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1-1. Metal Complexes 
A metal complex refers to a molecule where ligands are bound to a metal ion. These metal ions 

include a wide range of metals, such as p-block elements, transition metals, lanthanides, and actinides. 

Ligands are substances that form coordination bonds to metal ions, mainly organic molecules and 

inorganic ions. The coordination bond is formed when the ligand is placed around the metal ion. Metal 

complexes can exhibit diverse properties and functionalities based on the combination of the metal 

ion and ligands. Leveraging these varied properties, extensive research is conducted, ranging from 

applications as catalysts utilizing metal ions as active sites to the development of chromic molecules 

or molecular magnetic materials that utilize complex interactions between intricate molecules (Fig. 

1.1). 

 

 
Fig. 1.1. Properties and functions of metal complexes. 
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1-2. Multinuclear Metal Complexes 
Multinuclear metal complexes are complexes that contain multiple metal ions within a single 

molecule. Consequently, these complexes exhibit not only interactions between different complexes 

but also interactions between metals within a molecule mediated by ligands (Fig. 1.2). These 

complexes demonstrate unique properties and functions distinct from mononuclear complexes, 

attracting attention for various applications such as catalysts and molecular magnetic materials. 

Additionally, studies on multinuclear metal complexes containing internal spaces have been reported, 

which are widely explored in the research field of host molecules. 

When multinuclear metal complexes function as catalysts, their mechanisms can be categorized 

into two types: where the metal ions within the molecule act as catalytic sites, or where the 

multinuclear metal complex functions as a microreactor. The cases introduced in Chapter 1-2-1 involve 

instances of the former, while Chapter 1-2-2 represents cases of the latter. These characteristics can be 

flexibly altered by designing ligands and combinations with metal ions. Multinuclear metal complexes 

offer the ability to control the distance between metal ions through ligand selection. This capability 

enables more efficient catalyst design compared to mononuclear complexes, primarily studied for 

applications in organic synthesis.1-4 

 

 
Fig. 1.2. Properties and functions of multinuclear metal complexes. 
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1-2-1. Research on Catalysts Using Multinuclear Metal Complexes 
A. Arbaoui et al. discovered that a binuclear aluminum complex 1 exhibited higher activity than a 

mononuclear complex in the ring-opening polymerization of caprolactone (Fig. 1.3a).1 In complex 1, 

one aluminum ion coordinated with the monomer while the other coordinated with the initiator, 

allowing the initiator to efficiently attack the monomer, resulting in this difference in activity. 

P. K. Saini et al. synthesized a hetero-binuclear complex 2, showing high activity in the 

copolymerization of cyclohexene and carbon dioxide (Fig. 1.3b).2 This complex 2 exhibited higher 

catalytic activity compared to binuclear zinc and magnesium complexes with the same structure. 

 

 

Fig. 1.3. Multinuclear metal complexes that function as catalysts for organic synthesis. 

 

In addition to their use in organic synthesis, multinuclear metal complexes have been extensively 

investigated for their catalytic applications in water redox and carbon dioxide reduction (Fig. 1.4).5-8 

K. Yamauchi et al. discovered that a dinuclear platinum complex 3 acts as an effective catalyst for 

water reduction (Fig. 1.4a).6 The electronic interaction between the two platinum ions within the 

molecule destabilizes the highest-occupied molecular orbital (HOMO) of the complex, enhancing its 

hydrogen-producing ability compared to mononuclear platinum complexes. 

M. Okamura et al. reported that a pentanuclear iron complex 4 functions as a highly efficient 

oxygen-evolving catalyst (Fig. 1.4b).8 This complex can efficiently form an O-O bond by coordinating 

two water molecules to the two iron ions within the molecule. Consequently, it exhibited a higher 

oxygen generation efficiency compared to the mononuclear iron complex. 

O. Ishitani et al. found that a heterodinuclear Ru–Re complex 5 acts as a highly efficient carbon 
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dioxide reduction catalyst (Fig. 1.4c).5, 7 This complex, which is formed by combining a ruthenium 

complex functioning as a photosensitizer and a rhenium complex acting as a catalyst, undergoes 

efficient electron transfer within its structure. Therefore, complex 5 can reduce carbon dioxide more 

efficiently than when the ruthenium and rhenium complexes are used separately. 

 

 

Fig. 1.4. Multinuclear metal complexes that function as water redox catalysts or catalysts for the 

reduction of carbon dioxide. 
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1-2-2. Studies Utilizing Multinuclear Metal Complexes as Host Molecules 
Among multinuclear metal complexes, molecules with small spaces have been reported to function 

as host molecules. M. Yoshizawa et al. have created microenvironments using multinuclear metal 

complexes as host molecules to control reactions, such as the Diels-Alder reaction (Fig. 1.5).9 A typical 

Diels-Alder reaction involving anthracene usually involves the 9,10-position of the anthracene. In the 

depicted reaction in Fig. 1.5b, compound 3 is synthesized. However, when employing a hexanuclear 

palladium complex 6 as a host molecule, an unexpected reaction occurs at the 1,4-position of the 

anthracene. Within the host molecule, these positions are situated in proximity to the dienophile (Fig. 

1.5c), resulting in an atypical Diels-Alder reaction and the formation of compound 4. 

 

 

Fig. 1.5. The utilization of a hexanuclear palladium complex 6 as a host molecule. (a) Crystal structure. 

(b) Products of the Diels-Alder reaction depending on the presence or absence of the host molecule. 

(c) Disposition of compounds 1 and 2 within the host molecular structure. 
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1-2-3. Research on Molecular Magnetic Materials Utilizing Multinuclear Metal Complexes 
Magnetism is the magnetic property determined by electrons within a substance. Every electron 

possesses a minute magnetic moment associated with its quantum mechanical 'spin.' The electrons 

exist within orbitals around atoms, and each orbital may contain two electrons. One is 'spin-up,' 

aligning its spin in the same direction as the external magnetic field, while the other is 'spin-down,' 

aligning its spin in the opposite direction to the external magnetic field. As a result, when spins cancel 

each other out, the substance shows diamagnetic behavior as a whole. Conversely, when there is an 

unpaired electron in an orbital, the substance exhibits paramagnetic behavior as a whole. The 

proximity of unpaired electrons to each other eventually affects the arrangement of adjacent spins. If 

this alignment leads to spins pointing in opposite directions, it results in antiferromagnetic behavior. 

In contrast, when spins in a solid align in the same direction, it demonstrates ferromagnetic behavior. 

Ferrimagnetism occurs when spins with different magnetic moments exist on adjacent sites, aligning 

antiferromagnetically without canceling each other out.10 
Exposure of a substance to an external magnetic field, H, induces magnetization, M. For 

paramagnetic materials, M is proportional to H (eq 1.1). 
 

! =	$!%       (1.1) 

 

The proportionality constant $!  is referred to as the molar magnetic susceptibility and its 

temperature dependence is characterized by the Curie expression (eq 1.2). This formula applies when 

the spins do not interact with each other and there is a single spin quantum number involved. 

 

$! =	 "#          (1.2) 

 

Here, T is the temperature. C is the Curie constant defined by the following equation (eq 1.3). 
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          (1.3) 

 

S represents the spin quantum number, NA is Avogadro's constant, µ0 is the magnetic permeability of 

vacuum, µB is the Bohr magneton, g is the Lande g-factor, and kB is the Boltzmann constant. When 

multiple spin quantum numbers are involved, the Van Vleck equation (eq 1.4) applies. 
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Here, Es is energy of the 2S+1 multiplet. The magnetic behavior is explained by the Heisenberg model. 

In this model, spins are localized at paramagnetic centers, and the magnetic exchange interaction is 

assumed to be isotropic. The spin exchange operator is represented by eq 1.5. 

 

%( =	−2∑,9: -.9 ∙ -.:          (1.5) 

 
-.9  and -.:  represent the spin operators representing the metal ions i and j, respectively, while Jij 

indicates the exchange constant. In the case of antiferromagnetic interaction, Jij is negative, whereas 

in ferromagnetic interaction, Jij is positive. 

Molecular magnetic materials that function at the molecular level have attracted attention since 

they can be designed flexibly and their magnetic properties can be precisely controlled compared to 

bulk magnetic materials. Metal complexes are extensively researched due to their magnetic properties 

absent in organic molecules. Particularly, polynuclear metal complexes exhibit unique characteristics 

arising from magnetic interactions among metal ions within the molecule, not observed in 

mononuclear metal complexes. Hence, their applications in studies related to single-molecule magnets 

(SMMs),11 spin crossover (SOC) materials,12 and single-chain magnets (SCMs)13 are being explored. 

Research is being conducted to modify the magnetic properties by changing metal ions within the 

same ligands or by altering bridging ligands between identical complexes. (Fig. 1.6). Changing the 

metal ion is intended to significantly alter the magnetic properties of the substance as a whole,14-16 

while altering bridging ligands is performed to manipulate the intermolecular magnetic inter-

actions.17-21 There are fewer reported cases concerning the control of magnetic interactions through 

ligand modifications compared to studies involving the alteration of metal ions. In one instance, 

multinuclear metal complexes are interconnected using azide to create a one-dimensional chain. This 

results in magnetic properties distinct from those of a complex with a similar structure but in non-

bridged configurations.17, 19, 20 In another example, the molecular arrangement and magnetic 

susceptibility are altered by recrystallizing preformed crystals from solutions containing additional 

ligands.18 
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Fig. 1.6. Alterations in magnetic properties of polynuclear metal complexes. 
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1-3. Spontaneous Reactions and Self-Assemblies During Complex Formation 
   Many multinuclear metal complexes have been synthesized in the past. In these studies, complexes 

with desired physical properties and characteristics are synthesized by mixing pre-designed ligands 

and metal salts, facilitating their self-assembly. Conversely, some reports describe "spontaneous 

reactions" occurring during the complex formation, in which ligands undergo chemical changes, 

ultimately leading to the formation of complexes through the self-assembly of the altered ligands and 

metal ions (Fig. 1.7). The examples reported so far have used nitrile or 2,4-pentandione dioxime 

(AADO) as ligands. 

 

 

Fig. 1.7. Differences in complex formation based on the presence or absence of spontaneous reactions. 
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1-3-1. The Spontaneous Reactions and Self-Assembly That Occur During Complex Formation 
Using Nitrile 

Several reports have indicated that when nitriles such as dicyanamide22-24 or 2-

pyrimidinecarbonitrile25, 26 are employed as ligands along with copper(II) salt or cobalt(II) salt as metal 

salts, the terminal cyano group undergoes changes, resulting in the formation of mononuclear or 

multinuclear complexes through interactions with the metal ions. 

When sodium dicyanamide and copper(II) ions are mixed in methanol, a reaction between the 

cyano group and methanol yields an amine with a methoxy group attached at the terminal.22-24 L. L. 

Zheng et al. reported systems where the concentration of sodium dicyanamide in the reaction can be 

adjusted to allow attachment of methoxy groups to either one or both sides of the two cyano groups 

of dicyanamide (dca) (Fig. 1.8a).23 In reaction systems with high concentrations of dca, a structural 

change occurs in the ligand, resulting in the methoxy group binding only to one side of the cyano 

group. They demonstrated that in systems with high dca concentrations, upon mixing copper(II) ions 

and nicotinamide, two nicotinamides and two unreacted dca coordinate with copper(II) ions, forming 

mononuclear copper complex 7 (Fig. 1.8b). In the crystal, copper(II) ions are bridged by the unreacted 

two dca, forming one-dimensional chains. Furthermore, hydrogen bonding occurs between the 

methoxy-attached dca and nicotinamide, resulting in the formation of additional one-dimensional 

chains distinct from the previously mentioned chains (Fig. 1.8c). In a reaction with low dca 

concentration, the ligand undergoes a structural change wherein methoxy groups are bonded to both 

sides of the cyano groups in dca. When Cu(ClO4)2 as the copper(II) salt was mixed with sodium 

dicyanamide, a mononuclear copper complex 8 was formed.23 In the crystals, hydrogen bonds formed 

between the NH hydrogen not coordinated to the copper ions and water molecules (Fig. 1.8d). Further 

hydrogen bonding between water molecules and perchlorate ions results in the formation of a one-

dimensional chain. 
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Fig. 1.8. Spontaneous reactions and self-assembly of nitrile in the presence of copper ions (H, white; 

C, gray; N, blue; O, red; Cl, green; Cu, purple). (a) Reaction formulae. Complex 7: (b) view from the 

a-axis direction, (c) view from the b-axis direction. Complex 8: (d) view from the b-axis direction. 
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D. B. Eni et al. observed the introduction of methoxy groups from solvent methanol to both cyano 

groups of dca during the formation of copper complexes when dca, copper(II) ions, and 1,10-

phenanthroline were mixed (Fig. 1.9a).24 In this system, a mononuclear copper complex 9 is formed 

by the coordination of one modified ligand and one 1,10-phenanthroline ligand to the copper(II) ion 

(Fig. 1.9b). Upon changing the metal salt to cobalt(II) salt, dca no longer reacts with the solvent 

methanol but instead reacts among themselves to form dicyanoguanidinate. In this system, two 1,10-

phenanthroline ligands coordinate to the cobalt(II) ion, forming a mononuclear cobalt complex 10. 

While the dicyanoguanidinate generated by the structural transformation of dca itself does not form a 

coordination bond with the cobalt ion, it exists in the crystal as the counter-anion of the cobalt complex 

along with the nitrate ion (Fig. 1.9c).24 

 

 

Fig. 1.9. Complexation of dicyanamide with metal ions in the presence of 1,10-phenanthroline (H, 

white; C, gray; N, blue; O, red; Co, blue; Cu, purple). (a) Reaction formulae. (b) Crystal structure for 

complex 9. (c) Crystal structure for complex 10. 
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In systems like those in Fig. 1.8 and 1.9, only mononuclear metal complexes are obtained. 

However, when pyrazole is added to a system containing nitrile and metal salts, either mononuclear 

or multinuclear metal complexes are formed. In these systems, the nitrile reacts with pyrazole, leading 

to the formation of complexes through the resulting modified ligands and metal ions. L. L. Zheng et 

al. successfully produced both mononuclear and trinuclear copper complexes by adjusting the amount 

of pyrazole (Fig. 1.10a).23 When the amount of pyrazole in the reaction system is half that of dca, some 

of the dca reacts with pyrazole, while the remaining unreacted dca reacts with the solvent methanol. 

The dca reacting with pyrazole binds pyrazole to only one of the two cyano groups, leaving the other 

side unreacted. Dca reacting with methanol attaches methoxy groups to both cyano groups. 

Coordination of both of these modified ligands to the copper(II) ion results in the formation of a 

mononuclear copper complex 11. In the crystal structure, hydrogen bonds are observed between the 

unreacted portions of dca within the copper complex and the imino groups of ligands in the adjacent 

copper complex (Fig. 1.10b). When a mixed solution containing sodium dicyanamide and pyrazole in 

a 1:3 ratio is introduced to Cu(ClO4)2, followed by the addition of AgNO3, both cyano groups of dca 

react with pyrazole and self-assemble with copper(II) ions, resulting in the formation of trinuclear 

copper complex 12 (Fig. 1.10c). In the reaction system leading to the formation of complex 13 (Fig. 

1.10d), involving sodium dicyanamide and pyrazole in a 2:1 ratio and using AgBF4 as the silver salt, 

both cyano groups of dca react with pyrazole, akin to the reaction seen in complex 12.23 
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Fig. 1.10. The chemical transformation of pyrazole and dicyanamide and their complex formation with 

copper(II) ions (H, white; C, gray; N, blue; O, red; Cl, green; Cu, purple)．(a) Reaction formulae. (b) 

Crystal structure of complex 11. (c) Crystal structure of complex 12. (d) Crystal structure of complex 

13. 
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L. L. Zheng et al. discovered in 2020 that by further changing the type of nitrile, mononuclear and 

tetranuclear copper complexes can be obtained through spontaneous reactions and self-assembly (Fig. 

1.11a).25 Using the simplest nitrile, acetonitrile, along with copper(II) ions and pyrazole, they observed 

the reaction between the cyano group of acetonitrile and pyrazole. This led to the formation of a 

mononuclear copper complex 14 with two structurally modified ligands. In the crystal, this complex 

showed hydrogen bonding between water molecules coordinated to copper ions and nitrate ions, and 

further hydrogen bonding occurred between the nitrate ions and the imino groups of the ligands within 

the copper complex, forming a one-dimensional chain (Fig. 1.11b). Similarly, when 2-

pyrimidinecarbonitrile was used as the nitrile, the reaction between the cyano group and pyrazole 

resulted in the formation of a copper complex 15. In this complex, a tetranuclear copper complex 

forms through the coordination of two structurally modified ligands and four pyrazoles to four 

copper(II) ions. Furthermore, the coordination of methanol and perchlorate ions to the copper(II) ion 

creates a one-dimensional chain (Fig. 1.11c).4 

 

 

Fig. 1.11. Structural modifications of nitriles in the presence of pyrazole and copper(II) ions, leading 

to the formation of copper complexes (H, white; C, gray; N, blue; O, red; Cl, green; Cu, purple). (a) 

Reaction formulae. (b) Crystal structure of complex 14. (c) Crystal structure of complex 15. 
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Additionally, in 2022, they described the formation of a tetranuclear heterometallic complex 16 

using two different metal salts, copper(II) salt and cobalt(II) salt, under a nearly identical reaction 

conditions (Fig. 1.12a).26 Similar to complex 15 they reported in 2020, this system utilized twice the 

amount of pyrazole compared to 2-pyrimidinecarbonitrile during complex formation. However, the 2-

pyrimidinecarbonitrile underwent two types of structural modifications during the complex formation 

process. One type involved the reaction of the cyano group with pyrazole, while the other involved a 

reaction with the solvent methanol, resulting in the introduction of methoxy groups as ligands. Of the 

two structurally modified ligands, only the one reacted with pyrazole possesses deprotonated imino 

groups, leading to a charge of -1. Complex 16 is formed by the coordination of two types of modified 

ligands and four deprotonated pyrazoles to two copper(II) and two cobalt(III) ions (Fig. 1.12b). 

 

 
Fig. 1.12. The structural transformation and complex formation of pyrazole and 2-

pyrimidinecarbonitrile in the presence of copper(II) and cobalt(II) ions (H, white; C, gray; N, blue; O, 

red; Cu, purple ball; Co, blue ball). (a) Reaction formulae. (b) Crystal structure of complex 16. Purple 

ball: copper(II), blue ball: cobalt(II). The solvent molecules and perchlorate ions present in the crystals 

are omitted. 
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1-3-2. The Spontaneous Reactions and Self-Assembly That Occur During Complex Formation 
Using AADO 

A few reports have indicated that when AADO is employed as a ligand in combination with 

copper(II) salts, AADO undergoes a structural alteration and self-assembles with copper ions leading 

to the formation of multinuclear complexes (Fig. 1.13a). 

K. J. Oliver et al. discovered that when CuCl2 was used as a copper salt, a multinuclear copper 

complex 17 with the D6R structure was formed (Fig. 1.13b).27 During complexation, AADO 

underwent a structural change to pyrazole. Additionally, a reduction in the copper ion from divalent to 

monovalent was observed. J. Otsuki et al. discovered that when AADO is mixed with Cu(NO3)2 in 

water, its active methylene groups undergo nitrosation to form trioxime. Subsequently, self-assembly 

of these trioxime molecules with copper(II) ions results in the formation of a pentanuclear copper 

complex 18 (Fig. 1.13c).28 

 

 

Fig. 1.13. Multinuclear copper complex formation via spontaneous reaction and self-assembly from 

AADO and copper ions (H, white; C, gray; N, blue; O, red; Cl, green; Cu, purple). (a) Reaction 

formulae. (b) Crystal structure of complex 17. (c) Crystal structure of complex 18. 
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1-4. Purpose 
The objective of this doctoral thesis is to create multinuclear copper complexes through 

spontaneous reactions and self-assembly, characterize these complexes, and provide guidelines for the 

facile preparation of functional multinuclear metal complexes. 

In Chapter 2, our aim was to generate multinuclear metal complexes using simple organic ligands 

and metal salts through spontaneous reactions and self-assembly. Multinuclear copper complexes were 

formed when cyclic 1,3-dione dioxime derivatives were mixed with copper(II) nitrate. 

Chapter 3 aimed to demonstrate the functions and properties of multinuclear metal complexes 

formed via spontaneous reactions and self-assembly. Specifically, the magnetic properties of the 

obtained multinuclear copper complexes were elucidated. 
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Chapter 2 

Spontaneous Reaction and Self-Assembly of Copper Nitrate and Cyclic 

1,3-Dione Dioximes into Multicopper Complexes 
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2-1. Abstract 
   We have found that a variety of multinuclear copper complexes are formed via spontaneous 

reaction and self-assembly under mild conditions simply by mixing cyclic 1,3-dione dioximes and 

copper(II) nitrate. When cyclohexane-1,3-dione dioxime was employed as the ligand precursor, it led 

to the formation of a trinuclear copper complex comprising three ligands and three copper(II) ions. All 

three ligands within the complexes had their active methylene groups oxidized to carbonyl groups. 

Additionally, two of these ligands underwent further reaction with the solvent MeOH to form a 

hemiacetal structure. In the crystal structure, the oxime groups coordinated with the copper(II) ions of 

the neighboring molecule, resulting in the formation of a one-dimensional chain. On the other hand, 

when cyclopentane-1,3-dione dioxime was utilized as a ligand precursor, the copper(II) ion underwent 

reduction to a copper(I) ion, forming a dinuclear copper complex comprising three ligands and two 

copper(I) ions. Two out of the three ligands within the complex were connected by forming a double 

bond between the active methylene groups. The remaining ligand remained structurally unchanged. 

These findings suggest that multinuclear metal complexes can be readily formed using simple organic 

ligands and metal salts through spontaneous reactions and self-assembly. 
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2-2. Introduction 
As shown in Chapter 1, multinuclear metal complexes have attracted attention due to their diverse 

properties. They are mainly formed from pre-designed ligands and metal ions. In contrast, the 

formation of multinuclear metal complexes via spontaneous reactions and self-assembly is rare. In 

2017, J. Otsuki et al. discovered the formation of a pentanuclear copper complex (Cu5) through 

spontaneous reaction and self-assembly from AADO and copper(II) nitrate (Scheme 2.1, top).1 

However, neither the mechanism behind this phenomenon nor its generality was clear, prompting us 

to investigate whether similar phenomena could be observed by exploring the reactions of several 

related compounds. In the crystal structure of Cu5, the ligands derived from AADO adopt a 

conformation, in which the carbon framework forms a part of a ring structure, with oxime moieties 

pointing outward. Therefore, we speculated that use of cyclic 1,3-dione dioximes as the ligand 

precursors would lead to similar structures. Therefore, we used cyclohexane 1,3-dione dioxime, which 

has a structure where the terminal methyl groups of AADO are joined together with a methylene 

moiety, and cyclohexane 1,3-dione dioxime, which has a structure where the terminal methyl groups 

of AADO are joined directly together, as the ligand precursors. However, we found that the 

combination of these organic molecules with copper(II) nitrate gave new multinuclear structures. 

Although the structures obtained were diverse, the ligands in the complexes had one thing in common: 

the active methylene was altered. In this chapter, we report the crystal structures of these 

reaction/assembly products and also provide some insights into the common mechanisms of the 

reactions. 
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Scheme 2.1. Multinuclear copper complexes formation from 1,3-dione dioximes and copper(II) nitrate 

via spontaneous reaction and self-assembly. 
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2-3. Result and Discussion 
A methanol solution of cyclohexane-1,3-dioxime and a methanol solution of copper(II) nitrate 

were mixed and left to stand for 2 weeks at room temperature, allowing the solvent to evaporate slowly, 

resulting in the precipitation of green plate-like single crystals (yield: 35%). The single crystal X-ray 

crystallography showed that the crystal composed of a trinuclear copper complex (Cu3) comprising 

three ligands and three copper(II) ions, as shown in Fig. 2.1a (space group: Cm (No. 8)). The 

crystallographic data is summarized in Table 2.1. All ligands within the trinuclear copper complex had 

their active methylene groups oxidized, converting into carbonyl groups. Among the three ligands, 

two formed hemiacetal structures due to the methanol solvent. This complex exhibits a 

crystallographic mirror plane passing through C1, O1, and Cu2. Each trinuclear copper complex 

contains one nitrate ion per molecule as an anion. These nitrate ions are disordered over two equivalent 

positions related by the mirror plane. Electron density remaining near the nitrate ions was tentatively 

assigned to water molecules without settled hydrogen atoms. 

   Cu1 and Cu1’ (the prime designates crystallographically equivalent atom) are equivalent, but due 

to the disorder in the nitrate ions, one forms an octahedral coordination structure while the other forms 

a square pyramidal coordination structure. Cu1 and Cu1’ are coordinated by two oxygen atoms (bond 

distances of 2.00 Å and 1.94 Å to O1 and O3, respectively) from the active methylene groups of the 

ligands, and two oxime nitrogen atoms (1.95 Å and 1.94 Å to N1 and N2, respectively), forming an 

N2O2 basal plane. The oxime oxygen atom of the neighboring molecule coordinate at the apical 

positions (2.38 Å to O5). Cu1 or Cu1’ forming the octahedral coordination structure coordinate oxygen 

atoms of the nitrate ions at the remaining apical positions (2.50 Å to O9). Cu2 adopts a square 

pyramidal coordination structure, forming an N2O2 basal plane similar to those of Cu1 and Cu1’, with 

two nitrogen atoms (1.96 Å to N3 and N3’) and two oxygen atoms (1.96 Å to O3 and O3’). Oxygen 

atoms of the nitrate ions coordinate at the apical positions (2.26 Å to O7). 

The alignment of the three ligands is strengthened by hydrogen bonding between the hydrogen 

atom of the oxime and the deprotonated oxygen atom of the other oxime. The distances O2–O4 (2.57 

Å) and O5–O5’ (2.48 Å) are considerably shorter than the typical hydrogen bond distance range of 2.7 

to 3.0 Å. Specifically, the hydrogen bond with lengths below 2.5 Å fall under the classification of a 

low-barrier hydrogen bond.2, 3 To confirm the hydrogen bonding from the crystallography data, the 

oxime hydrogen atoms involved in these hydrogen bonds were intentionally removed, and electron 

density was confirmed as depicted in Fig. 2.1b. In the case of O2–O4, the high-density region, as 

indicated by the arrow, is observed closer to O4 than O2. In contrast, the high-density region is 

observed right in the middle of O5 and O5’, suggesting that the hydrogen is not localized, which aligns 

with the low-barrier hydrogen bonds. These types of hydrogen bonds were also observed in the 

previously reported pentanuclear complex Cu5.1 

The three copper ions form recurring structure (–Cu–O–Cu–) with the three oxygens from the 
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active methylene groups of the ligands. The oxime oxygens O5 and O5’ coordinate with the copper 

ions Cu1 and Cu1’ of adjacent complexes in the c-axis direction, forming a one-dimensional 

coordination chain as illustrated in Fig. 2.1c. 

 

 
Fig. 2.1. A trinuclear copper complex formed from cyclohexane-1,3-dione dioxime and copper(II) 

nitrate. (a): Crystal structure of one molecule., (b): The residual electron density map of the 

hypothetical structure with omitted hydrogen atoms in the oxime moiety. Green: positive; red: 

negative., (c): One-dimensional chains. 

 

The most notable feature found in the crystals is that the active methylene of 1,3-dione dioxime 

was oxidized to a carbonyl group. Two of the carbonyl groups reacted with the solvent methanol, 

turning them into hemiacetals. There is a report of similar reactions observed with 1,3-diones, where 

oxidation produces ketones or gem-diols at the 2-position.4 Oxidation of active methylene to carbonyl 

groups by metal ions has also been reported for 1,3-diimine compounds.5-9 

The finding that the active methylene of 1,3-dione dioxime is oxidized to the carbonyl group under 
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mild conditions in the presence of copper(II) nitrate has important implications for the nitrosation 

reaction of the active methylene of AADO, which was previously reported by J. Otsuki et al. and 

whose mechanism has not been clarified. When active methylene is oxidized to a carbonyl group in 

the presence of copper(II) nitrate (Scheme 2.2i), a disproportionation reaction with unoxidized, 

unreacted AADO may occur. This leads to the formation of the trioxime (Scheme 2.2ii). 

 

 
Scheme 2.2. Structural changes of 1,3-dione dioxime in the presence of copper(II) nitrate. 

 

Cyclopentane-1,3-dione dioxime was used as a ligand precursor and mixed with copper(II) nitrate, 

resulting in another spontaneous reaction and self-assembly in MeOH solution, which was observed 

to produce a dinuclear copper complex (Cu2) shown in Fig. 2.2. The crystal data for this complex are 

summarized in Table 2.1, where the space group of the crystal was P11 (No. 2). There is void spaces 

in the crystal lattice, which are presumably occupied by disordered solvent molecules (MeOH). This 

disordered region could not be modeled by molecular structures and was therefore treated with the 

solvent mask function of the OLEX2 software. 
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Fig. 2.2. Crystal structure of Cu2 formed from cyclopentane-1,3-dione dioxime and copper(II) nitrate. 

 

Both copper ions have a tetrahedral coordination structure, which is typical of copper(I) ion.10-12 

The tetrahedral structure is formed with three oxime nitrogen atoms and one oxygen atom from the 

nitrate ion; the bond lengths for Cu1 and Cu2 are as follows: cyclopentane oxime nitrogen atoms (1.97 

Å and 1.95 Å to N1 and N2, respectively), the oxime nitrogen atoms of the cyclopentane dimer (2.00 

Å and 2.09 Å to N5 and N3, 2.02 Å and 2.05 Å to N4 and N6, respectively), and nitrate oxygen atoms 

(2.33 Å and 2.16 Å to O7 and O10, respectively). The positive charges of copper ions are neutralized 

by two nitrate ions. 

The formation of the C=C bond in the active methylene may be explained by the involvement of 

a carbonyl intermediate, as shown in Scheme 2.2iii. At first, similar to other 1,3-dione dioximes, the 

active methylene group undergoes oxidation to form a carbonyl group. The nucleophilic attack on the 

carbonyl carbon by the carbon flanked by the dioxime moieties of the unreacted cyclopentane-1,3-

dione dioxime, which is likely in the enamine form, followed by dehydration, results in the formation 

of the dimer bridged by the double bond. The Aldol-type condensation in 1,3-dione compounds is a 

known reaction.13, 14 
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2-4. Conclusion 
In this chapter, it was found that a multinuclear copper complex is formed simply by mixing cyclic 

1,3-dione dioxime with copper(II) nitrate under mild conditions. When cyclohexane-1,3-dione 

dioxime was used as a ligand precursor, a trinuclear copper complex was formed, consisting of three 

copper(II) ions and three ligands whose active methylene groups were changed into carbonyl groups, 

two of which formed hemiacetal with methanol from the solvent. In the crystal, the complex formed 

a one-dimensional chain with the oxime group also coordinating to the copper(II) ion of the 

neighboring molecule. When cyclopentane-1,3-dione dioxime was used as a ligand precursor, 

copper(II) was reduced to copper(I) and two ligand precursors formed a double bond into a dimer. 

Furthermore, a dinuclear copper complex was formed from the unreacted ligand, the dimer and three 

copper(I) ions. These results demonstrate the generality of the spontaneous reaction and self-assembly 

strategy, by which multinuclear copper complexes are formed from 1,3-dione dioxime and copper(II) 

nitrate. 
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2-5. Experimental Section 
Preparation of Materials and Single Crystals. Cyclohexane-1,3-dione dioxime and 

cyclopentane-1,3-dione dioxime were prepared from the corresponding diones and 

hydroxyammonium hydrochloride according to a literature method15. A solution of Cu(NO3)2 (649 mg, 

2.68 mmol) in MeOH (1.0 mL) and a solution of cyclohexane-1,3-dione dioxime (568 mg, 4.00 mmol) 

in MeOH (24 mL) were combined and left standing at room temperature allowing slow evaporation. 

Green plate crystals, which were deposited after 2 weeks, were collected (245 mg, yield: 35%; Anal. 

Calcd. for [Cu3(C6H7N2O3)(C7H10N2O4)2(NO3)](H2O)0.42: C 30.49; H 3.56; N 12.45. Found: C 30.56; 

H 3.63; N 12.44.). On a solution of Cu(NO3)2 (35 mg, 0.10 mmol) in MeOH (0.3 mL), pure MeOH 

and a solution of cyclopentane-1,3-dione dioxime (26 mg, 0.20 mmol) in MeOH (0.75 mL) were 

successively layered in a vial, which was left standing in a refrigerator. Brown plate crystals, which 

were deposited after 2 weeks, were collected (11 mg). 

Measurements. The single crystal diffraction analysis data were collected with a Rigaku VariMax 

Dual with a Saturn diffractometer at 93 K (for Cu3) and with a Rigaku XtaLABminiII at room 

temperature (for Cu2), both using Mo Kα radiation (0.71075 Å). The structures were solved by the 

direct method using SHELXT16 and refined by the full-matrix least-squares method using SHELXL17 

with the help of graphical user interface supplied by ShelXle18 and OLEX219. Thermogravimetric 

analysis was conducted with a Rigaku Thermoplus TG8120 instrument. 
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2-6. Appendix 
The crystal data for Cu3 and Cu2 have been deposited with the Cambridge Crystallographic Data 

Centre as supplementary publications No. CCDC 2104277 and No. CCDC 2104276. 
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Table 2.1. Crystallographic data. 

Compound Cu3 Cu2 

Empirical formula C10H13.91Cu1.5N3.5O7.21 C15H20Cu2N8O12 

Moiety formula 
{[Cu3(C6H7N2O3)(C7H10N2O4)2 

(NO3)]}0.5(H2O)0.21 
Cu2(C5H8N2O2)(C5H6N2O2)2(NO3)2 

Formula weight 393.79 631.47 

Temperature/K 93 (2) 293 (2) 

Crystal system monoclinic triclinic 

Space group Cm (No.8) P11 (No.2) 

a/Å 8.7907 (2) 9.5500 (4) 

b/Å 21.7758 (6) 11.0660 (5) 

c/Å 7.0174 (2) 12.4013 (5) 

a/º 90 75.298 (4) 

b/º 92.886 (2) 77.731 (3) 

g/º 90 80.393 (3) 

Volume/Å3 1341.60 (6) 1229.83 (9) 

Z 4 2 

rcalc g/cm3 1.950 1.705 

µ/mm-1 2.444 1.804 

F (000) 798.0 640.0 

Crystal size/mm3 0.2 × 0.2 × 0.01 0.3 × 0.1 × 0.01 

Radiation Mo Ka (l = 0.71073 Å) Mo Ka (l = 0.71073 Å) 

2q range for data collection/º 5.002 to 57.39 3.832 to 52.74 

Index ranges 
-11 ≤ h ≤ 11, -28 ≤ k ≤ 28, 

-7 ≤ l ≤ 9 

-11 ≤ h ≤ 11, -13 ≤ k ≤ 13,  

-15 ≤ l ≤ 15 

Reflections collected 6843 18505 

Independent reflections 
2671 [Rint = 0.0644, Rsigma = 

0.0527] 
4977 [Rint = 0.0741, Rsigma = 0.0892] 

Data/restraints/parameters 2671/34/230 4977/0/340 

Goodness-of-fit on F2 0.920 1.032 

Final R indexes [I ≥ 2s(I)] R1 = 0.0274, wR2 = 0.666 R1 = 0.0709, wR2 = 0.1513 

Final R indexes [all data] R1 = 0.0300, wR2 = 0.0679 R1 = 0.1178, wR2 = 0.1707 

Largest diff. peak/hole/e Å-3 0.53/-0.41 0.89/-0.47 

Flack parameter 0.015 (14)  
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Chapter 3 

Alterations in Magnetic Properties of Crystals of Trinuclear Copper 

Complexes: Isolated Entities Versus One-Dimensional Chains 
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3-1. Abstract 
We obtained two crystal structures of trinuclear copper complexes that were nearly identical in 

structure by altering the recrystallization conditions. In one crystal, the oxime group from the 

neighboring trinuclear copper complex coordinated with two copper ions within the complex, leading 

to the formation of a one-dimensional chain. Conversely, in the other crystal, no such chains were 

formed, and the trinuclear copper complex molecules remained isolated. The distinct molecular 

arrangements resulted in differing magnetic properties between the two crystals. The crystal forming 

the one-dimensional chain exhibited weakly ferromagnetic intermolecular interactions, while the 

crystal lacking these chains showed no intermolecular interactions, leaving the complex molecules 

magnetically isolated. This approach represents a novel method for easily altering the molecular 

arrangements of multinuclear metal complexes created through spontaneous reactions and self-

assembly. Thereby, allowing for fine-tuning the accompanying magnetic properties. 
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3-2. Introduction 
Chapter 2 explained in detail the formation of multinuclear copper complexes through spontaneous 

reactions and self-assembly under mild conditions. These reactions occurred when various 1,3-dione 

dioxime derivatives as simple organic molecules were mixed with copper(II) nitrate as metal salt. 

Among the obtained compounds, it is anticipated that the trinuclear copper complex will exhibit 

characteristic magnetic properties derived from its molecular arrangement, forming one-dimensional 

chains in the crystal. Several examples have been reported where properties are altered by changing 

the molecular arrangement in crystals.1-4 In the study of magnetic properties, it has been observed that 

heating mononuclear copper complexes alters their magnetic behavior.3, 4 In contrast, some researchers 

have manipulated the crystalline arrangements of multinuclear complexes using bridging ligands or 

counterions to modify their magnetic properties.5-10 However, our study stands apart as we discovered 

instances where the molecular arrangement of trinuclear copper complexes can be changed solely by 

selecting specific crystallization conditions, without relying on additional bridging ligands, as will be 

explained in detail in this Chapter. With specific examples, the new approach showed that the 

molecular arrangement within crystals of multinuclear metal complexes, created through spontaneous 

reactions and self-assembly, can be easily modified, leading to changes in associated properties. 
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3-3. Result and Discussion 
Green plate-like single crystals were obtained from a methanol solution containing cyclohexane-

1,3-dione dioxime and copper(II) nitrate. The crystals are denoted as [Cu3]MeOH (Fig. 3.1). As detailed 

in Chapter 2, in this crystal, the active methylene groups of the three cyclohexane-1,3-dione dioximes 

were oxidized to carbonyl groups, two of which formed hemiacetals with the solvent methanol and 

self-assembled with copper(II) ions to form a trinuclear copper complex.11 Parts of ligands of the 

complex also coordinated with copper ions of neighboring complexes, forming one-dimensional 

chains. These crystals were dissolved in H2O and the pH was adjusted to 10 by adding 2 M NaOH. 

Slow evaporation of the solvent yielded blue blocky crystals, which are denoted [Cu3]Aq (yield: 68%; 

Anal. Calcd. for [Cu3(C6H8N2O4)3(µ-H2O)(H2O)](H2O)4: C 26.52; H 4.45; N 10.31. Found: C 26.47; 

H 4.63; N 10.28.). The homogeneity of both crystals, [Cu3]MeOH and [Cu3]Aq, was confirmed by the 

consistency of the powder X-ray diffraction of both samples with the diffraction patterns simulated 

from the single crystal structures (Fig. 3.2). 

 

 
Fig. 3.1. Spontaneous reaction and self-assembly and subsequent rearrangement of complexes in the 

crystal. The nitrate ions coordinating to copper(II) ions are omitted in [Cu3]MeOH. 
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Fig. 3.2. Comparison of powder X-ray patterns (red: observed spectrum for the crystals, black: 

calculated spectrum from single crystal data): (a) [Cu3]MeOH, (b) [Cu3]Aq. 

 

Although the crystal structure of [Cu3]MeOH has already been described in detail in Chapter 2, the 

crystallographic data and structure are reproduced in Table 3.1 and Fig. 3.3a for easy comparison with 

those of [Cu3]Aq. 

Crystallographic data for [Cu3]Aq has been summarized in Table 3.1, and its structure is depicted 

in Fig. 3.3c. The overall triangular structure remains consistent with [Cu3]MeOH. However, all three 

carbonyl groups of the ligands form acetals with the solvent water. All copper ions coordinate with 

two acetal oxygen atoms and two nitrogen atoms from the oxime groups, forming N2O2 basal planes 

similar to [Cu3]MeOH. Each copper ion coordinates with water at the apex position, adopting a square 

pyramidal coordination structure. Cu1 and Cu2 are doubly bridged by the oxygen of the same water 

molecule (µ2-O16) and the acetal oxygen. On the other hand, both Cu1–Cu3 and Cu2–Cu3 are 

exclusively bridged by the acetal oxygen. Unlike [Cu3]MeOH, where copper ions form one-dimensional 

coordination chains, in [Cu3]Aq, there are at least four atoms separating copper ions from adjacent 

complexes, isolating the copper ions of each complex from those of neighboring complexes. Therefore, 

simply conducting a recrystallization led to alterations in intermolecular interactions among the 

complexes. It is anticipated that these changes in intermolecular connectivity could impact the 

magnetic properties. 
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Fig. 3.3. Trinuclear copper complexes. [Cu3]MeOH: (a) structure, (b) magnetic interaction model and 

bond distances and angles. [Cu3]Aq: (c) structure, (d) magnetic interaction model and bond distances 

and angles. 
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The magnetization of these complexes was examined using SQUID-VSM as a function of 

magnetic field strength and temperature (2 K to 300 K). As shown in Fig. 3.4, the magnetization of 

both complexes exhibits a linear dependency on the applied magnetic field at both low and high 

temperatures. Concerning the temperature dependence of [Cu3]Aq, the cmT value was 1.1 cm3 mol-1 K 

at 300 K, gradually decreasing with decreasing temperature to a constant value below approximately 

60 K, reaching 0.51 cm3 mol-1 K at 2.5 K (Fig. 3.5a). This behavior suggests that the ground state is a 

doublet, which is dominant at low temperatures and mixed with higher multiplicities at higher 

temperatures. To quantitatively analyze this behavior, we established the model illustrated in Fig. 3.3d. 

In this complex, all Cu–O bond lengths (1.93–1.99 Å) and O–Cu–O bond angles (97°–102°) were 

almost identical. However, the Cu1–O2–Cu2 bond angle (109°) significantly differs from the other 

two angles (Cu1–O6–Cu3 (128°) and Cu2–O10–Cu3 (130°)). Additionally, the coordination 

environment of Cu3, with H2O molecules in apical coordination, differs from those of Cu1 and Cu2, 

where µ-H2O molecules act as bridging entities. Based on these structural features, we defined the 

following exchange constants: J1 for Cu1–Cu2, J2 for Cu1–Cu3 and Cu2–Cu3, and derived the spin 

Hamiltonian 3.1. 

 

%( = −2,*(-.* ∙ -.0) − 2,0(-.* ∙ -., + -.0 ∙ -.,)            (3.1) 

 

The molar magnetic susceptibility, cm, can be described using the van Vleck equation (eq. 1.4), and 

Es is derived from Hamiltonian 3.1. The term attributed to temperature-independent paramagnetism, 

which was found to be negligibly small, has been excluded. From fitting across the entire temperature 

range, the values for the exchange constants and the g-factor were determined as J1 = -58.5 cm-1, J2 = 

-45.0 cm-1, and g = 2.32 (refer to Fig. 3.5a, for multiplicities and eigenvalues, see the appendix). As 

both J1 and J2 are negative, it indicates an antiferromagnetic interaction between the copper ions. Both 

J1 and J2 values obtained for these complexes were of the same order as those reported for multinuclear 

copper complexes where two copper ions are bridged by a single oxygen atom.12, 13 
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Fig. 3.4. The magnetic field dependence of magnetization (circles: observed values; lines: fitted lines): 

(a) [Cu3]MeOH at 2 K (black) and 300 K (red), (b) [Cu3]Aq at 2.6 K (black) and 300 K (red). 
 

 
Fig. 3.5. Molar magnetic susceptibilities measured from 300 K to 2 K (practically the same results 

were obtained when temperature was raised from 2 K to 300 K). Black open circles indicate observed 

values. (a) [Cu3]Aq. Red line represents the simulated results. (b) [Cu3]MeOH. Red and blue lines 

represent the simulated results using the mean-field approximation and the dimer model with a 

periodic boundary condition, respectively. 

 

   For [Cu3]MeOH, a similar trend to [Cu3]Aq was observed where the cmT gradually decreased as the 

temperature was lowered from 300 K to around 60 K and the decrease became more gradual below 

the temperature range. However, the magnetization sharply approached zero below 20 K (Fig. 3.5b). 

The decrease to zero magnetization at low temperatures suggests the existence of weak intermolecular 

interactions that cancel out the magnetic moment of the trinuclear complexes. To quantitatively 

describe this magnetic behavior, a model was created considering the structural features illustrated in 

Fig. 3.3b. While Cu1 and Cu1' are crystallographically equivalent, Cu2 has different coordination 
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oxygens. Based on this structural features, the exchange constants are defined as: J1 for Cu1–Cu1’ and 

J2 for Cu1–Cu2 and Cu1’–Cu2. Additionally, this complex forms a one-dimensional chain, and the 

Cu1 (Cu1') and Cu2 of neighboring complexes are bridged by two oxime groups (N–O). Consequently, 

intermolecular magnetic interactions might be mediated. One approach to model this situation is 

through the mean-field approximation.9 The molar magnetic susceptibility c including the mean-field 

exchange interaction zJex is expressed in eq 3.2. 
 

$' = ;)#
*5 $*+,-

.!/"/#$0$
;)

      (3.2) 

 

Here, cm represents the virtual molar magnetic susceptibility of isolated complexes derived from eq 

1.4 and 3.1. Applying eq 3.2 to the magnetization data, the values obtained are J1 = -54.4 cm-1, J2 =  

-69.4 cm-1, g = 2.26 and zJex = -7.8 cm-1 (Fig. 3.5b). The intramolecular J1 and J2 are of the same order 

as [Cu3]Aq. The small value of zJex indicates weak intermolecular interactions. The negative values 

suggest that this interaction is antiferromagnetic when considering the trinuclear complex as one 

magnetic moment unit. 

In an alternative analysis, a two-molecule model of trinuclear copper complexes with a periodic 

boundary condition, as depicted in Fig. 3.3b, was established. Intermolecular exchange interactions J3 

were introduced for Cu1–N3–O5–Cu2 and Cu’–N3’–O5’–Cu2. The spin Hamiltonian is represented 

by eq 3.3. 

 

%( = −2,*-.*,* ∙ -.*,*1 − 2,08-.*,* ∙ -.*,0 + -.*,*1 ∙ -.*,09 − 2,,8-.*,0 ∙ -.0,* + -.*,0 ∙ -.0,*19 
          −2,*-.0,* ∙ -.0,*1 − 2,08-.0,* ∙ -.0,0 + -.0,*1 ∙ -.0,09 − 2,,8-.0,0 ∙ -.*,* + -.0,0 ∙ -.*,*19   (3.3) 

 

The first and second subscripts on :̂ denote the complexes (Unit 1, Unit 2) and the copper ions, 

respectively. The final term represents the periodic boundary condition. Fitting across the entire 

temperature range yielded values of J1 = -24.5 cm-1, J2 = -77.2 cm-1, J3 = 3.69 cm-1 and g = 2.18 (Fig. 

3.5b). The positive value of J3 indicates ferromagnetic intermolecular copper-copper interactions 

between the complexes. As mentioned earlier, the trinuclear copper complex forms a one-dimensional 

coordination chain in [Cu3]MeOH. The copper ions between complexes in this crystal are bridged by the 

oxime group. The nitrogen atom on the Cu2 side is part of the basal plane and coordinates with the 
d=$5>$ spin orbital, while the oxygen atom on the Cu1 (Cu1’) side is at the apex, coordinating with 

the non-spin d?$ orbital. Therefore, interactions between these copper ions are expected to be small.14 

The small estimated value of 3.69 cm-1 aligns with this expectation. With |,*| smaller than |,0|, the 

spins of Cu1 and Cu1’ align more parallel to each other in the ground state, while the spin of Cu2 is 

antiparallel to them. In this circumstance, the ferromagnetic interaction of Cu2 with Cu1 and Cu1’ 
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from neighboring complexes causes the spin orientation within the complex to alternate along the one-

dimensional chain, leading to an overall cancellation of magnetization within the crystal. The g-values 

of both crystals closely match those obtained from the ESR spectra (Fig. 3.6). While the reason for the 

relatively high g-value for [Cu3]Aq remains unclear, such g-values are not unprecedented in the 

literature.6, 15 

 

 
Fig. 3.6. The X-band ESR spectra of trinuclear copper complexes: (a) [Cu3]MeOH, (b) [Cu3]Aq. 
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3-4. Conclusion 
In this chapter, we were able to elucidate changes in magnetic properties by altering the molecular 

arrangement of trinuclear copper complexes. We discovered that even without the addition of a 

bridging ligand, trinuclear copper complexes with nearly identical molecular structures exhibit 

different molecular arrangements in different crystalline states depending on the recrystallization 

conditions. In one crystal, the spin interactions behaved as isolated complexes, while in the other 

crystal, the spin interactions occurred between the complexes and were observed to form one-

dimensional chains. This study experimentally demonstrated that the molecular arrangement of 

multinuclear metal complexes, created by spontaneous reactions and self-assembly, can be easily 

altered, leading to corresponding changes in their properties. 
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3-5. Experimental Section 
Recrystallization from a basic aqueous solution. The trinuclear copper complex was prepared from 

cyclohexane-1,3-dione dioxime and copper(II) nitrate in methanol according to a literature method.11 

The pH of a solution of this trinuclear copper complex (17 mg，0.022 mmol) in H2O (20 mL) was 

adjusted to 10 by the addition of 2 M NaOH (20 mL) and the solution was left standing at room 

temperature allowing slow evaporation. Blue block crystals, which were deposited after 5 days, were 

collected (12 mg, 68%).  

Measurements. The single crystal diffraction analysis data were collected with a Rigaku XtaLAB 

mini II diffractometer at room temperature using the Mo Kα radiation (0.71075 Å). The structures 

were solved by the direct method using SHELXT16 and refined by the full-matrix least-squares method 

using SHELXL17 with the help of graphical user interface supplied by Olex2.18 Characterization of 

magnetization was carried out on a Quantum Design MPMS3 SQUID magnetometer with the VSM 

mode (sensitivity: 1 × 10-8 emu). Several milligrams of the crystals wrapped in aluminium foil was 

used as a sample. The contribution of the aluminium foil to magnetization was subtracted by measuring 

the foil alone under the same conditions. The X-band ESR measurements were performed on a JEOL 

JES-RE2X Electron Spin Resonance Spectrometer at room temperature. Microwave powers were set 

to 60 mW for [Cu3]MeOH and 30 mW for [Cu3]Aq and the microwave frequency was 9.2 GHz. Powder 

X-ray diffraction was measured on a PANalytical X’Pert PRO MPD diffractometer in a reflection 

mode. 
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3-6. Appendix 
3-6-1. Crystal Structure Information 

The crystal data for [Cu3]Aq has been deposited with the Cambridge Crystallographic Data Centre 

as supplementary publication No. CCDC 2302585. 
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Table 3.1. Crystallographic data of trinuclear copper complexes. 

Compound [Cu3]MeOH
11 [Cu3]Aq 

Empirical formula C10H13.91Cu1.5N3.5O7.21 C18H36Cu3N6O18 

Moiety formula 
{[Cu3(C6H7N2O3)(C7H10N2O4)2 

(NO3)]}0.5(H2O)0.21 

[Cu3(C6H8N2O4)3(H2O)(H2O)](H2

O)4 

Formula weight 393.79 815.15 

Temperature/K 93 (2) 298.15 

Crystal system monoclinic triclinic 

Space group Cm (No.8) P11 (No.2) 

a/Å 8.7907 (2) 8.3541 (2) 

b/Å 21.7758 (6) 11.4631 (2) 

c/Å 7.0174 (2) 16.7008 (4) 

a/º 90 100.913 (2) 

b/º 92.886 (2) 104.433 (2) 

g/º 90 104.362 (2) 

Volume/Å3 1341.60 (6) 1445.69 (6) 

Z 4 2 

rcalc g/cm3 1.950 1.873 

µ/mm-1 2.444 2.279 

F (000) 798.0 834.0 

Crystal size/mm3 0.2 × 0.2 × 0.01 0.4 × 0.2 × 0.1 

Radiation Mo Ka (l = 0.71073 Å) Mo Ka (l = 0.71073 Å) 

2q range for data collection/º 5.002 to 57.39 5.126 to 61.404 

Index ranges 
-11 ≤ h ≤ 11, -28 ≤ k ≤ 28, 

-7 ≤ l ≤ 9 

-11 ≤ h ≤ 11, -16 ≤ k ≤ 16, 

-23 ≤ l ≤ 23 

Reflections collected 6843 28375 

Independent reflections 
2671 [Rint = 0.0644, Rsigma = 

0.0527] 
8454 [Rint = 0.0448, Rsigma = 0.0449] 

Data/restraints/parameters 2671/34/230 8454/0/435 

Goodness-of-fit on F2 0.920 1.088 

Final R indexes [I ≥ 2s(I)] R1 = 0.0274, wR2 = 0.666 R1 = 0.0395, wR2 = 0.1016 

Final R indexes [all data] R1 = 0.0300, wR2 = 0.0679 R1 = 0.0562, wR2 = 0.1094 

Largest diff. peak/hole/e Å-3 0.53/-0.41 1.45/-1.02 

Flack parameter 0.015 (14)  
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Table 3.2. Bond lengths and angles. 

Category [Cu3]MeOH
11 [Cu3]Aq 

bond lengths for 

basal atoms / Å 

Cu1–N1 1.949(4) Cu1–N2 1.955(2) 

Cu1–N2 1.942(3) Cu1–N3 1.947(2) 

Cu1–O1 2.0012(13) Cu1–O2 1.9963(16) 

Cu1–O3 1.936(3) Cu1–O6 1.9640(16) 

Cu2–N3 1.962(3) Cu1–O16 2.491(2) 

Cu2–O3 1.959(3) Cu2–N1 1.9518(19) 

  Cu2–N6 1.962(2) 

  Cu2–O2 1.9515(16) 

  Cu2–O10 1.9587(16) 

  Cu2–O16 2.347(2) 

  Cu3–N4 1.943(2) 

  Cu3–N5 1.947(2) 

  Cu3–O6 1.9275(16) 

  Cu3–O10 1.9466(16) 

bond lengths for 

apical atoms / Å 

Cu1–O5 2.374(3) Cu1–O16 2.491 

Cu1–O9 2.497(7) Cu2–O16 2.347(2) 

Cu2–O7 2.264(6) Cu3–O17 2.544 

bond angles / º 

N1–Cu1–N2 96.42(15) N2–Cu1–N3 94.98(9) 

N1–Cu1–O1 81.71(16) N2–Cu1–O2 81.50(8) 

N2–Cu1–O3 82.94(13) N3–Cu1–O6 81.65(8) 

O1–Cu1–O3 98.01(13) O2–Cu1–O6 102.23(7) 

N3–Cu2–N3’ 94.4(2) N1–Cu2–N6 95.38(8) 

N3–Cu2–O3 82.17(13) N1–Cu2–O2 84.07(7) 

O3–Cu2–O3’ 98.79(17) N6–Cu2–O10 81.49(7) 

  O2–Cu2–O10 96.71(7) 

  N4–Cu3–N5 95.15(8) 

  N4–Cu3–O6 83.45(8) 

  N5–Cu3–O10 83.03(7) 

  O6–Cu3–O10 98.46(7) 

Cu1–O1–Cu1’ 139.09(19) Cu1–O2–Cu2 108.62(8) 

Cu1–O3–Cu2 122.27(14) Cu1–O16–Cu2 82.96(7) 

  Cu1–O6–Cu3 127.58(8) 

  Cu2–O10–Cu3 130.34(9) 
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Fig. 3.7. The residual electron densities for [Cu3]Aq. The hydrogen atoms from H2O(16) has been 

deliberately removed. The electron densities pointed by the pair of arrows strongly suggest that the 

species containing O16 is not a OH ion but a H2O molecule. 

 
  

O16
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3-6-2. Bond Valence Sum Analysis 
The bond valence sum analysis was carried out for 5 Cu atoms using the formula.19, 20 

The oxidation state V of a metal which are coordinated by donor atoms is given by summing up 

the contribution of every atom i. 

 

= = ∑ exp A@"5@2A B9           (3.4) 

 

where Ri is the distance between the donor atom and the metal, R0 is a constant determined for a 

particular combination of a metal oxidation state and a donor atom, and B is a constant, for which a 

value of 0.37 is commonly used. The CB  values were taken from the latest list obtained from 

"https://www.iucr.org/resources/data/datasets/bond-valence-parameters." The top values were used 

from the multiple parameter values given for the same a metal oxidation state and a donor atom. The 

results shown in Table 3.3 clearly demonstrate that every bond valence sum value is most consistent 

with the Cu(II) oxidation state. 

 

Table 3.3. Bond valence sum analysis. 

  Cu(I) Cu(II) Cu(III) 

[Cu3]MeOH Cu1 1.51 2.36 2.62 

 Cu2 1.38 2.07 2.28 

[Cu3]Aq Cu1 1.45 2.16 2.39 

 Cu2 1.54 2.26 2.50 

 Cu3 1.54 2.28 2.52 
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3-6-3. Eigenvalues of Spin Hamiltonians 
[Cu3]Aq 

  
   The Hamiltonian is given by eq 3.1 

   The three-spin system consists of 2, = 8 states in total, which are 1 quartet (S = 3/2) and 2 (S = 

1/2) doublets. The eigenvalues (as functions of J1 and J2) and eigenstates were obtained by 

diagonalizing the Hamiltonian matrix with regard to the uncoupled microstates using a Mathematica 

code. The results are as follows. 

S  E' 

3/2  − *
0 ,* − ,0 

1/2  − *
0 ,* + 2,0 

1/2  ,
0 ,* 
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intermolecular interaction J3 and a periodic boundary condition are introduced. Accordingly, the 

Hamiltonian is given by eq 3.3. 

   There are 2C = 64 states, which consist of 1 septet, 5 quartets, 9 triplets, and 5 singlets. The 

Hamiltonian matrix was diagonalized block-wise for each MS values (coupled magnetic quantum 

numbers; MS = 3, 2, 1, 0 separately to obtain eigenvalues as functions of J1, J2, and J3. The matrix 

sizes are 1 × 1, 6 × 6, 15 × 15, 20 × 20  for MS = 3, 2, 1, 0, respectively. The results in the 

Mathematica notation are as follows (j1, j2, j3 should read J1, J2, J3, respectively. Root[formula(#1) 

&, k] (k = 1,2,3) indicates the n-th solution to the equation formula(#1) = 0 where #1 is the variable. 

S = 3 (1 state) 

-j1 - 2 j2 - 2 j3 

S = 2 (5 states) 

j1 - j2 - j3 (doubly degenerate) 

-j1 + j2 + j3 

1/2 (-2 j1 - j2 - j3 - Sqrt[9 j2^2 - 14 j2 j3 + 9 j3^2]) 

1/2 (-2 j1 - j2 - j3 + Sqrt[9 j2^2 - 14 j2 j3 + 9 j3^2]) 

S = 1 (9 states) 

3 j1 

-j1 + j2 + j3 

1/2 (2 j1 + j2 + j3 - Sqrt[9 j2^2 - 14 j2 j3 + 9 j3^2]) (doubly degenerate) 

1/2 (2 j1 + j2 + j3 + Sqrt[9 j2^2 - 14 j2 j3 + 9 j3^2]) (doubly degenerate) 

Root[j1^3 - 3 j1^2 j2 - 6 j1 j2^2 + 8 j2^3 - 3 j1^2 j3 + 12 j1 j2 j3 - 8 j2^2 j3 - 6 j1 j3^2 - 8 j2 j3^2 + 8 

j3^3 + (3 j1^2 - 6 j1 j2 - 6 j2^2 - 6 j1 j3 + 12 j2 j3 - 6 j3^2) #1 + (3 j1 - 3 j2 - 3 j3) #1^2 + #1^3 &, 1] 

Root[j1^3 - 3 j1^2 j2 - 6 j1 j2^2 + 8 j2^3 - 3 j1^2 j3 + 12 j1 j2 j3 - 8 j2^2 j3 - 6 j1 j3^2 - 8 j2 j3^2 + 8 

j3^3 + (3 j1^2 - 6 j1 j2 - 6 j2^2 - 6 j1 j3 + 12 j2 j3 - 6 j3^2) #1 + (3 j1 - 3 j2 - 3 j3) #1^2 + #1^3 &, 2] 

Root[j1^3 - 3 j1^2 j2 - 6 j1 j2^2 + 8 j2^3 - 3 j1^2 j3 + 12 j1 j2 j3 - 8 j2^2 j3 - 6 j1 j3^2 - 8 j2 j3^2 + 8 

j3^3 + (3 j1^2 - 6 j1 j2 - 6 j2^2 - 6 j1 j3 + 12 j2 j3 - 6 j3^2) #1 + (3 j1 - 3 j2 - 3 j3) #1^2 + #1^3 &, 3] 

S = 0 (5 states) 

3 j1, 

j1 + 2 j2 + 2 j3 (doubly degenarate) 

-j1 + j2 + j3 - Sqrt[9 j2^2 - 14 j2 j3 + 9 j3^2] 

-j1 + j2 + j3 + Sqrt[9 j2^2 - 14 j2 j3 + 9 j3^2] 
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4. Conclusions and outlook 
Chapter 2 revealed that multinuclear copper complexes formed by simply mixing cyclic 1,3-dione 

dioxime and copper(II) nitrate. This demonstrates the potential to easily prepare multinuclear metal 

complexes by gently mixing simple organic ligands and metal ions under mild conditions. 

In Chapter 3, the elucidation of the magnetic properties of trinuclear copper complexes derived 

from cyclohexane-1,3-dione dioxime and copper(II) nitrate demonstrated the potential for easily 

obtained multinuclear metal complexes to possess magnetic properties. Additionally, by modifying the 

recrystallization conditions, similar molecular structures but significantly different molecular 

arrangements were obtained from the original trinuclear copper complex. These complexes displayed 

differences in magnetic properties due to the disparity in molecular arrangements, indicating the 

potential to easily alter the structure and properties of obtained complex crystals. 

In conclusion, this work provides guidance on the facile preparation of multinuclear metal 

complexes with complex structures, diverse characteristics, and functionalities by simply mixing 

simple structured ligands with various metal ions. 

Among the multinuclear copper complexes obtained in this work, preliminary results suggested 

that the trinuclear copper complex formed using cyclohexane-1,3-dione dioxime might function as an 

electrochemical reduction catalyst in water. Moreover, for other multinuclear copper complexes, 

changing the recrystallization solvents could alter the molecular arrangements within the crystals, 

potentially displaying new functionalities and properties. 

The finding of several such examples suggests that the formation of multinuclear complexes via 

spontaneous reactions and self-assembly is likely a common occurrence. This implies that not only 

copper ions, but metal ions in general, and not limited to 1,3-dione dioximes, but also other organic 

molecules, might exhibit spontaneous reactivity and self-assembly properties. This methodology holds 

the potential for broad utilization as a straightforward technique to generate multinuclear metal 

complexes with novel and intricate structures by simply combining basic organic ligands with diverse 

metal ions. Additionally, the resulting complexes may demonstrate diverse functions and properties, 

which are potentially further adjustable by modifying the conditions of recrystallization. 
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