Absorption Spectroscopy (XAS) Recording and
Analysis. XAS experiments were performed at LURE, the French
synchrotron facility, on the XAS 13 beam line. At the Cu K-edge, X-ray
absorption near-edge structure (XANES) spectra were recorded with a
Si 311 double-crystal monochromator. Energy calibration was per-
formed with a Cu metal foil for which the first inflection point of the
absorption K-edge was set at 8979 eV. Extended X-ray absorption fine
structure (EXAFS) spectra were recorded with a Si 111 “channel-cut”
monochromator. The experiments were carried out in transmission mode
on samples prepared in the form of thin self-supporting wafers. After
removal of the background, the XANES spectra were normalized at
the middle of the first EXAFS oscillation to allow comparison. The
two first steps of the EXAFS signal treatment were performed with
the “EXAFS pour le Mac” code.25 The EXAFS signal was extracted
from the data by subtracting a linear pre-edge background and a
combination of polynomials and cubic spline atomic absorption
background and was normalized by the Lengeler-Eisenberger proce-
dure.26 The pseudoradial distribution functions are given by the Fourier
fransform (FT) ofw(k)k3ø(k), wherew(k) is a Kaissel-Bessel window
with a smoothness parameter equal to 3 (k is the wavenumber). Thek
range is limited to 3.0-14.0 Å-1 (∆k ) 11 Å-1). Due to the multiple
scattering events expected in compounds with such geometry, the
EXAFS simulation in the framework of single scattering is only possible
for the first shell of neighbors. Therefore, we used the FEFF7 code
with multiple scattering for the quantitative analysis of the following
shells.27

2.4. Photomagnetic Effect.The experimental conditions of the light
irradiation measurements in SQUID were as follows: for the measure-
ments of magnetization vs temperature and magnetization vs external
magnetic field curves, the continuous-wave (CW) Kr+ laser with
wavelength (λ) of 413 nm and diode lasers withλ ) 473, 658, 785,
and 840 nm were used as light sources. The sample, spread on an
adhesive tape, was placed on the edge of an optical fiber in SQUID.
The measurements for wavelength dependence of excitation in the
change of magnetization were carried out using the OPO laser (430-
650 nm) pumped by a Nd:YAG laser (repetition) 10 Hz, pulse width

) 6 ns). The light irradiation measurement in IR spectroscopy was
carried out using 473-nm diode laser light. The light irradiation
measurement in UV-vis absorption spectroscopy was carried out using
473-, 658-, 785-, and 840-nm diode laser lights.

3. Results and Discussion

3.1. Material and Structure. The prepared compound1 is
a violet powder. Elemental analyses of the prepared sample
showed that the formula for1 is CuII

2[MoIV(CN)8]‚8H2O.
Calcd: Cu, 22.09; Mo, 16.68; C, 16.70; N, 19.48; H, 2.80.
Found: Cu, 22.10; Mo, 16.32; C, 16.33; N, 19.50; H, 2.85.
The CN stretching frequency for1 was observed at 2162 cm-1

in the IR spectra. The UV-vis spectrum showed the interval-
ence-transfer (IT) band between MoIV-CN-CuII and MoV-
CN-CuI around 480 nm, which almost corresponded to the
optical absorption spectra in the solution of CuII/[MoIV-
(CN)8].16a,b

The X-ray powder diffraction pattern of1 shows some large
peaks, indicating that1 is poorly crystalline (Supporting
Information). The crystal structures of analogues with the
formula of MII

2[MoIV(CN)8]‚zH2O, where M) Mn(II), Fe(II),
or Co(II),8m,28,29were solved in the tetragonal systemI4/m. These
analogues have a 3D architecture within a highly symmetrical
alternation of Mo(CN)8 and M(H2O)2 units, and the cyano
groups act as bridges. To obtain structural information about1,
wide-angle X-ray scattering (WAXS) and X-ray absorption
spectroscopies (XANES and EXAFS) studies were performed
for 1 and compared to the structural data for the analogues.

The WAXS technique is useful since it provides information
about the connectivity in a polymeric material. The WAXS
spectra are given in the Supporting Information. The comparison
of the Fe and Mn analogues is consistent with their isostruc-
turality, and the small observed differences are due to the
different sizes of the 3d ions. For the three compounds, down
to 6 Å, the similarities of the RDFs indicate analogous Mo-
CN-M cores. The Mo‚‚‚Cu distance is 5.25 Å, which is shorter
than the Mo‚‚‚Fe distance (5.40 Å) in the Fe analogue, or the
Mo‚‚‚Mn distance (5.48 Å) in the Mn analogue, consistent with
the smaller ionic radius of the Cu2+ compared to the Fe2+ and
Mn2+. However, the RDFs show important differences in the
6-10 Å area, which mainly represents the M‚‚‚M distances.
The Mo‚‚‚Mo distances are 10.15 Å for1, 10.60 Å for the Fe
analogue, and 10.80 Å for the Mn analogue.

The XANES and EXAFS studies are crucial for understanding
the local environment around the metallic centers.30 EXAFS
determines the distances between the absorber and the neighbor-
ing first shells. The XANES part of the spectrum is sensitive
to the electronic structure of the absorber (oxidation and spin
state, local symmetry, etc.). XANES was recorded for1 at the
Cu K-edge. By comparison to the XANES spectra of the model
compounds, XANES can be used as fingerprint for the local
symmetry of the CuII ions. Figure 1 compares the XANES of1
with the spectra of copper model compounds in various
geometries. For Cu(en)2 (en) ethylenediamine), peak A is the
signature of the square planar geometry31 and is not observed
in the spectra of the other compounds, Cu(en)3 (distorted
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octahedron, four short distances at 2.04 Å and two long at 2.23
Å) and Cu(H2O)6 (quite octahedral with six distances close to
1.99 Å).32

Peak A is also absent in the XANES of1, which unambigu-
ously excludes the square planar symmetry for copper. The
spectrum of1 is slightly different from that of Cu(en)3 but is
quite similar to the XANES of Cu(H2O)6, except for the shoulder
at the beginning of the edge jump always observed in com-
pounds with CN ligands. Therefore, we propose that the copper
ions have a quite octahedral symmetry with a dispersion of Cu-
N,O distances always observed when the Jahn-Teller effect is
expected. The Fourier transform of the experimental EXAFS
signal (Figure 2) displays three peaks assigned to the three first
shells around the copper. The first peak of the Fourier transform
corresponds to two subshells: nitrogen neighbors (Cu-N, from
cyanide) and oxygen ones (Cu-O, from linked water). The
second peak corresponds to the carbon atom of the cyanide
ligands, and the third one corresponds to the molybdenum atoms.
EXAFS quantitative analysis of the first coordination shell
confirms the XANES conclusion. The best simulation is
obtained for six neighbors at 1.98 Å with an important Debye-
Waller factor (σ ) 0.09 Å compared to the 0.05 Å value

generally found for regular octahedra), which traduces an
important radial distribution of the distances around 1.98 Å due
to the Jahn-Teller distortion.

This distance is close to the Cu-O distance in Cu(H2O)6 (1.99
Å). Analysis of the complete EXAFS signal was performed with
the FEFF code in order to account for multiple scattering events.
The best agreement between the Fourier transform of the
experimental EXAFS spectrum and the calculated one (Figure
2) has been obtained following a procedure similar to the one
previously described.33 We found the following structural
parameters: six first O,N neighbors at 1.98 Å, distance given
by the EXAFS first shell analysis;d(C-N) ) 1.16 Å, typical
distance for a cyanide ligand; andd(Mo-C) ) 2.16 Å, distance
from the XRD measurements in the analogues. The Cu-N-C
angle is equal to 165°, with a linear expected Mo-C-N
geometry and a distance Mo‚‚‚Cu equal to 5.26 Å. The
quantitative analysis of the EXAFS spectrum recorded at the
Mo K-edge, not presented here, gives the same structural
parameters. These results are consistent with the Mo‚‚‚Cu
distances found by WAXS, given the precision of these two
techniques. In conclusion, we have shown that1 is an extended
network with the following structural features: (i) the shortest
Mo‚‚‚Mo distance in the polymeric network is 10.15 Å, (ii) the
geometry for the copper ions with six Cu-(N,O) neighbors at
1.98 Å is quite octahedral, and (iii) the structural arrangement
of the metallic cores in the network of1 generates bent Cu-
N-C-Mo entities.

3.2. Photomagnetism. 3.2.1. Photoinduced Magnetization
and Light-Reversibility. The SQUID measurement indicates
that before irradiation,1 is paramagnetic due to CuII. Irradiating
1 with a blue CW diode laser light (473 nm, 35 mW cm-2) at
3 K gradually increases the magnetization atH ) 20 G, as
shown in Figure 3a. After irradiation for 30 min (A), the
irradiated sample exhibits a spontaneous magnetization with a
Curie temperature (TC) of 13 K (Figure 3b, black closed circles).
When the sample is warmed above 250 K and cooled to 3 K,
the magnetic property returns to the initial state. After that, when
the sample is irradiated for 165 min (B), the magnetization
further increases and the irradiated sample exhibits aTC of 25
K (Figure 3b, red closed circles). The magnetization vs external
magnetic field plots show that the magnetization value is 1.8
µB and the coercive field (Hc) is 34 G at 3 K when the sample
is irradiated for 165 min (Supporting Information).

To study the photoreversibility, the wavelength dependence
on the excitation was investigated using pulsed-laser light in
the visible region. Figure 4 shows the wavelength of the
excitation vs the change in magnetization by irradiation with
visible pulsed-laser lights. When1 is irradiated with laser light
below 520 nm, the magnetization increases. Conversely, ir-
radiating with laser light above 520 nm decreases the produced
magnetization, demonstrating visible-light reversibility. Figure
5a shows the magnetization vs temperature plots during irradia-
tion with 473-, 658-, 785-, and 840-nm CW diode lasers.
Irradiating with the 473-nm laser light (35 mW cm-2) for 165
min at 3 K causes a spontaneous magnetization with aTC of 25
K (Figure 5a, closed circles). When this sample is subsequently
irradiated with 658-nm laser light (20 mW cm-2), the magne-
tization values decrease, but the change in the magnetization
plateaus (Figure 5b). Successively, when the sample is irradiated

(31) Cartier dit Moulin, C.; Momenteau, M.; Dartyge, E.; Fontaine, A.; Tourillon,
G.; Michalowicz, A.; Verdaguer, M.J. Chem. Soc., Dalton Trans.1992,
609.

(32) (a) Villain, F. Ph.D. Thesis, Paris 6 University, 1998. (b) Villain, F.;
Verdaguer, M.; Dromzee, M.J. Phys. IV1997, 7, 659. (33) Garde, R.; Villain, F.; Verdaguer, M.J. Am. Chem. Soc.2002, 124, 10531.

Figure 1. XANES K-edge spectra for Cu(en)2(NO3)2 (D4h square planar),
Cu(en)3(SO4) (D4h), Cu(H2O)6 in solution (close toOh), and1.

Figure 2. EXAFS Fourier transform module (experimental spectrum, black
solid line; calculated spectrum, red solid line) and imaginary part (experi-
mental spectrum, black dotted line; calculated spectrum, red dotted line) at
Cu K-edge for1.
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with 785-nm laser light (45 mW cm-2), the magnetization
decreases. Furthermore, the spontaneous magnetization com-
pletely disappears after irradiation with 840-nm light (60 mW
cm-2). This equilibrium behavior suggests that a photostationary

state between the photoreduced magnetization and the photo-
induced magnetization is established. The present photorevers-
ibility of the magnetization in1 can be repeated, as shown in
the inset of Figure 5a.

3.2.2. Photoinduced Exchange-Coupled System and Ther-
mal Reversibility. As mentioned in section 3.2.1, the return to
the initial state occurs in the paramagnetic region below 250
K. When1 is irradiated with a weak light intensity (413 nm, 3
mW cm-2, 6 h),1 is converted into anexchange-coupled system.
Saturation in the magnetic susceptibility is not observed, and
the product of molar magnetic susceptibility and temperature
(øMT) vs T curve has physical meaning. Figure 6a shows the
øMT vsT curves for1 before and after irradiation in the warming
mode (0.3 K min-1, H ) 5000 G) and after a room-temperature
treatment. Before irradiation, the curve is typical of a paramag-
netic system with two spins ofS) 1/2 and weak antiferromag-
netic interactions that appear below 20 K. The experimental
value is 0.79 cm3 mol-1 K, which is consistent with the Curie
value, 0.75 cm3 mol-1 K, assumingg ) 2. After irradiation,

Figure 3. (a) Magnetization vs irradiation time curves for1 at 3 K in a 20
G external magnetic field (light irradiation, 473 nm, 35 mW cm-2).
Experimental sequence: light irradiation for 30 min at 3 K (black closed
circle) (A) f 250 K (thermal treatment)f 3 K f light irradiation for 165
min (red closed circle) (B). (b) Magnetization vs temperature curves of1
in a 20 G external magnetic field upon irradiation with light (473 nm, 35
mW cm-2). Magnetic measurement sequence: 40 Kf (black open circle)
f 3 K (light irradiation for 30 min) (A) f 40 Kf (black closed circle)f
3 K f 250 K (thermal treatment)f 40 K f (black open triangle)f 3 K
(light irradiation for 165 min) (B) f 40 K f (red closed circle)f 3 K f
250 K (thermal treatment)f 40 K f (red open circle)f 3 K.

Figure 4. Wavelength of the excitation pulsed laser vs the change in
magnetization (∆M).

Figure 5. Light-induced reversible magnetization in1 under a 20 G external
magnetic field at 3 K. (a) Magnetization vs temperature curves before and
after irradiation. Measurement sequence: 40 Kf (black open circle)f 3
K (light irradiation with 473-nm light of 35 mW cm-2) f 40 K f (black
closed circle)f 3 K (light irradiation with 658-, 785-, and 840-nm lights
of 20, 45, and 60 mW cm-2, respectively)f 40 K f (red open circle)f
3 K (light irradiation with 473 nm of 35 mW cm-2) f 40 K f (red closed
circle)f 3 K. (Inset) Magnetization change caused by irradiation with 473-
nm light (hν1) (black closed circle), 658-, 785-, and 840-nm lights (hν2)
(red open circle), and 473-nm light (hν1) (red closed circle). (b) Magnetiza-
tion vs irradiation time curve of the photoreverse process in a 20 G external
magnetic field upon irradiation with light (658-, 785-, and 840-nm lights
of 20, 45, and 60 mW cm-2, respectively). The open circle on the vertical
axis is the initial magnetization value.
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øMT initially increases withT between 2 and 15 K and then
decreases with temperature above 15 K. The maximum value
of øMT is 2.7 cm3 mol-1 K at 15 K. Finally, the two curves are
superimposed for temperatures above 200 K. TheøMT vs T
curve obtained after a room-temperature treatment perfectly fits
the øMT vs T curve in the initial state, illustrating the full
reversibility of the process.

Kinetics studies were conducted at different temperatures:
T ) 5, 25, 50, 100, 160, and 180 K. These studies were
performed using the following procedure: (i) irradiation at 10
K; (ii) the laser irradiation is stopped and the temperature is
immediately increased to the desired temperature; (iii) when
the temperature is stable, the study oføMT vs time is initiated;
and (iv) if the signal decreases during step (iii), then a new
population experiment is performed as indicated in step (i). The
øMT value remains constant for several hours atT ) 5, 25, and
50 K, which indicates that the magnetic signal in the low-
temperature range is stable. For temperatures above 100 K,øMT
decreases with time. After 4 h in thedark, the relaxation is
incomplete at 100 and 160 K, which results in a net decrease
of 2% between the initial value (1.54 cm3 mol-1 K) and the
final value (1.51 cm3 mol-1 K) at 100 K and a net decrease of
11% between the initial value (1.05 cm3 mol-1 K) and the final
value (0.93 cm3 mol-1 K) at 160 K. Figure 6b shows the time
decay oføMT at 180 K. At this temperature, the relaxation is
complete and the final value (0.84 cm3 mol-1 K) is close to the
øMT value before irradiation. The decrease may be fitted with
a single-exponential decay, givingτ ) 5900 s, which implies
that the relaxation is slow.

The relaxation data show that below 100 K, the photoinduced
magnetic signal is very stable. TheøMT vs T plot is the result
of the exchange interactions between the magnetic centers. The
behavior in the 15-100 K range is due to ferromagnetic
interactions that appears in the photoproduct1′. Below 15 K,
the antiferromagnetic interactions causeøMT to decrease. The
shape of the curve (T < 100 K) is close to the ones obtained
for high-spinclusters except that additional antiferromagnetic
intercluster interactions appear at very low temperature. The
formation of these clusters would correspond to the formation
of magneticdots in the solid state, which would increase in
size under light excitation. Above 100 K, the relaxation
dynamics and magnetic interactions are superimposed. Above
200 K, the initial state is completely restored. Compared to other
photomagnetic materials,1 has a highly stable photoinduced
state.

3.2.3. Photoinduced Change in IR Spectra and UV-Vis
Absorption Spectra. The IR spectra after irradiation were
measured to understand the mechanism of the photomagnetic
behaviors. Figure 7a shows the IR spectra after irradiation with
473-nm light (35 mW cm-2) for 30 min at 3 K, which decreases
the IR peak due to MoIV-CN-CuII at 2170 cm-1 (peak a).34

Figure 7b shows the difference in the spectra before and after
irradiation. This differential spectrum can be fitted by combining
three peaks: the negative peaka and two positive new peaks,
b (2127 cm-1) andc (2175 cm-1). The formula of the sample
during irradiation is expressed as CuII

2-xCuI
x[MoIV(CN)8]1-x[MoV-

(34) The volume contraction causes the CN stretching peak to gradually shift
from 2162 cm-1 at room temperature to 2170 cm-1 at 3 K.

Figure 6. (a) øMT vs T before (O) and after (b) blue light irradiation at 10
K for 1 under a 5000 G field and (s) after heating to 300 K. (b) Time
relaxation oføMT at 180 K.

Figure 7. (a) IR spectra at 3 K before irradiation with light (black line),
after irradiation with light (red line), and after a thermal treatment of 250
K (blue line). (b) The differential spectra (red line) and waveform separation
(black dotted lines). The black solid line is a total curve of peaks ofa, b,
andc.
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(CN)8]x‚8H2O, which depends on the photoinduced electron-
transfer ratiox (0 e x e 1) from MoIV to CuII. The probabilities
of MoIV-CN-CuII, MoIV-CN-CuI, MoV-CN-CuII, and
MoV-CN-CuI existing are described by (1- x)(2 - x)/2, (1-
x)x/2, x(2 - x)/2, and x2/2, respectively. In addition, the
oscillator strength of the CN bridged to MoIV is about 10 times
larger than that of the CN bridged to MoV.8 The intensity ratio
of a:b:c in the present irradiated sample is 20:1:0.3, which is

close to the expected intensity ratio of MoIV-CN-CuII:MoIV-
CN-CuI:MoV-CN-CuII ) 19:1:0.2 when thex value is 0.10.
Therefore, peaksb andc are assigned to MoIV-CN-CuI and
MoV-CN-CuII, respectively, and the charge transfer from MoIV

to CuII is the origin of the photoinduced change in this system.
Figure 8a shows the UV-vis absorption spectrum of a film-

type of1 and its waveform separation. The waveform separation
shows that the absorption spectrum of1 can be fitted by the
following peaks: the MLCT band of MoIV f CN (250 nm),35

the d-d transition of MoIV (1A1 f 1E (370 nm) and1A1 f 3E
(400 nm)),35 the IT band at 483 nm, and the d-d transition of
CuII (2B1g f 2Eg (637 nm),2B1g f 2B2g (719 nm), and2B1g f
2A1g (855 nm)). Figure 8b,c shows the UV-vis absorption
spectra after irradiation with 473-nm light (35 mW cm-2 for
60 min) at 3 K and the differential spectrum between 0 and 60
min irradiation, respectively. Irradiating with light causes the
absorption bands of1 to decrease and a new broad band to
appear in the 600-900 nm region. The waveform separation
of the differential absorption spectrum shows that this photo-
induced change is explained by the decreases in the d-d
transition of MoIV, the IT band, and the d-d transition of CuII,
and the appearance of the band centered at 710 nm and the
LMCT bands35 of CN f MoV at 370 and 390 nm, as shown in
Figure 8c. Thermal treatment to 250 K completely recovers the
absorption spectrum to the original spectrum. Moreover, light
reversibility is also observed; i.e., by irradiation withhν2 light
(658-, 785-, and 840-nm lights), the UV-vis absorption
spectrum is almost recovered to the original spectrum (Figure
9). This indicates that the new band around 710 nm is the
reVerse-IT band from MoV-CN-CuI to MoIV-CN-CuII.

3.2.4. Mechanism.The observed photomagnetic effect could
be explained by the following. Figure 10a shows the schematic
potential diagram of1, a class II mixed-valence compound.1
in the initial state (state I) is paramagnetic. Irradiating with blue
light (hν1) excites1 to the charge-transfer state (state II). Then
1 in state II immediately relaxes to state I or forms a mixed-
valence isomer, MoV-CN-CuI (state III). This state III is
trapped at low temperature since the energy barrier is around
200 K (Eth). In this valence isomer state, the MoV ion (4d1, S)

(35) Isci, H.; Mason, W. R.Inorg. Chim. Acta2004, 357, 4065.

Figure 8. (a) UV-vis absorption spectra of a film-type of1 before
irradiation with light (black line) at 3 K and waveform separation (blue
lines): MLCT band of MoIV f CN (250 nm), d-d transition of MoIV (370
and 400 nm), IT band (483 nm), and d-d transition of CuII (637, 719, and
855 nm). (b) UV-vis absorption spectra at 3 K before (black line) and
after irradiation with 473-nm light (35 mW cm-2 for 60 min) (red line)
and after thermal treatment above 250 K (blue line). (c) The differential
spectrum of the spectra before and after irradiation with light (red line)
and the waveform separation of the differential spectra. The blue lines are
the same as above, and the green lines are induced by irradiation: LMCT
bands of CNf MoV (370 and 390 nm) andreVerse-IT band (710 nm).

Figure 9. (a) UV-vis absorption spectra at 3 K before irradiation with
light (black line), after irradiation with 473-nm light (red line), and after
irradiation with 840-nm light (blue line). (Inset) The change in the intensity
at 476 nm upon irradiation with 473-nm light (hν1) and 658-, 785-, and
840-nm lights (hν2).
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1/2) has an unpaired electron, but CuI (3d10, S ) 0) does not.
However, half of the copper ions should remain as CuII due to
the stoichiometric limitations in the present compound. There-
fore, the irradiated1 is expressed as CuICuII[MoV(CN)8]‚8H2O
(1′). Since the magnetic coupling between unpaired electrons
on CuII and MoV in CuII

1.5[MoV(CN)8]‚3H2O is ferromagnetic,36

the unpaired electrons on MoV (S) 1/2) and CuII (S) 1/2) of 1′
interact ferromagnetically. This is confirmed by the thermal
dependence oføMT. Figure 10b schematically shows the possible

routes of the spin alignment. The schematic crystal structure in
Figure 10b is proposed in the light of the obtained WAXS and
EXAFS data in the present work and the reported crystal
structures of analogous compounds of M2[Mo(CN)8]‚8H2O (M
) Fe, Mn). Conversely, when1′ is irradiated by red and near-
red lights (hν2), the back electron transfer occurs via state II.
Hence,1′ returns to the original1. Experimentally, the photon
energy (E) for the photoreduced magnetization process (λ g
520 nm) is lower than that for the photoinduced magnetization
process (λ < 520 nm). The IT band and thereVerse-IT band in
the UV-vis absorption spectra of Figure 8 correspond toEhν1

andEhν2 in Figure 10, respectively. This result is consistent with
the relationship ofEhν2 < Ehν1 in the schematic potential diagram
for 1. In addition, the photostationary behavior upon irradiation
by 658- and 785-nm lasers can be explained by the following:
the IT band of1 is very broad over the visible region, and hence,
complex1 slightly absorbs the 658- and 785-nm laser lights;
as a result, the equilibrium between photoinduced magnetization
and photoreduced magnetization is established.

4. Conclusion

We have demonstrated that the magnetic properties of a
molecule-based material are reversibly switched between para-
magnetic and ferromagnetic states by irradiating CuII

2[MoIV-
(CN)8]‚8H2O solid with visible lights. This success is due to
(i) the electronic structure of class II mixed-valence compounds
that meet the conditions for reversible photoinduced electron
transfer and (ii) the strong exchange coupling of magnetic
centers in the cyano-bridged complex. We are now investigating
new Cu-Mo systems.37-39 The objectives of our future
investigations are to obtain (i) a room-temperature photomagnet,
i.e., magnetic materials exhibiting photomagnetic effect at room
temperature, and (ii) a single molecular photomagnet. To meet
these challenges, the energy barrier (Eth) of the thermal back
electron transfer and theTc value in the extended network must
be raised and the molecular architecture and anisotropy must
be controlled.
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magnetic field shows that the saturation magnetization (MS) value is 2.2
µB for the given formula. The observedMS value is close to the calculated
value for the parallel spin ordering of 2.5µB. Hence, the magnetic coupling
between CuII (S ) 1/2) and MoV (S ) 1/2) is ferromagnetic.
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Figure 10. (a) Potential energy diagrams in the solid state of a class II
mixed-valence compound. (b) Plausible schematic illustration of the
irradiation-induced magnetic spin coupling in the solid state of1. The yellow
shadow shows a possible route for the ferromagnetic spin alignment. The
schematic structure is based on the crystal structure of MnII

2[MoIV(CN)8]‚
8H2O. The large circle is a Mo ion, the medium-size circle is a Cu ion, the
small black circle is a carbon atom, and the small gray circle is a nitrogen
atom.
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