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Photoinduced Magnetization with a High Curie
Temperature and a Large Coercive Field in a Co-W

Bimetallic Assembly

Noriaki Ozaki, Hiroko Tokoro, Yoshiho Hamada, Asuka Namai, Tomoyuki Matsuda,

Souhei Kaneko, and Shin-ichi Ohkoshi*

The crystal structure, magnetic properties, and temperature- and photoinduced
phase transition of [{Co'(4-methylpyridine) (pyrimidine)},{Co'" (H,0),}
{WV(CN)g},]-4H,0 are described. In this compound, a temperature-induced
phase transition from the Co'' (S = 3/2)-NC-WV(S = 1/2) [high-temperature
(HT)] phase to the Co'"'(S = 0)-NC-W"(S = 0) [low temperature (LT)] phase is
observed due to a charge-transfer-induced spin transition. When the LT phase
is irradiated with 785 nm light, ferromagnetism with a high Curie tempera-
ture (T¢) of 48 K and a gigantic magnetic coercive field (H.) of 27 000 Oe are
observed. These T¢ and H, values are the highest in photoinduced mag-
netization systems. The LT phase is optically converted to the photoinduced
phase, which has a similar valence state as the HT phase due to the optically

and WYV, Besides, metal assemblies based
on [M(CN)g]™ can take various dimensional
crystal structures, ie., zero-dimensional
(0D),”! 1D,11% 2D,11 and 3D structures.!'?
Along this line, we have investigated the
photomagnetic properties in new Co-W
bimetallic assemblies.! Here, we report
photoinduced magnetization with a high
Curie temperature (T¢) of 48 K and a
gigantic coercive field (H) of 27 000 Oe in
a Co-W bimetal assembly, [{Co"(4-methyl-
pyridine)(pyrimidine)},{Co"(H,0),}-
{WV(CN)g},]-4H,0. These values are the

induced charge-transfer-induced spin transition.

1. Introduction

In recent years, cyanobridged bimetal assemblies have been
aggressively studied to demonstrate various magnetic function-
alities, such as room temperature magnetic ordering,!l thermal
phase transition,? photoinduced magnetization,>* humidity-
induced magnetism,P! non-linear magneto-optical effects,l® gas
adsorption,”l and negative (or zero) thermal expansion.®l In par-
ticular, photomagnetism is an attractive issue. One approach to
realize optical control of magnetization is to use irradiation to
change the electronic spin state of a magnetic material. From this
viewpoint, octacyanometalate-based compounds are useful sys-
tems for preparing photomagnetic materials because [M(CN)g]""
(M =Mo, W, ND, etc.) can adopt various valence states, e.g., MoV
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highest reported for photoinduced mag-
netization systems.

2. Results and Discussion
2.1. Crystal Structure

The target compound was prepared by adding an aqueous solu-
tion of Cs;[WY(CN)g]-2H,0 to a mixed aqueous solution of
Co''Cl,-6H,0, 4-methylpyridine, and pyrimidine. Elemental
analyses confirmed that the formula of the present compound
was [{Co''(4-methylpyridine) (pyrimidine)},{Co"(H,0),}-
{WY(CN)g},]-4H,0. The X-ray diffraction (XRD) pattern of
the present compound and Rietveld analysis indicated that the
present compound had a triclinic crystal structure in the P1
space group (a = 7.603(4) A, b = 14.991(6) A, ¢ = 20.875(10) A,
0=91.374(4)°, B=98.32(4)°, y=90.65(2)°, and Z =2; see Figure 1
and Supporting Information Figure S1,S2 and Table S1). The
coordination geometries of the Co (Col, Co2, Co3, and Co4)
sites were pseudo-octahedron (D). The equatorial positions
of Col (or Co2) were occupied by four cyanide nitrogen atoms,
whereas the apical positions were occupied by one nitrogen atom
of pyrimidine and one nitrogen atom of 4-methylpyridine. Co3
(or Co4) was coordinated with two nitrogen atoms of [W(CN)s],
two oxygen atoms of water molecules, and two nitrogen atoms
of pyrimidine. In contrast, W (W1 and W2) sites were dodeca-
hedron (D,,). The five CN groups of W1 (or W2) were bridged
to two Col, two Co2, and one Co4 (or Co3). The other three CN
groups were free. This bimetallic assembly had two types of
ligand molecules (4-methylpyridine and pyrimidine). 4-methyl-
pyridine coordinated to Col or Co2, while the pyrimidine ligand
bridged Co1 and Co4 or Co2 and Co3.

wileyonlinelibrary.com 2089

dadvd T1TInd


http://doi.wiley.com/10.1002/adfm.201102727

-
™
s
[
-l
wd
=
™

(@)
\‘\fo %o\ pyrimidine

w2 .. \col

0O, a

Makie
Vier'S
www.MaterialsViews.com

indicate that the observed temperature-
induced phase transition from HT phase to
LT phase is due to the electronic state change
from Coll, (S = 3/2)-WY(S = 1/2) to Co'll,(S =
0)-W(S = 0), where hs and Is denote the
high-spin and low-spin states, respectively,
i.e., charge-transfer-induced spin transition
(CTIST).

Based on the molecular field (MF) theory,
the yy T'value was fitted using a six-component
MF  model for 4-Co',_4/34-Co'Mly,/52-
COH(I—2x/3)2'C0HIZx/3[WIV(CN)S]Zx[WV(CN)8](2—29:)7
where 4-Co and 2-Co represent Co ions coor-
dinated by four cyanide nitrogens (Col and
Co2) and two cyanide nitrogens (Co3 and
Co4), respectively, and x is the transition
ratio from the HT phase to the LT phase
(see Supporting Information Section 4). The
xmI-T curve was well reproduced with a
gco-factor of 2.33 by fitting the observed yyuT
value for the HT phase using a gy-factor of
1.97 from the electron spin resonance (ESR)
spectrum of Cs3[WY(CN)g]-2H,0  (Sup-
porting Information, Figure S5). In contrast,
the ymT-T plots with x = 0.88 showed the
best fit with the observed ) T-T plots of the
LT phase. Thus, the LT phase was confirmed
to have a formula of (Co',);,4(Co™); 76
[WV(CN)g]1.76[WY(CN)glo.24(4-methyl-
pyridine),(pyrimidine), -6H,0.

2.3. Photomagnetic Effect

[{Co" (4-methylpyridine) (pyrimidine)},{Co' (H,0),}-

structure  of
{WY(CN)g},]-4H,0. a) Asymmetric unit. b) View along the a-axis. Red, purple, light gray, dark
gray, and light purple balls represent Co, W, C, N, and O atoms, respectively. Red and purple

Figure 1. Crystal

The photomagnetic effect on the LT phase

2090 wileyonlinelibrary.com

was investigated. The sample was irradiated

polyhedrons represent coordination geometry around Co and W, respectively.

2.2. Thermal Phase Transition

Figure 2 shows the product of the molar magnetic suscepti-
bility (xy) and temperature (T) versus T plots. The yyT value
at 300 K was 9.23 cm? K mol™! (high-temperature (HT) phase),
but the value decreased at around 170 K as the sample was
cooled at a rate of —=1.0 K min~'. At 100 K, the y T value was
3.27 cm?® K mol™! (low-temperature (LT) phase) (Supporting
Information, Figure S3). Conversely, as the sample was warmed,
the yuT value increased at around 240 K, and returned to the
initial value at 300 K. The phase transition temperature, which
was defined as the temperature where the compound had 50%
of the population in the HT and LT phases with decreasing or
increasing temperature, was 172 K (Ty ) or 241 K (Ty51). The
thermal hysteresis (AT = Ty ,7-Tj,1) had a large width of 69 K.
In the variable temperature infrared (IR) spectra, as the temper-
ature decreased, an intense broad CN stretching peak appeared
around 2150 cm™, which is assigned to the CN stretching fre-
quency of WIV-C=N-Co™! and WV-C=N (Supporting Informa-
tion, Figure S4). The results of yT-T plots and IR spectroscopy

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. yyT-T plots of [{Co'(4-methylpyridine)(pyrimidine)},-
{Co" (H,0),H{W"(CN)g},]-4H,0 under 5000 Oe during the cooling
(black circles) and warming (white circles) processes. Red and blue
dotted lines represent the fitting curves for the HT and LT phases,
respectively.
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Figure 3. Photoinduced magnetization in [{Co' (4-methylpyridine) (pyri-
midine)}, {Co" (H,0),}{W"(CN)g},]-4H,0. FCM curves before irradiation
(white circles), after irradiation (red circles), and after thermal treat-
ment (black circles) at 170 K (irradiation conditions: 4 = 785 + 10 nm,
122 mW cm2, 60 min).

by the 785-nm diode-laser light because the LT phase possesses
a metal-to-metal charge transfer (MMCT) band from W'V to
Co'™ in the wavelength region of 600~-1000 nm (A,,,, = 742 nm)
(Supporting Information, Figure S6). Figure 3 shows the field-
cooled magnetization (FCM) curves before and after irradiating
at 2 K in an external magnetic field of 10 Oe.’¥l The irradi-
ated sample exhibited a bulk magnetization with a T¢ value of
48 K. Zero-field-cooled magnetization and remanent magneti-
zation curves supported this T¢ value (Supporting Information,
Figure S7). The magnetization vs. external magnetic field plots
after irradiating exhibited a huge magnetic hysteresis loop with
a H, value of 27 000 Oe at 2 K (Figure 4 and Supporting Infor-
mation Figure S8) and a saturation magnetization (M) value of
8.4 up. Photoinduced magnetization was perfectly maintained
for one day below 3 K after the light was turned off, indicating
that the photoinduced magnetic phase is persistent. Upon
thermal treatment up to 170 K, the photoproduced magnetiza-
tion value recovered to the initial value (Figure 5).

The observed photomagnetic effect can be explained as fol-
lows. Irradiating of MM’CT band induces a valence state change
from Co'li(S = 0)-W'V(S = 0) state to Colj(S = 1/2)-WY(S =
1/2). Successively, Co')(S = 1/2) changes to the Co',(S =
3/2) state (Figures 6 and Supporting Information Figure S9),
resulting in bulk magnetization. Because the ground Kramers
doublet of an octahedral Co!! is usually populated, the esti-
mated M; value for the ferromagnetic ordering is 8.5 g for the
given formula,l'¥ which agrees with the observed value. Hence,
the magnetic spins on Co'';; and WV ferromagnetically interact,
i.e., superexchange coupling (J.,) between Co',, and WV
through the CN ligand is positive. The large H value is attrib-
uted to the single-ion magnetic anisotropy of Co'l;; and magne-
tocrystalline anisotropy!*1> due to the character of pseudo 2D
crystal structure. One reason the present photomagnetic Co-W
system (T = 48 K and H, = 27 000 Oe) is superior to the pre-
vious system (Tc = 40 K and H, = 12 000 Oe)**%! is the distance
of Co-NC-W in the ab-plane (5.26 A) is shorter than that in
the previous Co-W system (5.36 A) and this shortened distance
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Figure 4. Photoinduced magnetization in [{Co' (4-methylpyridine) (pyri-
midine)}, {Co'"(H,0),}{W"(CN)g},]-4H,0. Magnetic hysteresis loops at
2 K, 10 K, 25 K, and 50 K after irradiation (red circles) and after thermal
treatment (black circles) at 170 K (irradiation conditions: A=785+10 nm,
122 mW cm™2, 60 min).
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Figure 5. Magnetization vs. irradiation time plots at 2 K under 10 Oe with
785-nm light irradiation (red circles) and after thermal treatment (white
circles) at 170 K.

strengthens the superexchange coupling between Co and W
in the ab-plane. Additionally, the distance between the layers
(W—CN-Co—NC-W, 11.5 A) is longer than that of the previous
system (10.9 A), enhancing the magnetocrystalline anisotropy.
Such an improvement is because 4-methylpyridine expands the
distance between the layers due to a steric factor.

(b)

Jaz >0

44+ =
%H+

.H

Co'lns wv
S=3/2 S=1/2
T spin transition

- —
. = |
I — 1
hvl 1A | 90 90 0o =g i
1
: Co'lis WV !
| S=1/2 S=1/2 i

, 20 00 00 e
\ ‘; Colllis WV
b N §=0 §=0

Figure 6. Mechanism of light-induced magnetization in [{Co' (4-methyl-
pyridine) (pyrimidine)},{Co" (H,0),}{W"(CN)s},]-4H,0. a) Photographs
of the sample before (lower) and after (upper) the irradiation of 785-nm
light at 3 K. b) Schematic illustration of the ferromagnetic ordering due
to optically induced charge-transfer-induced spin transition. J, repre-
sents the superexchange coupling between Co',; and WV through the
CN ligand.
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3. Conclusions

In conclusion, we prepared a new photomagnet based on a
cyanobridged Co-W bimetal assembly, [{Co'(4-methylpyridine)-
(pyrimidine)},{Co"™(H,0),{WVY(CN)g},]-4H,0. The driving
force of this photomagnetism is the optically induced CTIST. In
the present system, two types of organic molecules (4-methyl-
pyridine and pyrimidine) were used as a coordinating ligand
and a bridging ligand, respectively. Thus, combining organic
ligand molecules to alter the crystal structure will further
improve the photomagnetic properties.

4. Experimental Section

Synthesis: The target compound was prepared by adding a 10 mL
aqueous solution of Cs3[WY(CN)g-2H,0 (1.80 mmol) to a 10 mL
mixed aqueous solution of Co''Cl,-6H,0 (0.90 mmol), 4-methylpyridine
(1.20 mmol), and pyrimidine (1.25 mmol). The mixed solution was
stirred for 1 h at 40 °C. The precipitated red powder was filtered, washed
with water, and dried in air. Elemental analyses by HP4500 inductively
coupled plasma mass spectroscopy and standard microanalytical
methods confirmed that the formula of the present compound was
[{Co'"'(4-methylpyridine) (pyrimidine)},{Co" (H,0),}{W"(CN)g},]-4H,0:
Caled: Co 12.50, W 25.99, C 30.53, H 2.40, N 21.77; found: Co 12.47, W
26.28, C 30.48, H 2.31, N 21.94.

Physical Measurements: The magnetic properties were measured by a
superconducting quantum interference device (SQUID) magnetometer
(Quantum Design, MPMS 7). The IR spectra were recorded with CaF,
plate using a Shimadzu FTIR-8200PC spectrometer. The ultraviolet-visible
(UV-vis) spectra were measured using a Shimadzu UV-3100 spectrometer.
The temperature during the optical measurements was controlled by
an Oxford Instruments Microstate-He. The XRD measurements were
conducted on a Rigaku RINT2100 with Cu Ko, radiation (A= 1.5406 A) at
293 K, while Rietveld analysis were performed using RIETAN-FP program
[16]. Crystallographic data (excluding structure factors) for the structure
reported in this paper have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication no. CCDC-
836699. The electron spin resonance (ESR) spectrum was recorded
using JEOL JES-FA200. The photomagnetic effect was investigated using
a SQUID. The powder sample, spread between a thin glass and a plastic
cling film, was placed at the edge of an optical fiber (distance between
the fiber and the sample: 8 mm), and a continuous wave (cw) diode
laser of 785 + 10 nm was used as a light source (122 mW cm™2).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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