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Near-infrared-photoinduced metamagnet based
on a layered cyanido-bridged Co–W assembly with
π–π interactions†

Kazuki Nakamura,a,b Koji Nakabayashi, *a,b Shota Kobayashia and
Shin-ichi Ohkoshi *a,b

A newly synthesized photomagnet based on a cyanido-bridged Co–W assembly, [{Co(isoquinoline)4}3{W

(CN)8}2]·2EtOH (CoWisoq), exhibits a controllable photoinduced (PI) phase with a metamagnetic behavior.

The PI phase shows a transition from paramagnetic to ferromagnetic with a coercive field of 550 Oe at

2 K. It has a monoclinic (P21/n) crystal structure and is comprised of two-dimensional cyanido-bridged

Co–W coordination layers with two crystallographically independent Co sites (Co1, Co2) and one W site.

Both Co sites adopt a pseudo-octahedral six-coordinated geometry involving four isoquinoline and two

cyanide ligands. π–π interactions are induced at half of the isoquinoline ligands in Co1 and all of those in

Co2 sites, suggesting that the coordination environment at the Co1 site has structural flexibility. CoWisoq

displays a thermal phase transition around 140 K with a small thermal hysteresis due to the charge trans-

fer–induced spin transition between CoII–WV of the high temperature (HT) phase and CoIII–WIV of the

low temperature (LT) phase. This charge transfer, which is also responsible for a drastic color change

between purple (HT) and yellow (LT), involves only the structurally flexible Co1 sites. The ligand field,

which is composed of four isoquinoline and two cyanide ligands, contributes to a unique metal-to-metal

charge transfer absorption band of the LT phase at 1025 nm. Irradiation of the LT phase with near–infrared

light produces a PI phase with the CoII–WV state.

Introduction

Molecule-based magnets1–15 have been widely investigated
because of versatile interesting functionalities by the combi-
nation of the components of metal ions, organic ligands, and
crystalline solvent molecules.16–28 In particular, cyanido-
bridged bimetal assemblies show a high structural designabi-
lity and diverse physical properties e.g., barocaloric effect,29

low-frequency THz wave absorption,30 ionic conductivity.31

Octacyanidemetallates are good building blocks due to the
variety of coordination geometries, including square anti-
prism, bicapped trigonal prism, and dodecahedron, and have
a high coordination number. These characteristics realize

various dimensional coordination structures and physical
properties.32–35

Appropriate combinations of redox-active transition metal
ions and octacyanidotungstate with the redox activity between
WV(S = 1/2) and WIV (S = 0) produce charge-transfer (CT) phase
transition compounds. For example, cyanido-bridged Co–W
assemblies exhibit a phase transition between the high tempera-
ture (HT) phase with a CoII–WV state and the low temperature
(LT) phase with a CoIII–WIV state. Some cyanido-bridged Co–W
assemblies display interesting features such as thermal phase
transitions with thermal hysteresis loops or photoinduced (PI)
magnetization based on CT-induced spin transitions.36–40

Photomagnetic behavior is initiated by CT from WIV to CoIII

to produce the low-spin CoII state and subsequent spin tran-
sition to the high-spin CoII state. The wavelength used for the
PI phase transition depends on the energy band of metal-to-
metal charge transfer (MMCT) between the Co and W sites.
MMCT usually occurs around 700–800 nm37–40 due to the simi-
larity of their ligand field splitting on the Co sites provided by
the four nitrogen atoms of the cyanide ligands in the equator-
ial position and the two nitrogen atoms of organic ligands in
the axial position. In Co–W photomagnet systems, substi-
tutions of the organic ligands may control the MMCT absorp-
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tion band as it changes the ligand field splitting and coordi-
nation geometries.41–44 Furthermore, alternating the organic
ligands should also affect the thermal and PI phase transitions
based on a CT-induced spin transition because it not only
modulates the MMCT band but also alters intermolecular
interactions.45,46

Our research focuses on a slightly large aromatic ligand of
isoquinoline (isoq) to control the photomagnetic properties of
the Co–W system. Isoq should realize more effective inter-
molecular π–π interactions47–49 than pyridine, pyrimidine, and
their previously reported derivatives.37,39 In this study, we syn-
thesize a two-dimensional cyanido-bridged Co–W assembly
with a near-infrared MMCT absorption band, [{Co(isoq)4}3{W
(CN)8}2]·2EtOH (CoWisoq). CoWisoq exhibits PI magnetization
by near–infrared light irradiation. Its PI phase shows meta-
magnetism because the deliberate introduction of isoq causes
π–π interactions. Herein we report its crystal structure, thermal
phase transition, optical properties, photomagnetism, and PI
metamagnetism.

Results and discussion

Synthesis and crystal structure

A purple crystal of CoWisoq was obtained by the slow diffusion
method and kept for 2–3 weeks by adding a mixed solution of
ethanol and water containing CoCl2·6H2O and isoq into an
aqueous solution of Cs3[W(CN)8]·2H2O at room temperature.
Elemental analyses by inductively coupled plasma mass spec-
trometry (ICP-MS) for metal ions, standard method for C, H,
and N, and thermogravimetry (TG) measurement revealed that
the composition of the present compound is [{Co(isoq)4}3{W
(CN)8}2]·2EtOH. A single crystal X-ray diffraction (XRD)
measurement at 300 K indicated that this compound is mono-
clinic in the P21/n space group (a = 14.6601(4) Å, b = 27.5666(5)
Å, c = 15.3341(4) Å, β = 112.706(3)°) (Fig. 1, S4, Table S1†). The
asymmetric unit of CoWisoq is composed of a [WV(CN)8]

3−

anion, a [Co(isoq)4]
2+ cation (Co1), one-half of [Co(isoq)4]

2+

cation (Co2), and an EtOH molecule.

Fig. 1 Crystal structure of CoWisoq at 300 K. (a) Coordination environment of CoWisoq. Purple, red, pink, and light blue spheres and the gray line
indicate Co1, Co2, W, O, and isoq ligands, respectively. Packing structure of CoWisoq viewed from (b) the b-axis, (c) the (10−1) plane, and (d) the
(101) plane. Purple and blue thick lines represent the first (and third) layer and the second layer of cyanido-bridged coordination networks,
respectively.
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The coordination geometry of the W site is close to that of
an ideal dodecahedron (Table S2†). The three cyanide groups
of [W(CN)8]

3− are connected to three Co atoms (two Co1 and
one Co2). The remaining groups are terminal. The Co1 and
Co2 sites adopt a pseudo-octahedral six-coordinated geometry,
which is occupied by four nitrogen atoms of isoq ligands in
equatorial positions and two nitrogen atoms of [W(CN)8]

3− in
axial positions. The cyanido-bridged Co1–W connections
create zigzag chains. These chains are bound by the Co2 sites,
providing two-dimensional dodecanuclear hexagonal units of
cyanido-bridged Co6W6 (4Co1–2Co2–W6) moieties. The two-
dimensional layers are displaced from each other and stacked
along the [101] direction. A non-coordinated EtOH molecule is
in the interstitial site (central part) of the hexagonal units. The
single crystal left in the air for more than one year still has the
EtOH molecules in the crystal structure. The distance between
the layers in the [10−1] direction is 12.47 Å, and the nearest
W–W and Co–Co distances between the layers are 10.12 Å and
11.89 Å, respectively (Fig. S5†).

The four isoq ligands of the Co2 site realize π–π interactions
with isoq ligands of the Co1 sites in the same layer and in the
neighboring layer with arene–arene distances of 3.67 Å and
3.94 Å, respectively (Fig. 2, S7, Table S3†).50,51 The displace-
ment angles formed between the ring-centroid vector and the
pyridine-ring plane are at 17.47° within the layer and 15.94°
between the layers (Table S4†). These π–π interactions may
stabilize the crystal structure, including the characteristic
coordination environment with four pyridine-based ligands
(isoq) coordinated to the Co site. This is a representative struc-
tural feature of CoWisoq and differs from cyanido-bridged Co–
W assemblies in which two pyridine-analogue ligands coordi-
nate to the Co site.30,38 The Co–N distances are 2.10–2.18 Å for
Co1–N and 2.12–2.21 Å for Co2–N, indicating that Co1 and
Co2 have divalent states (Table S5†). The powder XRD

measurement showed that the powder form has an identical
crystal structure to that obtained by the single-crystal X-ray
structural analysis (Fig. S9†).

Magnetic properties

The temperature (T ) dependence of the molar magnetic sus-
ceptibility (χM) and T of CoWisoq indicated a thermal phase
transition with the small thermal hysteresis loop (Fig. 3). The
χMT value of 8.46 cm3 K mol−1 at 300 K corresponds well with
the expected value of 8.52 cm3 K mol−1 for CoIIhs3W

V
2 (CoIIhs (hs:

high spin): g = 2.35, SCo = 3/2, WV: gW = 2.00, SW = 1/2), and is
denoted as the high temperature (HT) phase. When the temp-
erature decreases to 180 K, the χMT value gradually increases
due to spin–orbit coupling in the Co sites and CoII–WV ferro-
magnetic coupling in the cyanido-bridged coordination
layers.52–54 From 180 K, the χMT value decreases and reaches
2.58 cm3 K mol−1 at 80 K. This observation agrees with that of
2.59 cm3 K mol−1 for CoIIIls2W

IV
2 CoII (CoIIIls (ls: low spin): SCo = 0,

WIV: SW = 0, CoII: g = 2.35, SCo = 3/2), named the low tempera-
ture (LT) phase, suggesting a CT-induced spin transition.
Upon heating, the χMT value for the LT phase is maintained
until 140 K, increases sharply around 150 K, and then returns
to the value for the HT phase. The transition behaviors with
sweep rates of 0.5, 1.0, and 2.0 K min−1 in the χMT–T plots are
similar, whereas that with 5.0 K min−1 indicates partial
quenching of the transition from the HT phase to the LT
phase in the cooling process (Fig. S10†). The field-cooled mag-
netization (FCM) curve does not show a critical temperature,
suggesting the LT phase is paramagnetic. The magnetization
(M) vs. magnetic-field (H) plot represents the magnetization of
the remaining paramagnetic CoII site in the LT phase
(Fig. S11†).

Crystal structure of the LT phase

Single crystal XRD analysis of the LT phase of CoWisoq at 90 K
indicated the same space group of P21/n as that at 300 K. The

Fig. 2 π–π interactions formed by the isoq ligands coordinated to the
Co1 and Co2 sites. Orange dotted lines indicate π–π interactions
between the isoq ligands. Red isoq ligands create π–π interactions
between the layers, while the green isoq ligands form π–π interactions in
the layer. Light blue indicates isoq ligands without π–π interactions.
Purple, red, and pink spheres indicate Co1, Co2, and W, respectively.

Fig. 3 Temperature dependence of χMT of CoWisoq upon cooling
(purple) and heating (yellow).

Research Article Inorganic Chemistry Frontiers

2754 | Inorg. Chem. Front., 2024, 11, 2752–2762 This journal is © the Partner Organisations 2024

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
A

pr
il 

20
24

. D
ow

nl
oa

de
d 

on
 6

/1
7/

20
25

 1
:1

9:
10

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4qi00511b


cell parameters are a = 14.3610(4) Å, b = 26.9695(5) Å, c =
15.1714(4) Å, and β = 113.674(3) ° (Fig. S8, Table S1†). The
color of the single crystal at 90 K was clear yellow changed
from purple for the HT phase (Fig. 4a). The distances of Co–N
bonds for Co1 and Co2 sites are 1.90–1.99 Å, and 2.09–2.19 Å,
respectively (Table S5†). The Co1–N bond was significantly
shortened in comparison with those at 300 K, indicating the
valence state of the Co1 site was trivalent at 90 K. By contrast,
the Co2–N bond distances are similar to those of the HT
phase, indicating that the Co2 site remains in the divalent
state.30,39 Overall, structural analyses and the magnetic suscep-
tibility show that the LT phase of CoWisoq has a formula with
the electronic state of [{Co1III(isoq)4}2{Co2

II(isoq)4}
{WIV(CN)8}2]·2EtOH. The CT-induced spin transition occurs
between the Co1 and W sites in the Co1–W zigzag chains
(Fig. 4b). The arene–arene distances of the isoq ligands within
the layer and between the layers at 90 K become shorter from
3.67 Å and 3.94 Å for the HT phase to 3.54 Å and 3.82 Å for the
LT phase, respectively, while arene–arene displacement angles
increase from 17.47° to 20.89° within the layer and from
15.94° to 19.63° between the layers (Tables S3 and S4†). Janiak
reported that the π–π interactions of pyridine and quinoline
systems tend to have a smaller displacement as the distance

decreases, indicating stabilization of the π–π interactions.51

Therefore, the significant increases of the displacement angles
in CoWisoq should weaken the π–π interactions in the LT
phase. These structural features, especially the π–π inter-
actions, probably affect the CT phase transitions in the cooling
and heating processes.

Optical spectroscopy

Variable-temperature UV–vis–NIR absorption spectroscopy
confirmed the CT phase transition between the LT and HT
phases. At 300 K, CoWisoq shows a strong absorption at
530 nm, which is assigned to MMCT from CoII to WV (Fig. 5,
S12†).37,38,55 In the cooling process, this peak gradually shifts
to 550 nm until 160 K, and the intensity significantly decreases
around 130 K. Absorption peaks at 500 nm and 1025 nm
appear, which are attributed to the d–d transition of CoIII and
the MMCT from WIV to CoIII, respectively. The change of the
UV–vis–NIR spectrum corresponds to the color change of the
crystal between the LT phase (yellow) and the HT phase
(purple).

The LT phases of cyanido-bridged Co–W assemblies
reported to date have blue colors due to the MMCT from WIV

to CoIII in 700–800 nm (Table S6†).30,36–40 However, CoWisoq
has a MMCT band of the LT phase at 1025 nm, which is in the
infrared light region. The difference of the MMCT absorption
band is derived mainly from the ligand field around the CoIII

site. That is, CoWisoq has a ligand field composed of four isoq
ligands and two cyanides, while other cyanido-bridged Co–W
assemblies have two pyridine analogues and four cyanides co-
ordinated to CoIII. Since isoq and pyridine-analogues ligands
provide a weaker ligand field than cyanides, the Co sites of
CoWisoq have smaller ligand field splitting than those of
other Co–W assemblies.41–44 MMCT occurs between the W site
and the eg orbital of the Co site, and the smaller ligand field
splitting of the Co site leads to the longer wavelength of the
MMCT band. A further red-shift of the MMCT could be poss-
ible by using pyridine analogues with weaker ligand field, but
the additional shift should be small. Ligands with weaker

Fig. 4 (a) Photos of a single crystal of CoWisoq at 90 K (left) and 300 K
(right). (b) Crystal structures of the LT phase at 90 K and the HT phase at
300 K. Purple, red, pink, light green, light yellow, and light blue spheres
indicate Co1IIhs, W

V, Co2II
hs, Co1

III
ls , W

IV, and O, respectively. Purple and
yellow thick lines represent the cyanido-bridged network and the
Co1IIIls–W

IV zigzag chains, respectively.
Fig. 5 Variable-temperature UV–vis–NIR absorption spectra of
CoWisoq upon cooling.

Inorganic Chemistry Frontiers Research Article

This journal is © the Partner Organisations 2024 Inorg. Chem. Front., 2024, 11, 2752–2762 | 2755

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
A

pr
il 

20
24

. D
ow

nl
oa

de
d 

on
 6

/1
7/

20
25

 1
:1

9:
10

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4qi00511b


ligand field such as a water molecule and halogen ions would
suppress the thermal CT phase transition.37,54

Photoinduced phase transition

The photoresponsivity for the LT phase of CoWisoq was exam-
ined using UV–vis spectroscopy. Irradiation with 980 nm laser
light at 3.8 K decreases the MMCT absorption band from WIV

to CoIII at 1025 nm and increases the MMCT absorption band
from CoII to WV at 565 nm (Fig. S13a†). Therefore, the PI phase
has the same electronic state of CoII3W

V
2 as that of the HT

phase. After thermal annealing to 100 K, the MMCT bands at
1025 nm and 565 nm increase and decrease around 70 K
(Fig. S13b†), indicating the LT phase is recovered. Further
heating to 300 K induces a large decrease in the absorption at
1025 nm and 150 K, which corresponds to the return to the
HT phase. In the cooling process, the absorption change
traces the temperature dependence of the χMT vs. T plot
(Fig. S13c†).

The detailed UV–vis absorption spectra before and after the
photoirradiation at 3.8 K contains some peaks. The LT phase
before irradiation has absorption peaks at 408, 464, 500, 565,
585, and 662 nm, while the PI phase shows absorption peaks
at 464, 565, and 662 nm. The peaks of the PI phase are
assigned to d–d transitions of 4Eg ← 4A2g (464 nm), 4A2g(P) ←
4A2g(F) (565 nm, overlapping with the MMCT), and 4B1g ←

4A2g
(662 nm) in CoII, considering the coordination geometry of the
Co sites with the trans-CoX4Y2 type (D4h) (X = isoq, Y = cyanide)
with longer Co–N distances from isoq ligands than those from
cyanides (Fig. S14†).56–58 In addition to the peaks from the
CoII site, the LT phase with both CoII and CoIII sites has
absorption peaks at 408, 500, and 585 nm, which are attribu-
ted to the d–d transitions of to 1Eb

g ← 1A1g,
1Ea

g ← 1A1g, and
1A2g ←

1A1g in CoIII, respectively.59–61

The photomagnetic effect of CoWisoq was studied by mag-
netic measurements before and after photoirradiation (Fig. 6,
S15†). The LT phase displays a small magnetization value in
the FCM curve and the magnetization (M) vs. external mag-
netic field (H) plots. After irradiation with 980 nm laser light at
3 K under an external magnetic field of 500 Oe, the magnetiza-
tion value significantly increases below 12 K, suggesting long-
range magnetic ordering. In the M–H plots at 2 K, the satur-
ation magnetization value reaches 8.00μB at 50 kOe by
irradiation (Fig. S15†), and a magnetic hysteresis loop with the
coercive field (HC) of 550 Oe was observed.

The saturation magnetization value of the PI phase is close
to 8.50μB, assuming ferromagnetic interactions between CoII

(Kramers doublet: g = 13/3, SCo = 1/2) and WV (gW = 2.00, SW =
1/2) for the Co3W2 unit rather than that of 4.50μB assuming
antiferromagnetic interactions. The magnetization value of the
PI phase remains stable for at least three days. Thermal treat-
ment at 100 K restores the PI phase to the LT phase due to the
critical temperature of the phase transition from the PI phase
to the LT phase at 70 K. Both the UV–vis spectra (Fig. S13†)
and the χMT–T plot (Fig. S16†) support this transition. PI mag-
netization is repeatedly observed (Fig. 6c).

Fig. 6 Magnetic measurements of CoWisoq before and after photoirra-
diation and after thermal annealing. (a) Magnetization vs. temperature
plots under 500 Oe. (b) Magnetization vs. magnetic field plots at 2 K in
the range of −4 to 4 kOe. (c) Magnetization vs. time plots in the repeated
photoirradiation and thermal annealing processes under 500 Oe. Black,
purple, and yellow circles indicate before and after photoirradiation
(980 nm, 26 mW cm−2, 30 min) and after thermal annealing at 100 K,
respectively.
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We then examined the photoresponsivity of the PI phase to
confirm the photoreversibility from the PI phase to the LT
phase using 473-, 532-, and 660 nm laser light. However, such
a PI phase transition did not occur. To verify the ferromagnetic
interaction between the CoII and WV in the PI phase, we
measured the Faraday ellipticity after irradiation at low temp-
eratures from 4 K to 80 K by applying a field of 10 kOe (Fig. 7,
S7†). The Faraday ellipticities are attributed to the d–d tran-
sitions of CoII at 460 and 550 nm. Additionally, the ligand-to-
metal CT of WV at 390 nm are parallel to each other, support-
ing the existence of a ferromagnetic interaction between CoII

and WV.62,63 Furthermore, the magnetic property of the PI
phase of CoWisoq was precisely examined. The PI phase is
stable up to 70 K. Fig. 8 plots the temperature and magnetic
field dependences of the magnetization of the PI phase in

Fig. 7 Faraday ellipticity measurement of the PI phase in CoWisoq. (a)
Set up of the photoinduced Faraday ellipticity measurement system. (b)
Variable-temperature Faraday ellipticity of the PI phase in CoWisoq
upon applying a magnetic field of 10 kOe in the range of 360 to
800 nm.

Fig. 8 (a) Magnetization vs. temperature curves of the PI phase under
magnetic fields of 20, 50, 100, 150, 200, and 500 Oe. Inset shows an
enlargement of the low-magnetization region. (b) Initial magnetization
vs. magnetic field plots (upper) and the first derivative of the initial mag-
netization (dM/dH) (lower) of the PI phase at temperatures of 2, 3, 4, 6,
and 8 K in the range of 0–50 kOe. (c) Magnetic field–temperature phase
diagram for the PI phase of CoWisoq. TN indicates the Néel temperature.
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various conditions. The M–T curves in several external fields
show spontaneous magnetizations under magnetic fields
above 150 Oe and a small magnetization under magnetic
fields below 100 Oe (Fig. 7a). The magnetic field dependences
of the M–T curves indicate a spin-flip from an antiferro-
magnetic phase with a critical temperature like Néel tempera-
ture (TN) to a magnetic field–induced ferromagnetic phase.
The initial magnetization in the M–H plots from 2 K to 8 K pre-
sents remarkable increments of the magnetization in the
range of 0.1–0.6 kOe (Fig. 7b), signifying a spin–flip
phenomenon.64–68 The spin–flip field (Hex) is expressed by the
first derivative of the initial M–H plots (dM/dH), and Hex

decreases upon heating. The temperature dependence of the
Hex values provides the H–T phase diagram for the PI phase of
CoWisoq (Fig. 7c). CoWisoq exhibits a metamagnetic behavior.
The M–H measurements in the range of −50 to 50 kOe at 2, 3,
4, 6, and 8 K indicate temperature dependences of Hc. The
remnant magnetization disappears around 6 K. Additionally,
the M–H plots above 6 K resemble the typical curve for meta-
magnetic behavior (Fig. S18 and S19†). Thus, the ferro-
magnetic ordering in the PI phase is preserved in a zero mag-
netic field below 6 K. Considering these results for the mag-
netic measurements and the structural analyses, the metamag-
netic behavior of the PI phase can be explained as follows. The
cyanido-bridged CoII–WV layer shows ferromagnetic ordering
due to ferromagnetic interactions between CoII and WV, as sup-
ported by the saturation magnetization value and the Faraday
ellipsometry. Therefore, the antiferromagnetic interactions
between the ferromagnetically ordered layers should be
responsible for the antiferromagnetic alignment in the small
magnetic field below Hex. In the magnetic field above Hex, the
magnetic moments are parallelly ordered between the layers,
resulting in the magnetic field–induced ferromagnetic phase.
The ferromagnetic phase can be maintained even in a zero
magnetic field due to the existence of Hc. Consequently,
CoWisoq has an interesting PI phase with metamagnetism,
including the ferromagnetic, antiferromagnetic, and paramag-
netic phases.

Conclusions

We synthesized a new photomagnet based on the cyanido-
bridged Co–W assembly. CoWisoq has a two-dimensional
layered structure with crystallographically independent Co
(Co1 and Co2) and W sites. Both the Co1 and Co2 sites have
four isoq and two cyanide ligands. However, the π–π inter-
actions between the isoq ligands differ. Two of the four isoq
ligands on the Co1 site make π–π interactions, while all four
isoq ligands on the Co2 site form π–π interactions. Magnetic
and UV–vis spectroscopic studies reveal a thermal phase tran-
sition between the HT phase with the CoII3W

V
2 state and the LT

phase with the CoIII2 CoIIWIV
2 state. The LT phase is derived

from a CT-induced spin transition between the Co and W
sites. Charge transfer occurs only on the Co1 and W sites since
the Co1 site has a more flexible coordination environment

than that of the Co2 sites as Co1 has fewer π–π interactions.
The LT phase of the present compound exhibits an intriguing
MMCT absorption band in the NIR region due to the weak
ligand fields on the Co sites composed of four isoq and two
cyanide ligands, which differs from the cyanido-bridged Co–W
compounds reported previously. Irradiation with 980 nm light
to the MMCT absorption band of the LT phase produces the PI
phase with CoII3W

V
2 due to the photoinduced CT-induced spin

transition.
Interestingly, the PI phase shows a metamagnetic behavior

in which the ferromagnetic and antiferromagnetic orderings
can be controlled by the magnetic field. In the present system,
we can choose the ferromagnetic PI phase when applying a
magnetic field above 150 Oe or the antiferromagnetic PI phase
when the magnetic field is below 100 Oe. Previous studies
have not reported a photomagnetic system in which the ferro-
magnetically and antiferromagnetically ordered states are con-
trolled by applying such a small magnetic field. Since photo-
magnetic properties are a representative feature of molecule-
based magnets, the present study showcases a new aspect of
photomagnets based on the cyanido-bridged metal assembly.

Experimental
Materials

Cobalt(II) chloride hexahydrate, CoIICl2·6H2O, and isoquinoline
were purchased from FUJIFILM Wako and Tokyo Chemical
Industry, respectively. All reagents were used without further
purification. The cyanide precursor of Cs3[W(CN)8]·2H2O was
prepared according to the literature.69,70

Synthesis

[{Co(isoquinoline)4}3{W(CN)8}2]·2EtOH (CoWisoq) in the
crystal form was prepared by reacting 2 mL of a mixed solution
of ethanol/H2O (2 : 1) including CoCl2·6H2O (0.300 mmol) and
isoquinoline (1.200 mmol) with 2 mL of an aqueous solution
containing Cs3[W(CN)8]·2H2O (0.200 mmol) inserting 20 mL of
a buffer solution of ethanol/H2O (1 : 1) at room temperature in
a dark, using a slow diffusion method. After 2–3 weeks, purple
plate crystals were obtained by filtering and washing with
ethanol. They were kept in the air for several days. The compo-
sition of CoWisoq was determined by CHN elemental analyses,
ICP-MS spectrometry, and TG measurement (Fig. S1†).
Elemental analyses: calcd for Co3W2C128H96N28O2 (CoWisoq
Mw = 2602.8): Co, 6.79%; W, 14.13%; C, 59.07%; H, 3.72%; N,
15.07%. Found: Co, 6.75%; W, 14.21%; C, 58.73%; H, 3.74%;
N, 15.12%. IR spectra; cyanide stretching vibration: 2122 cm−1,
2141 cm−1, 2147 cm−1, and 2160 cm−1. CH stretching
vibrations of isoquinoline: 2900 cm−1, 2925 cm−1, 2967 cm−1,
2977 cm−1, and 3059 cm−1 (Fig. S2†).37–40,71 Raman spectrum;
cyanide stretching vibration: 2137 cm−1 (Fig. S3†).71

Measurements

Elemental analyses were performed using standard micro-
analytical methods for C, H, and N, and ICP-MS (Agilent
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7700x) for Co and W. The TG properties were measured by a
Rigaku Thermo plus Evo II TG8120. The magnetic properties
were studied with a superconducting quantum interference
device (SQUID) magnetometer (Quantum Design MPMS). The
temperature-dependent magnetic susceptibility measurement
was carried out under an externally applied magnetic field of
5000 Oe. The diamagnetic contributions from the samples
were corrected on the basis of Pascal’s constants.72 Powder
XRD measurements for CoWisoq at 293 K were performed
using a Rigaku Miniflex diffractometer equipped with Cu Kα
radiation (λ = 1.5406 Å). The diffraction patterns were recorded
within a diffraction angle range of 5–70° in 0.02° steps and an
exposure time of 1° min−1. The infrared spectra at room temp-
erature were measured by a spectrometer (JASCO FT/IR-4100).
The measured samples were prepared by dispersing in KBr.
The UV–vis spectrum at room temperature was measured
using a spectrometer (JASCO V-670) and a sample dispersed in
BaSO4. Variable-temperature UV–vis absorption spectra were
measured using a Shimadzu UV-3600 plus spectrometer with
an Oxford Instruments Microstate-He cryostat and a continu-
ous wave (cw) diode laser of 980 nm. The sample was prepared
by dispersing in paraffin oil sandwiched between quartz
plates. Photomagnetism measurements were conducted by
SQUID. An optical fiber with its edge connected to the sample
and a diode laser of 980 nm and 1064 nm were employed
(Fig. S20 and S21†). The sample for the photomagnetic
measurements was prepared with grided crystals which were
sandwiched between tapes because CoWisoq was sufficiently
stable without liquid paraffin to prevent evaporation of EtOH
molecules in the crystal structure under the vacuum condition
in the sample chamber of the magnetic measurement system.
The Faraday effect measurement was conducted using a JASCO
E250 type magneto-optical spectrometer with an Oxford
Instruments Microstate-He cryostat and a cw diode laser of
980 nm. The sample was prepared by dispersing in paraffin oil
sandwiched between CaF2 plates. Single-crystal X-ray structures
of CoWisoq at 300, 200, and 90 K were resolved on a Rigaku
AFC10 diffractometer with a Rigaku Saturn Kappa CCD detec-
tor and a MicroMax-007 HF/VariMax rotating-anode X-ray gen-
erator. The single crystal was removed from the solution and
placed inside the Paratone-N oil immediately. The crystal was
placed on the cryoloop with a diameter of 100 μm and
mounted on the diffractometer. The diffraction data were inte-
grated after the experiment using Rigaku CrisAlisPro software.
Crystal structures were solved by the direct method of
SHELXS-97 program. Furthermore, using OLEX-2 1.5 software,
these structures were refined and resolved to assign the
missing electron density to the appropriate elements. The
crystal structures at 90, 200, and 300 K are deposited in the
Cambridge Crystallographic Data Centre of CCDC 2331970,
2331971, and 2331972,† respectively.

Calculation

Continuous shape measure analyses were performed using
SHAPE software (version 2.1) to determine the geometry of

eight-coordinated [W(CN)8]
n− (n = 3, 4) ions in CoWisoq at

each temperature.73
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