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Chapter 1 Introduction 
 

 

1.1 Molecule-based magnet1-8 

Our laboratory has reported a lot of functional magnetic materials and unique magnetic 

properties using cyano-bridged metal assemblies, which are classified as molecule-based 

magnets.1-8 For example, as functional magnetic materials, our laboratory has reported 

photo-induced magnetization in which a substance is optically switched between paramagnetic 

state and ferromagnetic state,9-13 humidity sensitive magnet which exhibit humidity-induced 

reversible change of magnetic properties and/or magnetic pole direction,14,15 thermal phase 

transition phenomenon with large thermal hysteresis,16-17 etc. In addition, as unique magnetic 

properties, we have reported mixed ferro-ferri magnetism,18-19 inverted magnetic hysteresis 

loop,20 magnetic dimensional crossover phenomenon,21 etc. In this section, first of all, I will 

introduce about molecule-based magnet; what kind of compound is classified as a 

molecule-based magnet, and what is the characteristic of molecule-based magnets. 

Molecule-based magnets are magnetic materials composed of metal complex, organic radical, or 

charge transfer complex based on metal complex and/or organic radical, whose molecular 

characteristics (electronic spectrum, redox properties, etc.) had been drawn attention.1-8 

Molecule-based magnets can take various colors,22 which are usually not realized in black or 

metallic colored metal oxide or magnetic metals. In addition, since molecule-based magnets can 

change their crystal structure and/or electronic state by various external stimuli, they are 

extensively studied as functional magnetic materials, in which magnetic properties are changed 

by various external stimuli, such as solvent, humidity, pressure, or light. The researches about 

the magnetic properties of metal complexes have been executed in the 1950’s before the 

appearance of the term “molecule-based magnet”.23-32 Most of these researches are devoted to 

theoretical treatment of magnetic properties of mononuclear metal complex without magnetic 

interaction, or those of di- or tri-nuclear complexes. Such works about magnetic properties of 

isolated metal complexes or polynuclear complexes lead to the discovery of slow magnetic 

relaxation in highly anisotropic materials called as single molecule magnet and the subsequent 

extensive investigations,33-36 but I do not introduce further about single molecule magnet 

because this phenomenon is different from the bulk magnetization on which our laboratory has 

been focused. The bulk magnetic properties of metal complexes started from late 1980’s.37-39 

These researches succeeded in obtaining bulk magnetic materials by using designable advantage 

of metal complex or organic radicals, e.g., assembling metal ions as designed using coordination 

bond and/or controlling the electronic states of metal ions or organic radicals by considering 

redox potential. In addition, metal-free organic radical magnet has been realized40 and 
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ferromagnetic materials have been realized in a variety of compounds. In such stream of 

research, Prussian blue analogs have been reported as a molecule-based magnet in 1986.41 

Afterwards, various functions such as room-temperature magnetism,42-45 humidity-induced 

magnetism,15 photo-induced magnetism9-13,46-48 have been realized in Prussian blue analogues. 

Additionally, heptacyanometalate-based magnets49-52 or octacyanometalate-based magnets53-59 

were proved to be useful as molecule-based magnets and various functionalities have been 

demonstrated according to the characteristics of the components. From the next section, I will 

introduce the following background knowledge in the field of molecule-based magnet: 

molecular-field theory in which thermodynamical treatment is considered to describe magnetic 

susceptibility and magnetic phase transition, molecular field theory for more than binary metal 

system developed from our laboratory, Van Vleck paramagnetism, which is often applied to 

understand magnetic properties of single metal ion and polynuclear metal complexes, 

background and functionalities in cyano-bridged metal assemblies and their functionalities, and, 

spin-crossover phenomenon and ionic conductivity, which are focused on in this thesis. 

 

1.2 Molecular field theory 

i) Molecular field theory for unary metal system60 

Molecular field theory is the first theory which succeeded in explaining ferromagnetic 

phase transition, which is mainly developed by P. Weiss and L. Néel. In this theory, the 

magnetic interaction is introduced as molecular field, which is proportional to the magnetization 

value (M) at the neighbor site, the number of neighbor sites (z), and superexchange interaction 

parameter (J). For unary metal system, when the magnetic moment is M, the molecular field HM 

is expressed as  

 nMHH M  0 , where J
gN

Z
n

2
BA )(

2


 . (1)

Here, Ho is the external magnetic field, NA is Abogadro constant, g is g factor, B is Bohr 

magneton, and Z is the number of the nearest neighbor metal sites (coordination number of 

bridging ligand). The averaged sublattice magnetization (<M>, where M = NAgB<M>) is 

obtained by solving self-consistent equation, 
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,where SM is spin quantum number of the metal and 
MSB  is the Brillouin function, which is 
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To obtain spontaneous magnetization, we set H0 = 0 and the equation is expressed as  
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When  M
Tk

ZJS
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M2
 is introduced, the equation becomes  
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The solution <M> is obtained by the intersection of <M> vs x curves of equations (5) and 

(6). As depicted in Figure 1.1, M value takes non-zero value below specific temperature TC, 

where tangent line of )(
MM xBSM S  at x = 0 coincides with x

ZJS

Tk
M

M

B

2
 . The TC 

value corresponds to the Curie temperature and is obtained as 
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as the following way.  

Around TC, x value is almost zero. In this region we can apply the approximation of 

Brillouin function with x << 1. When x << 1, )(
M

xB S
 is approximated as  
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Therefore, the  value is obtained as  

 

B

MM
C

M

CBM

M

CB

M

M
M

3

)1(2

23

1

23

1

k

SZJS
T

ZJS

TkS

x
ZJS

Tk
x

S

S
S












. 

(9)

Equation (9) enables us to estimate superexchange interaction parameter (J) by Curie 

temperature (TC).  

From here, we consider the magnetic susceptibility () at high temperature region. In this 

case, we include external magnetic field (H0) in equation (4) and the equation is  
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At high temperature, 1)
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Introducing 0BA0 HMgNHM   , 
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This magnetic behavior is called Curie-Weiss law and 
B

MM
2

BA

3

)1()(

k

SSgN
C


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
 is 

called Curie constant.   is Weiss temperature, which is positive for ferromagnetic interaction 

(J > 0) and is negative for antiferromagnetic interaction (J < 0). In addition, Curie temperature 

(TC) is related with   by CT  in this theory. 

The magnetic interaction is clearly understood by plotting -1 vs T (Figure 1.2). 

 

ii) Molecular field theory for more than binary metal system18-19 

Detail discussion about magnetic properties of cyano-bridge metal assemblies was 

performed by Ohkoshi et al. in 1997. They focused on the magnetic interaction only between 

the nearest neighbor metal sites which is the feature of cyano-bridged metal assemblies and 

applied molecular field theory to ternary metal Prussian blue analogs. When we consider the 

formula of (MA x MB 1-x)y1[MC(CN)6]y2·zH2O composed of three metal ions of MA, MB, and MC, 

the molecular field HM are expressed by the following equation using molecular field coefficient 

(npq), 

 
CAC0A MnHH  , CBC0B MnHH  , BCBACA0C MnMnHH  , (13)

because the nearest neighboring metal of MA and MB are always MC, and that of MC is MA or 

MB.  
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The molecular field coefficients (npq) are given by the following equation  
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Here, Zpq is the number of the nearest neighbor metal q sites around a p site (coordination 

number of bridging ligand to metal ion q around a metal ion p). The averaged sublattice 

magnetization (<M>, where MA = y1xNAgB<MA>, MB = y1(1-x)NAgB<MB>, MC = 

y2NAgB<MC>) is obtained by the following equations, 
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where SM is spin quantum number of the metal and 
MSB  is the Brillouin function. 

To obtain spontaneous magnetization, we set H0 = 0 and the equation is expressed as  
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By solving these self-consistent equations, we can obtain magnetization values of each metal 

ion and total magnetization value.  

The TC value is obtained by the approximating the Brillouin function as

x
S

S
xBS

M

M

3

1
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M


 , which is valid for x << 1. In this case, the equations are 
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This equation relates the superexchange interaction parameters (J) and Curie temperature (TC).  

As performed in the unary metal system, we consider the magnetic susceptibility () at 

high temperature region. In this case, we include external magnetic field (H0) and the equation 

is  
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Because we consider the magnetization at high temperature, we introduce the approximation of 

the Brillouin function as x
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  again. Then the equation is 
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Introducing 0HMii  , 
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Using Curie constants (Ci), 
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From these equations, C, A, B , and  = A + B +C are obtained as 
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The lease square fitting of the experimental magnetic susceptibility allows us to estimate the 

superexchange interaction constant (J) and g factor. 

 

1.3 Van Vleck paramagnetism23 

i) Van Vleck equation 

Van Vleck theory is developed to perform theoretical treatment of magnetic properties of 

mononuclear or polynuclear metal complexes. This theory is based on quantum chemical 

approach and we calculate magnetic susceptibility by taking account of Boltzmann distribution 

of each energy state which is split by Zeeman effect, spin-orbit coupling, and exchange 

interaction (spin-spin coupling). The Van Vleck equation is obtained by considering Zeeman 

effect as follows. 

The magnetization value (I) is related to the energy value of a material (W) as 
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where H is the external magnetic field. 

When we consider that an atom is placed in an external magnetic field, the energy of level i (Wi) 

can be expanded as  
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where Wi
 (1), Wi

(2), … are called as first, second, … order Zeeman coefficients. 

Ignoring the third and higher order term,  
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Considering the Boltzmann distribution of each state, the magnetic susceptibility (= I / H) is 
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where N is Avogadro constant. Considering the order of Zeeman energy is a few wavenumber 

and k ~ 0.695 cm-1, at high temperature region, the approximation of Wi
(1) << kT can be applied. 

In this condition,  
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Therefore,  
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Here, noting that Zeeman splitting does not change the average energy value, all terms which 

have odd order of Wi
(1) become zero. Therefore, 
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When we calculate magnetic susceptibility, we obtain Wi
 (1), Wi

(2) by considering spin-orbit 

coupling, and exchange interaction (spin-spin coupling), and Zeeman splitting, and then we 

assign the obtained values to the above equations. When Zeeman splitting is smaller enough 

than spin-orbit coupling and/or exchange interaction, we can treat Zeeman splitting as 

perturbation. The example calculation of magnetic susceptibility of octahedral Fe(II) ion (d6) is 

given in the following. 

 

ii) Magnetic susceptibility of octahedral Fe(II) ion (d6) with 5T2 term28 

As an example, I will introduce the calculation of magnetic susceptibility of octahedral 

Fe(II) ion is given in the following. 

When we consider free ion, the five d orbitals are degenerated and the orbital magnetic 

quantum number (ML) is a good quantum number. Here, we represent d orbitals by LM  (ML 

= 2,1,0,-1,-2), which is a eigenstate corresponding to the eigenvalue of ML. However, in 

octahedral field, the energy of d orbital splits into three t2g orbitals and two eg orbitals and the 

orbital magnetic quantum number (ML) is no longer a good quantum number. Taking the 
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principle axis with 4-fold rotation axis, the ground states of octahedral Fe(II) ion (d6) are triply 

degenerated and are expressed by the linear combination of LM  as 

 22
2

1
and,1,1  . 

Considering that the Fe(II) ion (d6) has spin quantum number (S) of 2, the wavefunctions of 5T2 

term is described as the following 15 wavefunctions shown as  SL mm . 
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From here, we are going to consider the spin-orbit coupling () as the following 

Hamiltonian. 

LSH  . 

The interaction among the above 15 wavefunctions can be obtained by the following relation,  
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 (32)

where L, ML, S, and MS is are azimuthal quantum number, orbital magnetic quantum number, 

spin quantum number, and the z-projection of spin quantum number. As a result, we can obtain 

the 15 × 15 matrix based on 
jjii SjLjSiLi M,S,M,LLSM,S,M,L  as shown in Figure 1.3. 

By block diagonalization of this 15 × 15 matrix, we have only to solve three 3 × 3 matrices 

and two 2 × 2 matrices, and other two eigenvalues are diagonal elements without non-diagonal 

components. By diagonalization, we obtain the eigenenergies (W(0)) as shown below, 

W(0) = 3 (g = 3), W(0) =  (g = 5), W(0) = ‒2 (g = 7), 

where g is the degree of degeneracy. 

Next, we consider Zeeman splitting of these eigenfunctions. 

The Zeeman energy is obtained by the following equation, 
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 1st order Zeeman energy:  
j

jzziBiz SLE )0()0()1( 2   (33)

 

2nd order Zeeman energy: 
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Here, we have only to consider z component because x, y, and z are isotropic in this calculation. 

1st order Zeeman splitting occurs only between the degenerated eigenfunctions, whereas 2nd 

order Zeeman splitting should be considered between the eigenfunctions with different energies. 

As a result, we obtain first and second order Zeeman energy (W(1) and W(2)) as described in 

Figure 1.4. 

By substituting the obtained energy values to the Van Vleck equation, we can obtain the 

following magnetic susceptibility. 
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where x = kT / . 

The spin-orbit coupling constant of free Fe(II) ion is ‒100 cm-1 and the calculated magnetic 

susceptibility is shown in Figure 1.5. 

Such a calculation and the comparison with the experimental magnetic susceptibility 

enable us to elucidate spin-orbit coupling constant, superexchange interaction constant, 

zero-field splitting parameters, etc.  

Since this type of approach is very useful to estimate magnetic susceptibility and magnetic 

anisotropy of a compound, a lot of studies about magnetic cluster molecules are reported. 

However, this type of approach is unable to describe magnetic phase transition behavior like 

molecular field theory which is described in the previous section. In 1.3 and 1.4, I have 

introduced basic theory for magnetic analysis of molecule based magnets. In the following 

section, from the view point of materials chemistry and functionalites, I will introduce molecule 

based magnets, especially, cyano-bridged metal assemblies. 

 

1.4 Cyano-bridged metal assemblies and their functionalities 

Cyano-bridged metal assemblies are a kind of metal complex where metal ions are bridged 

by cyano group (M-CN-M’). Among cyano-bridged metal assemblies, one of the well-known 

compound is Prussian blue, FeIII
4[FeII(CN)6]3·7.5H2O, which has three-dimensional (3D) 

network structure in which FeII and FeIII are alternatively bridged by CN ligand with 

-NC-FeII-CN-FeIII-NC- fashion.61 This material has been used as blue pigment for a long time. 

The origin of the deep blue color in Prussian blue is metal to metal charge transfer band 
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between FeII and FeIII due to the mixed valence state of metal ions.62 Based on this mixed 

valency, electrochromic properties have been extensively investigated.63-64 In addition, magnetic 

phase transition of Prussian blue was realized in 1968 with the Curie temperature (TC) of 5.6 

K.65 In this way, Prussian blue shows interesting physical properties. Furthermore, metal ions of 

FeII and FeIII of Prussian blue can be substituted to other metal ions and such a compound is 

called Prussian blue analogue. Prussian blue analogues are very attractive for designing 

magnetic properties and are extensively investigated from 1986.41 In Prussian blue analogues, 

mainly two types of formulas are familiar, one is MA
II[MB

III(CN)6]2/3·5H2O and the other is 

AMA
II[MB

III(CN)6]3, where MA and MB are transition metal ions, and A is alkali metal ion. Both 

types of Prussian blue analogues take a jungle-gym-type three-dimensional network structure, 

while the crystal structure is different. MA
II[MB

III(CN)6]2/3·5H2O takes Fm-3m space group and 

1/3 of [MB
III(CN)6] is vacant and water molecules occupy the vacancy (Figure 1.6a).66 

AMA
II[MB

III(CN)6]3 prefers non-centrosymmetric F-43m space group, in which there is no 

vacancy in the framework structure and the interstitial sites is occupied by Alkali metal ions in 

alternative fashion (Figure 1.6b).67 Our laboratory have reported various functionalities such as 

humidity sensitive magnetism and humidity induced magnetic pole inversion,15 photo-induced 

magnetic pole inversion,9 mixed ferro-ferri magnetism,18-19 and two compensation 

temperature.68 These unique magnetic properties and functionalities are based on the following 

characteristics of cyano-bridged metal assemblies. First, we can consider the magnetic 

interaction only among nearest neighbor metal sites because the distance between two metal 

centers through cyanide is sufficiently long (ca. 5 Å). Second, the magnetic interaction among 

nearest neighbor metal sites is strong enough to observe magnetic phase transition. Third, 

Prussian blue analogues can show various colors and mixed valence properties as well as 

original Prussian blue. These three characteristics are important to demonstrate designed 

magnetic properties using molecular field theory and photo-induced magnetization. Recently, in 

addition to [M(CN)6]-based magnets, various types of cyanometalate-based complexes are 

utilized for molecule-based manget, e.g., heptacyanometalates ([M(CN)7]) and 

octacyanometalates ([M(CN)8]). Among them, octacyanometalates are widely investigated for 

molecule-based magnet and I will describe the characteristics and functionalities of 

octacyanometalate-based magnets. 

 

1.5 Octacyanometalate-based magnets 

Octacyanometalate ([M(CN)8]n-)-based magnets are expected to show various 

functionalities because octacyanmetalate-based magnets can take various crystal structures. 

Among octacyanometalate, octacyanomolybdate, octacyanotungstate, and octcyaniobate 

[M(CN)8]n-(M = Mo,W, Nb), are mainly used as building blocks of molecular magnets for the 
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following reasons. First, [Mo(CN)8]3-, [W(CN)8]3-, and [Nb(CN)8]4- have unpaired electron, 

which enables the magnetic phase transition in cyano-bridged metal assemblies. Second, diffuse 

4d or 5d ortibals enhance the superexchange interaction between metal centers bridged by 

cyanide. Third, [Mo(CN)8]n- and [W(CN)8]n- ions can take multiple valence states like 

[Mo(CN)8]3-/[Mo(CN)8]4- and [W(CN)8]3-/[W(CN)8]4-.69-70 Fourth, [M(CN)8]n- can take various 

coordination geometries such as square antiprism, dodecahedron, and bicapped trigonal prism 

(Figure 1.7). These properties are promising for functional magnet and high TC magnet. In fact, 

our laboratory have reported a zero-dimensional cluster complex with a large spin quantum 

number of S = 39/2,71 a one-dimensional porous chain complex having chirality,72 a 

two-dimensional layered complex which shows cooling rate dependent magnetism,73 

nanoporous three-dimensional network complex,74 and so on (Figure 1.8-1.11). Magnetic 

properties of these compounds reflect their dimensionalities. Moreover, various functional 

molecule-based magnets have been reported in our laboratory such as photo-reversible 

magnetization,75 and alcohol vapor sensitive magnet.74 In addition, we have recently realized a 

vanadium-octacyanoniobate magnet which shows a high Curie temperature of 210 K,76 

magnetization-induced second harmonic generation (MSHG) in 

[MnII(H2O)2][MnII(pyrazine)(H2O)2][NbIV(CN)8]∙4H2O,77 humidity-induced magnetism in 

Co2[Nb(CN)8]·8H2O.78 These studies have shown that [M(CN)8]4- is useful for constructing 

functionalized molecule based magnet. 

 

1.6 Photo-induced magnetization in cyano-bridged metal assemblies 

Photo-induced magnetization is one of the most attractive functionalities in molecule based 

magnet because the control of magnetization by optical stimuli can be applied to 

magneto-optical device. As photo-induced magnetization of hexacyanometalate-based assembly, 

K0.2Co1.4[Fe(CN)6] was reported,46 our laboratory have reported photo-induced demagnetization 

and magnetic pole inversion in Fe[Cr(CN)6]2/3·5H2O and Fe0.40Mn0.60[Cr(CN)6]2/3·5H2O,9,79 

respectively. In addition, our laboratory have reported most photo-magnetic compounds such as 

Rb0.88Mn[Fe(CN)6]0.96·0.5H2O, 12 Cu2[Mo(CN)8]·8H2O, 11 CsCo[W(CN)8](3-cyanopyridine)2·H2O,10 

Co3[W(CN)8]2(pyrimidine)4·6H2O, 75 and so on. Photo-induced magnetization of these systems 

(other than Fe[Cr(CN)6]2/3·5H2O and Fe0.40Mn0.60[Cr(CN)6]2/3·5H2O) is triggered by charge 

transfer phenomenon between metal ions, and the mechanisms of photo magnetization are 

mainly classified as charge transfer, charge transfer induced spin transition (CTIST), and charge 

transfer induced Jahn-Teller distortion as shown below. 

1. Charge transfer 

The photo-induced charge transfer phenomenon causes the change of electronic state of 

metal ions, which triggers photo-induced change of magnetization in three-dimensional 
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cyano-bridged metal assembly. For example, Cu2[Mo(CN)8]·8H2O before irradiation possesses 

the valence state of CuII(S = 1/2) and MoIV(S = 0), so the formula is expressed as 

CuII
2[MoIV(CN)8]·8H2O. After irradiating, charge transfer between CuII(S = 1/2) and MoIV(S = 0) 

occurs and the valence state changes to CuI(S = 0) and MoV(S = 1/2). By the irradiation of 

473-nm light which correspond to the metal-to-metal charge transfer band between CuII and 

MoIV, the charge transfer from MoIV to CuII occurs and the electronic formula after irradiation is 

expressed as CuICuII[MoV(CN)8]·8H2O. As a result, a spontaneous magnetization is generated 

by the magnetic interaction between the photo-produced MoV(S = 1/2) and the remaining CuII(S 

= 1/2). The photo-induced magnetization of this type of mechanism is caused by the mixed 

valence state. In class II mixed valence compound, the energy barrier appears between the 

orginal state and the charge separated state (Figure 1.12).80-81 This energy barrier enables the 

trapping of photo-induced state, resulting in the photo-induced magnetization (Figure 1.13). 

2. Charge transfer induced spin transition (CTIST) 

Some photomagnetic materials show photo-induced charge transfer phenomenon and the 

subsequent spin transition phenomenon [charge transfer induced spin transition (CTIST)]. 

CsCo[W(CN)8](3-cyanopyridine)2·6H2O is one of a typical example of this type of photomagnet. 

The valence state of Co and W before irradiation is CoIII(low-spin (LS), S = 0) and WIV(S = 0), 

respectively. By irradiation, charge transfer from WIV(S = 0) to CoIII(LS, S = 0) occurs and the 

valence state changes to CoII(LS, S = 1/2) and WV(S = 1/2). In this system, CoII takes high-spin 

(HS) state rather than LS state, so spin transition takes place from CoII(LS, S = 1/2) to CoII(HS, 

S = 3/2). Magnetic interaction between CoII(HS, S = 3/2) and WV(S = 1/2) generates a 

spontaneous magnetization. In addition to CsCo[W(CN)8](3-cyanopyridine)2·H2O, CTIST is 

also observed in Co3[W(CN)8]2(pyrimidine)4·6H2O and K0.2Co1.4[Fe(CN)6]. The origin of the 

bistability derives from mixed valency, and the energy of valence isomer is more stabilized by 

spin transition phenomenon (Figure 1.14). 

3. Charge transfer induced Jahn-Teller distortion 

Rb0.88Mn[Fe(CN)6]0.96·0.5H2O is representative for charge transfer induced Jahn-Teller 

distortion. The valence state of Mn and Fe before irradiation is MnIII(HS, S = 2) and FeII(LS, S = 

0). By irradiation, charge transfer between MnIII(HS, S = 2) and FeII(LS, S = 0) occurs and the 

valence state changes to MnII(HS, S = 5/2) and FeIII(LS, S = 1/2). In this system, crystal 

structure changes between tetragonal to cubic because of the Jahn-Teller distortion of MnIII(d4) 

ion. In this mechanism, the mixed valency plays a main role for the bistability.  

Recently, photo-induced magnetization is also reported in photo-isomerization systems 

using spiro-piran (SP) in (SP)MnCr(oxalate)3∙H2O82 and (SP)Fe[Fe(dithiooxalate)3].83 Still, a 

drastic change between paramagnetism and ferromagnetism or between antiferromagnetism and 

ferromagnetism was reported mostly from our laboratory in cyano-bridged metal assemblies. 
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1.7 Spin-crossover phenomenon 

Spin-crossover is a phenomenon in which electronic state changes between high spin (HS) 

state and low spin (LS) state by external stimuli such as temperature, pressure and light 84-88. 

Spin-crossover phenomenon in octahedral metal complex can occur in d4 to d7 metal ions, e.g., 

CrII (d4), MnIII (d4), MnII (d5), FeIII (d5), FeII (d6), CoIII (d6), CoII (d7).84-95 In particular, d6 metal 

ions show spin-crossover phenomenon between paramagnetic high spin state (S = 2) and 

diamagnetic low spin state (S = 0) (Figure 1.15), which is fascinating from the view point of 

application to molecular memory devices or sensors.96-100 Before the term “Spin-crossover 

phenomenon” become widely used in the field of chemistry, the anomalous magnetic behavior 

of iron(III) complexes were reported by Cambi et al. in [FeIII(dithiocarbamate)3] complex in 

1931.96 About Thirty years after this report, the first iron(II) spin-crossover complex, 

[Fe(phen)2(NCS)2] (phen = 1,l0-phenanthroline) was discovered.97 Afterwards, a lot of 

spin-crossover complexes have been realized and extensive studies have been executed. 

Spin-crossover phenomenon alters the physical properties such as color (obtical absorption 

properties), crystal structure, and other spectroscopic properties. Spin-crossover properties can 

be controlled by various chemical modifications or physical stimuli, such as substitution of 

spin-crossover site to a diamagnetic ion (so called metal dilution),101 change or desorption of 

solvent molecule,102 or pressure addition103. Furthermore, light-induced conversion from LS 

state to HS state was discovered and this phenomenon is called light-induced excited spin state 

trapping (LIESST) phenomenon.104 Recently, the coupling effect of dielectric property and 

spin-crossover,102 and host-guest chemisty of a spin-crossover compound103 were reported. In 

this way, many extensive researches are executed about spin-crossover phenomenon.  

 

1.8 Light-induced excited spin state trapping (LIESST) 

In 1984, Decurtins et al. have reported a conversion from LS state to HS state by light 

irradiation in a spin-crossover complex of [FeII(ptz)6](BF4)2 (ptz = 1-propyl-tetrazole).104 This 

phenomenon is called Light-Induced Excited Spin State Trapping (LIESST) phenomenon, and 

is observed in some spin-crossover complexes.104-107 Especially, as described in the previous 

section, in a FeII spin-crossover system, it is possible to change between diamagnetic LS state (S 

= 0) and paramagnetic HS state (S = 2). Furthermore, photo-generated HS state can be altered to 

the original LS state by light (reverse-LIESST phenomenon)108, so FeII spin-crossover 

compounds are paid attention as a photo-reversible switching device. In multinuclear FeII 

spin-crossover complex, ferromagnetic or antiferromagnetic interaction by LIESST 

phenomenon has been reported.109-110 However, because the reported multinuclear compounds 

with bulky organic ligand do not have 3-dimensional network, long range magnetic ordering 

cannot be generated even if it is possible to observe inner molecular short range magnetic 
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interaction. The LIESST phenomenon of 3-dimensional network spin-crossover compound 

based on [M(CN)4]n- (M=NiII, PdII, PtII) or [M(CN)2]n- (M = AgI,AuI) have also been 

reported,111-113 but the long range magnetic ordering was not observed since the central metal 

ions of these cyanometalates are diamagnetic and the coordination number is low. In contrast, 

our laboratory has reported cyano-bridged metal assemblies of CsFe[Cr(CN)6]·1.3H2O114 and 

Fe2[Nb(CN)8]·(3-pyridylmethanol)8·4.6H2O115 which exhibit both spin-crossover and 

ferromagnetic phase transition. The coexistence of spin-crossover and ferromagnetism was 

observed in only these two systems and such a physical property is characteristic for a 

spin-crossover compound with strong magnetic interaction. In such systems, we can expect a 

photo-induced bulk magnetization by LIESST phenomenon, while these two compounds do not 

show LIESST phenomenon. To observe light-induced spin-crossover bulk magnetization, a 

different compound is needed.  

 

1.9 Photo-induced spin-crossover magnetism in Fe2[Nb(CN)8](4-pyridinealdoxime)8·2H2O 

As described in previous section, spin-crossover compounds can exhibit switching of color, 

electric, and magnetic properties by various external stimuli, such as temperature, pressure, and 

light. Especially, the photo-induced phase transition from low-spin (LS) to high-spin (HS) states, 

which is recognized as the light-induced excited-spin-state trapping (LIESST) effect, attracts 

many researchers because of the possible application to molecular device. When light-induced 

HS sites are magnetically ordered in an infinite three-dimensional network, bulk magnetization 

should be observed. However, such a bulk magnetization due to light-induced spin-crossover 

had not been reported because the reported compounds were usually based on isolated 

molecular compounds or network compounds in which diamagnetic species are included 

between spin-crossover sites. Our laboratory has succeeded in incorporating spin-crossover sites 

in a three-dimensional spin-crossover system using octacyanoniobate-based cyano-bridged 

assembly and observed light-induced spin-crossover magnetism in 

Fe2[Nb(CN)8](4-pyridinealdoxime)8·2H2O for the first time.127 This compound exhibits a 

spin-crossover phenomenon around 130 K which has FeNCNb three-dimensional 

cyano-bridged bimetallic framework with tetragonal I41/a space group. At low temperature, the 

sample shows paramagnetism, while the irradiation of 473-nm light generates a large 

spontaneous magnetization with a Curie temperature (TC) of 20 K and a coercive field (Hc) of 

240 Oe at 2 K. The occurrence of photomagnetism can be explained by the following scheme. 

Before irradiation, paramagnetic NbIV and diamagnetic FeII
LS of the low-T phase are connected 

by a CN ligand in an alternating fashion, resulting in showing paramagnetism. Irradiation with 

473-nm light causes the light-induced excited-spin-state trapping (LIESST) effect on the FeII 

site and the magnetic spins on the photo-induced FeII
HS (S = 2) and neighboring NbIV (S = 1/2) 
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interacts antiferromagnetically by a strong superexchange interaction through the CN ligand, 

resulting in bulk magnetization. Light-induced spin-crossover magnetism is important as novel 

type of photomagnet, so the detailed study about the crystal structure is one of an important 

subject for advanced research. In chapter 2, I will introduce photo-induced spin-crossover 

magnetism in Fe2[Nb(CN)8](4-pyridinealdoxime)8·2H2O in more detail as background work, and 

then report the results of the room temperature single crystal X-ray diffraction measurement. 

 

1.10 Ionic conductivity 

Ionic conductivity is a measure of ability to generate current by the movement of ions.116-119 

In particular, solid substances with high ionic conductivity larger than 10-4 S cm-1 are called 

super-ionic conductors.117 One of the most famous examples of super-ionic conductor is -silver 

iodide (-AgI) (Figure 1.16),120 which is called as the first example of super-ionic conductor. 

-AgI shows super-ionic conductivity of 1.9 S cm-1 at 473 K due to the movement of Ag+ ions. 

The crystal structure shown in Figure 1.14 indicates that Ag+ ions are disordered to many sites. 

Among ionic conductors, when proton is the career for ionic conductivity, the material is called 

proton conductor. The most famous example for proton conductor is the polymer called nafion® 

(Figure 1.17), which is utilized as the electrolyte layer of fuel cells. Nafion® is composed of 

sulfonated tetrafluoroethylene-based polymer and shows proton conductivity of 5.0 × 10-2 S 

cm-1 at room temperature due to the amount of sulfo-groups. Recently, ionic conductive 

coordination polymers are drawn attention121-126. In our laboratory, we observed super-ionic 

conductivity, and the interference between ionic conductivity and magnetic ordering in Prussian 

blue analogues, 126 and we named this phenomenon “spin-ionic”. In my doctor work, the 

objective is to obtain new ionic conductive magnet using octacyanometalate-based magnet. 

 

1.11 Objective 

In this study, I paid attention to [M(CN)8]-based magnets to demonstrate novel 

functionalities. I paid attention to the combination of spin-crossover phenomenon and magnetic 

phase transition in FeII-[Nb(CN)8] based bimetallic assemblies. In addition, to achieve ionic 

conductive magnetic material, I have synthesized MnII-[Nb(CN)8] based bimetallic assemblies 

with organic ligand. As a result, I succeeded in the demonstration of (i) light-induced 

spin-crossover magnetsim (Chapter 2),127 (ii) two-step spin-crossover light-induced spin-crossover 

magnet (Chapter 3), and super-ionic conductive magnetism (Chapter 4).128 
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Figure 1.1 The Brillouin function and straight line at T > TC, T = TC, and T < TC obtained from 

molecular field theory. The crosspoint of two curves gives the magnetization value. Below TC, 

the two curves cross at non-zero magnetization value, indicating the appearance of bulk 

magnetization. 

T > TC T = TC T < TC 
Brillouin 
function 



 20

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2 The -1 vs temperature curve obtained by Curie-Weiss law. The x intercept is called 

Weiss temperature and is negative for antiferromagnetic interaction (J < 0) and positive for 

ferromagnetic interaction (J > 0). 
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Figure 1.3 The 15 × 15 matrix obtained by considering the spin-orbit coupling between the 

wavefunctions of octahedral FeII ion (d6) with 5T2 term with the Hamiltonian LSH  . By 

diagonalizing this matrix, the eigenenergies and eigenfunctions are obtained. 
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Figure 1.4 The energy separation of octahedral FeII ion (d6) with 5T2 term due to spin-orbit 

coupling and Zeeman splitting. The first and second order Zeeman energies (W(1) and W(2)) are 

described in the right side. 
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Figure 1.5 Temperature dependence of magnetic susceptibility of octahedral FeII ion (d6) with 
5T2 term when  = -100 cm-1. 
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Figure 1.6 The crystal structure of Prussian blue analogues. (a) MA
II[MB

III(CN)6]2/3·5H2O with 

vacancies and water molecules. The atomic coordinates are based on reference 66. (b) 

AMA
II[MB

III(CN)6]3 with non-centrosymmetric crystal structure. The atomic coordinates are 

based on reference 67.  

Reprinted with permission from T. Matsuda, H. Tokoro, M. Shiro, K. Hashimoto, S. Ohkoshi, 

Acta Cryst., E64, i11–i12, (2008). Copyright International Union of Crystallography 2008. 

Reprinted with permission from S. Ohkoshi, T. Matsuda, S. Saito, T. Nuida, H. Tokoro, J. Phys. 

Chem. C, 112, 13095–13098 (2008). Copyright 2008, American Chemical Society. 

(a) 

(b) 
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Figure 1.7 The coordination geometries of octacyanometalate. (a) Square-antiprism, (b) 

dodecahedron, and (c) bicapped trigonal prism. 

 

(a) 

(b) 

(c) 
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Figure 1.8 The crystal structure of octacyanometalate-based magnets of Pentadecaanuclear 

Mn9W6 cluster (0-dimensional (0-D) compound). The atomic coordinates are based on reference 

71.  

 

Reprinted with permission from Z. J. Zhong, H. Seino, Y. Mizobe, M. Hidai, A. Fujishima, S. 

Ohkoshi, K. Hashimoto, J. Am. Chem. Soc., 122, 2952–2953 (2000). Copyright 2000, 

American Chemical Society. 
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Figure 1.9 The crystal structure of octacyanometalate-based magnets of 1-D Co-W-based chain. 

The atomic coordinates are based on reference 72. 

 

Reprinted with permission from S. Chorazy, K. Nakabayashi, K. Imoto, J. Mlynarski, B. 

Sieklucka, S. Ohkoshi, J. Am. Chem. Soc., 134, 16151–16154 (2012) Copyright 2012, 

American Chemical Society. 
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Figure 1.10 The crystal structure of octacyanometalate-based magnets of 2-D Sm-W-based 

magnet. The atomic coordinates are based on reference 73. 

  

Reprinted with permission from T. Hozumi, S. Ohkoshi, H. Seino, Y. Mizobe, K. Hashimoto, J. 

Phys. Chem. B, 107, 11571–11574 (2003). Copyright 2003, American Chemical Society. 
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Figure 1.11 The crystal structure of octacyanometalate-based magnets of 3-D Cu-W-based 

magnet which shows alcohol vapor sensitivity. The crystal structure after exposure to 1-PrOH is 

shown in the left, and the crystal structure after exposure to water vapor is shown in the right. 

The atomic coordinates are based on reference 74. 

 

Reprinted with permission from S. Ohkoshi, Y. Tsunobuchi, H. Takahashi, T. Hozumi, M. 

Shiro, K. Hashimoto, J. Am. Chem. Soc., 129, 3084–3085 (2007). Copyright 2007, American 

Chemical Society. 
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Figure 1.12 Antisymmetrical breathing nuclear coordinate Q in a mixed-valence dinuclear 

compound A∙-B ↔ A-B∙ with chemically equivalent A and B sites. 

 

 

 

 

 

E
 

0

E

E+

Eth

Eop

Nuclear coordinate (Q) 



 31

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.13 The bistability and photo-induced change of electronic state due to the energy 

barrier derives from the mixed valency. 
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Figure 1.14 The bistability and photo-induced change of electronic state by charge transfier 

induced spin transition (CTIST). 

 

 

 

E
 

Nuclear coordinate

Eth

Est

h

State A State D

State C

State B

Bistability obtained by charge transfer
induced spin transition



 33

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.15 Schematic illustration of iron(II) spin-crossover phenomenon between 

paramagnetic high spin state (S = 2) and diamagnetic low spin state (S = 0). 
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Figure 1.16 The crystal structure of -AgI at 353 K. The atomic coordinates are based on 

reference 120. 
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Figure 1.17 The chemical structure of the proton conductive polymer called nafion®. 

 

 

 

 

 

 

 



 36

Chapter 2.  

 

本章については、5 年以内に雑誌等で刊行予定のため、非公開。 
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Chapter 3.  

 

本章については、5 年以内に雑誌等で刊行予定のため、非公開。 
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Chapter 4.  

 

本章については、インターネット公表に関する共著者全員の同意が得られていないため

非公開。 
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Chapter 5.  

 

本章については、5 年以内に雑誌等で刊行予定であるとともに、インターネット公表に

関する共著者全員の同意が得られていないため、非公開。 
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