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Abstract 

 

Introduction 

Photo-induced phase transitions have been intensively studied as one of the 

attractive issues of non-equilibrium phenomena. Several types of materials exhibiting 

photo-induced phase transition have been reported up to date, for example, chalcogenides, 

metal oxides, spin-crossover complexes, and cyanide-bridged bimetal assemblies. 

Cobalt–octacyanidotungstate bimetal assemblies have been reported to show photo-

induced magnetization with a high Curie temperature (TC) and a large coercive field (Hc). 

This phenomenon is known to be caused by an optically charge-transfer-induced spin 

transition (CTIST) from CoIII low-spin(ls)(S = 0)–WIV(S = 0) to CoIIhigh-spin(hs)(S = 3/2)–WV(S 

= 1/2) phases. That is, light irradiation induces the charge transfer from WIV(S = 0) to 

CoIII
ls(S = 0) to produce CoII ls(S = 1/2)–WV(S = 1/2), and then a spin transition occurs 

from CoII
ls(S = 1/2) to CoIIhs(S = 3/2), which results in the electronic state of CoII

hs(S = 

3/2)–WV(S = 1/2). However, the electronic structure to discuss the optical transitions and 

the mechanism of photomagnetic effects has not been clarified yet. In the present work, 

a cobalt–octacyanidotungstate bimetal assembly, (H5O2
+)[CoIII (4-

bromopyridine)2{W IV(CN)8}] is reported. Interestingly, this compound exhibits the 

CoIII
ls–WIV phase over a wide temperature range from 2 K to 390 K, even though all the 

other reported cobalt–octacyanidotungstate bimetal assemblies take the CoII
hs–WV phase 

at room temperature. A light irradiation to this compound causes photo-induced 

magnetization. First-principles calculations show the electronic structure of this 

compound to reveal the mechanism of the charge-transfer process. 
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Results and Discussion 

Synthesis, crystal structure, and electronic state 

The single crystal and the powder-form sample of (H5O2
+)[CoIII (4-

bromopyridine)2{W IV(CN)8}] were synthesized by mixing Na3[WV(CN)8]·4H2O, 

CoIICl2·6H2O, and 4-bromopyridine·HCl in an acidic condition at room temperature. 

Elemental analyses confirm that the formula of this compound is (H5O2)[Co(4-

bromopyridine)2{W(CN)8}]. 

Since the single crystals are in a very thin hexagonal plate-form (e.g., ca. 100×50×4 

µm), a synchrotron radiation X-ray single-crystal measurement at KEK was carried out 

to determine the crystal structure. This compound has a monoclinic crystal structure in 

the P21/c space group (a = 13.0471(10) Å, b = 13.5910(10) Å, c = 14.6790(10) Å, and β 

= 106.3410(10)º). The asymmetric unit consists of a Co3+ ion, a [W(CN)8]4− ion, two 4-

bromopyridine ligands, and two water molecules. The coordination geometry of the Co 

site is a six-coordinate pseudo octahedron, in which the two axial positions of Co are 

occupied by the N atoms of 4-bromopyridine, and the four equatorial positions are 

occupied by the cyanide N atoms of [W(CN)8]4−. The average distance of Co–N is 1.92 

Å, indicating that the Co ion takes a trivalent state. The coordination geometry of the W 

site is an eight-coordinate square antiprism, where the four CN groups of [W(CN)8]4− are 

bridged to Co. The other four CN groups are not bridged to Co, but connected to H5O2
+ 

by hydrogen bonds. The cyanide-bridged Co and W ions form two-dimensional layers in 

the bc-plane, and the oxonium cations H5O2
+ are intercalated between the layers. The 

{CoIII [WIV(CN)8]} − layers take negative charge, and the positive charge of H5O2
+ keeps 

the whole charge of this compound neutral. 

In the microscopic ultraviolet–visible measurement, the absorption peak for the 



III 

transmission mode along the direction of the out-of bc-plane is observed around 700 nm 

(1.8 eV). The magnetic susceptibility was measured by superconducting quantum 

interference device (SQUID) using the assembled single crystals (c.a. 8×105 pieces of 

crystals). The χMT value is almost zero from 2 K to 390 K, which indicates that this 

compound takes the electronic state of CoIII
ls(S = 0)–WIV(S = 0) over the wide temperature 

range of 2–390 K. Such a stabilization of the CoIII
ls–WIV phase over the wide temperature 

range has not been reported so far. 

 

Periodic structure calculations 

The periodic structure calculation of (H5O2
+)[CoIII (4-bromopyridine)2{W IV(CN)8}] 

was performed by Vienna ab initio simulation package (VASP) to reveal the optical 

transitions of this compound, where the crystal structure determined by the single-crystal 

X-ray analysis was used. The band structure and the density of states (DOS) show that 

the band gap is composed of a W 5d valence band and a Co 3d conduction band. The 

calculated optical absorption spectrum reproduced well the experimental spectrum. The 

lowest-energy transition was a transition from the valence band mainly composed of dz2 

orbitals of W and p orbitals of N to the conduction band mainly contributed from dz2 

orbitals of Co and sp orbitals of N. This indicates that the lowest-energy transition of this 

compound is the charge transfer from WIV to CoIII  through the orbitals of the bridging CN 

ligands. Since the valence band from d orbitals of Co is below −3.5 eV, the absorption of 

d-d transition in Co is not observed in the visible region. Thus, visible light irradiation 

does not caused the spin transition in CoIII . 

 

Photo-induced phase transition 
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The photomagnetic effect was investigated using SQUID. The 785-nm light 

irradiation (220 mW cm−2) at 3 K induced spontaneous magnetization. Magnetization (M) 

versus temperature (T) curve shows that a value of TC is 27 K. M versus external magnetic 

field (H) curve exhibits an Hc value of 2000 Oe at 2 K. Considering the ground Kramers 

doublet of an octahedral CoII, an expected saturation magnetization (Ms) value is 3.2 µB 

due to ferromagnetic coupling between WV(S = 1/2, g = 2) and CoII(S = 1/2, g = 13/3), 

which is close to the observed Ms value of 3.0 µB. The photo-induced phase returns to the 

initial phase upon annealing up to 80 K. These light irradiation and heating treatment 

provide reversible phase changes. 

To determine the crystal structure of photo-induced phase, the powder XRD pattern 

was measured after 785-nm light irradiation (250 mW cm−2) at 13 K. Rietveld analysis of 

the XRD pattern after light irradiation shows that the photo-induced phase has a 

monoclinic structure in the P21/c space group with lattice constants of a = 13.193(10) Å, 

b = 113.949(11) Å, c = 15.040(12) Å, and β = 107.35(9)º, which are larger in the two-

dimensional layer (bc-plane) by 3% compared to the original phase. The average Co–N 

distance of photo-induced phase (2.05 Å) is larger than that of original phase (1.91 Å). 

Such an elongation indicates that the valence state of Co changes from +3 to +2 by light 

irradiation. After annealing up to 60 K, the crystal structure of photo-induced phase 

returned to that of the original phase. 

The photo-induced magnetization can be explained by the optical CTIST effect 

from CoIII
ls(S = 0)–WIV(S = 0) to CoIIhs(S = 3/2)–WV(S = 1/2) phases. When the 

temperature is under TC, spontaneous magnetization is observed due to superexchange 

coupling between CoIIhs(S = 3/2) and WV(S = 1/2) through CN groups. 
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Conclusions 

In my thesis, a two-dimensional cyanide-bridged Co–W bimetal assembly, 

(H5O2
+)[CoIII (4-bromopyridine)2{W IV(CN)8}] was synthesized. This compound shows a 

stable CoIII ls–WIV phase in the 2–390 K range. Such a wide temperature range CoIII ls–WIV 

phase has not been reported up to date. Light irradiation to this compound causes the 

photo-induced phase with a TC value of 27 K and an Hc value of 2000 Oe. The crystal 

structures before and after light irradiation were determined by X-ray structural analyses. 

Additionally, first-principles calculations revealed that the photo-induced phase transition 

is due to the charge transfer from a W 5d valence band to a Co 3d conduction band. 
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Chapter 1    

Introduction 

1.1. Background 

1.1.1 Molecular based magnet 

Magnetic materials have been used for various applications such as magnetic 

recording media,1 permanent magnets,2 and electromagnetic wave absorbers.3 

Conventional magnets were inorganic materials, for example, metals, metal alloys, and 

metal oxides. However, some types of metal complexes were reported to exhibit 

ferromagnetism,4 revealing that molecular based materials are good candidates for 

magnetic materials. In molecular based magnets, metal ions of metal complexes or/and 

organic radicals are used as spin origin. As crystal structures and electronic states of 

molecular based magnets change by external stimuli, their magnetism can be controlled 

by external stimuli. Molecular based magnets have high designability because selection 

of metal ions and organic ligands of molecular based magnets controls the crystal 

structures, the magnetic properties, and other physical properties and functionalities. In 

the case of the molecular based magnets, various functionalities which have not been 

achieved in conventional magnets are expected. Photo-induced magnetization,5–12 

humidity and alcohol vapor responsivity,13,14 chirality,15 ferroelectricity,16 ion 

conductivity,17 and magnetization-induced second harmonic generation (MSHG)18 have 

been reported. 
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1.1.2 Magnetism 

Paramagnetism19 

When magnetic moments M exist in an external field H, potential energy E(θ) is 

expressed as 

θθ cos)( MHE −= , 

where θ is the angle between M and H. A direction along H is z-axis. Given Boltzmann 

distribution, probability that M faces the direction of θ from z-axis is proportional to 
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Magnetization I are expressed as z component of M, and the average of I is taken by θ to 

be represented as 
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where N is the number of M, and L(α) is Langevin function. When α << 1, 
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H
Tk

NM
NMI

B

2

33
== α

.            (Equation 1.4) 

In the above, it is assumed that each magnetic moment is able to face every direction. 

However, it can be oriented only in the restricted direction because of quantization. z 

component of the magnetic moment Mz is expressed as 

zz JgM Bµ= ,             (Equation 1.5) 

where g is Landé g-factor, µB is Bohr magneton, and Jz is z component of the total angular 

momentum. 

Jz can take 2J + 1 values, 

( ) JJJJJz −−−−= ,1,,1, L , 

where J is total angular momentum quantum number. The average of I is taken by θ to be 

represented as 
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where BJ(α) is Brillouin function. When α << 1, 

( ) ( )HJJ
Tk

g

J

J
JNgI 1
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1
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B

B +=+= µαµ .         (Equation 1.7) 

Therefore, magnetic susceptibility 
H

I

∂
∂=χ  is represented as 
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( ) ( )1
3 B

2
B += JJ
Tk

gN µχ .            (Equation 1.8) 

As the orbital angular momentum disappears due to ligand field in a transition metal ion, 

J can be replaced by spin angular momentum quantum number S and expressed as 

( ) ( )1
3 B

2
B += SS
Tk

gN µχ .            (Equation 1.9) 

Such a law that magnetic susceptibility is proportional to T−1 is called Curie’s law. The 

product of molar magnetic susceptibility χM and T is represented as 

( ) ( ) ( )1
8

1
1

3
2

B

2
B

M +≈+= SSgSS
k

g
T

µχ .        (Equation 1.10) 

When several metal ions exist, 

( )∑ +=
i

iii SSgT 1
8

1 2
Mχ ,                  (Equation 1.11) 

which is called spin-only value. By comparing the expected value from this equation and 

the observed value, Si values can be estimated. 

 

Ferromagnetism19 

When molecular magnetic field Hm generated by surrounding spins acts on each 

spin, Hm is expressed as 

( ) 












== J

gN

Z
nnIH

2
B

m µ
,        (Equation 1.12) 

where I is magnetization, Z is number of neighbor sites, and J is superexchange 

interaction constant between spins. When external magnetic field Hex acts on the system, 

total magnetic fields acting on each spin, H, is represented as 

H = Hex + Hm = Hex + nI.           (Equation 1.13) 
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The explanation about paramagnetism is also applied in this case. I is expressed as 

( ) 
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The solutions of I and α which satisfy two above equations at the same time should be 

found. That is, when the equations are regarded as functions depend on α, the intersection 

of the functions is obtained. Below a Curie temperature (TC), spontaneous magnetization 

is generated at Hex = 0. As I becomes a plus value just at TC, the differentials of the 

functions at α = 0 take the same value at TC (Figure 1.1). That is, 
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Additionally, this equation is expanded to multi-component system. Total magnetic field 

acting on i site (Hi) is expressed as 
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Similarly in the case of unitary system, I is expressed as 
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For example, in the case of binary system,  
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k
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Using this equation, superexchange interaction (JAB) between metal ions can be estimated 

from the observed TC value. 

 

1.1.3 Cyanide-bridged metal assembly 

A cyanide-bridged metal assembly is a system composed of metal ions bridged by 

cyanide groups. Building blocks such as hexacyanidometalate [M(CN)6], 

heptacyanidometalate [M(CN)7], and octacyanidometalate [M(CN)8], are used to 

synthesize cyanide-bridged metal assemblies (Figure 1.2). Cyanide-bridged metal 

assemblies with various crystal structures can be synthesized by combination of building 
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blocks, metal ions, and organic ligands.20 

 

Cyanide-bridged metal assembly based on hexacyanidometalate 

Prussian blue, FeIII
4[FeII(CN)6]3·4H2O, is the most famous cyanide-bridged metal 

assembly and consists of hexacyanidometalate. Metal ions in Prussian blue can be 

substituted by the other metal ions, and alkali cations can be implemented in the crystal 

structure. Such a system is known as Prussian blue analog (PBA) (Figure 1.3). PBA has 

received attention in a study field of molecular magnets because PBA has a three-

dimensional network structure and can form a magnetic interactive network with three-

dimensional expanse, expecting that PBA can exhibit a high Curie temperature (TC). A 

vanadium–hexacyanidochromate Prussian blue analog, 

VII
0.42VIII

0.58[Cr(CN)6]0.86·2.8H2O, was reported to show a Curie temperature above room 

temperature (TC = 315 K).21 PBA has also been reported to exhibit various functionalities. 

PBA containing Co and Fe, K0.2Co1.4[Fe(CN)6], was reported to exhibit photo-induced 

magnetization for the first time.5a Our laboratory has reported mixed ferro-ferri 

magnetism,22 two compensation temperature,23 photo-induced magnetic pole inversion,6 

humidity sensitive magnetism,13 spin ionics,17a zero thermal expansion,24 ferromagnetic 

and ferroelectric coexistence,16 and ammonium adsorption.25 

 

Cyanide-bridged metal assembly based on octacyanidometalate 

A coordination environment in hexacyanidometalate is six-coordinate octahedron, 

whereas octacyanidometalate can take various coordination environments such as square 

antiprism, dodecahedron, and bicapped trigonal prism dependently on surrounding 

environment (Figure 1.4).26 Due to such variety of coordination environments, cyanide-



 11  

bridged metal assemblies based on octacyanidometalates take various crystal structures. 

Additionally, octacyanidometalates have high coordination number, and their diffuse 4d 

or 5d orbitals of the center metal ion enhance superexchange interaction. Therefore, 

octacyanidometalates are useful building blocks to form molecular based magnets. By 

incorporating organic ligands, cyanide-bridged metal assemblies based on 

octacyanidometalates take various dimensional crystal structure such as zero-dimensional 

cluster structures (Figure 1.5),27 one-dimensional chain structures (Figure 1.6),28 two-

dimensional layer structures (Figure 1.7),29 and three-dimensional network structures 

(Figure 1.8).30 Since center metal ions in octacyanidometalates take various electronic 

states, for example, MoIV/V  and WIV/V , cyanide-bridged metal assemblies composed of the 

octacyanidometalates and appropriate metal ions are expected to exhibit charge-transfer 

phase transition by external stimuli such as temperature, photo, and pressure. The charge-

transfer phase transition affects the magnetic properties of cyanide-bridged metal 

assemblies because the magnetic properties are dependent on the electronic states of the 

metal ions. Our laboratory has reported photo-induced magnetization caused by the 

charge transfer.10,11 We have also presented magnetic materials based on 

octacyanidometalates with various functionalities, for example, high Curie temperature,31 

high thermal durability,32 luminescence,33 spin crossover photomagnetism,12 and 90-

degree optical-switching of output second harmonic light.12b 

 

1.1.4 Photo-induced phase transition 

Photo-induced phase transition has received extensive attention as one of the 

attractive issues of non-equilibrium phenomena.34 Additionally, photo-induced phase 
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transition materials are expected to be used for applications such as optical memory 

device and optical sensor.35 Several types of them have been reported so far, for example, 

chalcogenides,36 metal oxides,37 spin-crossover complexes,38 and cyanide-bridged 

bimetal assemblies.39 Our laboratory has reported a titanium oxide exhibiting photo-

reversible phase transition at room37b and cyanide-bridged metal assemblies showing 

photomagnetism based on photo-induced phase transition.6,7,9–12 

 

1.1.5 Photo-induced magnetization in cyanide-bridged metal assemblies based on 

octacyanidometalates 

Our laboratory has studied three types of photomagnets based on 

octacyanidometalates, containing Cu–Mo,10 Co–W,11 and Fe–Nb.12 Before light 

irradiation, all of the systems show paramagnetism. Light irradiation produces 

spontaneous magnetization. The magnetization disappears by annealing or/and light 

irradiation. The mechanism of photomagnetism in these systems are different, and details 

are described below. 

 

Cupper–octacyanidomolybdate bimetal assembly 

Photomagnets containing Cu–Mo have two-dimensional layer or three-dimensional 

network structures (Figure 1.9).10 The mechanism of the photomagnets is photo-induced 

charge transfer. Before irradiation, these compounds take CuII(S = 1/2)–MoIV(S = 0) state, 

and light irradiation induces charge transfer to produce CuI(S = 0)–MoV(S = 1/2). Since 

stoichiometric ratio of the metal ions are Cu : Mo = 2 : 1, CuII(S = 1/2) remains in the 

system. Spontaneous magnetization is observed below TC by ferromagnetic interaction 
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between the MoV(S = 1/2) ions produced by light irradiation and the remained CuII(S = 

1/2) ions. However, the different mechanism, where light irradiation induces spin 

crossover from MoIV(S = 0) to MoIV(S = 1), have been proposed. Recently, periodic 

structure calculations have revealed optical transitions of Cu2[Mo(CN)8]·8H2O, showing 

charge transfer is induced by visible light irradiation in this compound.10d 

 

Iron–octacyanidoniobate bimetal assembly 

Iron–octacyanidoniobate photomagnets have three-dimensional network structure 

(Figure 1.10).12 The photomagnetism mechanism in this system is light-induced excited 

spin state trapping (LIESST). These compound shows FeII
ls(S = 0)–NbIV(S = 1/2) state, 

and light irradiation induces spin crossover to produce the electronic state of FeII
hs(S = 

2)–NbIV(S = 1/2), showing photo-induced magnetization. Our laboratory reported 

Fe2[Nb(CN)8] (4-pyridinealdoxime)8·2H2O, which is the first example of a spin crossover 

photomagnet.12a A chiral photomagnet Fe2[Nb(CN)8](4-bromopyridine)8·2H2O, 

exhibiting 90-degree optical-switching of output second harmonic light,12b and a spin 

crossover photomagnet Fe2[Nb(CN)8](4-methylpyridine)8·2H2O, showing two-step spin 

crossover,12d were also reported. 

 

Cobalt–octacyanidotungstate bimetal assembly 

Our laboratory has reported three cobalt–octacyanidotungstate bimetal assemblies 

exhibiting charge-transfer phase transition with large thermal hysteresis, 

CsCo[W(CN)8](3-cyanopyridine)2·H2O (Figures 1.11 and 1.12),11a,11b 

Co3[W(CN)8]2(pyrimidine)4·6H2O (Figures 1.13, 1.14, and 1.15),11c,d,f and 

Co[W(CN)8]2(pyrimidine)2(4-methylpyridine)2·6H2O (Figures 1.15 and 1.16).11e The 
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charge-transfer phase transition is a phase transition between CoIIhs–WV and CoIII ls–WIV 

phases. All of the cobalt–octacyanidotungstate bimetal assemblies show the CoII
hs–WV 

phase at room temperature and the CoIII
ls–WIV phase at low temperature. The phase 

transition is known as charge-transfer-induced spin transition (CTIST) because spin 

transition in Co ion occurs accompanied by charge transfer between Co and W ions 

(Figure 1.17). Additionally, these cobalt–octacyanidotungstate bimetal assemblies exhibit 

photo-induced magnetization at low temperature. The mechanism of photomagnetism is 

thought to be optical CTIST. That is, light irradiation induces charge transfer from WIV(S 

= 0) to CoIII ls(S = 0) generating CoII ls(S = 1/2)–WV(S = 1/2), and then spin transition in 

Co ion occurs, producing the CoII
hs(S = 3/2)–WV(S = 1/2) phase. Ferromagnetism is 

observed below a Curie temperature due to superexchange interaction between CoII
hs(S = 

3/2) and WV(S = 1/2) ions (Figure 1.18). These cobalt–octacyanidotungstate 

photomagnets have high Curie temperatures and large coercive fields. For example, 

Co[W(CN)8]2(pyrimidine)2(4-methylpyridine)2·6H2O exhibits photo-induced 

magnetization with the highest Curie temperature and the largest coercive field in 

photomagnets.12b Moreover, our laboratory has also reported cobalt–octacyanidotungstate 

bimetal assemblies with various functionalities such as chiral magnets,15 high thermal 

durability,32b,c and single molecule magnetic (SMM) and single chain magnetic (SCM) 

behaviors.40 

 

1.2. Objective and Outline 

In my thesis, I have focused on cobalt−octacyanidotungstate bimetal assemblies 

because they are photomagnets exhibiting high Curie temperature and large coercive field. 
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The photo-induced magnetization is thought to be caused by an optical charge-transfer-

induced spin transition. However, theoretical calculations have not been conducted in 

cobalt−octacyanidotungstate bimetal assemblies and the mechanism of photomagnetism 

has not been clarified yet. From such a background, the objective in my thesis is the 

investigation of the photo-induced magnetization mechanism in 

cobalt−octacyanidotungstate bimetal assemblies. 

In Chapter 2, the synthetic method, the crystal structure, and the magnetic properties 

of (H5O2
+)[CoIII (4-bromopyridine)2{W IV(CN)8}] are examined. A synchrotron radiation 

X-ray single-crystal measurement at KEK reveals the crystal structure. Magnetic 

measurements elucidate that the electronic state of this compound takes CoIII
ls(S = 

0)−WIV(S = 0) between 2 K and 390 K. 

In Chapter 3, periodic structure calculations using the crystal structure of 

(H5O2
+)[CoIII (4-bromopyridine)2{W IV(CN)8}] are presented, and optical transitions are 

discussed, revealing the mechanism of the charge-transfer process. 

In Chapter 4, photomagnetic effect of (H5O2
+)[CoIII (4-

bromopyridine)2{W IV(CN)8}] is studied. Additionally, the crystal structure of photo-

induced phase is determined by powder X-ray diffraction measurement. 
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Figures and Tables 

 

 

 

 

 

 

 

           

Figure 1.1 Brillouin function and straight lines at T > TC, T = TC, and T < TC. 
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Figure 1.2 Typical coordination environments of (a) hexacyanidometalate [M(CN)6]n−
, 

(b) heptacyanidometalate [M(CN)7]n−, and (c) octacyanidometalate [M(CN)8]n−. 
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Figure 1.3 Crystal structure of Prussian blue analog AM’[M(CN)6]. 

 

 

  



 19  

 

 

 

 

 

 

 
Figure 1.4 Typical coordination environments of octacyanidometalate [M(CN)8]n− and 

energy diagrams of d orbitals. Reprinted with permission from ref. 26b. Copyright 2005 

Elsevier B.V. 
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Figure 1.5 Crystal structure of {FeII9[ReV(CN)8]6(MeOH)24}·10MeOH (zero-

dimensional compound). Reprinted with permission from ref. 27h. Copyright 2015 

WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 
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Figure 1.6 Crystal structure of GdIII (dimethylformamide)6[WV(CN)8] (one-dimensional 

compound). Reprinted with permission from ref. 28d. Copyright 2005 Royal Society of 

Chemistry. 
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Figure 1.7 Crystal structure of [Mn5{Nb(CN)8} 2(3-hydroxypyridine)12]·6H2O (two-

dimensional compound). Reprinted with permission from ref. 29e. Copyright 2012 

Elsevier B.V. 
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Figure 1.8 Crystal structure of Mn2[Nb(CN)8](5-methylpyrimidine)2·4H2O (three-

dimensional compound). Reprinted with permission from ref. 30f. Copyright 2014 

Elsevier B.V. 
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Figure 1.9 (a) Crystal structure of Cu2[Mo(CN)8]·8H2O. Reprinted with permission 

from 10d. 30f. Copyright 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (b) 

Photo-induced magnetization of Cu2[Mo(CN)8]·8H2O. Reprinted with permission from 

ref. 10b. Copyright 2006 American Chemical Society. 
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Figure 1.10 (a) Crystal structure and (b) photo-induced magnetization of 

Fe2[Nb(CN)8](4-bromopyridine)8·2H2O. Reprinted with permission from ref. 12b. 

Copyright 2013 Nature Publishing Group. 
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Figure 1.11 Crystal structure of Cs[Co(3-cyanopyridine)2{W(CN)8}]·H 2O. Reprinted 

with permission from ref. 11a. Copyright 2003 American Chemical Society.  
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Figure 1.12 (a) Thermal phase transition and (b) photomagnetic phenomenon of 

Cs[Co(3-cyanopyridine)2{W(CN)8}]·H 2O. Reprinted with permission from ref. 11a. 

Copyright 2003 American Chemical Society. 
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Figure 1.13 Crystal structure of Co3[W(CN)8]2(pyrimidine)4·6H2O. Reprinted with 

permission from ref. 11c. Copyright 2008 American Chemical Society. 
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Figure 1.14 (a) Thermal phase transition and (b) photomagnetic phenomenon of 

Co3[W(CN)8]2(pyrimidine)4·6H2O. Reprinted with permission from ref. 11c. Copyright 

2008 American Chemical Society. 
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Figure 1.15 Crystal structure of Co3[W(CN)8]2(pyrimidine)2(4-methylpyridine)2·6H2O. 

Reprinted with permission from ref. 11d. Copyright 2012 WILEY-VCH Verlag GmbH & 

Co. KGaA, Weinheim. 
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Figure 1.16 (a) Thermal phase transition and (b) photomagnetic phenomenon of 

Co3[W(CN)8]2(pyrimidine)2(4-methylpyridine)2·6H2O. Reprinted with permission from 

ref. 11d. Copyright 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 

  

6000

5000

4000

3000

2000

1000

0

M
ag

ne
tiz

at
io

n 
/ O

e 
cm

3  m
ol

–1

6050403020100
Temperature / K

12

10

8

6

4

2

0

χ M
T

 / 
cm

3  K
 m

ol
–1

300250200150100
Temperature / K

(a)

(b)

hν



 32  

 

 

 

 

 

Figure 1.17 Schematic illustration of CTIST. 
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Figure 1.18 Schematic illustration of photo-induced magnetization in a cobalt–

octacyanidotungstate bimetal assembly. 
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Chapter 2    

Synthesis, crystal structure, and characterization of a 

two-dimensional cobalt−octacyanidotungstate bimetal 

assembly 

 

単行本もしくは雑誌掲載等の形で刊行される予定であるため、本章について

は、非公開  
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Chapter 3    

Periodic structure calculations of a two-dimensional 

cobalt−octacyanidotungstate bimetal assembly 

 

単行本もしくは雑誌掲載等の形で刊行される予定であるため、本章について

は、非公開  
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Chapter 4    

Photo-induced magnetization of a two-dimensional 

cobalt−octacyanidotungstate bimetal assembly 

 

単行本もしくは雑誌掲載等の形で刊行される予定であるため、本章について

は、非公開  
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Chapter 5    

Summary and perspective 

 

In my thesis, I focused on cobalt−octacyanidotungstate bimetal assemblies, which 

are photomagnets with high Curie temperatures and large coercive fields. The 

photomagnetism is based on photo-induced phase transition from CoIII ls(S = 0)−WIV(S = 

0) to CoIIhs(S = 3/2)−WV(S = 1/2) phases, but the mechanism has not been understood in 

detail. An objective in my thesis is to reveal the photo-induced magnetization mechanism 

in cobalt−octacyanidotungstate bimetal assemblies. Periodic structure calculations are 

effective methods to investigate the mechanism because the calculations give electronic 

structure to discuss optical transitions. Detail information of a crystal structure is required 

to conduct the calculations. Therefore, we needed a crystal structure of the original phase 

of CoIII
ls−WIV to understand the mechanism of the photo-induced magnetization. 

However, in cobalt−octacyanidotungstate bimetal assemblies, the crystal structures of the 

CoIII
ls−WIV phase have not been determined in detail. I successfully synthesized single 

crystals of a cobalt−octacyanidotungstate bimetal assembly and revealed the crystal 

structure of the CoIII ls−WIV phase. Photo-induced magnetization of this compound was 

investigated from both theoretical and experimental viewpoints. 

In Chapter 2, I presented the synthetic method, the crystal structure, and the 

electronic state of the cobalt−octacyanidotungstate bimetal assembly, (H5O2
+)[CoIII (4-

bromopyridine)2{W IV(CN)8}]. A synchrotron radiation (SR) X-ray crystal structural 

analysis revealed the crystal structure. This compound has a two-dimensional layer 

structure composed of cyanide-bridged Co and W ions. Oxonium cations H5O2
+ are 
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intercalated between the layers. The electronic state was CoIII ls(S = 0)−WIV(S = 0) in the 

2–390 K range even though all the previously reported cobalt−octacyanidotungstate 

bimetal assemblies takes CoII
hs(S = 3/2)−WV(S = 1/2) state at room temperature. The 

origin of stabilizing CoIII ls–WIV phase even at room temperature is the stabilization of 

WIV(CN)8 by protonation. The determined crystal structure enabled to perform periodic 

structure calculations to discuss optical transition in cobalt−octacyanidotungstate bimetal 

assemblies. 

In Chapter 3, the periodic structure calculations were conducted using the crystal 

structure of (H5O2
+)[CoIII (4-bromopyridine)2{W IV(CN)8}]. The calculations revealed the 

electronic structure of this compound. The band gap consisted of a valence band 

contributed from W 5d orbitals and a conduction band due to Co 3d orbitals. The 

calculated optical absorption spectrum reproduced well the experimental UV–vis 

spectrum taking the absorption band around 1.8 eV (700 nm), which was due to the charge 

transfer from the W valence band to the Co conduction band. The absorption of d-d 

transition in Co was not observed in visible region because Co valence band was below 

−3.5 eV. Therefore, visible light irradiation does not induce the spin transition in Co, but 

the charge transfer from W to Co. The calculation suggests that the mechanism of 

photomagnetism in cobalt−octacyanidotungstate bimetal assemblies is an optical CTIST. 

In Chapter 4, considering the results of the periodic structure calculations indicating 

that light irradiation around 700 nm induces the charge transfer from WIV to CoIII , I 

investigated photomagnetic effects in (H5O2
+)[Co(4-bromopyridine)2{W(CN)8}] by 

magnetic measurements, UV–vis measurements, and powder XRD measurements. In the 

magnetic measurements, spontaneous magnetization was observed by irradiating with 

785-nm CW laser light at 3 K. The photo-induced phase exhibited ferromagnetism with 



 91  

a TC value of 27 K and an Hc value of 2000 Oe. Reversible changes by the light irradiation 

and annealing up to 80 K were observed. The UV–vis measurements and the crystal 

structural analysis suggested that the light irradiation produced the CoII−WV state. The 

photomagnetism can be explained by optical CTIST in the light of the results of the 

calculations and the light irradiation experiments. This is the first example to determine 

the crystal structure of the photo-induced phase in cobalt−octacyanidotungstate bimetal 

assemblies. 

As mentioned above, I successfully obtained the stabilized CoIII
ls−WIV phase even 

at room temperature by protonating WIV(CN)8 in the crystal structure, indicating that 

including proton in crystal structures of materials showing charge transfer phase transition 

can dramatically change the phase transition temperature. The periodic structure 

calculations showed the electronic structure to enable us to discuss the photo-induced 

mechanism. As we are also able to obtain information about effects of organic ligands to 

electronic structure, the results of the calculations lead to design metal complexes 

exhibiting photo-induced phase transition and photo-induced magnetization. Additionally, 

I determined the crystal structure of the photo-induced phase, giving more information 

about the photo-induced magnetization such as magnetic interaction and magnetic 

anisotropy. Therefore, the determination of the crystal structure is important to contrive 

photomagnets. These results in my thesis give guideline to design phase transition 

materials and photomagnets are expected to develop these study fields. 
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