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1.1 Lanthanides 

 Lanthanides (Ln) have attracted attention for their unique chemical and physical 

properties. They have been applied for various functional materials in the field of optics, 

magneto-optics, electronics, and magnetics.[1–7] 

Lanthanide series consist of 15 elements from La (atomic number: 57) to Lu 

(atomic number: 71) in the periodic table (Figure 1-1). The 4f electrons in lanthanides 

generate unique physical properties compared with those of organic molecules or 

transition metal. Lanthanides are commonly stable in trivalent state. The lanthanide 

electronic configurations in atomic and trivalent ionic (Ln(III)) states are shown in Table 

1-1. The electronic [Xe]4fn configurations (n =0 - 14) generate a rich variety of electronic 

levels, the number (N) of which is given by Equation (1.1), 

 𝑁 =
14!

𝑛! ∙ (14 − 𝑛)!
 . (1.1) 

For example, the number of electronic level for Eu(III) ion is 3,003 (n = 6). The energies  

 

 

 

Figure 1-1. Lanthanides in the periodic table. 
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Table 1-1. Electronic configurations of lanthanides. 

Atomic number Element 

Configuration 

Atom Trivalent ion 

57 La [Xe]5d16s2 [Xe] 

58 Ce [Xe]4f15d16s2 [Xe]4f1 

59 Pr [Xe]4f36s2 [Xe]4f2 

60 Nd [Xe]4f46s2 [Xe]4f3 

61 Pm [Xe]4f56s2 [Xe]4f4 

62 Sm [Xe]4f66s2 [Xe]4f5 

63 Eu [Xe]4f76s2 [Xe]4f6 

64 Gd [Xe]4f75d16s2 [Xe]4f7 

65 Tb [Xe]4f96s2 [Xe]4f8 

66 Dy [Xe]4f106s2 [Xe]4f9 

67 Ho [Xe]4f116s2 [Xe]4f10 

68 Er [Xe]4f126s2 [Xe]4f11 

69 Tm [Xe]4f136s2 [Xe]4f12 

70 Yb [Xe]4f146s2 [Xe]4f13 

71 Lu [Xe]4f145d16s2 [Xe]4f14 

 

 

of these levels are well defined due to the shielding of the 4f orbitals by the outer 5s and 

5p electrons. The energy levels of Ln(III) ions are shown in the Dieke diagram (Figure 

1-2),[8,9] which are represented by Russell-Saunders term symbols: 2S+1LJ. The numbers 

of S, L, and J denote total spin quantum number, total orbital quantum number, and total 
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angular quantum number, respectively. The letter symbol L = S, P, D, F, G, H, I, … stands 

for L = 0, 1, 2, 3, 4, 5, 6, …, for example. 

 Some of the lanthanides also form stable compounds in divalent or tetravalent 

oxidation states.[3] Eu and Yb are likely to take a divalent state by forming the same 

electronic configurations as Gd and Lu, respectively. Ce and Tb oxidize to a tetravalent 

state by taking the electronic configurations of La and Gd, respectively. 

 

 

 

Figure 1-2. Dieke diagram related to energy levels of Ln(III) ions reprinted from ref [9]. 
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1.2 Photophysical properties of lanthanide compounds 

1.2.1 Lanthanide compounds with organic molecules 

 An incorporation of lanthanide with designed organic molecules is a useful 

method to control physical properties of Ln(III) ions.[2,10–12] Lanthanide compounds with 

organic molecules include mono- or poly-nuclear Ln(III) complexes, [13,14] Ln(III) 

coordination polymers,[15] and Ln(III) clusters,[16] for example (Figure 1-3). Ln(III) 

complexes are composed of one Ln(III) ion or several Ln(III) ions coordinated with 

organic ligands in a single molecule. The coordination number in one Ln(III) ion depends 

on the ionic radii rather than inner 4f electrons of Ln(III) ions. Since the effective ionic 

radii of Ln(III) ions are relatively large compared with those of other metal ions (Table 1-

2),[17] the coordination number of Ln(III) ions is usually more than six and can vary 

according to the steric hindrance of organic ligands. Typical Ln(III) complex forms an 

eight- (or nine-) coordinated structure. Organic ligands possess electronegative group 

such as O atoms (e.g. β-diketonate, carboxylate, and phosphine oxide) and/or N atoms 

(e.g. amine, imine, and pyridine). Ln(III) coordination polymers are polynuclear 

complexes with polymer structure.[11] They are achieved by bridging ligands between 

Ln(III) ions. The polymer structure form assembled 1D chains, 2D sheets, and 3D  

 

 

Table 1-2. Ionic radii of eight-coordinate Ln(III) ions.[17] 

 La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 

Ionic radius 

[pm] 

116 114 113 111 109 108 107 105 104 103 102 100 99 99 98 
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Figure 1-3. Examples of (a) mononuclear Ln(III) complex,[13] (b) polynuclear Ln(III) 

complex,[14] (c) Ln(III) coordination polymer,[15] and (d) Ln(III) cluster.[16] 

 

 

networks depending on the ligands.[12] Ln(III) clusters are polynuclear complexes with 

inorganic-like Ln(III) rich core coordinated by multiple ligands.[12,16,18,19] The Ln(III) rich 

core is often bridged by μ-OH ions. They are often made by controlling the hydrolysis of 

Ln(III) salts in the presence of supporting ligands. 

 Since the inner 4f orbitals have little contribution to chemical bonding with 

organic ligands, the energies of Ln(III) ions are not directly affected by the surrounding 

ligands. Nevertheless, the physical properties of Ln(III) ions are affected indirectly by 

surrounding ligands around Ln(III) ions or other external environments such as magnetic 

field. The following subsections mainly focus on photophysical properties in the photo-

luminescence and photo-absorption based on 4f electrons of Ln(III) complexes. 
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1.2.2 Luminescence of lanthanide compounds 

 Ln(III) complexes exhibit characteristic luminescence properties deriving from 

the 4f electrons. They have attracted attention for molecular probes for biomedical 

imaging, electroluminescent devices, telecommunications, and security inks.[20,21] Since 

no 4f orbitals contribute to chemical bonding by the shielding effect, the vibrational 

coupling between Ln(III) ion and the ligand is small. The little interaction also suppresses 

the structure change between the ground and excited states of Ln(III) ion, resulting in 

the similar shape and position of potential energy curves in these states. Typical potential 

curve shifts and emission phenomena of Ln(III) ions and organic molecules are shown 

in Figure 1-4a. The small offset of Ln(III) ion causes the intrinsic sharp emission bands 

in the region from visible to near-infrared (NIR) depending on Ln(III) ions (Figure 1-

4b).[20] Ln(III) complexes exhibit discrete emission bands between levels based on 

Russell-Saunders terms, for example, 5D0 → 7F2 transition of Eu(III) complexes with red 

emission, 5D4 → 7F5 transition of Tb(III) complexes with green emission, and 2F5/2 → 2F7/2 

transition of Yb(III) complexes with NIR emission. Important roles of organic ligands in 

luminescent Ln(III) complexes are (i) photosensitization through ligands and (ii) control 

of 4f electronic configurations. 
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Figure 1-4. (a) Potential curve shifts and emission phenomena of Ln(III) ions and organic 

molecules. (b) The emission spectra of some Ln(III) complexes reprinted from ref [19]. 
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Photosensitization effect of the ligand promotes Ln(III) ions to be excited state. 

Since the 4f-4f transitions of Ln(III) ion are electric dipole (ED) forbidden in terms of 

Laporte’s parity selection rule, the absorption coefficient of Ln(III) ion is small (1 - 10 M-1 

cm-1).[10] Instead of Ln(III) ions, in 1942, Weissman discovered that light emission in 

Ln(III) complexes can be promoted when excitation is performed into the electronic levels 

of the coordinated organic ligands.[10] Organic ligands with a large absorption coefficient 

in ππ* transition (104 – 105 M-1 cm-1) absorb the energy as an “antenna”, and the energy 

is transferred to the Ln(III) ion. Typical schematic luminescence pathway of Ln(III) 

complexes is shown in Figures 1-5a and 1-5b. Irradiated by ultraviolet radiation, the 

organic ligand in the Ln(III) complex is excited from the ground state (S0) to the lowest 

singlet state (S1). The S1 can be deactivated by nonradiative intersystem crossing (ISC) 

from the S1 to the triplet state (T1) owing to the heavy atom effect of Ln(III) ion. The 

energy transfer (EnT) occurs from the T1 to the excited states of Ln(III) ion and, finally, 

the Ln(III) ion undergo metal-centered luminescence. 

 

 

 

Figure 1-5. (a) Schematic image of photosensitization effect and (b) luminescence 

pathway of Ln(III) complex. 
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 The ligand also plays a role in enhancing the electronic transition probability of 

Ln(III) ion by controlling the 4f electronic configurations under the influence of the crystal 

field. The crystal field causes mixing of some electronic configurations or levels related 

to Russell-Saunders term symbols in Ln(III) ion. In general, the electronic transition 

probability is described by dipole strength (D) in Equation (1.2),  

 𝐷 = |𝝁⃗⃗ |2 + |𝒎⃗⃗⃗ |2 , (1.2) 

where 𝝁⃗⃗  and 𝒎⃗⃗⃗  denote transition electric and transition magnetic dipole moments, 

respectively. The intraconfigurational 4f-4f transition of Ln(III) ion is ED forbidden and 

magnetic dipole (MD) allowed due to the same parity in the transition, meaning that the 

emission intensity in the 4f-4f transition of Ln(III) ion is weak.[10] In order to enhance the 

emission intensity, admixture of some electronic configurations with opposite parity into 

the pure 4f wave functions is required. In 1962, two authors, Judd and Ofelt, 

independently described a similar model for the induced ED transitions of lanthanides by 

the electronic configuration mixing, that is the Judd-Ofelt theory.[22,23] In the theory, crystal 

field of the ligand allow the mixing of electronic configurations with opposite parity (wave 

function: |𝜑𝑛𝑙⟩) such as 4fN-15d1 configurations into the pure 4fN wave functions (|𝑓𝑁𝐽𝑀𝐽⟩). 

A new wave function |𝐵⟩ is shown in Equation (1.3), 

 |𝐵⟩ = |𝑓𝑁𝐽𝑀𝐽⟩ + ∑
⟨𝑓𝑁𝐽𝑀𝐽|𝑉|𝜑𝑛𝑙⟩

𝐸(𝑓𝑁𝐽𝑀𝐽) − 𝐸(𝜑𝑛𝑙)
|𝜑𝑛𝑙⟩

𝜑𝑛𝑙

 , (1.3) 

where V is the crystal field interaction operator, and 𝐸(𝑓𝑁𝐽𝑀𝐽) − 𝐸(𝜑𝑛𝑙) is the energy 

difference between the 4fN configuration and the other electronic configurations with 

opposite parity. The 𝝁⃗⃗  in the 4f-4f transition becomes partly allowed owing to the 

electronic configuration mixing induced by the crystal field. The mechanism of mixing 

between electronic configurations can be also applied to some levels, which is called J-

mixing. For example, the electronic transition in 5D0 → 7F0 of Eu(III) ion is partially allowed 
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by J-mixing between 7F0 and other levels such as 7F2 level. The crystal field also 

contributes to the splitting of 2J+1 degenerate J sublevels, that is the Stark splitting. The 

splitting is also dependent on the site symmetry around Ln(III) ion and the intensity of 

the crystal field. 

 The intrinsic emission quantum yield (ΦLn) in the 4f-4f transition of Ln(III) 

complexes is defined by Equation (1.4), 

 𝛷Ln =
𝑘r

𝑘r + 𝑘nr
 . (1.4) 

Here, kr and knr are radiative and non-radiative constant, respectively. The kr depends 

on an oscillator strength of the electronic transition, which is largely influenced by site 

symmetry around Ln(III) ion based on the surrounding ligands. The knr reflects the 

vibrational relaxation and the energy transfer quenching, i.e. back energy transfer (BEnT), 

from the excited state of Ln(III) ion to other excited states. The BEnT process is promoted 

when the excited state energy of Ln(III) ion is close to other excited state such as T1 of 

the ligand, ligand-to-metal charge transfer (LMCT) state, and intraligand charge transfer 

(ILCT) state.[10,20] The schematic image of rate constants (kr and knr) is shown in Figure 

1-6. Overall emission quantum yield (ΦL) of Ln(III) complexes excited at the coordinated 

ligands is given by Equation (1.5), 

 𝛷L = 𝜂sens ∙ 𝛷Ln . (1.5) 

Here, 𝜂sens is the overall sensitization efficiency. The 𝜂 depends on the efficiencies of 

ISC and EnT based on the combination of Ln(III) ions and ligands. As mentioned above, 

the photophysical properties of Ln(III) complexes are strongly influenced by the external 

environment based on the surrounding ligands. 
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Figure 1-6. Schematic image of rate constants, kr and knr. Ln* denotes the emitting level 

of Ln(III) ion. 
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1.3 Optical activities of chiral lanthanide compounds 

 Among the organic-inorganic hybrid lanthanide compounds, Ln(III) compounds 

coordinated with chiral organic molecules have attracted attention for their characteristic 

(natural) optical activities. Chiral molecules exhibit selective electronic transitions of left- 

and right-handed circularly polarized light with absorption (circular dichroism: CD) or 

emission (circularly polarized luminescence: CPL) according to the molecular chirality.[24] 

The schematic images of CD and CPL are shown in Figure 1-7. The magnitude of optical 

activities is defined by a dissymmetry factor (g) as Equation (1.6),[24] 

 𝑔 =
2(𝑇𝐿 − 𝑇𝑅)

𝑇𝐿 + 𝑇𝑅
 . (1.6) 

TL and TR represent absorption coefficients (for CD) or emission intensities (for CPL) of 

left- or right-handed circularly polarized light, respectively. It is apparent that the g value 

is within -2 ≤ g ≤ 2. 

The chirality of metal complexes is evaluated by coordination structures of the 

organic ligands around the metal ion induced by chiral environment. The chirality is 

classified to Λ-type or Δ-type for counterclockwise or clockwise helical structure,  

 

 

 

Figure 1-7. Schematic images of (a) CD and (b) CPL. 
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respectively, as viewed from the rotation axis.[25] For example, the Λ-type and Δ-type 

coordination structure of Ln(III) complex with eight-coordinate square-antiprism (SAP) is 

shown in Figure 1-8. 

 

 

 

Figure 1-8. Chiral Λ- and Δ-type coordination structure of Ln(III) complex with SAP 

symmetry. 

 

 

 Luminescent lanthanide complexes with chiral ligands exhibit large CPL in the 

4f-4f transitions.[26] Since Luk and Richardson reported the CPL of the Ln(III) complexes 

in 1974,[27] CPL of Ln(III) complexes has been studied extensively. The CPL properties 

of chiral Ln(III) complexes are dependent on the chiral and achiral organic ligands.[21,28–

35] Some of Ln(III) complexes with chiral organic ligands are shown in Figure 1-9. The 

chiral ligands contain typical organic units, namely, 1,4,7,10-tetraazacyclododecane-

1,4,7,10-tetraacetic acid (DOTA), [28,36] pyridine-2,6-bisoxazoline (Pybox), [32] 2,2’-

bis(diphenylphosphino)-1,1’-binaphthyl (BINAP),[35] and camphor.[29,30] In solution, even 
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Figure 1-9. Examples of chiral Ln(III) complexes with (a) DOTA,[36] (b) pybox,[32] (c) 

BINAP,[35] and (d) camphor ligands.[29] 

 

 

initially achiral Ln(III) complexes attain the chirality in the presence of external chiral 

environment, applying to a sensor of chiral molecules such as chiral amino acids and 

helical DNA.[34,37] The chiral environment also induces the chirality to Ln(III) core of 

polynuclear Ln(III) clusters and nanoparticles.[38–40] For example, CPL of a trinuclear 

Eu(III) array with chiral bipyridine-carboxylate ligands,[38] and the changeable CPL 

intensity of polynuclear Eu(III) clusters depending on the self-assembly structures[39] 

have been reported (Figure 1-10). The dissymmetry factor for CPL (gCPL) of chiral Ln(III) 



16 
 

 

Figure 1-10. Examples of chiral Ln(III) clusters with (a) trinuclear[38] and (b) 

heptanuclear[39] structures and their chiral ligands. 

 

 

complex depends on the combination of Ln(III) ion and organic ligands. Generally, chiral 

Ln(III) compound displays the gCPL of 0.01 – 1, which is several hundred times as large 

as gCPL value of typical chiral organic molecules or transition metal complexes.[26] The 

largest gCPL value ever reported for Ln(III) complexes is 1.45 of Eu(III) complex with 

camphor derivative ligands.[30] The large gCPL of Ln(III) compound has been attracted 

attention for various field such as bioimaging, 3D display, security tag, and data storage. 

 The large optical activity of Ln(III) ion can be understood in terms of the electric 
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and magnetic dipole components at the electronic transitions. In an isotropic system, the 

magnitude and sign of the optical activity are defined by rotatory strength (R) as Equation 

(1.7),[24,26] 

 𝑹 = 𝝁⃗⃗ ∙ 𝒎⃗⃗⃗  . (1.7) 

In case of achiral molecules, R equals zero because an angle between 𝝁⃗⃗  and 𝒎⃗⃗⃗  is 90 

degrees. Chiral molecules without symmetry center break the orthogonality between 𝝁⃗⃗  

and 𝒎⃗⃗⃗ , giving rise to the optical activity. The sign of R inverts according to the direction 

of 𝒎⃗⃗⃗  between enantiomers. The dissymmetry factor g of absorption/luminescence in 

Equation (1.8) is rewritten by D and R in Equation (1.7), 

 𝑔 =
4𝑹

𝐷2
=

4𝝁⃗⃗ ∙ 𝒎⃗⃗⃗ 

|𝝁⃗⃗ |2 + |𝒎⃗⃗⃗ |2
 . (1.8) 

Equation (1.7) indicates that the g value is governed by the ratio and direction of 𝝁⃗⃗  and 

𝒎⃗⃗⃗ . The maximum g value is obtained when 𝝁⃗⃗ = 𝒎⃗⃗⃗ . In a system of organic molecules, 

the g value is usually small due to larger contribution of electric field than magnetic field 

to the electronic transition in electromagnetic field (|𝝁⃗⃗ | ≫ |𝒎⃗⃗⃗ |). 

 The magnitudes of 𝝁⃗⃗  and 𝒎⃗⃗⃗  for Ln(III) ions depend on a selection rule based 

on angular momentum quantum numbers (ΔS, ΔL, and ΔJ) at the transition. Richardson 

theoretically summarized the qualitative intensity of optical activity at the 4f-4f transitions 

corresponding to ΔJ of Ln(III) ion.[26] Among the 4f-4f transitions, large gCPL value is 

observed in the magnetic allowed transition with ΔJ = ±1. Large gCPL values which exceed 

more than unity (gCPL > 1) are achieved at the 5D0 → 7F1 transition of Eu(III) complexes 

and the 4G5/2 → 6H7/2 transition of Sm(III) complexes.[21,29–31,41,42]  
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1.4 Magneto-optical activities of lanthanide compounds 

 Polarization response such as optical activity in the electronic transition is not 

limited to the chiral compounds. Lanthanides also exhibit high performance for magneto-

optical activities deriving from the 4f electrons by applying external magnetic field. The 

Faraday rotation and magnetic circular dichroism (MCD) are representatives of magneto-

optical activities. Unlike optical activities of chiral compounds, magneto-optical activities 

are observed for compounds even without chiral structure. Thus, the origin is different 

from that of the optical activities.[43,44] Schematic images of the magneto-optical activities 

are shown in Figures 1-11a and 11b. In 1845, Faraday discovered the first phenomenon 

of the interaction between light and magnetic field.[43] He demonstrated that the plane of 

polarization of linearly polarized light is rotated after passing through a material placed 

in a magnetic field parallel to the direction of the light. The rotation originates from the 

difference in refractive indices for left- and right-handed circularly polarized light. In the 

region of light absorption, the absorption coefficients for left- and right-handed circularly 

 

 

 

Figure 1-11. Schematic images of (a) the Faraday rotation and (b) MCD. 
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polarized light also vary individually in the presence of a magnetic field, bringing about 

MCD. The magnitude of MCD is represented by the ellipticity of the transmitted light 

according to the differential absorption coefficient. These magneto-optical activities 

originate from the Zeeman splitting of electronic states under the magnetic field. 

Lanthanide compounds exhibit the large Faraday rotation in the 4f-5d transitions 

due to large angular momentum of the 4f electrons. In contrast to the 4f-4f transition, the 

4f-5d transition is electric dipole-allowed, showing a large and broad spectrum during 

absorption (and luminescence). The Faraday effect has been applied to optical isolators 

employed in optical communication systems. Inorganic lanthanide compounds such as 

Tb(III)-doped borosilicate glass and Tb(III) garnet ceramics are representatives of the 

materials with the large magneto-optical activity in visible region (Figure 1-12a).[6,45–47] 

Among the Tb(III) garnet ceramics, terbium gallium garnet single crystals (Tb3Ga5O13) 

are the most widely used commercial magneto-optical materials.[48] Lanthanide 

nanoparticles with 4f-5d transition have also been studied for promising candidates for 

an effective optical isolator. The Faraday rotational angles of EuS nanoparticles are 

dependent on the external environment induced by transition metals or organic ligands 

around the nanoparticles (Figure 1-12b).[49–52] 

 Ln(III) ions in solution have also been reported to exhibit the Faraday rotation 

attributed to 4f-5d transition in visible region. Watarai reported the magnitude of the 

Faraday effect of Tb(III) ion in aqueous solution was the largest among the Ln(III) ions, 

which suggested that the magnetic moment and the excited 4fN-15d1 states were 

involved.[53] In recent years, organic-inorganic hybrid lanthanide compounds have been 

investigated for controlling the Faraday effect by the modification of surrounding organic 

ligands around Ln(III) ions.[18,52] Nonanuclear Tb(III) clusters coordinated by salicylate 



20 
 

ligands, for example, were reported to exhibit the large Faraday rotation in the transition 

of the Tb(III) ion depending on the coordinated ligands around the Tb(III) ions (Figure 1-

12c).[18] Lanthanide compounds with designed organic molecules are expected as new 

magneto-optical materials that control their polarization response by the external organic 

molecules. 

 Ln(III) complexes also exhibit large magneto-optical activities in the 4f-4f 

transitions. MCD in the 4f-4f transition is utilized for evaluating the electronic states of 

substances. Especially, the electronic states and coordination geometries of Eu(III) 

complexes have been investigated using MCD measurement.[54,55] The non-degenerate 

ground state (7F0) and the presence of excited states with a small total angular 

momentum J (5D1 and 5D2) of Eu(III) ion enable to interpret the MCD spectrum. In case 

of eight-coordinate Eu(III) complexes, for example, MCD sign in the 5D2 ← 7F0 transition 

corresponds to the coordination geometry around Eu(III) ion.[54] Recently, the relationship 

between crystal field and MCD intensity is investigated, where small crystal field induces 

 

 

 

Figure 1-12. The Faraday effect materials. (a) Tb(III)-doped borosilicate glass,[45] (b) 

EuS nanoparticle with organic molecules,[56] and (c) nonanuclear Tb(III) cluster.[18] 
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a large MCD intensity.[57] 

 Generally, the Faraday effect is expressed by the complex magnetic rotation Φ̂ 

as Equation (1.9),[43] 

 Φ̂ = 𝜙 − 𝑖𝜃 . (1.9) 

Here, 𝜙 represents the rotation related to the Faraday rotation, and 𝜃 represents the 

ellipticity for MCD. The 𝜙 and 𝜃 are related by Kramers-Kronig transforms, then, one 

quantity (𝜙 or 𝜃) is enough to determine the Faraday effect of the substance. Focusing 

on the ellipticity 𝜃, the intensity of MCD is formulated by Equation (1.10),[43,58] 

 𝜃 ∝ 𝑓1𝐴 + 𝑓2 (𝐵 +
𝐶

𝑘B𝑇
) . (1.10) 

Here, 𝑓1 and 𝑓2 are functions related to the shapes of the MCD bands associated with 

the A and with the B and C parameters, respectively. 𝑘𝐵 is the Boltzmann constant. The 

three terms of an isolated transition a → j are expressed by Equations (1.11 – 1.13), 

𝐴 =
1

2𝑑𝑎
∑(⟨𝑗|𝒎|𝑗⟩ − ⟨𝑎|𝒎|𝑎⟩) ∙ Im(⟨𝑎|𝝁|𝑗⟩ × ⟨𝑗|𝝁|𝑎⟩) , (1.11) 

𝐵 =
1

𝑑𝑎
∑Im(∑

⟨𝑗|𝒎|𝑘⟩

∆𝐸𝑘𝑗
∙ ⟨𝑎|𝝁|𝑗⟩ × ⟨𝑘|𝝁|𝑎⟩

𝑘≠𝑗

+ ∑
⟨𝑘|𝒎|𝑎⟩

∆𝐸𝑘𝑎
∙ ⟨𝑎|𝝁|𝑗⟩ × ⟨𝑗|𝝁|𝑘⟩

𝑘≠𝑎

) , (1.12) 

𝐶 =
1

2𝑑𝑎
∑⟨𝑎|𝒎|𝑎⟩Im(⟨𝑎|𝝁|𝑗⟩ × ⟨𝑗|𝝁|𝑎⟩) , (1.13) 

where 𝑑𝑎  is the degeneracy of a, 𝝁  and 𝒎  are the electric and magnetic dipole 

operators, respectively, and k is excited states except for the state j. The Faraday A and 

C terms primarily reflect the degeneracy of the excited and ground states, respectively, 

whereas the Faraday B term is related to the mixing of the ground and two or more 

excited states by the magnetic field. The shape of magneto-optical activity depends on 

the contributions of these terms. The schematic images of the Faraday terms are shown 

in Figure 1-13. 
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Figure 1-13. Schematic images of the Faraday A, B, and C terms. 
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1.5 Challenges of chiral lanthanide compounds 

 In contrast to the implementation to telecommunication system of the 

lanthanides’ Faraday rotation, CPL application to optical materials with chiral Ln(III) 

complexes has not been fulfilled yet. One of challenges for developing CPL-active 

materials is to create a transparent emitter with large gCPL and high emission efficiency 

(ΦL). Transparent CPL materials are preferable to suppress the loss of polarization 

response by light scattering. For the dinuclear Cs(I)-Eu(III) complex with the largest gCPL 

value (1.45), the ΦL is small in transparent solution (1%)[30] and even in non-transparent 

solid state (3%).[42] Another difficulty in creating CPL materials is insufficient CPL 

mechanism of chiral Ln(III) complexes depending on external environment. Although 

various gCPL values have been reported by the combination of chiral and achiral 

ligands,[21,28–30,34,59,60] detailed molecular design and mechanism for enhancing the optical 

activity of chiral Ln(III) complex are still unclear. Revealing the detail CPL mechanism 

depending on external environment should be a key to create a chiral Ln(III) complex 

with large CPL performance. 

 Since optical- and magneto-optical activities were discovered, many 

researchers had investigated the relationship between the two phenomena. The chirality 

is related to magneto-optical activity from the theoretical background.[43] However, no 

relationship has been observed for organic molecules with low optical activity.[61] 

Focused on high optical activity performance, chiral Ln(III) complexes have potential to 

clarify the interaction between optical- and magneto-optical activities. Clarifying the 

relationship between magneto-optical activity and molecular chirality is expected to 

develop a new field of chiral science. 
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1.6 Objective and Outline 

 The objective of this study is to develop chiral Ln(III) complexes for applying to 

CPL materials and clarifying the mechanism of optical- and magneto-optical activities 

depending on external environment. Optical- and magneto-optical activities of chiral 

Ln(III) complexes originate from the electronic transition of 4f electrons. As described 

above, the photophysical properties of Ln(III) complexes are strongly affected by the 

electronic state of Ln(III) ion, where mixing of wavefunctions by configuration- and/or J-

mixing is occurred based on the external environments such as electric (crystal) field of 

coordinated ligands and/or external magnetic field (Figure 1-13). The optical- and 

magneto-optical activities of chiral Ln(III) complexes should be affected by the external 

environment. Clarifying the effect of electronic state (or configuration) mixing under 

external environments on optical activities of chiral Ln(III) complexes is required for 

controlling the optical- and magneto-optical activities and developing photo-functional 

chiral Ln(III) complexes. 

 

 

 

Figure 1-13. Mixing of wavefunctions of Ln(III) ion by external field. 
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In this research, the effect of the electronic state (or configuration) mixing to 

polarized light response, i.e. optical- and magneto-optical activities, of chiral Ln(III) 

complexes is focused on. Several kinds of chiral Ln(III) complexes are synthesized and 

the optical- and magneto-optical activities are investigated. The schematic image of this 

research is described in Figure 1-14. 

 In Chapter 1, photophysical properties and polarization response of Ln(III) 

compounds depending on external environment are overviewed. The objective of this 

research is described in relation to the electronic state and chirality of Ln(III) complexes 

under surrounding environment. 

 In Chapter 2, a chiral Eu(III) complex with large gCPL value in film state is 

explored for the application to transparent materials with CPL property. The coordination 

structure and electronic state of a Eu(III) complex with camphor derivative ligands are 

controlled by an achiral phosphine oxide molecule. The emission and CPL properties of 

the Eu(III) complex in film state are investigated. An application model of the film as a 

CPL material is discussed. 

In Chapter 3, the detail CPL mechanism of chiral Ln(III) complexes is evaluated 

by measuring CPL of Eu(III) complexes in solution, where the effect of electronic state 

mixing is discussed. Previously reported chiral Eu(III) complexes with camphor derivative 

ligands and phosphine oxide ligands are synthesized. The enhancement of CPL intensity 

depending on external achiral molecules around the Eu(III) ion is investigated from the 

viewpoint of the electronic state mixing. 

 In Chapter 4, electronic state mixing of chiral Ln(III) complex is applied to 

magneto-optical activity, in an attempt to develop a new field of polarization response 

induced by chirality and magnetic field. CPL properties and the Faraday effect of novel 



26 
 

nonanuclear Tb(III) clusters with chiral salicylate ligands are investigated. The 

relationship between magneto-optical activity and molecular chirality are discussed. 

 In Chapter 5, finally, summary and outlook of the research are described. 

 

 

 

Figure 1-14. Schematic image of this research. 
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Chapter 2 
 

 

Extra-large CPL performance and high 

emission efficiency of chiral Eu(III) 

complex in film state 
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2.1 Introduction 

Luminescent Ln(III) complexes with chiral ligands exhibit large CPL intensity in 

the 4f-4f transitions compared with that of chiral organic molecules. Among chiral 

lanthanide complexes, chiral Eu(III) complexes with camphor derivative ligands have 

been attracted attention for luminescent materials with large CPL performance.[1–7] As 

camphor derivative molecules, (+/-)-3-(trifluoroacetyl)camphor (+/-tfc) and 3-

(perfluorobutyryl)-(+/−)-camphor (+/-pfc) are the famous ligands with β-diketonate group 

(Figure 2-1a). The Eu(III) complexes with camphor derivative ligands exhibit large gCPL 

values more than unity (gCPL > 1) in the magnetic dipole-allowed 5D0 → 7F1 transitions, 

the value of which cannot be achieved for any Eu(III) complexes without camphor ligands. 

The maximum |gCPL| value (1.45) has been observed for a dinuclear Cs(I)-Eu(III) complex 

with four +/-pfc ligands (Figure 2-1b).[3] The extra-large gCPL value of the dinuclear Cs(I)-

Eu(III) complex in solution lead to naked eye visualization of CPL using circularly 

polarized filter. Bari and coworker have applied the Cs(I)-Eu(III) complex as a transparent 

circularly polarized electroluminescence material by mixing with polymer-based device.[7] 

In spite of the high CPL performance of the camphor Eu(III) complexes, CPL application 

to optical materials has not been fulfilled yet due to the low emission efficiency (ΦL). For 

the dinuclear Cs(I)-Eu(III) complex, the ΦL is small in transparent solution (1%)[3] and 

even in non-transparent solid state (3%).[7] The ΦL values of Eu(III) complexes with chiral 

+tfc ligands are increased by the introduction of achiral phosphine oxide ligands.[8] 

Hasegawa revealed that the ΦL values of mononuclear Eu(III) complex, Eu(+tfc)3(tppo)2 

(tppo: triphenylphosphine oxide), and Eu(III) coordination polymer, [Eu(+tfc)3(dpbp)]n 

(dpbp: 4,4’-bis(diphenylphosphoryl)biphenyl), were 5% and 30% in solid, respectively 

(Figures 2-1c and 2-1d).[8] However, the camphor Eu(III) complexes were non- 
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Figure 2-1. Structures of (a) camphor derivative ligands, (b) dinuclear Cs(I)-Eu(III) 

complex,[3] (c) Eu(+tfc)3(tppo)2,[8] and (d) [Eu(+tfc)3(dpbp)]n.[8] 

 

 

transparent for their high crystallinity, and the gCPL values were small; gCPL = +0.09 for 

Eu(+tfc)3(tppo)2, and +0.17 for [Eu(+tfc)3(dpbp)]n. The coordination structure and 

photophysical properties of camphor Eu(III) complexes were dependent on the external 

achiral molecules, which is expected to develop a novel transparent camphor Eu(III) 

complex with large gCPL and ΦL values by controlling external achiral molecules. 

 To achieve the transparent Eu(III) complex, the author focused on binary co-

amorphous system. In the co-amorphous system, mixture of two or more small 

molecules instead of polymers prevents from crystallization, leading to an amorphous 

state by non-covalent interaction between these molecules.[9–11] The system has been 

studied especially in the field of pharmaceutics, which has been achieved by the  
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Figure 2-2. Structures of co-amorphous compounds. (a) sulfathiazole/acyclovir,[12] (b) 

cimetidine/diflunisal,[13] and (c) glipizide/simvastatin.[14] 

 

 

combination of sulfathiazole/citric acid,[12] cimetidine/diflunisal,[13] glipizide/simvastatin,[14] 

for example (Figure 2-2). Eu(III) complexes also form amorphous state by the 

combination of ligands.[15–17] Bazan reported amorphous Eu(III) complex by introducing 

bulky ligands with alkoxy groups to prevent crystallization (Figure 2-3).[15] Some kinds of 

co-amorphous compounds can be prepared by co-grinding method without any solvent 

as well as general synthesis in solution. The structure change of mixed compounds by 

grinding is also reported in mechanochemical synthesis of crystalline metal 

complexes.[18–21] The solvent-free synthesis is desirable for application in industry in 

terms of the simple procedure and safety aspect. 
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Figure 2-3. Structure of amorphous Eu(III) complex.[15] 

 

 

 In this chapter, a non-crystalline novel chiral Eu(III) complex by the combination 

of a camphor Eu(III) complex and an external achiral ligand is reported, which is prepared 

by mechanochemical synthesis and solution synthesis. As starting compounds, camphor 

Eu(III) complex [Eu(+tfc)3(H2O)2] and tris(2,6-dimethoxyphenyl)phosphine oxide (tdmpo) 

are chosen as the chiral Eu(III) complex and the external achiral molecule, respectively 

(Figure 2-4). The bulky methoxy groups close to P=O group in the tdmpo molecule are 

expected to generate several conformers of the Eu(III) complex by non-covalent 

interaction with the camphor Eu(III) complex. Non-crystalline luminescent Eu(III) 

complexes were obtained by grinding of Eu(+tfc)3(H2O)2 and several equivalents of 

tdmpo molecules. Furthermore, transparent films of the Eu(III) complex were obtained 

by evaporating mixture of Eu(+tfc)3(H2O)2 and tdmpo in solution. The coordination 

structure and photophysical properties of the Eu(III) complex were characterized by XRD, 

DSC, emission, emission lifetime, and emission quantum yield measurements. The 

optical activity of the transparent film was evaluated by CPL measurement. A simple 
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model of CPL security ink of the film was also investigated. 

 

 

Figure 2-4. Structure of (a) Eu(+tfc)3(H2O)2 and (b) tdmpo. 
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2.2 Methods 

Materials 

Europium(III) acetate n-hydrate, acetone-d6 (99.9%) and 28% ammonia solution 

were purchased from Wako Pure Chemical Industries Ltd. (+)-3-(trifluoroacetyl)camphor 

and (-)-3-(trifluoroacetyl)camphor were purchased from Sigma-Aldrich Co. Triphenyl 

phosphine oxide and tris(2,6-dimethoxyphenyl)phosphine was purchased from Tokyo 

Chemical Industry Co., Ltd. All other chemicals and solvents were of reagent grade and 

were used without further purification. 

 

Apparatus 

Electrospray ionization mass spectra were measured by using a Thermo 

Scientific Exactive instrument. Elemental analyses were performed on an Exeter 

Analytical CE440. XRD patterns were characterized by a RIGAKU X-ray diffractometer 

RINT 2200. Differential scanning calorimetry spectrum was measured using a EXSTAR 

DSC 7020 analyzer. Emission spectra and emission lifetimes were measured using a 

Horiba/Jobin-Yvon FluoroLog-3 spectrofluorometer. CPL spectra were measured using 

a JASCO CPL-200 spectrofluoropolarimeter. 

 

Synthesis of Tris(2,6-dimethoxyphenyl)phosphine oxide (tdmpo) 

 Tris(2,6-dimethoxyphenyl)phosphine (8.84 g, 0.02 mmol) was dissolved in 

dichloromethane (30 mL) in a 100 mL flask. The solution was cooled in an ice bath and 

H2O2 solution (5 mL) was added slowly to the solution. The mixture was stirred for 3 h. 

The product was extracted with dichloromethane and saturated NaCl aqueous solution. 

The organic layer was dried with anhydrous MgSO4, and the solvent was evaporated. 
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The obtained oil was precipitated with acetone and hexane. The precipitate was filtered 

and washed with acetone to afford white powder. 

[tdmpo]. Yield: 3.95 g (41%). δ/ppm = 7.23 (t, 3H, J = 8 Hz, Ar), 6.48 (dd, 6H, J = 8 and 

4.8 Hz, Ar), 3.51 (s, 18H, CH3). ESI-MS (m/z): [M+H]+ calculated for C24H28O7P, 459.15; 

found, 459.16. Elemental analysis: Calculated for C24H27O7P: C, 62.88%, H, 5.94%. 

Found: C, 62.55%, H, 5.88%. 

 

 

Scheme 2-1. Synthesis of tris(2,6-dimethoxyphenyl)phosphine oxide. 

 

Synthesis of Tris(3-trifluoroacetyl-(+)-camphorato)europium(III) hydrate 

([Eu(+tfc)3(H2O)2]) 

 Europium(III) acetate n-hydrate (0.36 g) was dissolved in distilled water (150 

mL) and a few drops of 28% ammonia solution were added. (+)-3-triflouroacetyl camphor 

(+tfc, 0.50 g, 2.0 mmol) in methanol (20 mL) was added to the solution and the mixture 

was stirred for 3 h at room temperature. The obtained powder was washed with distilled 

water to afford yellow powder. 

[Eu(+tfc)3(H2O)2]. Yield: 0.42 g (68%). Elemental analysis: Calculated for C36H46EuF9O8: 

C, 46.51%, H, 4.99%. Found: C, 46.45%, H, 4.91%. 
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Scheme 2-2. Synthesis of Eu(+tfc)3(H2O)2. 

 

Synthesis of Tris(3-trifluoroacetyl-(-)-camphorato)europium(III) dihydrate 

([Eu(-tfc)3(H2O)2]) 

 [Eu(-tfc)3(H2O)2] was prepared using the same method for [Eu(+tfc)3(H2O)2], 

starting from (-)-3-triflouroacetyl camphor, yielding yellow powder.  

Yield: 0.55 g (89%). Elemental analysis [M-H2O]: Calculated for C36H44EuF9O7: C, 

47.43%, H, 4.86%. Found: C, 47.98%, H, 4.83%. 

 

Mechanochemical preparation of Eu(III) complexes with phosphine oxide 

 Eu(+tfc)3(H2O)2 and n equivalents of phosphine oxide (tdmpo or tppo; n = 0, 1, 

2, or 3) were mixed so that total amount of the mixture was 20 mg. The mixture (20 mg) 

was manually ground using a mortar and pestle for 15 minutes. 

 

Preparation of films of Eu(III) complexes 

Eu(+/-tfc)3(H2O)2 (3 mg, 0.003 mmol) and n equivalents of tdmpo (1.5 mg, 3.0 

mg, or 4.5 mg for n = 1, 2, or 3, respectively) was dissolved in dichloromethane (0.1 mL). 

The solution was casted to a glass substrate and slowly evaporated, yielding transparent 

film of the Eu(III) complex. 
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Optical setup of CPL measurement for naked eye determination 

 A LED light (λex = 365 nm), a sample of Eu(III) complex, a bandpass filter 

(TECHSPEC, 594 nm), a λ/4 plate (THORLABS) with a motorized precision rotation 

stage and controller (THORLABS), and a linear polarizer (THORLABS) were set in line. 

Photographs of the luminescent sample after passing through the filters were taken by a 

commercially available smartphone. 
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2.3 Results and discussion 

2.3.1 Coordination structure of Eu(III) complex 

Figures 2-5 and 2-6 show the grinding synthesis of a chiral Eu(III) complex with 

tdmpo or tppo molecules, respectively. After grinding the mixture of less-luminescent 

Eu(+tfc)3(H2O)2 and n equivalents of tdmpo molecules (Eu(+)-L(n); n = 1, 2, 3) or tppo 

molecules (Eu(+)_tppo(n); n = 1, 2, 3), red luminescent compounds were obtained. XRD 

patterns of Eu(+)-L(n) and the tdmpo molecule after 15 minutes grinding were shown in 

Figure 2-7. The XRD patterns of Eu(+tfc)3(H2O)2 (Eu(+)-L(0)) were observed even after 

grinding (Figure 2-7, grey). In contrast, XRD patterns of Eu(+)-L(1), Eu(+)-L(2), and 

Eu(+)-L(3) showed broad peaks, which was similar phenomenon to the XRD for Eu(III) 

coordination glass.[16] No peaks of tdmpo molecule were observed for Eu(+)-L(1) and 

Eu(+)-L(2), and little peaks of tdmpo were observed for Eu(+)-L(3). For comparison, XRD 

patterns of Eu(+)_tppo(n) after 15 minutes grinding were shown in Figure 2-8. The XRD 

peaks of Eu(+tfc)3(H2O)2 and tppo molecules remained for Eu(+)_tppo(n) (n = 1, 2, 3), 

which was different phenomenon observed in Figure 2-7. The results reveal that the 

crystallinity of camphor Eu(III) complexes depends on the achiral phosphine oxide 

molecules. The increase of emission intensity and the broad XRD patterns of the Eu(III) 

complex with tdmpo indicate that the non-crystalline Eu(III) complex was established by 

the existence of tdmpo molecules around Eu(III) ion. Previously, the crystal structure of 

the camphor Eu(III) complex with two inner tppo ligands was reported,[5] suggesting that 

the high crystalline Eu(III) complex is difficult to achieve by the grinding synthesis. 
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Figure 2-5. Photographs of grinding synthesis of red luminescent Eu(III) complex under 

daylight and UV radiation; (a, d) mixture of Eu(+tfc)3(H2O)2 and two equivalents of tdmpo, 

(b, e) the ground mixture after 10 seconds, and (c, f) after 2 minutes. 

 

 

Figure 2-6. Photographs of grinding synthesis of red luminescent Eu(III) complex under 

daylight and UV radiation; (a, d) mixture of Eu(+tfc)3(H2O)2 and two equivalents of tppo, 

(b, e) the ground mixture after 10 seconds, and (c, f) after 2 minutes. 
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Figure 2-7. XRD spectra of Eu(+)-L(0) before grinding (orange), Eu(+)-L(0) after 

grinding (grey), Eu(+)-L(1) (black), Eu(+)-L(2) (red), Eu(+)-L(3) (blue), and tdmpo (sky 

blue). XRD patterns were measured after 15 minutes grinding of samples except for 

Eu(+)-L(0) before grinding. 
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Figure 2-8. XRD spectra of Eu(+)-L(0) before grinding (orange), Eu(+)-L(0) after 

grinding (grey), Eu(+)_tppo(1) (black), Eu(+)_tppo(2) (red), Eu(+)_tppo(3) (blue), and 

tppo (purple). XRD patterns were measured after 15 minutes grinding of samples 

except for Eu(+)-L(0) before grinding. 

 

 

To clarify the non-crystalline characteristics of the Eu(III) complex, Eu(+)-L(n) 

(n = 1, 2, 3) were also prepared in dichloromethane. By casting the solution to glass 

substrate and slowly evaporation, transparent films of Eu(+)-L(n) (n = 1, 2, 3) were 

obtained. The transparent films were collected as solid-like powders by scratching the 

films. XRD of these powders exhibited similar broad peaks (Figure 2-9) to those of the 

non-crystalline Eu(III) complexes prepared by grinding synthesis. Some sharp peaks 

observed for Eu(+)-L(3) (Figure 2-9, blue) are attributed to non-coordinated excess 

tdmpo molecules. DSC spectrum of Eu(+)-L2 powder is shown in Figure 2-10. The DSC  
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Figure 2-9. XRD spectra of Eu(+)-L(1) (black), Eu(+)-L(2) (red), and Eu(+)-L(3) (blue). 

The powders were collected by scratching these films. 

 

 

spectrum represents the result of the second heating scan after the first treatment of 

heating to 180°C and cooling to r.t. An endothermic peak was observed at around 50°C, 

and the line after 55°C started at lower position compared with the point at 25°C. This 

phenomenon indicates that the Eu(III) complex has glass transition and/or melting point 

at around 50°C, leading to an amorphous state. In general, existence of nonplanar 

molecular structures, bulky substituent, and/or different conformers lowers the molecular 

crystallinity, leading to amorphous state.[22] The steric hindrance of camphor ligands and 

phosphine oxide molecules attached with methoxy groups may prevent the 

crystallization.  
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Figure 2-10. DSC spectrum of Eu(+)-L(2) after the first heating to 180°C and cooling to 

r.t. The powder was collected by scratching the film. 

 

 

Photographs of melting experiment of Eu(+)-L(2) in the powder state, 

Eu(+tfc)3(H2O)2, and tdmpo molecule on a hot plate are shown in Figure 2-11. The 

melting of Eu(+)-L(2) started below 100°C (Figure 2-11a), the value of which was lower 

than the melting points of Eu(+tfc)3(H2O)2 (~ 200°C, Figure 2-11b) and tdmpo molecule 

(~ 230°C, Figure 2-11c). A non-transparent state of Eu(+)-L(2) was confirmed from 

120°C to 170°C. The result implies that Eu(+)-L(2) is crystalline at the temperature, which 

is similar phenomenon for amorphous compounds.[23] The non-crystalline transparent 

film was successfully established by the combination of Eu(+tfc)3(H2O)2 and the tdmpo 

molecule. 
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Figure 2-11. The photographs of melting experiment of (a) Eu(+)-L(2) in the powder state, 

(b) Eu(+tfc)3(H2O)2, and (c) tdmpo molecule on a hot plate. The temperature represents 

the value at the surface of the hot plate. 
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2.3.2 Photophysical properties of Eu(III) complexes in film state 

 The electronic state and the coordination geometry of Eu(III) complex are 

reflected by the photophysical properties of the Eu(III) complex.[24] The emission spectra 

of Eu(+)-L(n) (n = 1, 2, 3) in film state were shown in Figure 2-12. The spectra were 

normalized by the integrated intensities of the magnetic dipole transition (5D0 → 7F1). For 

these films, two peaks at 584 and 593.5 nm were observed in the 5D0 → 7F1 transition. 

The emission bands around 612 nm are attributed to 5D0 → 7F2 transition. The emission 

spectrum of Eu(+)-L(1) was different from that of Eu(+)-L(2) and Eu(+)-L(3), suggesting 

that the tdmpo molecules affect the photophysical property by existing around the Eu(III) 

ion in the film. The coordination geometry of Eu(III) complex with tdmpo in film state is 

different from that of camphor Eu(III) complex with inner two tppo in solid 

(Eu(+tfc)3(tppo)2, Figure 2-13). The large steric hindrance of methoxy groups may cause 

several conformers with weak interaction between the tdmpo molecules and the camphor 

Eu(III) complex, instead of their direct and tight coordination. The results imply that the 

weak interaction between the Eu(III) complex and tdmpo is useful for making the 

luminescent non-crystalline film. 

For more information about the coordination structure, time-resolved emission 

profiles were measured. The emission lifetimes were estimated using triple exponential 

functions (Table 2-1), which supported the existence of several metastable formations 

in the film due to the low crystallinity. The ratio of longer lifetime τ1 component was 

increased by adding the amount of tdmpo molecules. The emission decay phenomenon 

of Eu(+)-L(2) was similar to that of Eu(+)-L(3). The emission quantum efficiencies (ΦL) 

of the films were shown in Table 2-1. The ΦL of the film was gradually enhanced by 

increasing the amount of tdmpo molecules. The ΦL of Eu(+)-L(3) was more than ten 
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Figure 2-12. The emission spectra of Eu(+)-L(1) (black), Eu(+)-L(2) (red), and Eu(+)-

L(3) (blue) in film state, excited at 350 nm. 

 

 

Figure 2-13. The emission spectrum of Eu(+tfc)3(tppo)2 excited at 350 nm in powder. 
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Table 2-1. Photophysical properties of Eu(+)-L(n) (n = 1, 2, 3) in film state.a 

 τ1 [ms] τ2 [ms] τ3 [ms] Φtotal [%] gCPL 

Eu(+)-L(1) 0.71 

(35%) 

0.25 

(49%) 

0.10 

(16%) 

1 -1.2 

Eu(+)-L(2) 0.74 

(60%) 

0.37 

(34%) 

0.14 

(6%) 

8 -1.5 

Eu(+)-L(3) 0.76 

(61%) 

0.41 

(34%) 

0.16 

(5%) 

11 -1.5 

a Emission decay curves were analyzed by multi-exponential curve fittings [ 𝐼(𝑡) =

∑𝐴𝑖exp (−𝑡/𝜏𝑖)]. The percent of each component denotes 100 × 𝐴𝑖𝜏𝑖/∑𝐴𝑖𝜏𝑖. 

 

 

times as large as that of the previously reported Cs(I)-Eu(III) complex (Φtotal ~ 1%) with 

the large gCPL value (-1.45) in solution.[3] 

 The CPL spectra and calculated gCPL values of Eu(+)-L(n) (n = 1, 2, 3) in film 

state were shown in Figure 2-14 and Table 2-1, respectively. The large CPL signals 

were observed in the 5D0 → 7F1 transition. The CPL spectrum of Eu(+)-L(2) at 594 nm 

(gCPL ~ -1.5) was larger than that of Eu(+)-L(1) (gCPL ~ -1.2). The CPL spectrum of Eu(+)-

L(3) (gCPL ~ -1.5) was similar to that of Eu(+)-L(2), the value of which was different from 

the small gCPL value (gCPL = +0.09) of Eu(+tfc)3(tppo)2 in solid.[8] The film did not change 

the CPL spectra by 90 degrees rotation of the film, indicating the films are isotropic. 

Although the exact gCPL value could not be estimated in the experimental condition due 

to the experimental errors, the observed gCPL value was as large as the previously 

reported maximum gCPL value (gCPL = -1.45) for Cs(I)-Eu(III) complex.[3] The result implies 



53 
 

that the weak interaction between the camphor Eu(III) complex and phosphine oxide 

molecule triggers the formation of film state with high CPL performance and large 

emission quantum efficiency. 

 

 

 

 

Figure 2-14. The CPL spectra of Eu(+)-L(1) (black), Eu(+)-L(2) (red), and Eu(+)-L(3) 

(blue) in film state, excited at 350 nm. 
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3.3.3 Application to CPL materials 

 Transparent films of Eu(+)-L(2) and the enantiomer (Eu(-)-L(2)) were prepared 

for the application to a simple model of CPL security ink. The experimental setup of CPL 

determination is shown in Figure 2-15a. In the setup, the emission of the film is detected 

through a bandpass filter (594 nm), a rotatable λ/4 plate with an angle controller, and a 

linear polarizer. The left- or right-handed circularly polarized light can be observed 

separately by controlling the angle of λ/4 plate in a 90-degree interval. Two pairs of Eu(+)-

L(2) and Eu(-)-L(2) samples were prepared (Figure 2-15b), and the emission of these 

samples were detected through the filters. Photographs of the emission related to (i) left 

and right, (ii) left, and (iii) right circularly polarized light from the samples were shown in 

Figure 2-15c. The emission of these samples just through bandpass filter were observed 

brightly (photograph (i)). In contrast, the emission intensities of Eu(+)-L(2) and Eu(-)-L(2) 

were explicitly different after passing through the λ/4 plate and the linear polarizer 

depending on the rotational angle of λ/4 plate (photographs (ii) and (iii)). The difference 

in emission intensity is easily visible to the naked eye, which is potentially applicable to 

security ink. This is the first report that the CPL intensity of the luminescent film of Eu(III) 

complex is detectable notably and easily with simple setup of CPL determination. 
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Figure 2-15. (a) The simple setup for CPL detection. (b) Photographs and images of the 

films of Eu(+)-L(2) and Eu(-)-L(2) prepared on glasses. (c) Photographs of the emission 

related to (i) left and right, (ii) left, or (iii) right circularly polarized light from the samples. 
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2.4 Conclusions 

Red luminescent non-crystalline chiral Eu(III) complex was successfully 

prepared by co-grinding of camphor Eu(III) complex and achiral phosphine oxide 

molecule without any solvents. The camphor Eu(III) complex was also obtained by 

general solution synthesis as a transparent film. The Eu(III) complex in film state 

exhibited extra-large CPL performance (gCPL = -1.5) and high emission efficiency (ΦL = 

11%) by tuning the amount of phosphine oxide molecules. The gCPL value is as large as 

previously reported maximum gCPL value of chiral Eu(III) complex. Furthermore, the ΦL 

was more than ten times as large as that of the Eu(III) complex with the maximum gCPL 

value. The high performances were attributed to the weak interaction between the 

camphor Eu(III) complex and bulky phosphine oxide molecule. The film was applied to a 

simple model of CPL security ink. The difference in CPL intensity of the film was easily 

detected to the naked eye with simple setup of CPL determination, which is potentially 

applicable to security ink. The results provide a novel strategy for designing the Eu(III) 

complex with large CPL performance and high emission intensity, leading to a new 

application for CPL materials such as security ink, bioimaging, and 3D display. 
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Large optical activity mechanism of 

chiral lanthanide complexes induced by 

electronic state mixing 
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3.1 Introduction 

In Chapter 2, the author revealed that the extra-large gCPL value of the non-

crystalline Eu(III) complex with (+)-3-(trifluoroacetyl)camphor (+tfc) and tris(2,6-

dimethoxyphenyl)phosphine oxide (tdmpo) in film state. The negative and large gCPL 

value (-1.5) was explicitly different from positive and small one (+0.09) of the camphor 

Eu(III) complex with triphenylphosphine oxide (tppo). Revealing a detail mechanism of 

the CPL phenomenon depending on the external achiral molecules should be a key to 

develop a chiral Eu(III) complex with high CPL performance. 

The dissymmetry factor gCPL is described in Equation (1.8) in Chapter 1, which 

is composed of electric and magnetic field components related to the electronic 

transition.[1] Among chiral molecules, chiral Ln(III) complexes are hopeful candidates to 

clarify the influence of electric and magnetic field components on optical activities for 

their sharp luminescence bands comprised of electric and magnetic field components of 

4f-4f transitions.[2] Their components in the electronic transitions are dominated by 

external organic molecules around the Ln(III) ion. In particular, the magnetic dipole 

transition of chiral Eu(III) complex exhibits the large gCPL; this is established by the 

effective contribution of the magnetic field component.[3–6] The optical activity signal of 

the lanthanide complex with chiral ligands has been evaluated by Λ- or Δ-type 

coordination structures.[7,8] Yuasa and Parker reported the chiroptical activity inversion 

of chiral Eu(III) complexes influenced by the different steric structures of achiral 

molecules (Figure 3-1),[9,10] which implied steric inversion between Λ- and Δ-type 

structures. Note that chiroptical activity is related to the electronic transition of the Eu(III) 

complex; therefore, the magnitude and sign could be also affected by the chiral electronic 

structure of the Eu(III) ion surrounded by external ligands. 
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Figure 3-1. Chiral Eu(III) complexes reported by (a) Yuasa[9] and (b) Parker.[10] 

 

 

In this chapter, CPL spectra of a chiral Eu(III) complex in various conditions are 

measured to clarify the optical activity based on the chiral electronic structure in external 

environments. The chiral Eu(III) complex with chiral bidentate +tfc and achiral 

monodentate tppo was synthesized. The Eu(III) complex [Eu(+tfc)3(tppo)2] (Δ-type 

structure as determined by X-ray single-crystal analysis) shows a large gCPL (-0.47) in 

acetone-d6.[11] The chiral electronic structure of the Eu(III) complex in solution was 

adjusted by additional achiral tppo and acetone molecules (Figure 3-2). The coordination 

and electronic structures in liquid media were characterized using 1H NMR, 

photoluminescence, and emission lifetime measurements. The chiroptical activities of 

the Eu(III) complex under external environments were evaluated using CPL 

measurements. A mechanism for the optical activity inversion based on the chiral 

electronic structure of the Eu(III) complex without Λ- or Δ-type structure change is 

described spectroscopically and theoretically, for the first time. 
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Figure 3-2. Schematic images of the coordination structures of the Eu(III) complex 

depending on external achiral molecules around the Eu(III) ion in solution. 
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3.2 Methods 

Materials 

Europium(III) acetate n-hydrate, acetone-d6 (99.9%), acetone (spectroscopic 

grade), toluene (spectroscopic grade), dimethyl sulfoxide (spectroscopic grade), and 

28% ammonia solution were purchased from Wako Pure Chemical Industries Ltd. (+)-3-

(trifluoroacetyl)camphor and (-)-3-(trifluoroacetyl)camphor were purchased from Sigma-

Aldrich Co. Triphenylphosphine oxide was purchased from Tokyo Chemical Industry Co., 

Ltd. All other chemicals and solvents were of reagent grade and were used without 

further purification. 

 

Apparatus 

Elemental analyses were performed on an Exeter Analytical CE440. Proton 

nuclear magnetic resonance (1H NMR) spectra were recorded in acetone-d6 on an auto-

NMR JEOL ECS 400 MHz; Acetone (δH = 2.05 ppm) was used as an internal reference. 

Emission spectra and emission lifetimes were measured using a Horiba/Jobin-Yvon 

FluoroLog-3 spectrofluorometer. CPL spectra were measured using a JASCO CPL-200 

spectrofluoropolarimeter. 

 

Synthesis of Tris(3-trifluoroacetyl-(+)-camphorato)europium(III) 

bis(triphenylphosphine oxide) ([Eu(+tfc)3(tppo)2])[11] 

Europium(III) acetate n-hydrate (0.36 g) was dissolved in distilled water (150 

mL), and a few drops of 28 wt% ammonia solution were added. (+)-3-triflouroacetyl 

camphor (+tfc, 0.50 g, 2.0 mmol) in methanol (20 mL) was added to the solution, and the 

mixture was stirred for 3 h at room temperature. The obtained powder was washed with 
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distilled water, and the powder was dried in vacuo (0.42 g). The powder (0.19 g) and 

triphenylphosphine oxide (tppo, 0.11 g, 0.40 mmol) were dissolved in methanol (20 mL) 

and refluxed for 3 h. The reaction solution was evaporated using a rotary evaporator. 

The obtained powder was recrystallized from a hot acetonitrile solution and gave yellow 

crystals. Yield: 47%. Elemental analysis: Calculated for C72H72EuF9O8P2: C, 59.63%, H, 

5.00%. Found: C, 59.54%, H, 4.92%. 

 

Scheme 3-1. Synthesis of Eu(+tfc)3(tppo)2. 

 

Synthesis of Tris(3-trifluoroacetyl-(-)-camphorato)europium(III) 

bis(triphenylphosphine oxide) ([Eu(-tfc)3(tppo)2]) 

[Eu(-tfc)3(tppo)2] was prepared using the same method for [Eu(+tfc)3(tppo)2], 

starting from (-)-3-triflouroacetyl camphor, yielding yellow powder. Yield: 64%. Elemental 

analysis: Calculated for C72H72EuF9O8P2: C, 59.63%, H, 5.00%. Found: C, 59.49%, H, 

4.94%. 
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3.3 Results and discussion 

3.3.1 Coordination structures of Eu(III) complexes in solution 

X-ray crystallography measurements indicated that the coordination structure 

of the Eu(III) complex in the solid is an eight-coordinated Δ-type structure composed of 

three chiral +tfc and two tppo ligands. [11] To evaluate the conformation of 

[Eu(+tfc)3(tppo)2] (Eu(+)) in acetone, 1H NMR spectra with additional n equivalents (n = 

0, 8, 28, 48, and 98 relative to Eu(+)) of tppo molecules, namely Eu(+)-Exn, were 

acquired (Figure 3-3 and Table 3-1). In the low-magnetic-field side, protons of tppo 

molecules in Eu(+)-Ex0 show broad peaks in Figure 3-3 (black; A). The line-broadening 

and chemical shifts originate from the exchange reaction and paramagnetic effect on 

the metal complex.[12,13] The paramagnetic effect of the Eu(III) ion generally induces little 

broadening (bandwidth; nearly 10 Hz).[13] Therefore, the large broadening of tppo signals 

in the experiment (Figure 3-3, black; A, bandwidth; nearly 300 Hz) is mainly caused by 

their exchange reaction in acetone-d6. The lower-magnetic-field shift in Eu(+)-Ex0 

 

 

Table 3-1. 1H NMR peaks of Eu(+)-Exn in acetone-d6 (Eu(+); 1 × 10-3 M). 

 

A 

[ppm] 

B 

[ppm] 

C 

[ppm] 

D 

[ppm] 

E 

[ppm] 

F 

[ppm] 

G 

[ppm] 

H 

[ppm] 

I 

[ppm] 

Eu(+)-Ex0 7.87 1.35 0.68 -0.07 -0.21 -0.39 -1.19 -1.40 -2.09 

Eu(+)-Ex8 7.64 1.01 0.62 -0.08 0.06 -0.33 -0.68 -1.38 -1.45 

Eu(+)-Ex28 7.63 0.92 0.60 -0.07 0.14 -0.31 -0.54 -1.37 -1.30 

Eu(+)-Ex48 7.62 0.91 0.60 -0.07 0.16 -0.30 -0.52 -1.37 -1.27 

Eu(+)-Ex98 7.62 0.90 0.60 -0.06 0.17 -0.30 -0.49 -1.37 -1.24 
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Figure 3-3. 1H NMR spectra of Eu(+)-Ex0 (black), Eu(+)-Ex8 (green), Eu(+)-Ex28 

(purple), Eu(+)-Ex48 (red), and Eu(+)-Ex98 (blue) in acetone-d6 (Eu(+); 1 × 10-3 M). 
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(Figure 3-3, black; A) is influenced by the direct coordination of tppo ligands with the 

Eu(III) ion. 

NMR peaks of the chiral +tfc ligands in the Eu(III) complex were observed in the 

high-magnetic-field side (Figure 3-3, signals B - I). Eu(+)-Ex8 (green) provided effective 

chemical shifts of +tfc ligands compared with those of Eu(+)-Ex0 (black). Gradual shifts 

were also observed at the B, E, G, and I peaks of Eu(+)-Ex28 (purple), -Ex48 (red), and 

-Ex98 (blue). The effective shifts of the tppo and +tfc signals indicate that the Eu(III) 

complex with tppo molecules is rearranged by additional tppo molecules, resulting in the 

formation of several equilibrium states in acetone-d6. 
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3.3.2 Luminescence properties of Eu(III) complexes 

Photophysical properties of Eu(III) complexes are affected by the coordination 

geometry[14]. The emission spectra of Eu(+)-Ex0 and -Ex498 in acetone (1 × 10-3 M) are 

shown in Figure 3-4 (black; a, and red; b). The Eu(III) complexes show sharp emission 

peaks in the region of 570-630 nm, which are attributed to the 5D0 → 7FJ (J = 0, 1, and 

2) transitions of Eu(III) ions. The spectra were normalized with respect to the integrated 

intensities of the magnetic dipole transition (5D0 → 7F1). Their spectral shapes in liquid 

media were different from that of [Eu(+tfc)3(tppo)2] in the solid state as described in 

chapter 2 (Figure 2-13). The emission spectra for the 5D0 → 7F1 and 5D0 → 7F2 transitions 

were also changed in response to the concentration of the tppo molecules in solution. In 

particular, the 5D0 → 7F1 transition band is composed of three Stark sublevels under the 

electric field (crystal field). Eu(+)-Ex0 showed three peaks at 584.5, 587.8, and 593.5 

nm in the 5D0 → 7F1 transition (Figure 3-4 inset, black; a), whereas Eu(+)-Ex498 showed 

two peaks at around 587.8 and 592.8 nm (Figure 3-4 inset, red; b). The 5D0 → 7F1 

transition of Eu(+)-Ex0 at a lower concentration (1 × 10-5 M, Figure 3-4, blue; c) also 

showed three peaks at 584.2, 587.5, and 593.5 nm, which are similar to that of Eu(+)-

Ex0 at a higher concentration. The small peak at 587.5 nm can be attributed to the 5D1 

→ 7F3 transition, which is sometimes observed in the same energy region as the 5D0 → 

7F1 transition[14]. The emission bands at around 612 nm are attributed to hypersensitive 

electric dipole transitions (5D0 → 7F2), which are strongly dependent on the local 

symmetry of the Eu(III) ion. The change of spectral shape is influenced by the 

rearrangement of coordination geometries of the Eu(III) complex depending on additional 

tppo molecules. In case of the non-coordinating toluene solution, the emission spectra 

of Eu(+)-Ex0 and -Ex48 were similar in shape to that of Eu(+)-Ex498 in acetone,  
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Figure 3-4. Photoluminescence spectra of (a) Eu(+)-Ex0 (1 × 10-3 M, black), (b) Eu(+)-

Ex498 (1 × 10-3 M, red), and (c) Eu(+)-Ex0 (1 × 10-5 M, blue) excited at 350 nm in acetone. 

 

 

irrespective of the amount of additional tppo molecules (Figure 3-5). It is proposed that 

the inner coordination structure of Eu(+)-Ex498 in acetone is composed of one Eu(III) 

ion, three +tfc ligands, and two tppo ligands. 

The time-resolved emission profiles of Eu(+)-Ex0 and -Ex498 in acetone (1 × 

10-3 M) were measured to clarify their coordination structures. The emission lifetimes 

were estimated using triple (for Eu(+)-Ex0) or double (for Eu(+)-Ex498) exponential 

functions to analyze several conformations in solution (Figures 3-6a and 3-6b). The 

estimated emission lifetimes are summarized in Table 3-2. For Eu(+)-Ex0, the emission 

lifetimes (τ1, τ2, and τ3) and their ratios were calculated to be 0.27 ms (50%), 0.09 ms  

 



70 
 

 

 

Figure 3-5. Photoluminescence spectra of Eu(+)-Ex0 (1 × 10-3 M, black) in toluene, 

Eu(+)-Ex48 (1 × 10-3 M, red) in toluene, and Eu(+)-Ex498 (1 × 10-3 M, blue) in acetone, 

excited at 350 nm. 
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Figure 3-6. Emission decay profiles, fittings, and residuals (Res.) of (a) Eu(+)-Ex0 (1 × 

10-3 M), (b) Eu(+)-Ex498 (1 × 10-3 M), and (c) Eu(+)-Ex0 (1 × 10-5 M) at 612 nm excited 

at 356 nm in acetone. 
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Table 3-2. Luminescence properties of Eu(+)-Exn excited at 356 nm in acetone.a 

 Concentration [M] τ1 [ms] τ2 [ms] τ3 [ms] gCPL 

Eu(+)-Ex0 1 × 10-3 

0.27 

(50%) 

0.09 

(49%) 

0.01 

(1%) 

-0.44 

Eu(+)-Ex498 1 × 10-3 

0.37 

(3%) 

0.12 

(97%) 

- +0.013 

Eu(+)-Ex0 1 × 10-5 

0.31 

(100%) 

- - -1.0 

a Emission decay curves were analyzed by multi-exponential curve fittings [ 𝐼(𝑡) =

∑𝐴𝑖exp (−𝑡/𝜏𝑖)]. The percent of each component denotes 100 × 𝐴𝑖𝜏𝑖/∑𝐴𝑖𝜏𝑖. 

 

 

(49%), and 0.01 ms (1%), respectively. The longer component τ1 in higher concentration 

(1 × 10-3 M, 0.27 ms) was similar to the single component τ1 in lower concentration (1 × 

10-5 M, 0.31 ms, Figure 3-6c). The τ1 component is considered to be the Eu(III) complex 

with coordinating acetone molecules (Figure 3-7, A). The τ1 and τ2 component ratios 

decreased and increased, respectively, with increasing amount of tppo molecules. The 

main τ2 value of Eu(+)-Ex498 was found to be 0.12 ms (97%). The lifetime τ2 in acetone 

was similar to the single-lifetime component in toluene (Table 3-3), indicating that the 

Eu(III) ion is attached with three +tfc and two tppo ligands (Figure 3-7, B). The results 

revealed that the two types of steric structures with τ1 and τ2 components were 

reorganized in response to the external tppo and acetone molecules. 
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Figure 3-7. The coordination image of the τ1 and τ2 components of the Eu(III) complex 

in acetone. 

 

 

Table 3-3. Luminescence properties of Eu(+)-Exn excited at 356 nm in toluene. 

 Concentration [M] τ [ms] 

Eu(+)-Ex0 1 × 10-3 

0.09 

(100%) 

Eu(+)-Ex48 1 × 10-3 

0.13 

(100%) 
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3.3.3 Chiroptical properties of Eu(III) complexes 

The CPL spectra and the dissymmetry factors of Eu(+)-Ex0 and -Ex498 are 

shown in Figure 3-8 and Table 3-2, respectively. The CPL signals for the 5D0 → 7F1 

transition were composed of two peaks at 583 and 594 nm. The CPL signal at 594 nm 

was inverted by the addition of tppo molecules. The CPL spectrum of Eu(+)-Ex0 (1 × 10-

3 M) shows a large negative peak at 594 nm, the gCPL value of which (-0.44) is similar to 

a previously reported gCPL value (gCPL = -0.47)[11] in acetone-d6 (1 × 10-3 M). The CPL 

spectrum of Eu(+)-Ex498 (1 × 10-3 M, excess amount of tppo) exhibits a small positive 

peak (gCPL = +0.013). The enantiomer [Eu(-tfc)3(tppo)2] also exhibits CPL sign inversion 

at the transition (Figure 3-9). The CPL intensity of Eu(+)-Ex0 in lower concentration (1 

× 10-5 M, gCPL = -1.0) is much larger than that in higher concentration (1 × 10-3 M, gCPL =  

 

 

Figure 3-8. CPL spectra of (a) Eu(+)-Ex0 (1 × 10-3 M, black), (b) Eu(+)-Ex498 (1 × 10-3 

M, red), and (c) Eu(+)-Ex0 (1 × 10-5 M, blue) excited at 350 nm in acetone. 
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-0.44). In contrast, the CPL signals of Eu(+)-Ex0 and -Ex498 at around 583 nm in the 

5D0 → 7F1 transition exhibit negative CPL signals in these conditions. The CPL sign 

inversion behaviors depending on the external environments are summarized in Figure 

3-10. Law and Dai reported similar CPL sign inversion phenomena of chiral Eu(III) 

complexes in the 5D0 → 7F1 transition depending on solvents (Figure 3-10b).[15] 

 

 

 

Figure 3-9. CPL spectra of [Eu(-tfc)3(tppo)2] (a) without tppo addition (1 × 10-3 M, black) 

and (b) with additional 498 equivalents of tppo (1 × 10-3 M, blue) in acetone, excited at 

350 nm. 



76 
 

 

Figure 3-10. Graphical images of CPL sign inversion in the 5D0 → 7F1 transition reported 

by (a) this experiment, (b) Law,[15] (c) Yuasa,[9] and (d) Parker.[10] 

 

 

Considering the presence of τ1 and τ2 components in the emission lifetime 

measurements, the observed CPL spectra of Eu(+)-Ex0 and -Ex498 in acetone (1 × 10-

3 M) were attributed to several equilibrium states of the Eu(III) complex in acetone. As a 

Eu(III) complex without tppo molecules, Eu(+tfc)3(H2O)2 in acetone (1 × 10-3 M) were 

prepared. The emission and CPL spectra of Eu(+tfc)3(H2O)2 in acetone (1 × 10-3 M) are 

shown in Figures 3-11a and 3-11b, respectively. The emission spectral shape agreed 

with that of Eu(+)-Ex0 in lower concentration (1 × 10-5 M, Figure 3-4, blue; c), indicating 

their coordination structures are similar to the τ1 component. The time-resolved emission 
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profile exhibited single exponential decay for the Eu(+tfc)3(H2O)2 in acetone (1 × 10-3 M). 

The Eu(+tfc)3(H2O)2 exhibited negatively large CPL signal (gCPL = -0.97) in the 5D0 → 7F1 

transition as well as that of Eu(+)-Ex0 in lower concentration (1 × 10-5 M, gCPL = -1.0, 

Figure 3-4, blue; c). These results support that the large gCPL value of τ1 component is 

related to acetone molecules around the Eu(III) ion. The small positive gCPL of Eu(+)-

Ex498 is related to the τ2 component of the eight-coordinated Eu(III) complex with two 

inner tppo ligands. This was supported by the similar positive gCPL (+0.036) in toluene 

Figure 3-12). 

 

 

  

Figure 3-11. (a) Photoluminescence and (b) CPL spectra of Eu(+tfc)3(H2O)2 in acetone 

(1 × 10-3 M), excited at 350 nm. 
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Figure 3-12. CPL spectrum of Eu(+)-Ex48 (1 × 10-3 M) in toluene, excited at 350 nm. 

 

 

The dissymmetry factor gCPL in Equation (1.8) is deformed as follows,[4] 

 

𝑔CPL = 4 ∙
|𝝁⃗⃗ ||𝒎⃗⃗⃗ | cos 𝜃

|𝝁⃗⃗ |2 + |𝒎⃗⃗⃗ |2
= 4 ∙

(
|𝝁⃗⃗ |
|𝒎⃗⃗⃗ |

) cos 𝜃

(
|𝝁⃗⃗ |
|𝒎⃗⃗⃗ |

)
2

+ 1

 , (3.1) 

where 𝜃  is the angle between 𝝁⃗⃗  and 𝒎⃗⃗⃗ . When 𝝁⃗⃗ = 𝒎⃗⃗⃗  (𝜃 = 0°) , Equation (3.1) 

provides the largest gCPL value (Figure 3-13a). In the region |𝝁⃗⃗ |/|𝒎⃗⃗⃗ | < 1 (Figures 3-

13a and 3-13b, orange regions), the Eu(III) complex with a large |𝝁⃗⃗ | provides a large 

gCPL value. In general, the |𝒎⃗⃗⃗ | value in the 5D0 → 7F1 transition is larger than the |𝝁⃗⃗ | 

value (|𝝁⃗⃗ |/|𝒎⃗⃗⃗ | < 1).[16] The intensity of |𝝁⃗⃗ | in the 5D0 → 7F1 transition depends on the 

crystal field around the Eu(III) ion.[17,18] The 7F1 energy level of the Eu(III) ion in a typical 

eight-coordinate structure (C4v or D2d) splits into two Stark sublevels (Figure 3-13b).[14]  
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Figure 3-13. (a) A simulated gCPL curve against |𝝁⃗⃗ |/|𝒎⃗⃗⃗ | ratio in Equation (2.1) with 𝜃 =

0°. (b) An attribution of photoluminescence spectrum and (c) an energy diagram in the 

5D0 → 7F1 transition of Eu(III) complex (C4v or D2d) based on the electronic structure and 

group theory. 
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The two bands at 583 and 594 nm in the CPL spectra are assigned to the A1 → A2 and 

A1 → E transitions,[18] respectively, in Figures 3-13b and 3-13c. The observed CPL 

signal in the A1 → E transition was inverted from minus to plus, while that in the A1 → A2 

transition retained the minus sign. In C4v or D2d symmetry, the direct product A2 (= A1 × 

A2) is expressed in terms of the electric dipole (ED) forbidden and magnetic dipole (MD) 

allowed transitions (Rz) on the character table in group theory (Figure 3-13c, Tables 3-

4 and 3-5). On the other hand, the direct product E (= A1 × E) produces ED and MD 

allowed transitions ((x, y) ; (Rx, Ry), Figure 3-13c, Tables 3-4 and 3-5). The CPL sign at 

583 nm (ED forbidden A1 → A2 transition) reflects the intrinsic Λ- or Δ-type structure, 

because of insensitive electronic state mixing. Considering the same CPL sign at 583 

nm of the τ1 and τ2 components, the structure-type (Λ or Δ) with the τ1 component is the 

same as that with the τ2 component in our experiments. In contrast, the CPL sign in the 

ED and MD allowed A1 → E transition is sensitive to electronic state mixing even for the 

same chiral structure-type (Λ or Δ). The effective sign inversion and drastic intensity 

change of the CPL signal in the A1 → E transition should be caused by the change of 𝜇  

based on electronic state mixing. 

In the 5D0 → 7F1 transition, 𝝁⃗⃗  is mainly altered by the J-mixing of 7F2 or 7F3 

sublevels into 7F1.[14,19] In the photoluminescence spectra, the Stark splitting energy of 

the τ1 component (270 cm-1, Figure 3-4 inset, blue; c) was larger than that of the τ2 

component (160 cm-1, Figure 3-4 inset, red; b). The large Stark splitting energy suggests 

the large J-mixing in the A1 → E transition of the τ1 component.[19] The J-mixing increases 

the |𝝁⃗⃗ | value at the ED allowed A1 → E transition relative to that at the ED forbidden A1 

→ A2 transition, which is consistent with relatively large emission intensity at the A1 → E 

transition (593.5 nm) of the τ1 component (Figure 3-4 inset, blue; c). The |𝜇 | increase 
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leads to the large gCPL value in Equation (3.1). 

In Chapter 2, the large gCPL value (-1.5) was observed for Eu(+tfc)3(H2O)2 with 

tdmpo molecules (Eu(+)-L(n), n = 2, 3) in film state (Figure 2-14). The emission spectral 

shapes of Eu(+)-L(n) (n = 2, 3) in film state were similar to the splitting of Eu(+tfc)3(tppo)2 

in acetone (1 × 10-5 M), indicating that the effective J-mixing is induced for Eu(+)-L(n) (n 

= 2, 3). 

 

 

Table 3-4. The character table for point group C4v. 

C4v E 2C4 C2 2σv 2σd  

A1 1 1 1 1 1 z x2 + y2, z2 

A2 1 1 1 -1 -1 Rz  

B1 1 -1 1 1 -1  x2 - y2 

B2 1 -1 1 -1 1  xy 

E 2 0 -2 0 0 (x, y) ; (Rx, Ry) (xz, yz) 

 

 

Table 3-5. The character table for point group D2d. 

D2d E 2S4 C2 2C2
’ 2σd  

A1 1 1 1 1 1 z x2 + y2, z2 

A2 1 1 1 -1 -1 Rz  

B1 1 -1 1 1 -1  x2 - y2 

B2 1 -1 1 -1 1  xy 

E 2 0 -2 0 0 (x, y) ; (Rx, Ry) (xz, yz) 
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An extra-large gCPL (-1.3) of the Eu(III) complex was also observed in DMSO 

(Figure 3-14). The emission spectrum of Eu(+)-Ex0 in DMSO (1 × 10-3 M, purple) 

provides the same splitting shape to that of Eu(+)-Ex0 in acetone (1 × 10-5 M, blue), as 

shown in Figure 3-15. The result indicates that the coordination structure of Eu(+)-Ex0 

in DMSO is similar to that of Eu(+)-Ex0 in acetone (1 × 10-5 M). The hypersensitive 5D0 

→ 7F2 transition of Eu(+)-Ex0 in DMSO is smaller than that of Eu(+)-Ex0 in acetone, 

indicating the small contribution of 4f-5d mixing in DMSO. The CPL of Eu(+)-Ex0 in 

DMSO (gCPL = -1.3, Figure 3-14, purple; b) is negatively larger in the 5D0 → 7F1 transition 

than that in acetone (1 × 10-5 M, Figure 3-14, blue; a). These results imply that the extra-

large gCPL in DMSO may be attributed to the large J-mixing with small 4f-5d mixing 

character. 

The angle 𝜃  between 𝝁⃗⃗  and 𝒎⃗⃗⃗  of the τ1 component is larger than 90°, 

whereas that of the τ2 component is smaller than 90°, suggesting that the angle is 

established by 𝝁⃗⃗  vector change due to J-mixing. The extra-large enhancement of gCPL 

from +0.013 to -1.0 also indicates that J-mixing promotes the direction of 𝝁⃗⃗  and 𝒎⃗⃗⃗  to 

antiparallel, leading to the large gCPL. It was demonstrated that the CPL sign and intensity 

are strongly influenced by the chiral electronic structure depending on the 𝝁⃗⃗  under J-

mixing in the same chiral structure-type. 
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Figure 3-14. CPL spectra of Eu(+)-Ex0 (a) in acetone (1 × 10-5 M, blue) and (b) in DMSO 

(1 × 10-3 M, purple), excited at 350 nm. 

 

Figure 3-15. Photoluminescence spectra of (a) Eu(+)-Ex0 in acetone (1 × 10-5 M, blue) 

and (b) in DMSO (1 × 10-3 M, purple), excited at 350 nm. 
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3.4 Conclusions 

A novel mechanism for chiroptical activity inversion based on the electronic 

structure of metal complexes without Λ- or Δ-type structure change was demonstrated 

spectroscopically and theoretically. The steric and electronic structures of the Eu(III) 

complex were adjusted by additional achiral tppo and coordinating acetone molecules. 

CPL sign inversion, which was independent of Λ- or Δ-type structure changes from the 

spectroscopic viewpoint, and a drastic gCPL change from +0.013 to -1.0 were observed 

depending on the external achiral molecules around Eu(III) ion. These phenomena 

provide the first clarification of optical activity change associated with electronic structure 

rather than chiral coordination structure-type (Λ or Δ) under external environments. The 

CPL phenomena were attributed to the chiral electronic structure depending on the 𝜇  

under J-mixing. The results provide a novel aspect for the optical activity of metal 

complexes and for molecular design of chiral lanthanide complex for maximizing the gCPL 

value. 
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Chapter 4 
 

 

Optical- and magneto-optical activities of 

chiral Tb(III) clusters functionalized by 

mixing of electronic wavefunctions 
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4.1 Introduction 

 In Chapter 3, the importance of the electronic structure of Ln(III) complex 

induced by the external environment was described to evaluate the chirality of Ln(III) 

complexes. In the system, the polarized light response based on the chirality was 

discussed by the contribution of the electronic state mixing. The chirality in electronic 

transition originates from the transition magnetic dipole moment, indicating the other 

photophysical properties of chiral Ln(III) complexes are influenced by the contribution of 

transition magnetic dipole moment. This chapter focuses on the polarized light response 

under the external magnetic field, that is magneto-optical activity, of chiral Tb(III) 

complexes. 

Inorganic lanthanide compounds such as Tb(III)-doped borosilicate glasses and 

Tb(III) garnet ceramics exhibit large Faraday effects in the 4f-5d transition due to the 

large angular momentum of the 4f electron, and such materials have been used to 

construct optical isolators employed in optical communication systems.[1–4] In contrast to 

4f-4f transitions, 4f-5d transitions are suitable for applying to these systems owing to the 

larger absorption coefficient and the broader bandwidth.  

Recently, nonanuclear Tb(III) clusters coordinated with salicylate ligands were 

described for a new type of lanthanide material exhibiting a large Faraday effect (Figure 

4-1).[5] These clusters are composed of nine Tb(III) ions bridged by ten μ-OHs and 

sixteen salicylic acid esters as organic ligands. The Faraday rotation angles of the 

clusters in the visible region are much larger than those of Tb glasses, which is expected 

to be useful for next-generation optical communication systems. A further unique 

property of these clusters was also identified, where the rotation angles were different 

depending on the organic ligands.  
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Figure 4-1. Nonanuclear Tb(III) clusters with alkyl salicylate ligands.[5] 

 

 

This finding has the possibility to lead to new molecular designs for Faraday effect 

materials based on the type of the organic ligands. 

In this chapter, chiral ligands are introduced to the Tb(III) cluster to maximize 

the unique characteristics of these inorganic–organic hybrid complexes. The optical 

activities such as CD and CPL are derived from the chirality of the complexes. Thus, 

their origin is markedly different from that of the Faraday effect.[6,7] As a general trend, 

Tb(III) complexes are classified into a group having a large gCPL among the lanthanide 

complexes,[8] expecting the large transition magnetic dipole moments of several 

transitions in the Tb(III) clusters. The author introduces chiral ligands into Tb(III) clusters 

to investigate the effect of large transition magnetic dipole moments on the Faraday 

rotation. The four types of chiral Tb(III) clusters [Tb9(Sal-(+)-Bor)16(μ-OH)10]+[NO3]- (Tb-
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(+)-Bor: Sal-(+)-Bor = (+)-bornyl salicylate), [Tb9(Sal-(-)-Bor)16(μ-OH)10]+[NO3]- (Tb-(-)-

Bor: Sal-(-)-Bor = (-)-bornyl salicylate), [Tb9(Sal-(R)-Bt)16(μ-OH)10]+[NO3]- (Tb-(R)-Bt: Sal-

(R)-Bt = (R)-2-butyl salicylate) and [Tb9(Sal-(S)-Bt)16(μ-OH)10]+[NO3]- (Tb-(S)-Bt: Sal-(S)-

Bt = (S)-2-butyl salicylate) were synthesized by the complexation of Tb(NO3)·6H2O with 

chiral organic ligands in solution (Figure 4-2). The ligands were chosen as chiral 

molecules with camphor derivative part (sal-(+/-)-Bor) or with simple chiral center (sal-

(R/S)-Bt). The structures and optical activities of these clusters were characterized using 

CD and CPL measurements. The Faraday effect measurements were also performed 

for Tb-(R)-Bt and Tb-(S)-Bt in methyl methacrylate polymer (PMMA) films. 

 

 

Figure 4-2. Structures of nonanuclear Tb(III) clusters with chiral ligands. 
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4.2 Methods 

Materials 

Salicylic acid (C6H4(OH)COOH), N,N-dimethyl-4-aminopyridine (DMAP, 

C7H10N2), PMMA ((C5H8O2)n, Lot PDF4279), 1,4-dioxane (C4H8O2), CH3OH, and 

chloroform (CHCl3) were purchased from Wako Pure Chemical Industries, Ltd. (+)-

borneol (C10H18O, 97%) and (-)-borneol (C10H18O, 97%) were purchased from Aldrich.  

(R)-(-)-2-butanol (C4H9OH, >99.0%), (S)-(+)-2-butanol (C4H9OH, >98.0%), Thionyl 

chloride (SOCl2), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride 

(EDC·HCl, C8H17N3·HCl) were purchased from Tokyo Chemical Industry Co., Ltd. 

Terbium(III) nitrate hexahydrate (Tb(NO3)3·6H2O) and triethylamine (Et3N, (C2H5)3N) 

were purchased from Kanto Chemical Co., Inc. 

 

Apparatus 

1H-NMR spectra were recorded in CDCl3 on an auto-NMR JEOL ECS 400 MHz 

spectrometer; CHCl3 (δH = 7.26 ppm) was used as an internal reference. Fast atom 

bombardment mass spectrometry (FAB-MS) was performed using a JEOL JMS-700TZ 

spectrometer. Elemental analyses were performed using a MICRO CORDER JM10 

system. Infrared (IR) spectra were recorded on a JASCO FT/IR-350 spectrometer. 

Photoluminescence (PL) spectra were measured using a Horiba FluoroLog®3 

spectrofluorometer (excitation wavelength = 380 nm). Luminescence quantum yields 

were measured using an FP-6300 spectrofluorometer with an integration sphere. The 

luminescence lifetimes were measured using the third harmonic (355 nm) of a Qswitched 

Nd:YAG laser. The electronic absorption, CD, and CPL spectra were measured using a 

JASCO V-670 spectrophotometer, Jasco J-720 (or J-1500) spectropolarimeter, and 
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Jasco CPL-200 spectrofluoropolarimeter (excitation wavelength = 380 nm), respectively. 

The quantitative elemental analyses were performed using an inductively coupled 

plasma-atomic emission spectrometer (ICP-AES, ICPE-9000) to determine the 

concentration of the Tb(III) ion in PMMA films for the Faraday rotation measurements. 

The Faraday effect measurements were performed using a JASCO, Model K-250 

spectrophotometer. 

 

Synthesis of (+/-)-bornyl salicylate (Sal-(+/-)-Bor) 

A solution of salicylic acid (1.0 g, 7.2 mmol) and (+/-)-borneol (1.12 g, 7.2 mmol) 

in 30 mL of dioxane were refluxed with thionyl chloride (0.82 g, 6.9 mmol) for 1 h at 

100°C. The mixture was extracted with NaHCO3 aq. (2 × 20 mL) and ethyl acetate (2 × 

20 mL). The organic layer was separated and dried with magnesium sulfate, and the 

solvent was evaporated. The residue was chromatographed on silica gel eluting with 

ethyl acetate/hexane (10/90). 

[Sal-(+)-Bor]. Yield: 0.29 g (17 %). 1H-NMR (400 MHz, CDCl3): δ/ppm = 10.9 (s, 1H, -

OH), 7.87-7.89 (d, 1H, Ar),  7.44-7.48 (t, 1H, Ar), 6.97-6.99 (d, 1H, Ar), 6.88-6.92 (t, 1H, 

Ar), 5.10-5.14 (m, 1H, -CH), 2.07-2.51 (m, 2H), 1.75-1.77 (m, 1H), 1.12-1.47 (m, 4H), 

0.97 (s, 3H, -CH3), 0.92 (s, 6H, -CH3). 

[Sal-(-)-Bor]. Yield: 0.63 g (32 %). 1H-NMR (400 MHz, CDCl3)：δ/ppm = 10.9 (s, 1H, -

OH), 7.87-7.89 (d, 1H, Ar), 7.44-7.48 (t, 1H, Ar), 6.97-6.99 (d, 1H, Ar), 6.88-6.92 (t, 1H, 

Ar), 5.10-5.14 (m, 1H, -CH), 2.07-2.51 (m, 2H), 1.75-1.77 (m, 1H), 1.12-1.47 (m, 4H), 

0.97 (s, 3H, -CH3), 0.92 (s, 6H, -CH3). 
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Scheme 2-1. Synthesis of (+/-)-bornyl salicylate. 

 

Synthesis of (R/S)-2-Butyl Salicylate (Sal-(R/S)-Bt) 

Salicylic acid (2.0 g, 14.5 mmol), (R/S)-(-/+)-2-butanol (1.08 g, 14.5 mmol), 

EDC·HCl (2.78 g, 14.5 mmol) and DMAP (0.177 g, 1.45 mmol) were added to CHCl3 (40 

mL). The mixture was stirred at room temperature for 5 h under Ar, washed with HCl aq. 

(2 × 30 mL), NaHCO3 aq. (2 × 30 mL), and distilled H2O (2 × 30 mL). The organic layer 

was separated and dried with MgSO4, and the solvent was evaporated. The residue was 

chromatographed on silica gel eluting with ethyl acetate/hexane (10/90).  

[Sal-(R)-Bt]. Yield: 10.0%. 1H-NMR (400 MHz, CDCl3): δ/ppm = 10.9 (s, 1H, -OH), 7.85 

(d, 1H, J = 8 Hz, Ar), 7.45 (t, 1H, J = 8 Hz, Ar), 6.97 (d, 1H, J = 8 Hz, Ar), 6.88 (t, 1H, J 

= 8 Hz, Ar), 5.08-5.18 (m, 1H, -2CH), 1.64-1.84 (m, 2H, -3CH2), 1.36 (d, 3H, J = 6 Hz, -

1CH3), 0.98 (t, 3H, J = 8 Hz, -4CH3). Elemental analysis: Calculated for C11H14O3: C, 

68.02%, H, 7.27%. Found: C, 68.13%, H, 7.52%. 

[Sal-(S)-Bt]. Yield: 9.7%. 1H-NMR (400 MHz, CDCl3): δ/ppm = 10.9 (s, 1H, -OH), 7.85 (d, 

1H, J = 8 Hz, Ar), 7.45 (t, 1H, J = 8 Hz, Ar), 6.97 (d, 1H, J = 8 Hz, Ar), 6.88 (t, 1H, J = 8 

Hz, Ar), 5.08-5.18 (m, 1H, -2CH), 1.64-1.84 (m, 2H, -3CH2), 1.36 (d, 3H, J = 6 Hz, -1CH3), 

0.98 (t, 3H, J = 8 Hz, -4CH3). Elemental analysis: Calculated for C11H14O3: C, 68.02%, H, 

7.27%. Found: C, 68.15%, H, 7.49%. 
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Scheme 2-2. Synthesis of (R/S)-2-butyl Salicylate. 

 

Synthesis of [Tb9(sal-(+/-)-Bor)16(μ-OH)10]+[NO3]- (Tb-(+/-)-Bor) 

(+/-)-bornyl salicylate (0.10 g, 0.36 mmol) was dissolved in methanol, and 

triethylamine (0.036 g, 0.36 mmol) was added to this solution with stirring at 40ºC. Then 

Tb(NO3)3·6H2O (0.095 g, 0.21 mmol) in methanol was added dropwise to this solution 

with further stirring for 20 min. White powder, Tb-(+/-)-bor, was obtained. 

[Tb-(+)-Bor]. Yield: 0.079 g (56 %). FAB-MS: m/z calculated for C272H346O58Tb9: [M-NO3]+, 

5973.75; Found, 5973.54. 

[Tb-(-)-Bor]. Yield: 0.11 g (76 %). FAB-MS: m/z calculated for C272H346O58Tb9: [M-NO3]+, 

5973.75; Found, 5973.88. 

 

Scheme 2-3. Synthesis of [Tb9(sal-(+/-)-Bor)16(μ-OH)10]+[NO3]- and [Tb9(sal-(R/S)-

Bt)16(μ-OH)10]+[NO3]-. 
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Synthesis of [Tb9(sal-(R/S)-Bt)16(μ-OH)10]+[NO3]- ([Tb-(R/S)-Bt]) 

(R/S)-2-butyl salicylate (0.20 g, 1.0 mmol) was dissolved in CH3OH, and Et3N 

(0.174 g, 1.72 mmol) was added to this solution with stirring at 40ºC. Tb(NO3)3·6H2O 

(0.26 g, 0.58 mmol) in CH3OH was added dropwise to this solution with further stirring 

for 20 min. A white powder, Tb-(R/S)-Bt, was obtained. 

[Tb-(R)-Bt]. Selected IR (KBr, cm-1): 1680 (-C=O), 2930 (-CH3-), 2960 (-CH3). Elemental 

analysis: Calculated for C176H218NO61Tb9: C, 44.47%, H, 4.62%, N, 0.29%. Found: C, 

44.12%, H, 4.55%, N, <0.30%. FAB-MS: m/z Calculated for C176H218O58Tb9: [M-NO3]+, 

4691.75; Found, 4691.79. 

[Tb-(S)-Bt]. Selected IR (KBr, cm-1): 1680 (-C=O), 2930 (-CH3-), 2960 (-CH3). Elemental 

analysis: Calculated for C176H218NO61Tb9: C, 44.47%, H, 4.62%, N, 0.29%. Found: C, 

44.50%, H, 4.78%, N, 0.31%. FAB-MS: m/z Calculated for C176H218O58Tb9: [M-NO3]+, 

4691.75; Found, 4691.76. 

 

Computational details 

Density function theory (DFT) calculations were carried out with the Gaussian 

R09W B.01 employing the three-parameter hybrid functional of Becke based on the 

correlation functional of Lee, Yang, and Parr (B3LYP).[9] The 6-31G(d) basis set was 

used for all atoms. 

 

Spectral measurements 

The electronic absorption and CD spectra of Tb-(+/-)-Bor (2.0 × 10-5 M) and Tb-

(R/S)-Bt (2.0 × 10-5 M) were measured in DMF and CH3OH, respectively. The PL, CPL 

spectra of Tb-(+/-)-Bor (1.0 × 10-4 M) and Tb-(R/S)-Bt (1.0 × 10-4 M) were measured in 
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DMF and CH3OH, respectively. The luminescence quantum yields, and emission 

lifetimes of Tb-(R/S)-Bt (1.0 × 10-4 M) were measured in CHCl3. 

 

Faraday rotation measurements 

The Tb(III) clusters Tb-(R/S)-Bt (95 mg) were added to CHCl3 (1 mL). Then, the 

solution (0.2 mL) was added to PMMA (2.8 g) dissolved in CHCl3 (10 mL). PMMA films 

were prepared on glass substrates using a casting method. The thickness of the PMMA 

film was approximately 1.2 mm, and the transmittance was >90% in the 400-800 nm 

region. The external magnetic field was 15 kOe. 
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4.3 Results and discussion 

4.3.1 Electronic states and optical activities of the Tb(III) clusters 

 The Tb(III) clusters Tb-(+)-Bor, Tb-(-)-Bor, Tb-(R)-Bt and Tb-(S)-Bt were 

composed of nine Tb(III) ions bridged by ten μ-OHs and sixteen chiral salicylate ligands, 

which was confirmed by FAB-MS. These structures of Tb-(R)-Bt and Tb-(S)-Bt were also 

identified by IR spectroscopy, and elemental analysis. Previously, Nakanishi reported 

the X-ray single crystal structures of Tb(III) clusters with kinds of alkyl salicylates.[5] The 

structures of the Tb(III) clusters were dominated by their alkyl salicylate ligands with 

intramolecular CH-π and π-π interactions. The synthesized Tb(III) clusters, Tb-(+/-)-Bor 

and Tb-(R/S)-Bt, should form nonanuclear structures depending on the ester groups. 

The UV-vis absorption spectra of Sal-(+)-Bor, Tb-(+)-Bor, Sal-(R)-Bt, and Tb-

(R)-Bt are shown in Figures 4-3a and 4-4a. Intense absorption bands were observed in 

both Tb-(+)-Bor and Tb-(R)-Bt at approximately 350 and 340 nm (εmax ≈ 60,000 cm-1   

M-1), respectively, due to the π-π* transition of the coordinating sixteen salicylate ligands 

(Figures 4-3a and 4-4a, red). The spectrum of the Tb (III) clusters was red-shifted and 

broadened compared to that of the ligands (Figures 4-3a and 4-4a, black). The 4f-4f 

transition of the Tb(III) ions (expected at 488 nm) was not observed because this 

transition is essentially forbidden by the Laporte rule (εmax < 1 cm-1 M-1).[10] 

To clarify the π-electronic properties of the ligands and Tb(III) clusters, the 

energy level and oscillator strength of S1 were calculated for Sal-(+)-Bor using the TD-

DFT (B3LYP/6-31G(d)) method (Figure 4-5a). For the Tb(III) clusters, the simplified 

complex model, Li-(+)-Bor, was carried out (Figure 4-5b). The oscillator strengths of 

Sal-(+)-Bor and Li-(+)-Bor were calculated to be 0.116 (λ = 291.5 nm) and 0.145 (λ = 

334.5 nm), respectively. These transitions are mainly dominant to HOMO → LUMO 
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Figure 4-3. (a) Absorption and (b) CD spectra of Sal-(+)-Bor (black), Tb-(+)-Bor (red), 

and Tb-(-)-Bor (blue) in DMF (2.0×10-5 M). 

 

 

Figure 4-4. (a) Absorption and (b) CD spectra of Sal-(R)-Bt (black), Tb-(R)-Bt (red), and 

Tb-(S)-Bt (blue) in CH3OH (2.0×10-5 M). 
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Figure 4-5. (a) Molecular orbitals of Sal-(+)-Bor and (b) Li-(+)-Bor, and (c) their potential 

energies. 

 

 

transition (transition probability; TPHOMO→LUMO, Sal-(+)-Bor = 94%, TP HOMO→LUMO, Li-(+)-Bor = 95%). 

The energy gap between HOMO and LUMO is directly linked to the absorption 

wavelength. The energy gaps of Sal-(+)-Bor and Li-(+)-Bor are found to be 4.81 eV and 

4.15 eV, respectively (Figure 4-5c). The magnitude of the destabilization of HOMO in Li-

(+)-bor is larger than that of LUMO. The destabilization of HOMO caused the red-shifted 

absorption for the Tb(III) clusters. 

At the red-shifted intense absorption band, positive (or negative) CD signal was 

observed for Tb-(+)-Bor (or Tb-(-)-Bor) clusters (Figure 4-3b), the signs of which were 

dependent on the asymmetric centers of the organic ligands. On the other hand, Tb-(R)-

Bt and Tb-(S)-Bt exhibited bisignate CD bands due to the π-π* transitions of the 

salicylate ligands (Figure 4-4b). These bisignate spectra were consistent with the 
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absorption maximum peak (335 nm) and shoulder peak (365 nm), respectively, which 

was attributed to an exciton coupling.[6,11–14] These results indicate that intramolecular 

interactions might occur between neighboring chiral ligands in Tb-(R)-Bt and Tb-(S)-Bt. 

The broadened band of Tb(III) clusters is not related to CT transition because the Tb(III) 

ion shows high reduction potential, and its LMCT transition state is located at higher 

energy (>60,000 cm-1). Because the electronic state of the Tb(III) ion depends on the 

coordination geometry formed by the ligands,[10] the absence or existence of 

intramolecular interactions in the Tb(III) clusters affect the photophysical properties 

based on the transitions of the Tb(III) ions. 

 To assess the electronic states of Tb-(+/-)-Bor and Tb-(R/S)-Bt, high-resolution 

PL measurements were carried out. The PL spectra of Tb-(+/-)-Bor and Tb-(R/S)-Bt 

showed four sharp emission bands in the region of 450-650 nm, which were attributed 

to the 5D4 → 7FJ (J = 6, 5, 4, 3) transitions of the Tb(III) ions (Figures 4-6 and 4-7).[10] In 

contrast to the absorption spectra, emission bands resulting from the π-π* transitions of 

the ligands were not observed. This effect was attributed to the intersystem crossing of 

the ligand from the excited singlet state to the excited triplet state promoted by the spin-

orbit coupling of the Tb(III) ions. The Stark splitting and the spectral shape of Tb-(+)-Bor 

were slightly different from those of Tb-(-)-Bor (Figure 4-6, inset), indicating that the 

clusters were not stable in solution. The instability of the clusters may be caused by the 

weak intramolecular interaction due to the steric hindrance of bornyl group. The single 

sign of CD spectra supports the weak intramolecular interaction between ligands in Tb-

(+/-)-Bor (Figure 4-3). In contrast, the splitting of Tb-(R)-Bt was consistent with that of 

Tb-(S)-Bt (Figure 4-7, inset). In time-resolved spectroscopy, the emission decays (5D4 

→ 7F5 transition) of Tb-(R/S)-Bt were fitted by single exponential curves. The emission  
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Figure 4-6. High-resolution PL spectra of Tb-(+)-Bor (red) and Tb-(-)-Bor (blue) in DMF 

(1.0×10-4 M). 

 

Figure 4-7. High-resolution PL spectra of Tb-(R)-Bt (red line) and Tb-(S)-Bt (blue line) in 

CHCl3 (1.0×10-4 M). 
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lifetime (τ = 1.3 ms) and the emission quantum yields (Φtotal = 14%) of Tb-(R)-Bt were 

the same as τ = 1.3 ms and Φtotal = 15% of Tb-(S)-Bt within the experimental error. These 

results demonstrate that Tb-(R)-Bt and Tb-(S)-Bt form mirror image stereoisomers in 

solution, and these clusters are thus expected to show identical photophysical properties, 

with the exception of their chiroptical characteristics. 

 CPL measurements were also performed for these clusters (Figures 4-8 and 4-

9), and the observed signals were corresponded to the transitions of the Tb(III) ions. The 

gCPL values are summarized in Table 4-1. The largest gCPL values were observed at the 

5D4 → 7F5 transitions (gCPL = ±0.02 for Tb-(+/-)-Bor, and gCPL = ±0.04 for Tb-(R/S)-Bt), 

which were on the same order of magnitude as previously reported for Tb(III) 

complexes.[8,15,16] The large gCPL consequently leads to a large gCD,[17] which is expected 

to give large transition magnetic dipole moments around the Faraday-active wavelength 

based on the 4f-4f absorption. 

 

 

Table 4-1. The dissymmetry factor gCPL of the Tb(III) clusters. 

Complex 

gCPL 

5D4 → 7F6 5D4 → 7F5 5D4 → 7F4 5D4 → 7F3 

Tb-(+)-Bor -0.006 +0.02 -0.006 -0.02 

Tb-(-)-Bor +0.005 -0.02 +0.005 +0.02 

Tb-(R)-Bt +0.008 +0.04 +0.005 -0.02 

Tb-(S)-Bt -0.01 -0.04 -0.004 +0.03 
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Figure 4-8. (a) PL and (b) CPL spectra of Tb-(+)-Bor (red) and Tb-(-)-Bor (blue) in DMF 

(1.0×10-4 M). 

 

Figure 4-9. (a) PL and (b) CPL spectra of Tb-(R)-Bt (red) and Tb-(S)-Bt (blue) in CHCl3 

(1.0×10-4 M). 
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4.3.2 The Faraday effect of the chiral Tb(III) clusters 

In the high-resolution PL and CPL measurements, the magnitude of optical 

activities for Tb-(R/S)-Bt clusters was the same as Tb-(+/-)-Bor, while the stability of Tb-

(R/S)-Bt was higher than that of Tb-(+/-)-Bor. Hence, the Faraday effect of Tb-(R/S)-Bt 

was investigated to clarify the relationship between magneto-optical activities and 

molecular chirality. 

The wavelength dependence of the Faraday rotation was measured using 

PMMA films containing Tb-(R)-Bt or Tb-(S)-Bt. The Faraday rotation was determined 

based on the Verdet constant, V, as defined in Equation (4.1),[7] 

 

𝑉 =
𝜃

𝐻𝑙
 . (4.1) 

Here, θ, H, and l represent the Faraday rotation angle, the external magnetic field, and 

the thickness of the film, respectively. In these experimental trials, the concentration C 

of the Tb(III) ions in the film was determined using ICP-AES. Based on previous work,[5] 

the Verdet constant, Vc, normalized by the concentration of Tb(III) ions in the film was 

subsequently calculated as Equation (4.2), 

 

𝑉𝐶 =
𝜃

𝐻𝑙𝐶
 . (4.2) 

The measured rotation angle consists of a magnetic rotation, 𝜃𝐹, due to the Faraday 

effect and a natural rotation, 𝜃CD, due to chirality. To extract 𝜃CD from the total rotational 

angle, two rotational angles, 𝜃+  and 𝜃− , were measured by applying an external 

magnetic field parallel (+) and antiparallel (-) to the direction of light propagation, 

respectively (Figure 4-10). These parameters are represented as Equations (4.3a) and 

(4.3b), 

 𝜃+ = 𝜃𝐹 + 𝜃𝐶𝐷 , (4.3a) 
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Figure 4-10. The Faraday effect measurement applying an external magnetic field 

parallel (+) and antiparallel (-) to the direction of light propagation. The obtained rotation 

angles are described as 𝜃+ and 𝜃−, respectively. 

 

 

 𝜃− = −𝜃𝐹 + 𝜃𝐶𝐷 . (4.3b) 

The Faraday rotation angle was obtained from Equations (4.3a) and (4.3b), 

 

𝜃 = 𝜃𝐹 =
1

2
(𝜃+ − 𝜃−) . (4.4) 

The Faraday rotation spectra of the Tb-(R/S)-Bt are shown in Figure 4-11a. The 

difference spectrum, ΔVC, obtained by subtracting the spectrum of Tb-(R)-Bt to that of 

Tb-(S)-Bt is shown in Figure 4-11b. In Figure 4-11a, negative Faraday rotation angles 

are observed at approximately 450 nm. The Verdet constant of the Tb-(R)-Bt (VC,max(446 

nm) = -5.2 × 10-4 deg Oe-1 cm-1 M-1) was larger than that of the Tb-(S)-Bt (VC,max(446 nm) = -

3.4 × 10-4 deg Oe-1 cm-1 M-1). This result represents the first observation of a Faraday 

effect that is dependent on the chirality of the clusters. 
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Figure 4-11. (a) The Faraday rotation spectra of Tb-(R)-Bt (red) and Tb-(S)-Bt (blue), 

and (b) the differential spectrum between Tb-(R)-Bt and Tb-(S)-Bt in PMMA films. 

 

 

The Faraday rotation angle can be expressed by using the sum of three terms 

resulting from three electronic conditions in Equation (1.10) in chapter 1,[7,18,19] 

 

𝜃𝐹 ∝ 𝑓1𝐴 + 𝑓2 (𝐵 +
𝐶

𝑘B𝑇
) . (1.9) 

Here, f1 and f2 are functions that provide explicit descriptions of the shape of the Faraday 

effect. The Faraday A and C terms primarily reflect the degeneracy of the excited and 

the ground states, respectively, whereas the Faraday B term is related to the mixing of 

the ground and two or more excited states by the magnetic field. The wavelengths 

observed in the Faraday effect measurements are associated with several 4f-4f 

transitions such as 7F6 → 5D4 (488 nm), 7F6 → 5D3 (380 nm),[20] and the broad 4f-5d 

(below 300 nm)[21] transitions of the Tb(III) ions and the S0 → T1 transitions (470 nm) of 
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the ligands.[22] The degenerate ground state is not formed by diamagnetic organic 

molecules such as the ligands, but rather by the paramagnetic Tb(III) ions depending on 

the total angular momentum, J. In this case, the 7F6 (J = 6) state of the Tb(III) ions can 

degenerate into thirteen states (2J + 1). For this reason, the observed signals were 

primarily due to the transitions of the Tb(III) ions. 

The photophysical properties of the Tb(III) ions depend on their coordination 

geometry. Previously, Nakanishi reported that the Faraday rotation angles of 

nonanuclear Tb(III) cluster derivatives were changed by altering a substituent in the 

ligands.[5] This effect results not from changing the electronic state of the ligands, but 

rather from varying the geometry around the Tb(III) ions of the cluster by using different 

ester substituents in the ligands.[23] As observed in Figure 4-7, the shape of the Stark 

splitting of Tb-(R)-Bt was consistent with that of Tb-(S)-Bt based on their geometries, 

suggesting that difference in the Faraday rotation angle is not derived from configuration 

interactions between the 4f-4f and 4f-5d transitions by their crystal fields. These aspects 

of the photophysical behavior indicate that the difference between the Faraday rotation 

angles observed in this experimental work might be attributable to the large transition 

magnetic dipole moments of Tb-(R)-Bt and Tb-(S)-Bt. The sign of the transition magnetic 

dipole moments in the Faraday B term inverts depending on the chirality,[7] indicating that 

this term might be affected by interactions between the 4f-4f (7F6 → 5D4) transition and 

the other 4f-4f transitions such as 7F6 → 5D3 or the 4f-5d transition. The chirality-induced 

magneto-optical effect observed in this study is a different phenomenon from magneto-

chiral dichroism (i.e., the absorption dependence of a chiral molecule on the direction of 

a magnetic field).[24–26] Although it is difficult to determine the exact origin of the 

phenomenon at this stage, this is the first report that Faraday rotation is affected by 
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chiroptical properties. This result could be a key factor in the design of new materials 

exhibiting the Faraday effect and may also broaden the field of chiral science. 
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4.4 Conclusions 

The chiroptical and magneto-optical properties of novel four types of chiral 

nonanuclear Tb(III) clusters, which are composed of nine Tb(III) ions and sixteen chiral 

salicylate ligands, were assessed. The CD signals in the ππ* transition of the Tb(III) 

clusters were dependent on the coordination structures induced by the ester groups of 

the salicylate ligands. The chiral Tb(III) clusters exhibited CPL signals corresponding to 

the 4f-4f transitions, which indicated that the chirality of ligands was reflected to the 

Tb(III) core in the clusters. Furthermore, the Faraday rotation angle of Tb-(R)-Bt was 

greater than that of Tb-(S)-Bt, indicating that the Faraday effect was affected by the 

chirality of the Tb(III) clusters. These results provide significant new insight regarding the 

interrelation between chirality and the Faraday effect. 
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5.1 Summary and outlook 

 The photophysical properties of chiral Ln(III) complexes are affected by the 

surrounding environment around Ln(III) ions. The purpose of this study is to develop 

chiral Ln(III) complexes for applying to CPL materials and to clarify the chirality of Ln(III) 

complex from the viewpoint of electronic state mixing under surrounding environment. 

The photophysical properties related to optical- and magneto-optical activities of chiral 

Ln(III) complexes depending on the surrounding environment are described in the 

section. 

 In Chapter 1, photophysical properties and polarized light response of Ln(III) 

complexes depending on the electronic state induced by surrounding environment were 

introduced. The theoretical background of optical- and magneto-optical activities were 

also described. 

 In Chapter 2, the non-crystalline Eu(III) complex was obtained by co-grinding of 

Eu(III) complex with chiral camphor derivative ligands, +tfc, and achiral phosphine oxide, 

tdmpo, molecules. The weak interaction between the Eu(III) complex and tdmpo 

molecules suppressed the crystallinity and the large gCPL with large emission intensity 

were achieved in film state. The result indicated the photophysical and CPL properties 

of camphor Eu(III) complex can be controlled by external achiral ligands. The CPL 

intensity was easily detected to the naked eye with simple setup of CPL determination in 

film state. The author demonstrated the possibility of the chiral Eu(III) complex for CPL 

security ink. 

 In Chapter 3, CPL properties of the Eu(III) complex with +tfc and 

triphenylphosphine oxide (tppo) ligands in various conditions were investigated to 

demonstrate the optical activity based on the chiral electronic structure. The gCPL values 
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of the chiral Eu(III) complex were drastically changed depending on the surrounding 

achiral molecules. The CPL signal inversion was observed for the Eu(III) complex with 

the same chiral coordination structure-type (Λ or Δ) from the spectroscopic viewpoint. 

The CPL phenomena was attributed to the chiral electronic structure related to the 

transition electric dipole moment (𝝁⃗⃗ ), where the large |𝝁⃗⃗ | value by electronic state J-

mixing lead to the large gCPL value and the signal inversion.  

 In Chapter 4, four types of novel Tb(III) clusters with chiral salicylate ligands 

were synthesized to clarify the relationship between magneto-optical activity and 

molecular chirality. CPL of the Tb(III) clusters were observed in the 4f-4f transition, which 

indicated that the chirality of ligands was reflected to the Tb(III) core in the cluster. For 

the Tb(III) clusters with chiral butyl salicylate ligands, the Faraday rotation angles were 

dependent on the chirality of the Tb(III) clusters. The author demonstrated that the 

molecular chirality of Tb(III) cluster affected the magneto-optical activity by electronic 

state mixing under external magnetic field. 

Optical activities of chiral compounds potentially include numerous information 

on the light. Ln(III) complexes under chiral environment are hopeful candidate for next 

generation photo-functional materials with polarized light response that cannot be 

achieved by chiral organic molecules or other metal complexes. In this study, the chirality 

of Ln(III) complex was clarified from the viewpoint of the electronic state depending on 

the external field. The results lead to the possibility of generating novel CPL materials 

and new magneto-optical phenomenon of chiral Ln(III) complex controlled by external 

environment. The author hopes that chiral Ln(III) complex optimized by external 

environment will open up a new field of chiral science and develop next generation photo-

functional materials with polarized light response. 
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