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Preface 

 

The functional materials that show optical changes in response to various stimulations 

are fascinating and expected to be applied to luminescent devices, chemical sensors, bio-

imaging, and other fields.  Especially, luminescent metal complexes have attracted much 

attention of many researchers in various fields.  In addition, the chiral luminescence 

(circularly polarized luminescence: CPL) provides advanced information based on the 

difference in intensity between right and left component and is expected not only to 

improve the precise sensing of chiral molecules and biomolecules as well as structural 

analyses of biopolymers but also to lead to the development of multifunctional displays, 

security paints, and optical communication.  However, the simultaneous achievement of 

both strong emission intensity and brilliant luminescent chirality was difficult in the metal 

complex-based systems.   

The luminescent properties of the metal complexes significantly change under the 

alteration of the structure and ligand field around the central metal ion.  Thus, this thesis 

focused on the association of metal complex with DNA toward the development of novel 

photo-functional materials showing both strong emission intensity and brilliant 

luminescent chirality.  DNA is well known biopolymer having unique helical structure 

and have ability to incorporate other molecules through various types of interaction mode 

leading the structural change of incorporated molecules.  First, - and -Ru(phen)3
2+ 

were associated with DNA toward the fabrication of novel photo functional material.  

These molecules formed associations thorough different interaction modes and exhibited 

enantioselective emission enhancement whereas CPL was not observed.  Then, Eu(III) 

complex, which show luminescence due to f-f transition, were employed in order to obtain 

CPL.  When Eu(tta)3(H2O)2 was associated with DNA-CTMA, induced CPL was 

observed because of change in coordination structure.  In addition, an emission 

enhancement and higher dissymmetry factor were simultaneously observed upon the 

association of Eu(D-facam)3 with DNA.  Finally, I successfully achieved novel photo 

functional material showing strong luminescence and high luminescent dissymmetry 

simultaneously by associating chiral metal complex with DNA. 

 

Haruki Minami 
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1.1 Luminescent metal complexes and its application 
 

 

1.1.1 Luminescence from transition metal complexes 

 

The functional materials that show optical changes in response to various stimulations 

are fascinating and expected to be applied to luminescent devices, chemical sensors, bio-

imaging, and other fields.1-7  Especially, luminescent metal complexes have attracted 

much attention of many researchers in various fields.  The first luminescence from metal 

transition complexes was reported in the middle of 19th century in the platinum(II) 

complex.  However, subsequent research on luminescent metal complexes was 

relatively limited, and the main research targets were polypyridine ruthenium(II) (Ru(II)) 

complexes and metal porphyrins.8-10  In the late 1990s, it was discovered that 

iridium(III) complexes are very useful as light emitting materials for organic electro-

luminescence devices (OLEDs).11  With this as a trigger, the search for new luminescent 

metal complexes has become active all over the world, and the types of luminescent metal 

complexes and their applications have rapidly developed.  The characteristics of the 

luminescent metal complex are mainly the following two.  1) It emits phosphorescence.  

2) It has a variety of luminescent states.  In the luminescent metal complex with d-block 

elements, the singlet excited state generated by photoexcitation causes intersystem 

crossing due to strong spin-orbit interaction by heavy metal ions, leading to easy 

relaxation to triplet excited state.  As a result, most d-metal complexes exhibit 

phosphorescence.  The lowest excited triplet state, which is the luminescent state of a 

transition metal complex, has various origins.  It is known that there are various type of 

excited states based on metal-to ligand charge transfer (MLCT), ligand-to-metal charge 

transfer (LMCT), ligand-to-ligand charge transfer (LLCT), etc. due to the difference in 

the combination of central metal ion and ligand.  Of course, the excited state in the 

ligand (intraligand: IL) such as the  state can also be the luminescent state.  

Furthermore, in recent years, complexes using 3d-metals, which are cheaper than precious 

metals have attracted much attention as promising candidate for the luminescent material.  

In this way, the variety of light emitting states of metal complexes is further expanding.  

Various light emissions due to ligand field (LF) excited states represented by d-d 

transitions, other metal centered (MC) transitions, and cluster centered (CC) excited states 

are widely known, and research on delayed light fluorescence as well as phosphorescence 

is very active. 
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Luminescent metal complexes with d6 electron configuration 

Various studies have been conducted on tris(2,2’-bipyridine)ruthenium(II) 

([Ru(bpy)3]
2+) for many years as a representative of metal complexes having triplet state 

of metal-to-ligand charge transfer (3MLCT) as a luminescent state.12,13  Figure 1-1 

shows the structure of Ru(bpy)3
2+.  Ru(bpy)3

2+ shows a relatively long-life red emission 

even in an aqueous solution at room temperature (max = 610 nm,  = ca. 600 ns,  = ca. 

0.06).  The 3MLCT excited state having such properties is very useful for photoreaction.  

Since the excited state of Ru(bpy)3
2+ obtained with photoexcitation exhibits strong 

reducing ability and oxidizing ability, it has been widely utilized as a photosensitizer and 

a photocatalyst.  In connection with this, various polypyridin ruthenium(II) complexes 

have been synthesized and their emission characteristics have been investigated.  For 

example, tris(3,3’-biisoquinoline)ruthenium(II) ([Ru(i-biq)3]
2+: Figure 1-1) has the same 

ligand field intensity as Ru(bpy)3
2+, but has interesting luminescence properties different 

from Ru(bpy)3
2+ due to the difference in the extension of the -conjugation.14  Although 

the lowest excited singlet state of Ru(i-biq)3
2+ is the 1MLCT from ruthenium(II) ion to 

ligand same as in Ru(bpy)3
2+, its absorption band appears at shorter wavelengths (max = 

392 nm) than that of Ru(bpy)3
2+ (max = 450 nm).  On the other hand, since the 1* 

absorption band of Ru(i-biq)3
2+ has a lower energy of about 5000 cm−1 than that of 

Ru(bpy)3
2+, the MLCT state and the * state are close to each other in Ru(i-biq)3

2+ 

(Figure 1-2).  As a result, the energy level reversed in the triplet state of Ru(i-biq)3
2+, 

and the emission spectrum shows the peaks with clear vibrational structure derived from 

the 3* state with a clear vibrational structure (Figure 1-3).  In addition, since the 

emission of 3MLCT is thermal equilibrium emission from three sub-levels with different 

radiative rate, the magnitude of sub-level splitting without the influence of magnetic field 

Figure 1-1.  The structure of Ru(bpy)3
2+ (left) and Ru(i-biq)3

2+ (right). 
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(zero-field splitting) is very large 

in Ru(II) complexes (ca. 10-100 

cm−1).  Therefore, it is known 

that the obvious temperature 

dependence of the emission 

lifetime is observed in the 

cryogenic region of 77 K or less.  

In the case of Ru(bpy)3
2+, the 

emission lifetime is ca. 4 s at 77 

K and ca. 100 s at 4.2 K.  In 

contrast, in 3* emission with 

small zero-field splitting, such 

temperature dependence of 

emission lifetime is hardly 

observed.   

 

Such changes in luminescence 

properties depending on the 

structure of the complex have also 

been investigated in detail in the 
3MLCT emission of tris(2-

phenylpyridinate)iridium(II) 

(Ir(ppy)3), which has played an 

important role as a material for 

various luminescence devices.  

Ir(ppy)3 is a representative of 

cyclometalated ligands and forms 

a stable chelate coordination with 

deprotonated carbon located at the 

2-position of the phenyl group and 

nitrogen of the pyridine ring.15-17  

This complex has geometric 

isomers of a facial body (fac) in which three carbons are arranged on the same plane of 

the octahedral coordination structure and a meridional form (mer) in which three carbons 

are arranged on the meridian (Figure 1-4).  Each of these geometric isomers is produced 

as a thermodynamic and kinetic product.  Interestingly, although the fac form shows 

Figure 1-3. Emission spectra of Ru(i-biq)3
2+ in MeOH-

EtOH (4:1, v/v) (full line) and i-biq in C2H5I (dashed 

line) at 77K. (reused from ref. 14) 

Figure 1-2.  Absorption spectra of Ru(i-biq)3
2+ (full 

line), Ru(bpy)3
2+ (dotted line) in AN solution. (reused 

from ref. 14) 
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strong green phosphorescence at room temperature, the mer form emits much weaker 

light than the fac form.  Early studies have shown that the fac-Ir(ppy)3 has a quantum 

yield of 0.40 and the mer-Ir(ppy)3 has a quantum yield of 0.036.15  However, more 

detailed research in recent years has revealed that the fac-Ir(ppy)3 has a quantum yield 

close to 1 (0.97 in 2-MeTHF solution at room temperature).16,17  Since a thin film of 

neutral Ir(ppy)3 can be prepared by a deposition method, many OLEDs using Ir(ppy)3 

have been reported.  These strong phosphorescent properties are thought to be due to 

that the energy level of the dd excited state rises because of the large ligand field splitting 

based on the strong  donating property of the cyclometalated ligand, and the non-

radiative deactivation from there is suppressed.  Other metal complexes with a d6-

electron configuration that exhibit luminescence include rhenium(I) complex, osmium(II) 

complex, and rhodium(III) complex, and those that exhibit a high emission quantum yield 

of 0.1 or more have been reported.18,19   

 

 

 

  

Figure 1-4. Structure of fac- (left) and mer- (right) Ir(ppy)3 

fac mer 
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1.1.2 Luminescence from rare earth materials 

 

The rare earth elements that construct the rare earth complex include lanthanide (atomic 

numbers are 58 to 71), lanthanum, scandium, and yttrium (Figure 1-5).   Especially, 

trivalent lanthanide ions are known to exhibit characteristic luminescence.  

Luminophores using rare earths are extremely important for developing not only in 

various modern industrial technology fields such as fluorescent materials of fluorescent 

lamps and televisions, lasers, and optical communication elements, but also in medical-

related fields and security-related fields.20,21  The luminescence from rare earth ions are 

attributed to the electronic transition between f orbitals.  Since the spatial position of the 

f orbital is inside the 5s and 5p orbitals, it is less affected by changes in electronic structure 

than organic compounds and transition metal ions.  This is called the internal shielding 

effect.  Therefore, even if the surrounding environment such as an organic ligand 

changes, its emission color and emission wavelength are hardly affected.  In addition, 

since the Stokes shift hardly occurs between the ground state and the excited state due to 

this internal shielding effect, the rare earth ion exhibits high color purity (the half width 

of the emission spectrum is narrow).  This emission properties with high color purity are 

preferably utilized as a material for displays such as televisions.  In addition, since it is 

possible to generate an ideal strong luminescence state by exciting rare earth ions with 

strong light, it will be possible to realize applications in various modern science and 

technology fields such as laser materials and optical information communication 

materials.  Rare earth complexes that combine rare earth ions and organic ligands has a 

high potential as a next-generation light-emitting material, because of "having high 

solubility in organic media" and "can be excited by utilizing the high absorbance of the 

ligand”.   

  

Figure 1-5. Types of rare earth elements 
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Photosensitizing effect from ligand 

 

Rare earth complexes with aromatic ligands have a large absorption band in the 

ultraviolet light region of 400 nm or less due to the -*transition of the ligand.  This 

light absorption process is an allowed transition like normal luminescent dyes, and its 

absorption coefficient exceeds 104.  On the other hand, the absorption coefficient of rare 

earths such as Eu(III) and Nd(III) is 10 or less because absorption due to electronic 

transitions in the f orbital is a forbidden transition.  Thus, the ability of aromatic ligands 

to absorb light is more than 1000 times higher than that of rare earth ions.  When the 

Eu(III) complex coordinated with an aromatic ligand is irradiated with light 

corresponding to the * transition of the ligand, the excited state of the ligand is firstly 

generated (process 1 in Figure 1-6).  Since the Eu(III) ion is a heavy atom, the spin-orbit 

interaction is strong, and the excited state of the ligand changes to the triplet state (process 

2).  Next, energy transfer from the triplet excited state of ligand to the f orbital of Eu(III) 

ions occurs, and Eu(III) ions generate an excited state (process 3).  After that, the excited 

electrons relax to the emission level in the Eu(III) ion and emit red emission due to the 

electronic transition in the f orbital (process 4).  The emission due to this 

photosensitizing energy transfer shows 100-1000 times stronger intensity than the case 

that Eu(III) ions are directly excited.21  These photosensitizing energy transfer from the 

* transition is peculiar to rare earth complexes, and this energy transfer process is 

currently the subject of academic research.  

 

  

Figure 1-6. Photosensitizing process of Eu(III) complex 

0

10

20

30

5D3

5D0

7FJ

(J = 0~6)

E
n
e
rg

y
 [
×

1
0

3
c
m

−
1
]

Singlet excited state

Triplet excited state

①

②

③

 orbital of ligand f orbital of Eu(III) ion

④



14 

 

Promotion of electronic transitions by forming asymmetric structure 

 

The shape of the 4f orbital of rare earth ions is anti-object to the inversion center.  The 

direct product representing the f-f transition is as follows.   

u (f orbital) × u (f orbital) = g 

Therefore, the 4f-4f transition of rare earth ions are Laporte forbidden transition.  This 

forbidden transition is allowed by making the environment (ligand field) around rare earth 

ions to asymmetrical structure.  The relax of forbiddance in the electric dipole transition 

by this asymmetry of the ligand field is explained by the Judd-Ofelt theory.22,23   

 In the case of the Eu(III) complex, a magnetic dipole transition of 590 nm (5D0→7F1: J 

forbiddance = 1) and an electric dipole transition of 615 nm (5D0→7F2: J = 2) are 

observed in its emission spectrum.  This electric dipole transition increases as the 

asymmetry of the coordination structure of the complex increases.  Figure 1-7 shows 

emission spectra of Eu(III) complexes with various ligands in PMMA.24  Complex 2 

(Eu(hfa3(TPPO)2, hfa: hexafluoro-acetylacetonate, TPPO: triphenyl-phosphune oxide) 

forms an asymmetric octacoordinated square antiprism structure, and complex 5 

(Eu(hfa3(DMSO)6, DMSO: dimethyl-sulfoxide) forms a more symmetric pseudo-

octahedron structure.  Complex 2 with an asymmetric coordination structure relaxes the 

prohibition of electronic transitions, and the intensity of electric dipole transitions (613 

nm) increases. 

 

  

Figure 1-7. Emission spectra of Eu(III) complexes with various ligands in PMMA (Eu: 

0.7 w%).  The excitation at 465 nm is due to the 7F0→5D2 transition. (reused from ref. 24) 
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1.2 DNA-Based Photo-Functional Materials 
 

As described above, the luminescent properties of the metal complexes significantly 

change under the influence of the structure and ligand field around the central metal ion.  

Such changes in the ligand field can induced not only by the difference in the structure of 

the ligand but also by the interaction between the metal complex and other molecules.25-

29  Therefore, this study focused on the method of associating a metal complex with 

deoxyribonucleic acid (DNA) in order to fabricate a novel photo-functional material 

while taking advantage of the characteristic luminescence properties of the metal 

complexes.  DNA is well known biopolymer having unique helical structure and have 

ability to incorporate other molecules through various types of interaction mode.   

These interactions are highly specific to the substance and highly selective.  By 

associating luminescent metal complex into the helical structure of DNA, it is expected 

that the ligand field of the complex is affected by the chiral structure and exhibit chiral 

optical properties such as circular dichroism (CD) and circularly polarized luminescence 

(CPL). 

 

 

1.2.1 Structure of DNA 

Deoxyribonucleic acid: DNA is an important biopolymer responsible for the 

transmission of genetic information and protein synthesis.  Chargaff's rule was proposed 

after the discovery of nucleic acids by F. Miescher in 1869.  Chargaff's rule is that DNA 

is composed of the bases adenine (A) and thymine (T), and guanine (G) and cytosine (C), 

and their quantity ratios are A = T and C = G.30  When the double helix model of DNA 

was proposed by J.D. Watson and F.H.C. Crick in 1953, scientific research on nucleic 

acids began in earnest.31  Subsequent further research has elucidated the genetic 

information of DNA and established a semi-conservative replication method, which has 

greatly contributed to the fields of medicine, biology, and medicinal chemistry. 

 

Basic skeleton 

DNA is composed of deoxyribose (Figure 1-8a), base, and phosphoric acid.  A base 

bound to the 1'position of deoxyribose is called a deoxy nucleoside (Figure 1-8b), and a 

phosphate bound to the 5'position of deoxyribose is called a deoxynucleotide (Figure 1-

8c).  This deoxynucleotide is the smallest unit of DNA, and long-term linkage of 

deoxynucleotides results in a chain polymer.  At this time, the deoxynucleotides are 

linked by a phosphodiester bond via a phosphate group.  This bond is a strong covalent 
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bond in which two or more esters are bonded to a phosphorus atom, thus the phosphate 

group has a strong negative charge.  The double helix structure of DNA is formed by 

stabilizing two deoxynucleotide chains through hydrogen bonds between their respective 

bases.  The inside of the DNA double helix is hydrophobic because of the hydrophobic 

interaction between these bases. On the other hand, the periphery of the DNA double helix 

becomes hydrophilic due to the negative charge of the phosphate group.  

 

 

Base 

Figure 1-9a shows the structures of the four bases that make up DNA: adenine (A), 

guanine (G), cytosine (C), and thymine (T).  Adenine and thymine are purine derivatives, 

and cytosine and thymine are pyrimidine derivatives, respectively, and the sequences of 

these bases provide the genetic information of DNA.  Hydrogen bonds between bases 

occur with a combination of adenine and thymine (A-T), guanine and cytosine (G-C), and 

there are no other combinations.  The hydrogen bonds between bases contribute to the 

stabilization of the double helix structure of DNA.  As shown in Figure 1-9b, A-T has 

two hydrogen bonds and G-C has three hydrogen bonds.  In this way, DNA has the 

property that when one base of adenine, guanine, cytosine, and thymine is determined, 

the base to be paired is also determined, and the hydrogen bond of this base connects the 

two deoxynucleotide chains.   

 

 

 

 

(a) Deoxyribose (b) Deoxy nucleoside (c) Deoxy nucleotide 

Figure 1-8. Basic skeleton of DNA. 
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1.2.2 Interaction with other molecules 

DNA has a right-handed double helix structure in which two nucleotide-bound strands 

are twisted together, and it interacts with other substances through various forms.  Fig. 

1-10 shows a schematic diagram of (a) electrostatic interaction, (b) intercalation, (c) 

groove binding, which are typical interaction form of DNA.  By associating DNA with 

other functional molecules through these interaction modes, it is possible to add 

functionality to DNA, expanding its application as a functional material.  Each form of 

interaction has its own characteristics, and the molecules that cause the interaction are 

also different, so they are described in detail below. 

 

Electrostatic interaction 

Since the phosphate groups in the DNA side chain have a negative charge, it can be said 

that DNA is a polyanion.  Therefore, DNA can bind to positively charged cationic 

molecules via phosphate groups electrostatically.32  This is called an “electrostatic 

interaction” (Figure1-10a). 

  

 

Adenine            Guanine        Cytosine         Thymine 

 

Adenine            Guanine        Cytosine         Thymine 

Figure 1-9. (a) Structure of bases.  (b) Structure of nucleotide and DNA. 

(a) (b) 
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Intercalation 

Inside the helical structure of DNA, base pairs bound by hydrogen bonds are stacked in 

layers.  The insertion of a molecule having a flat plate structure between layers of these 

base pairs is called “intercalation” (Figure 1-10b).33  When other molecules intercalate 

between base pairs, the distance between base pairs are spatially separated, and the helical 

structure of DNA is unwound.  Therefore, it is known that the viscosity of the DNA 

complex intercalated with other molecules increases more than usual.  Further, since 

stacking occurs between the plate molecule and the base pair, the absorption band of the 

plate molecule may cause a red shift or a hypochromic effect.  Typical intercalators 

include Ethidium Bromide and Acridine Orange, both are dyes used to stain DNA 

 

Groove binding  

As mentioned above, DNA has hydrophobic main-groove and sub-groove in its double 

helix structure, so that it can interact with other hydrophobic molecules.  The binding 

that occurs when another molecule interact with groove of DNA is called “groove binding” 

(figure 1-10c).34  Distamycin A is a well-known molecule that groove-binds to DNA.  

This Distamycin A is known to specifically interact with DNA in the sub-groove of a 

sequence in which A-T base pairs are lined up. Therefore, it is used as a probe for 

detecting base pair A-T in DNA.35 

  

＋

＋

＋

＋

＋

＋

(a) (b) (c)

Figure 1-10. Schematic images of (a) electrostatic interaction, (b) intercalation and (c) 

groove binding. 
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1.2.3 Association of DNA with luminescent materials and their functional potential 

 As described above, DNA has the 

unique feature to incorporate various 

types of functional materials like 

luminescent metal complexes,36,37 

organic dyes,38-40 and conductive 

polymers,41-43 thus resulting 

enhancement of their photo-functional 

properties.  Especially, by associating 

metal complexes like Ru(II) complex, 

DNA-based color tunable OLEDs, and 

electrochemiluminescent materials 

utilizing the unique features of DNA-based functional materials were also reported.44-47  

In addition, it has been reported that luminescent materials that incorporated into chiral 

polymers express chiral optical properties like circular dichroism (CD) and circularly 

polarized luminescence (CPL).48-51 CPL, which corresponds to the luminescence 

generated in response to electromagnetic waves with different rotation, provides 

advanced information based on the difference in intensity between right and left 

component (figure 1-11).  The CPL is expected not only to improve the precise sensing 

of chiral molecules and biomolecules as well as structural analyses of biopolymers but 

also to lead to the development of multifunctional displays, security paints, and optical 

communication.  Currently, CPL is generated by utilizing optical devices such as a 

combination of linear polarizer and quarter wave retarder.52  On the other hand, the 

reduction in emission intensity remains an intrinsic demerit, thus self-luminescent 

materials that do not need optical devices to obtain CPL are in demand.   

 

 By utilizing the structural chirality of DNA that is attributed to its helical structure, it is 

expected to improve the luminescent chirality of luminescent metal complexes.  

Therefore, this study aimed to develop the novel photo functional material showing both 

strong emission and high luminescent dissymmetry by associating DNA and luminescent 

metal complexes.  First, Ru(II) complexes, which have unique pho-electrochemical 

properties, were associated with DNA toward the development of novel chiral-photo-

functional material, and their luminescent properties were investigated. 

  

Figure 1-11. Circularly polarized luminescence. 
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Novel Chiral Optical Properties of Ru(II) Complexes by Association 

with DNA 

 

As described in previous chapter, Ru(II) complexes shows orange emission with 

relatively strong intensity and long emission lifetime due to 3MLCT state.  In addition, 

its electrochemical reactivity and electrochemical stability are expected to apply for opto-

electrochemical devices such as OLEDs and ECLDs.  Associations of DNA and Ru(II) 

complexes have been studied since the 1990s, and their structures and optical properties 

have been investigated.1  Several reports demonstrated the application of 

DNA/Ru(bpy)3
2+ (bpy = 2,2ʹ-bipyridine) for the opto-electrochemical functional devices 

like OLED2 and ECLD.3  However, there have been only few reports that remarkably 

reflect the structural chirality of DNA as an optical property of association.  Therefore, 

additional novel optical properties can be expected to appear by utilizing the structural 

chirality of DNA effectively. 

This study focused on the chiral Ru(II) complexes (-, -Ru(phen)3
2+; phen: 1,10-

phenanthroline) as a material to build a complex with DNA.  -, -Ru(phen)3
2+ has an 

enantiomeric relationship due to its structure (Figure 2-1).  Since DNA also has a very 

well-known right-handed double helix structure, it is conceivable that these components 

exhibit different binding form upon the interaction.  Furthermore, it is expected that 

chiral optical properties such as CD and CPL will be induced by the difference in the 

interaction form with DNA.  In this chapter, I will first introduce the interaction between 

DNA and Ru(bpy)3
2+ which is most widely investigated Ru(II) complex.  After that, the 

interaction between -, -Ru(phen)3
2+ and DNA, and the specific changes in optical 

properties upon the interaction will be described. 

  

Figure 2-1.  Structure of -Ru(phen)3
2+ (left) and -Ru(phen)3

2+ (right). 

 

-Ru(phen)3
2+ -Ru(phen)3

2+
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Materials 

All the chemicals were used as received.  Tris(2,2’-bipyridine)ruthenium(II) chloride 

was purchased from Tokyo Chemical Industry Co. Ltd., Japan.  -, -tris(1,10-

phenanthroline)ruthenium(II) chloride were provided by Tanaka Kikinzoku Kogyo K.K., 

Japan.  The sodium salts of DNA (base pairs: ca. 10,000) were provided by Nippon 

Chemical Feed Co., Ltd. (Japan).  They were marine-based salts that were first isolated 

from frozen salmon milt through a homogenization process followed by removal of 

proteins and impurities.  Sodium chloride was purchased from Tokyo Chemical Industry 

Co. Ltd., Japan. 

 

Preparation of DNA/Ru(II) complex solutions  

DNA and each Ru(II) complex (0.1 mM) were dissolved at a molar concentration of 

[DNA (phosphate group concentration)]:[Ru(II) complex] = 0:1 ~ 30:1 to prepare a 

DNA/Ru(II) complex aqueous solution.  In addition, DNA/Ru(phen)3
2+/NaCl solutions 

were prepared by mixing DNA (2 mM), - or - Ru(phen)3
2+, and NaCl (0, 30, …420 

mM) in aqueous solution. 

 

Photophysical measurements 

Nitrogen-gas bubbling was conducted to remove oxygen from solutions before optical 

measurement.  UV-vis absorption spectra of the samples were measured using a 

spectrophotometer (JASCO, V-570).  Circular dichroism (CD) spectra of the DNA 

complex were measured using a CD spectrometer (JASCO, J-820).  Photoluminescence 

spectra were obtained using a spectrofluorometer (JASCO, FP-6600).  Excitation 

wavelength of the samples was 450 nm.  The emission lifetimes were determined by 

using a time-resolved fluorescence spectrometer (IBH 5000U-CS, HORIBA Jobin Yvon 

IBH Ltd., UK).  
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2.1 Emission enhancement of Ru(bpy)3
2+ upon the interaction 

with DNA 
 

 

Interaction between DNA and Ru(bpy)3
2+ 

First, I introduce the interaction between DNA and Ru(bpy)3
2+, which is most widely 

investigated opto-electric functional metal complex.  The concentration of DNA was 

defined as the concentration of phosphate groups.  It is known that cationic Ru(bpy)3
2+ 

can interact with anionic phosphate groups of DNA through electrostatic interaction.4-6  

The emission intensity and lifetime of Ru(bpy)3
2+ were enhanced corresponding to the 

increasing DNA concentration as shown in Fig. 2-2. 

  

Figure 2-2.  Emission spectra of the DNA/Ru(bpy)3
2+ aqueous solution containing 0.1 mM 

Ru(bpy)3
2+ as a function of DNA concentration (0–2 mM). 
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The emission intensity from 3MLCT of Ru(bpy)3
2+ at approximately 600 nm increased 

with the increasing DNA concentration.  The emission enhancement saturated at a 

constant intensity when the DNA/Ru(bpy)3
2+ molar ratio was more than 10:1 (Figure 2-

3).  This indicates averagely 5 base pairs of DNA bind with a Ru(bpy)3
2+ molecule to 

form DNA/Ru(bpy)3
2+ in a solution containing Ru(bpy)3

2+ of 0.1 mmol/L.  This 

enhancement of emission intensity was attributed to the decrease in non-emissive 

transitions (knr) due to the immobilization onto the DNA molecule.  Namely, the 

vibrational deactivation by water and intramolecular vibration of Ru(bpy)3
2+ were 

suppressed upon the association with DNA backbone.   

 

 

 

  

Figure 2-3.  Change in emission intensity associated with DNA concentration at 

approximately 600 nm from excited Ru(bpy)3
2+ in aqueous solution containing DNA.  The 

concentration of Ru(bpy)3
2+ was fixed to be 0.1 mM. 
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2.2 Enantioselective emission enhancement of chiral Ru(II) 

complexes upon the interaction with DNA 
 

Generally, it is known that chiral luminescent complexes have ability to exhibit chiral 

optical properties such as circular dichroism (CD) and circularly polarized luminescence 

(CPL) as a result of the structural chirality of the complex.7,8  Thus, the DNA/chiral 

material complexes can be expected to show unique chiral optical properties reflecting 

the specific interaction due to the structural chirality of each compounds.  Among them, 

this study focused on the interaction between chiral - or - Ru(phen)3
2+ and DNA to 

prepare the novel photo-functional material.  In this section, - or - Ru(phen)3
2+ and 

DNA were associated with each other toward the preparation of novel photo-functional 

material.  These interaction modes were analyzed from various photophysical 

measurements and it was revealed that - or - Ru(phen)3
2+/DNA complexes show 

enantioselective luminescent enhancement corresponding to each different interaction 

mode. 

 

 

Emission enhancement of - or -Ru(phen)3
2+ in the presence of DNA 

Aqueous solutions of - or -Ru(phen)3
2+ and DNA (purified from salmon testes 

provided by Piotrek Co., Ltd.) with various molar ratios were firstly prepared.  The 

overall concentration of DNA was defined as the phosphate concentration.  Next, optical 

properties (photoluminescence, absorption, circular dichroism, etc.) of the solutions were 

measured.  In order to investigate the change in luminescence properties of the - and 

-Ru(phen)3
2+ in the presence of DNA, photoluminescence spectra of DNA/Ru(phen)3

2+ 

in aqueous solutions were measured (Figure 2-4). The DNA-to-Ru(phen)3
2+ ratio 

([DNA]:[Ru(phen)3
2+]) was varied from 0:1 to 30:1.  With excitation of the metal-to-

ligand charge transfer (MLCT) absorption band of the Ru(phen)3
2+ (450 nm), the 

complexes showed red luminescence at around 610 nm, which can be attributed to 

phosphorescence from the 3MLCT state.9,10  When DNA was absent 

([DNA]:[Ru(phen)3
2+] = 0:1) in the solution, - and -Ru(phen)3

2+ showed same shapes 

and intensities of the emission bands.  As the concentration of DNA was increased, the 

luminescence intensities for both - and -Ru(phen)3
2+ increased whereas significant 

change of their spectral shapes were not observed.  This emission enhancement is 

attributed to immobilization of the Ru(phen)3
2+ onto DNA structure.  The 

immobilization of the luminescent molecule induces suppression of emission quenching 

caused by intramolecular vibration and vibrational excitation of matrices. 
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Figure 2-4.  Photo luminescence spectra of the DNA/-Ru(II) (a) and DNA/-Ru(II) (b) 

complex in aqueous solution with various [DNA]:[Ru(II)] ratios.  Concentration of 

Ru(phen)3
2+ was set to 0.10 mmol/L.  Excitation wavelength was 450 nm.   
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Difference in extent of emission enhancement between - form and -form 

Interestingly, the extent of emission enhancement was different between the - and -

isomers.  Figure 2-5 shows changes in the luminescence intensities of - and -

Ru(phen)3
2+ with various [DNA]/[Ru(phen)3

2+] ratio.  It was found that the 

luminescence enhancement of the -form was greater than that of the -form.  The 

extent of enhancement were 3.1 times for -form and 2.4 times for -form compared to 

the Ru(phen)3
2+ alone solution.  Enantioselective enhancement in luminescence of 

Ru(phen)3
2+ was demonstrated by interaction with DNA.  This enantioselective property 

suggests that - or -Ru(phen)3
2+ show different interactions with DNA. 

 

 

  

Figure 2-5.  Change in the emission intensity of DNA/-,-Ru(II) complexes in aqueous 

solution with various [DNA]/[Ru(II)] concentration ratios. 
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2.3 Interaction mode between DNA and - or -Ru(phen)3
2+ 

 

Structural change of - or -Ru(phen)3
2+ upon the interaction with DNA 

In order to discuss the interaction modes between these compounds, absorption and CD 

spectra of the DNA/- or -Ru(phen)3
2+ solutions and DNA, - Ru(phen)3

2+ and -

Ru(phen)3
2+ alone solution were measured (Figure 2-6).  No absorption or CD signals 

attributable to DNA were observed in the 350–550 nm range.  After association of - 

and -Ru(phen)3
2+ with DNA, the absorption maxima of the MLCT bands (around 450 

nm) of the - and -Ru(phen)3
2+ were slightly red-shifted with increase in DNA content.  

In addition, decreases in absorbance of the MLCT band were observed.  These behaviors 

suggest that - and -Ru(phen)3
2+ are likely intercalated between base pairs in the DNA 

chains.11-13  In the CD spectra, symmetric signals with exciton-splitting type of cotton 

effects were observed for both - and -Ru(phen)3
2+ alone solution.  In the case of 

DNA/-Ru(phen)3
2+, the CD signals of both the positive (at 420 nm) and negative (at 470 

nm) bands are reduced upon the association with DNA.  On the other hand, the signal 

of longer wavelength band increased for DNA/-Ru(phen)3
2+.  From the results 

observed in the absorption and CD measurements, spatial and/or electronic structural 

changes are suggested for - and -Ru(phen)3
2+ upon DNA association.  The binding 

modes between DNA and Ru(phen)3
2+ are distinct for the two enantiomers, as revealed 

by the comparative changes in the CD spectra. 
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Figure 2-6.  CD and absorbance spectra of -, -Ru(phen)3
2+, DNA and DNA/-, -

Ru(phen)3
2+ solution.  Concentration of Ru(phen)3

2+ was set to 0.10 mM.  Optical path 

length: 1.0 cm. 
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Effect of cation exchange on emission intensity 

Next, the influence of these binding modes on the emission properties of 

DNA/Ru(phen)3
2+ was investigated.  It has been shown previously that the main binding 

mode in forming complexes from DNA and cationic metal complexes is electrostatic 

interaction.14,15  Since Ru(phen)3
2+ is cationic, electrostatic interaction with the anionic 

phosphate group in DNA is expected as well as intercalation.  In order to discuss the 

contribution of electrostatic interactions between DNA and Ru(phen)3
2+, the change in 

luminescence intensities with addition of NaCl to the DNA/Ru(II) complex aqueous 

solutions were measured (Figure 2-7, emission intensity of Ru(II) complexes are 

normalized to 1).  By addition of excess Na+ ion into the DNA/(cationic Ru(II) complex) 

solutions, near quantitative disassociation of the Ru(II) complexes from DNA occurs 

because of cation exchange with Na+.16  Therefore, the contribution of electrostatic 

interactions to emission properties can be estimated by optical measurements in the 

presence of Na+ ion.  For the Ru(bpy)3
2+, -Ru(phen)3

2+ and -Ru(phen)3
2+ solutions, 

intensities and shapes of the emission band did not change even after addition of excess 

Na+ ions, indicating that Na+ ions did not affect luminescence properties of the free Ru(II) 

complexes.  In the case of Ru(bpy)3
2+, which is known to bind to DNA by only 

electrostatic interactions,17 luminescence intensity of DNA/Ru(bpy)3
2+ reduced to that of 

free Ru(bpy)3
2+ with increasing Na+ ion.  This result indicates that the enhancement of 

luminescence due to immobilization on DNA caused by electrostatic interaction was 

nearly quantitatively eliminated by an excess amount of Na+ ions.  This was because 

Ru(bpy)3
2+ associated with DNA by electrostatic interaction were displaced with Na+ ions.  

Similarly, a decrease in luminescence intensity of both - and -Ru(phen)3
2+ were also 

observed with increasing Na+ concentration.  These results suggest that the Ru(phen)3
2+ 

is associated with DNA through not only intercalation but also electrostatic interactions.  

However, even when Na+ ion is added in excess, emission intensities of the 

DNA/Ru(phen)3
2+ are still enhanced in comparison with those of Ru(phen)3

2+ alone 

solution.  These enduring emission enhancements indicate that intercalation remains 

even in existence of excess Na+ ions.  As expected from the red shift and hypochromic 

effect in absorption spectra of DNA/Ru(phen)3
2+, Ru(phen)3

2+ can intercalate between 

DNA base pairs.  Concerning luminescence intensity in the presence of excess Na+ ions, 

the DNA/-Ru(phen)3
2+ complex showed higher luminescence intensity than the 

DNA/-Ru(phen)3
2+ complex.  Degree of emission enhancement by intercalation of -

enantiomer is thought to be larger than that of the -enantiomer, implying 

enantioselective interaction between DNA and Ru(phen)3
2+. 
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Figure 2-7.  Normalized emission intensity of DNA/Ru complexes in aqueous solution 

with various NaCl concentrations.  Concentration of Ru(phen)3
2+ was set as 0.10 mM. 
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Emission lifetime measurements to reveal the binding mode between DNA and 

Ru(phen)3
2+  

For detailed discussion of the binding behavior, luminescence lifetimes of - and -

enantiomers were compared.  Table 2-1 shows luminescence lifetimes of Ru(phen)3
2+ 

alone, DNA/Ru(phen)3
2+ and DNA/Ru(phen)3

2+ in the presence of excess Na+ ions.  In 

the case of the Ru(phen)3
2+ alone solution, the luminescence lifetimes of each enantiomer 

was found to be approximately 590 ns with a single component.  In the presence of DNA 

([DNA]:[Ru(phen)3
2+] = 30:1), emission decays of - and -Ru(phen)3

2+ become longer.  

The increase in the decays is due to the suppression in vibrational deactivation of the 
3MLCT of Ru(phen)3

2+ by immobilization onto DNA structure.  These decays consisted 

of two components (1500–1600 ns and 700–800 ns), clearly suggesting that DNA and 

Ru(phen)3
2+ have two different binding forms.  Considering the changes of various 

photophysical properties, the major binding modes between DNA and Ru(phen)3
2+ were 

intercalation and the electrostatic interaction.  Therefore, each component in the 

emission decay corresponds to either intercalation or electrostatic interaction.  In order 

to reveal the relationships between the emission decay components and the binding modes, 

electrostatic interaction was excluded by adding excess Na+ ions into the 

DNA/Ru(phen)3
2+ aqueous solution.  For the - and -Ru(phen)3

2+ alone solutions, 

significant change in emission decay were not observed even after the addition of excess 

Na+ ions.  For the DNA/Ru(phen)3
2+ solution, the components with longer lifetimes (-: 

1620 ns, -: 1520 ns) remained similar value.  However, the shorter lifetime 

components (-: 826 ns, -: 734 ns) decreased to the same value as Ru(phen)3
2+ alone 

(~600 ns).  This indicates that the decay components with longer lifetime are due to the 

Ru(phen)3
2+ intercalated to DNA and the shorter lifetime components are assignable to 

electrostatic interactions.  Then, the percentage of each lifetime component was 

calculated.  It was found that the percentage of the intercalated Ru(phen)3
2+ accounted 

for approximately 90% for the -isomer and 70% for the -isomer in 

[DNA]:[Ru(phen)3
2+] = 30:1 solution.   
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Various photophysical analyses indicated that -Ru(phen)3
2+ tends to intercalate into 

DNA more effectively than -enantiomer, resulting in the enantioselective emission 

enhancement as shown in Figure 2-5.  Detailed investigation of this enantioselective 

interaction between Ru(phen)3
2+ and DNA was conducted by NMR measurements and 

molecular modelings.18-20  According to the literature, -Ru(phen)3
2+ interacts to DNA 

only with minor distortions of the DNA structure, whereas -Ru(phen)3
2+ imposes 

stronger distortions to the DNA structure because of steric hinderance.  This kind of 

enantioselective avidity affected the luminescent properties of Ru(phen)3
2+, such as 

luminescence intensities and lifetimes.   
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Figure 2-8.  Emission decay cuarves of -, -Ru(phen)3
2+ solution, DNA/-, -

Ru(phen)3
2+ solution and DNA/-, -Ru(phen)3

2+/NaCl solution. 

Table 2-1.  Emission lifetimes of -, -Ru(phen)3
2+ alone solution, DNA/-, -

Ru(phen)3
2+ solution and DNA/-, -Ru(phen)3

2+/NaCl solution. 
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2.4 Summary of Chapter 2 

 

In this chapter, chiral Ru(II) complexes (-, -Ru(phen)3
2+) were associated with DNA 

toward the preparation of novel material showing chiral photo functions such as CD and 

CPL.  - and -Ru(phen)3
2+ formed associations with DNA thorough different 

interaction modes.  It was revealed that the interaction modes of these complexes were 

mainly intercalation into the base pairs of DNA.  From the results of various 

photophysical analyses, the strength and percentage of intercalation were higher in the 

case of - form than that in - form.  Corresponding to this difference in the interaction 

mode of -, -Ru(phen)3
2+ and DNA, CD indicated obviously different change.  Such 

change in optical chirality is expected to apply for chemical sensors, bio-probes, and 

security systems.  As a result of different interaction with DNA, - and -Ru(phen)3
2+ 

showed enantioselective emission enhancement.  The extent of emission enhancement 

of -form (ca. 3times compared to original) was higher than that of -form (2.5 times).  

This enantioselective emission enhancement is also suitable for various sensor systems. 

 

However, although obvious chiral change in absorption and enantioselective emission 

enhancement were observed, significant CPL signal was not obtained from these 

complexes.  Thus, in order to obtain CPL from Ru(II) complex, it would be necessary to 

devise ways to further stimulate the electrical or magnetic environment that contributes 

to light emission.  Next chapter, energy transfer and following upconversion were 

applied to the Ru(II) complex based system toward the generation of CPL 
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Electrochemically triggered upconverted 

luminescence with Ru(bpy)3
2+ toward the 

enhancement of luminescent chirality 
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Electrochemically triggered upconverted luminescence with Ru(bpy)3
2+ 

toward the enhancement of luminescent chirality 

 

In previous chapter, chiral Ru(II) complexes were associated with DNA toward the 

preparation of novel material showing chiral photo functions such as CD and CPL.  

However, CPL was still not obtained from these materials.  Therefore, I attempted an 

approach to obtain circularly polarized light by affecting the electrical or magnetic 

environment by energy transfer between the Ru(II) complex and other molecules.  In 

recent years, it has been reported that CPL with a high degree of circularly polarization 

appears when the luminescent molecules excited by a process such as energy transfer or 

upconversion instead of directly excitation.1,2  Thus, this study focused on the triplet–

triplet energy transfer (TTET) and subsequent triplet–triplet annihilation upconversion 

(TTA-UC) based on the Ru(II) complex.  It is known that Ru(II) complexes have ability 

to cause high efficient TTET between triplet states of other molecules due to its high 

stability of 3MLCT.3,4  TTET from Ru(bpy)3
2+ to anthracene derivative (9,10-

diphenylanthracene: DPA) and subsequent TTA-UC has also been reported.5-7  It is 

assume that Ru(II) complex-based material may exhibit CPL by utilizing TTET and TTA-

UC.  At present, most of the research for TTET and TTA-UC of Ru(II) complex are 

utilizing the photo excitation as a trigger.8-11  If the electrochemical function of the 

Ru(II) complex as described in Chapter 1 can be applied to these system, it will be of 

great value to not only the luminescent materials, but also the medical and energy fields. 

In this section, photo-electrochemical properties of Ru(bpy)3
2+/DPA mixed solutions 

were investigated toward the fabrication of electrochemical device showing CPL.  As a 

result, the electrochemically triggered upconverted luminescence through TTET and 

subsequent TTA-UC was firstly observed. 
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3.1 Investigation of Photophysical Interaction Between 

Ru(bpy)3
2+ and 9,10-diphenylanthracene (DPA)  

 

Reagents 

All the chemicals were commercially available and used as received.  Tris(2,2’-

bipyridine)ruthenium(II) bis(hexafluorophosphate) was purchased from Tokyo Chemical 

Industry Co. Ltd., Japan, and used as an orange electrochemiluminescent material.  9,10-

Diphenylanthracene was purchased from Tokyo Chemical Industry Co. Ltd., Japan, and 

used as a blue electrochemiluminescent material.  Tetra-n-butyl ammonium perchlorate 

(TBAP) was purchased from Kanto Chemical Co. Japan and used as the supporting 

electrolyte.  Propylene carbonate (PC) was purchased from Tokyo Chemical Industry 

Co. Ltd., Japan, and used as the solvent for the ECL electrolyte solution.  Toluene was 

purchased from Sigma-Aldrich Co., USA, and used as the solvent for the ECL electrolyte 

solution.  In order to prepare the ECL electrolyte solution, Ru(bpy)3
2+ and DPA were 

used at various concentrations with 100 mmol L−1 TBAP dissolved in PC/toluene (volume 

ratio = 1:1). 

 

Fabrication of the ECL device 

The ECL devices were fabricated by sandwiching ECL solutions between pairs of 

indium-tin oxide (ITO) electrodes, with inter-electrode distances kept at 300 mm by 

silicone spacers.  The effective electrode area of the ECL devices was 1.0 × 1.0 cm2.  

The ECL devices were fabricated in a glove box filled with Ar atmosphere. 

 

 

Electrochemical Measurements 

 Cyclic voltammograms (CVs) were acquired using an ALS440 A (CH Instruments, Inc., 

USA) equipped with a computer.  For the analysis of redox properties of ECL materials, 

a three-electrode cell was fabricated with indium tin oxide (ITO) as the working electrode, 

a Pt disk (ϕ = 3 mm) as the counter electrode, and an Ag/Ag+ electrode as the reference 

electrode.   
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Measurements of ECL properties 

A function generator (SG-4115, Iwatsu Electric Co., Ltd, Japan) and an electrical 

amplifier (NF 4010, NF Techno Commerce Co., Ltd, Japan) were utilized to apply AC 

voltages to the ECL devices.  A photonic multichannel analyzer (PMA C10027, 

Hamamatsu Photonics, Japan) was employed to obtain ECL spectra.  All experiments 

were conducted in a glove box filled with Ar atmosphere.   

 

 

Measurements of optical properties 

Nitrogen-gas bubbling was conducted to remove oxygen from solutions before optical 

measurement.  Photoluminescence spectra of Ru(bpy)3
2+/DPA solutions were measured 

with an excitation wavelength of 532 nm (Nd: YAG, 2 10 mW) using a photonic 

multichannel analyzer (PMA C10027, Hamamatsu Photonics, Japan).  The emission 

lifetimes were obtained by using a time-resolved fluorescence spectrometer (IBH 5000U-

CS, HORIBA Jobin Yvon IBH Ltd., UK).  These measurements were carried out under 

ambient conditions (temperature: 25 C; humidity: 50–60%; oxygen concentration: 20%). 
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3.2 Electrochemical response of Ru(bpy)3
2+ and DPA 

 

CV curves of Ru(bpy)3
2+ or DPA alone solution 

First, the CVs were measured for the Ru(bpy)3
2+ and DPA solutions to clarify their 

electrochemical redox properties (Figure 3-1).  For the Ru(bpy)3
2+ alone solution, three 

reversible peaks assignable to the reduction of Ru(bpy)3
2+ were observed at −2.0 V, −2.2 

V, and −2.5 V (vs. Ag/Ag+).  In addition, a reversible oxidation peak was also observed 

at 0.7 V in the positive potential region.  The energy gap for Ru(bpy)3
2+ derived from 

the onset potentials was 2.3 eV.  In the DPA alone solution similarly, reversible peaks 

assignable to redox reactions were observed (oxidation: 0.7 V, reduction: −2.7 V), and the 

energy gap was 2.8 eV.  This indicates that both Ru(bpy)3
2+ and DPA have stable redox 

reactivity in the electrolyte solutions.  In addition, the energy gap of DPA is larger than 

that of Ru(bpy)3
2+. 

  

(a) 

Figure 3-1.  CV curves of 3-electrode cells containing (a) Ru(bpy)3
2+ and (b) DPA in 

PC/toluene.  Scan rate were set to be 50 mV/s.  
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CV curves of Ru(bpy)3
2+/DPA mixed solutions 

Figure 3-2 shows the CV curves of the Ru(bpy)3
2+/DPA mixed solutions with various 

concentrations of Ru(bpy)3
2+.  The current peaks assignable to redox of Ru (bpy)3

2+ 

increased as the concentration of Ru(bpy)3
2+ increased without a significant change in the 

shapes.  Additionally, even in the mixed solutions, the current peaks due to the reverse 

reaction from oxidized or reduced species of DPA to neutral state were observed.  This 

indicates that the electron transfer from the redox species of DPA to Ru(bpy)3
2+ hardly 

occur with this concentration ratios.  Significant change was not observed in the redox 

potentials of Ru(bpy)3
2+ and DPA, suggesting that there is no obvious interaction in the 

ground state between these molecules.  Therefore, it was revealed that DPA and 

Ru(bpy)3
2+ can show ECL because of their stable redox reactions even in mixed solutions. 
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Figure 3-2.  CV curves of 3-electrode cells with various concentration ratios of 

Ru(bpy)3
2+/DPA in PC/toluene.  Scan rate were set to be 50 mV/s. 
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3.3 Photophysical interaction between Ru(bpy)3
2+ and DPA 

 

Triplet-triplet energy transfer (TTET) from Ru(bpy)3
2+ to DPA 

In order to discuss the TTET and subsequent TTA-UC between Ru(bpy)3
2+ and DPA 

under photoexcitation, the emission lifetimes and the luminescence spectra of 

Ru(bpy)3
2+/DPA mixed solutions were measured.  Figure 3-3 shows emission decay 

curves of electrolyte solutions containing Ru(bpy)3
2+ or Ru(bpy)3

2+/DPA.  The emission 

decay rate became higher in the presence of DPA compared to the Ru(bpy)3
2+ alone 

solution.  The emission lifetime of the Ru(bpy)3
2+ alone solution was calculated to be 

490 ns.  For the Ru(bpy)3
2+/DPA mixed solutions, it was calculated to be 340 ns for 1 

mM DPA, 110 ns for 5 mM DPA, and 85 ns for 10 mM DPA.  This indicates that DPA 

behaves as a quencher of Ru(bpy)3
2+.  Namely, TTET from Ru(bpy)3

2+ to DPA occurred.  

The Stern–Volmer quenching constant (KSV) was calculated to be 482 M-1 and this value 

was consistent with reported quenching constants for Ru(bpy)3
2+ and DPA system.12  

These behaviors suggested that TTET occurs more efficiently as the concentration of DPA 

increases, i.e. the intermolecular distances for species in the solution become shorter.  

  

Figure 3-3.  Emission decay of Ru(bpy)3
2+ in PC/toluene solution containing Ru(bpy)3

2+ 

(10 mM) and DPA (0–10 mM). 
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Upconverted luminescence from DPA due to the photophysical interaction with 

Ru(bpy)3
2+ 

Next, emission spectra of the mixture solutions upon the excitation of Ru(bpy)3
2+ by 

green laser (Nd: YAG, 2 532 nm, 10 mW) were observed to investigate the TTA-UC 

luminescence from DPA subsequent by TTET from photo-excited Ru(bpy)3
2+ (Figure 3-

4).  From the DPA alone solution, emission was not observed since DPA has no 

absorption band at 532 nm.13  On the other hand, not only orange emission from 

Ru(bpy)3
2+ but also blue emission from DPA were observed in the case of Ru(bpy)3

2+/DPA 

mixed solution ([DPA]:[Ru(bpy)3
2+] = 10 mM:1 mM).  These results obviously indicates 

TTET from Ru(bpy)3
2+ to DPA and following TTA-UC between triplet states of DPA.  

Further, in the case of dilute solution ([DPA]:[Ru(bpy)3
2+] = 1 mM:0.1 mM), the emission 

intensity ratio of the blue emission to the orange emission (IDPA/IRu) was smaller than that 

in relatively concentrated solution ([DPA]:[Ru(bpy)3
2+] = 10 mM:1 mM).  This indicates 

that the TTET efficiency is influenced by the intermolecular distances in the solution, as 

theoretically considered. 
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Figure 3-4.  Photoluminescence spectra of DPA (blue) and Ru(bpy)32+/DPA in PC/toluene. 

Excitation wavelength was 532 nm. 
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3.4 Electrochemically triggered upconverted luminescence 

 

ECL from Ru(bpy)3
2+ or DPA single device 

Based on the achievement of TTA-UC in Ru(bpy)3
2+/DPA system with photoexcitation, 

ECL devices consist of electrolyte solutions containing DPA and/or Ru(bpy)3
2+ were 

prepared and their ECL spectra and electrode potentials under the AC voltage application 

were obtained.  Figure 3-5 shows the ECL spectra from devices consist of DPA or 

Ru(bpy)3
2+ alone solution.  Since the energy gap between the HOMO and LUMO of 

DPA is 2.8 eV (Figure 3-1b), the ECL device consist of DPA alone solution did not emit 

light under ±2.5 V AC whereas it showed blue ECL upon a voltage application of ±

3.3 V.  For the Ru(bpy)3
2+ alone solution-based ECL device, orange ECL was obtained 

upon the application of both ±2.5 V and ±3.3 V.  This is attributed to the energy gap 

of Ru(bpy)3
2+ (2.3 eV) is smaller than that of DPA (Figure 3-1a).   

 

 

  

Figure 3-5.  ECL spectra of 2-electrode devices containing (a) DPA or (b) Ru(bpy)3
2+ solution 

under the application of an AC voltage (50 Hz). 

 

400 500 600 700
0.0

0.2

0.4

0.6

0.8

1.0
 2.5 V

 3.3 V

I 
/ 
I m

a
x

Wavelength / nm
400 500 600 700

0.0

0.2

0.4

0.6

0.8

1.0  2.5 V

 3.3 V

 

 

I 
/ 
I m

a
x

Wavelength / nm

(a) DPA 10 mM (b) Ru(bpy)3
2+



50 

 

Upconverted ECL from Ru(bpy)3
2+/DPA mixed device 

The ECL spectra and photograph of the Ru(bpy)3
2+/DPA mixed device were shown in 

Figure 3-6.  ECL from both Ru(bpy)3
2+ and DPA were observed upon the AC voltage 

application.  Interestingly, blue emission from DPA was observed even under the 

application of ±2.5 V, which did not induce ECL with a DPA alone solution.   As a 

result of the mixture of blue and orange luminescence, the device emitted magenta light.  

These results demonstrated that it is possible to generate blue ECL from DPA with low-

voltage application in the presence of Ru(bpy)3
2+. 
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Figure 3-6.  (a) ECL spectra of 2-electrode devices containing Ru(bpy)3
2+/DPA solution 

([Ru(bpy)3
2+]/[DPA] = 5 mM/10 mM) under the application of an AC voltage (50 Hz).  (b) 

Photograph of light-emitting 2-electrode ECL device. 
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Electrode potential of Ru(bpy)3
2+/DPA device 

In order to discuss the mechanism of low voltage generation of blue ECL in this device, 

electrode potential of Ru(bpy)3
2+/DPA mixed solution-based device was measured under 

application of AC voltage (Figure 3-7).  In both cases of AC ±2.5 V and AC ±3.3 V, 

although electrode potential reached the reduction onset potential of the Ru(bpy)3
2+ (ca. 

−1.8 V) at the negative voltage, it did not reach that of DPA (ca. −2.4 V).  Therefore, it 

was estimated that the DPA-derived blue ECL was generated without causing 

electrochemical reduction of DPA in this Ru(bpy)3
2+/DPA ECL device. 
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Figure 3-7.  Electrode potential of 2-electrode ECL device consist of Ru(bpy)3
2+/DPA solution 

upon the application of (a) 2.5 V/50 Hz AC and (b) 3.3 V /50 Hz AC. 
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Upconverted ECL under the controlled electrode potential 

In addition, a three-electrode ECL device was constructed and the ECL spectrum was 

measured under applying rectangular voltage of −2.1 V and +0.8 V (vs. Ag/Ag+) at which 

the electrochemical reduction of DPA should not occur (Figure 3-8).  As a result, blue 

ECL from DPA was generated even at a voltage at which reduced species of DPA was not 

generated.  Since only excited species of Ru(bpy)3
2+ can be electrochemically formed 

under such conditions, it is estimated that this blue ECL is generated through TTA-UC 

subsequent by TTET from the excited state of Ru(bpy)3
2+ to DPA molecule. 

  

Figure 3-8.  ECL spectrum of 3-electrode device containing Ru(bpy)3
2+/DPA solution upon 

the application of +0.8 V/–2.1 V and 50 Hz AC. 
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The mechanism of upconverted ECL 

The proposed mechanism of blue luminescence in the Ru(bpy)3
2+/DPA ECL device upon 

the application of ±2.5 V was shown in Figure 3-9.  First, Ru(bpy)3
2+ are oxidized and 

reduced electrochemically near the electrode.  Then, TTET occur from the 3MLCT 

excited state of Ru(bpy)3
2+ generated by electron transfer reaction, to the DPA molecule, 

resulting in the generation of the T1 state.  Finally, an S1 state of DPA was formed due 

to the TTA-UC reaction between DPA molecules in T1 states, leading to the expression of 

blue luminescence from the S1 state.  Hence, blue ECL though TTET and subsequent 

TTA-UC was successfully achieved from the Ru(bpy)3
2+/DPA composite ECL device. 

 

 

  

Figure3-9.  Schematic description of the mechanism of blue luminescence from the 2-electrode 

device with the Ru(bpy)3
2+/DPA mixed solution. 
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3.5 Summary of Chapter 3 

 

In this chapter, Ru(bpy)3
2+ and DPA were mixed in electrolyte solution and their photo-

electrochemical properties were investigated toward the achievement of CPL with high 

dissymmetry.  Triggered by the electrochemical excitation of Ru(bpy)3
2+ TTET from 

Ru(bpy)3
2+ to DPA and subsequent TTA-UC between the triplet states of DPA occurred.  

As a result, blue luminescence from DPA molecule was observed upon the application of 

AC voltage with lower voltage which is not able to generate redox spices of DPA.  Such 

electrochemically upconverted luminescence could be useful for further development of 

ECL devices in terms of low voltage application and multicolor luminescence device. 

 

However, CPL from Ru(II) complex-based systems has not yet been obtained.  

Considering this, while the Ru (II) complex exhibits strong light emission due to a large 

electric dipole moment (), it is difficult to give a large circular polarization degree to the 

light emission.  Theoretically, luminescent dissymmetry (glum) can be defined as glum = 

4 (|m|/||)•cos τ, where m and  are the magnetic and electric dipole transition moments, 

respectively, and τ is the angle between them.35  From this relation as well, it is 

considered difficult to obtain highly dissymmetry CPL from Ru(II) complex having large 

.  Therefore I focused on Eu(III) complexes having small   for luminescent material 

to show CPL.  From next chapter, this study focus on the DNA/Eu(III) complex system 

to achieve both strong emission and CPL with high dissymmetry. 
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Induced Circularly Polarized Luminescence from Achiral Eu(III) 

Complex by Associating with DNA-CTMA 

 

So far, I focused on the Ru(II) complexes toward the achievement of brilliant  CPL 

because it have possible application as novel electrochemical luminescent devices due to 

its excellent photophysical properties and electrochemical properties.  However, it was 

difficult to obtain CPL from Ru(II) complex-based systems.  Typically, chiral organic 

luminophores and transition metal complexes display a strong luminescence; however, 

the degree of polarization of the luminescence is considerably lower.  The parameter 

glum is generally used as a dissymmetry ratio of the emission and is defined as glum = 2(IL 

− IR)/(IL + IR), where IL (IR) is the intensity of left (right) circularly polarized 

luminescence.  Theoretically, glum can be defined as glum = 4 (|m|/||)•cos τ, where m and 

 are the magnetic and electric dipole transition moments, respectively, and τ is the angle 

between them.1  Thus, luminophores which have a large  owing to the allowed π-π* 

transition maintain a low glum while showing a high luminescence quantum yield.  

 

In order to prepare the novel material showing CPL, Eu(III) complexes were utilized 

from this section.  As described in Chapter 1, lanthanide complexes including Eu(III) 

complex show the luminescence with high color purity and long emission lifetime due to 

f-f transition.2  Since the f-f transition is originally forbidden, the electric dipole moment 

() of Eu(III) complex become low.  Therefore, it is expected that Eu(III) complex-

based materials exhibit luminescence with large glum.  Aiming to develop improved 

DNA-based photo-functional materials with Eu(III) complex, it is necessary to fabricate 

DNA/Eu(III) complex.  Since DNA is soluble only in water whereas Eu(D-facam)3 is 

insoluble in water, DNA is modified with CTMA (cetyltrimethylammonium chloride), 

which is one of the most typical surfactants utilized for biomolecules. 3-6  Today, various 

optoelectronic devices utilizing this DNA-surfactant complex, such as optical 

amplifiers,7-10 organic light emitting diodes (OLEDs),11-13 photo-detectors,14 and organic 

transistors15-16 have reported.   

 

In this section, it was aimed to express CPL by changing the ligand field around Eu(III) 

ion due to the helical structure of DNA by combining the achiral Eu(III) complex 

(Eu(tta)3(H2O)2) with DNA-CTMA.  



59 

 

4.1 Interaction mode between Eu(tta)3(H2O)2 and DNA 

 

 

4.1.1 Association of luminescent Eu(tta)3(H2O)2 with DNA 

 

Materials 

The sodium salts of DNA (base pairs: ca. 10,000) were provided by Nippon Chemical 

Feed Co., Ltd. (Japan).  They were marine-based salts that were first isolated from 

frozen salmon milt through a homogenization process followed by removal of proteins 

and impurities.  Tris(2-thenoyltrifluoroacetonato)europium(III) [Eu(tta)3(H2O)2], 

cetyltrimethylammonium chloride (CTMA) with the purity of 98%, and butanol were 

purchased from Tokyo Chemical Industry Co., Ltd. (Japan)  Poly(methylmethacrylate) 

(PMMA, Mw: ca. 350,000) was also purchased from Sigma-Aldrich (United States).  

These materials were used without further purification. 

 

Preparation of DNA-CTMA complex 

Preparation of DNA-CTMA was accomplished by precipitating the DNA with a cationic 

surfactant complex of CTMA in water through an ion exchange reaction which replaced 

the sodium cation of the DNA.  The DNA complex with CTMA (DNA-CTMA) was 

prepared by adding 10 mmol/L of DNA (concentration of the phosphate group) aqueous 

solution to 10 mmol/L of the CTMA solution.  The precipitate was filtered and 

thoroughly washed with ultrapure water and then dried in vacuo.  The resulting DNA-

CTMA became water insoluble and more mechanically stable due to the long alkyl chain 

of the CTMA.  By forming the CTMA complex, DNA-CTMA could be dissolved in 

solvents more compatible with device fabrication, such as chloroform, ethanol, methanol, 

butanol, or a chloroform/alcohol blend. 

 

Preparation of DNA-CTMA/Eu(tta)3(H2O)2 films 

Butanol solution containing Eu(tta)3(H2O)2 (1 mmol/L) were added to the butanol 

solution containing DNA-CTMA.  The concentration ratios of the DNA-CTMA to 

Eu(tta)3(H2O)2 were varied by changing DNA-CTMA concentration (defined as 

concentration of phosphate group) in the solution.  The DNA-CTMA/Eu(tta)3(H2O)2 

films were prepared by casting method on quartz substrates.  The weight percentage of 

the Eu(tta)3(H2O)2 in the DNA-CTMA film were varied in the 6wt% to 38wt% range.  
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The PMMA films containing the Eu(tta)3(H2O)2 with various weight percentage were also 

prepared for comparison. 

 

Photophysical measurements 

UV-vis absorption spectra of the samples were measured using a spectrophotometer 

(JASCO, V-570).  Circular dichroism (CD) spectra of the DNA complex were measured 

using a CD spectrometer (JASCO, J-820).  Photoluminescence spectra were obtained 

using a spectrofluorometer (JASCO, FP-6600).  Excitation wavelength of the samples 

was 337 nm.  Emission quantum yields of the films were determined by standard 

procedures with an integral sphere (JASCO ILF-533, diameter 10 cm) mounted on a 

spectrofluorometer (JASCO FP-6600).  The emission lifetimes were determined by 

using a N2 laser with a 337-nm wavelength and 4-ns pulse width (Spectra-Physics, 

VSL337) and a photomultiplier (Hamamatsu Photonics, H10721-20MOD, response time 

0.8 ns).  Samples were excited by nanosecond pulse of N2 laser (337 nm).  Emission 

from the sample was guided to the photomultiplier through a sharp-cut filter.  Emission 

decays were monitored with a digital oscilloscope (Sony Tektronix, TDS3052, 500 MHz) 

synchronized to single-pulse excitation.   

CPL spectra of the DNA complex films were measured according to previously reported 

system.17  The excitation light with the wavelength of 375 nm was irradiated to the film 

samples from the same-side to the detection in the epi-illumination con-figuration.  In 

order to maintain circularly polarized component in the emission, the dichroic filter was 

precisely settled to be 45° against the optical path.  The retardation of the emitted light 

was controlled by a photo-elastic modulator (Hinds, PEM-90) that was modulated with 

the frequency of 50 kHz.  For analyzing CPL signal, the circularly polarized component 

was converted to the linearly polarized light by passing through the linearly polarized 

cubic prism (200,000:1).  Then the linearly polarized light was detected a 

photomultiplier tube (Hamamatsu, H7732-10).  The AC component of the PMT output 

with frequency of 50 kHz was analyzed by a lock-in amplifier (EG&G, Model 7265), 

which can be modulated by the reference frequency signal from the PEM. A PC system 

controls a monochromator and the PEM for the appropriate detection wavelength. 
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4.1.2 Interaction mode between Eu(tta)3(H2O)2 and DNA 

 

Absorbance change of Eu(tta)3(H2O)2 in the presence of DNA 

UV-visible absorption spectra of the DNA-CTMA/Eu(tta)3(H2O)2 in butanol with 

various ratios of [DNA-CTMA]:[Eu(tta)3(H2O)2] are shown in Figure 4-1.  The 

concentration of the Eu(tta)3(H2O)2 was set to constant value of 0.01 mmol/L.  The 

concentration of the DNA-CTMA was defined as the concentration of phosphate groups 

in DNA main chain.  The absorption bands at around 340 nm were assignable to -* 

transition of the tta ligands.  The absorption bands of DNA base pairs (210nm and 260 

nm) were increased with increase in DNA content.  The absorbance of the DNA base 

pairs exhibited almost liner increase with DNA-CTMA concentration.  Close up view of 

the absorption bands of the tta ligand are shown in Figure 4-1b.  When DNA-CTMA 

was absent in the Eu(tta)3(H2O)2 solution ([DNA-CTMA]:[Eu(tta)3(H2O)2] = 0:1), the 

absorption maximum of the tta ligands was observed at 340 nm.  The absorption 

maximum became slightly red-shifted with increasing the DNA concentration, resulting 

absorption maximum at 343 nm.  On the other hand, the absorbance corresponding to 

tta also decreased by addition of DNA-CTMA.  These phenomena such as the reduction 

in the UV/visible absorbance of the molecules, as well as a red shift in the absorbance 

maximum indicate that the Eu(III) complex was likely intercalated or semi-intercalated 

into the DNA-CTMA.18-19 
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Figure 4-1. (a) Absorption spectra of DNA-CTMA/Eu(tta)3(H2O)2 in butanol and (b) an 

expanded view of the 300–400 nm region. The [DNA-CTMA] to [Eu(tta)3(H2O)2] ratio 
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Change in structural chirality of Eu(tta)3(H2O)2 

In order to discuss the detailed interaction mode between DNA-CTMA and 

Eu(tta)3(H2O)2, CD spectra measurements of the DNA-CTMA and DNA-

CTMA/Eu(tta)3(H2O)2 in the film state were carried out.  Fig. 4-2 shows the CD spectra 

of the DNA-CTMA film, DNA-CTMA/Eu(tta)3(H2O)2 film and differential spectra of two 

spectra.  Molar composition of the film was [DNA-CTMA]:[Eu(tta)3(H2O)2] = 5:1 (i.e. 

19 wt% Eu(III) complex).  In the UV region, a positive Cotton effect at 280 nm and two 

negative Cotton effects at 250 and 225 nm were observed, which were similar to CD 

signals of A-form DNA rather than B-form DNA.  On the other hand, negative Cotton 

effect corresponding to the absorption of tta ligand was observed at around 340 nm on 

CD spectra of the DNA-CTMA/Eu(tta)3(H2O)2 film and differential spectrum.  The 

appearance of the CD signal from the tta absorption indicate that the electron transition 

of tta ligand was affected by chiral condition of the DNA-CTMA matrix, suggesting 

interaction between DNA backbone and Eu(tta)3(H2O)2 as predicted by changes of 

absorption spectra.  
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Figure 4-2. Absorption (top) and CD (bottom) spectra of DNA-CTMA film, DNA-

CTMA/Eu(tta)3(H2O)2 film, and differential spectra.  ([DNA-CTMA]:[Eu(tta)3(H2O)2] = 

5:1, i.e. 19wt% of Eu(III) complex). 
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4.2 Emission Enhancement by the Immobilization onto DNA 

structure 

 

 

Photoluminescence properties of the DNA-CTMA/Eu(tta)3(H2O)2 film 

Photoluminescence properties of the 

DNA-CTMA/Eu(tta)3(H2O)2 films were 

investigated to discuss the influence of 

the interaction between DNA-CTMA 

and Eu(III) complex on the luminescence 

properties.  Fig. 4-3 shows the emission 

spectra of the Eu(tta)3(H2O)2 in DNA-

CTMA film or PMMA film under 337 

nm excitation.  The contents of the 

Eu(tta)3(H2O)2 in both films were 19 

wt% (i.e. [DNA-

CTMA]:[Eu(tta)3(H2O)2]=5:1).  From 

both films, sharp red emission bands of 

excited Eu(III) were observed at 590, 

615, and 650 nm under excitation of the 

tta ligand.  These emission bands are 

attributed to the f-f transitions of 5D0→
7FJ (J = 1, 2, and 3, respectively) in the 

excited Eu(III) ion.  Photo-excitation of 

the tta ligand, leading to generation of its 

S1 state and the S1 state subsequently 

decays to a T1 state through intersystem 

crossing (ISC).  Finally, The T1 state 

leads to the generation of the emissive 

excited state of 4f orbital in the central 

Eu(III) ion through excitation energy 

transfer.  The absorbance of both the 

DNA-CTMA/Eu(tta)3(H2O)2 film and the PMMA/Eu(tta)3(H2O)2 film was almost same 

at the excitation wavelength (Fig 4-3a inset).  Nevertheless, the emission intensity of the 
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Figure 4-3. (a) Photoluminescence spectra of 

the Eu(tta)3(H2O)2 complex in DNA-CTMA 
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wavelength is 337 nm. The inset shows the 

absorption spectra of the films. (b) Emission 

decay curves of the Eu(tta)3(H2O)2 complex in 
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DNA-CTMA/Eu(tta)3(H2O)2 film was higher than that of the PMMA/Eu(tta)3(H2O)2 film, 

indicating that the emission quantum yield of the Eu(III) complex was enhanced in DNA-

CTMA matrix.  The emission decay curves of the DNA-CTMA/Eu(tta)3(H2O)2 films 

and the PMMA/Eu(tta)3(H2O)2 film were shown in Fig. 4-3b. 

 

 

Emission enhancement of Eu(tta)3(H2O)2 upon the interaction with DNA-CTMA 

Emission spectra of the DNA-CTMA/Eu(tta)3(H2O)2 film and the 

PMMA/Eu(tta)3(H2O)2 film with various contents of Eu(III) complex were measured.  

Fig. 4-4a shows emission spectra of the DNA-CTMA/Eu(tta)3(H2O)2 films with various 

contents of Eu(III) complex in the DNA-CTMA.  The Eu(tta)3(H2O)2 contents of 6, 11, 

19, and 38 wt% were correspond to the molar compositions of [DNA-

CTMA]:[Eu(tta)3(H2O)2]=20:1, 10:1, 5:1, and 2:1, respectively.  The emission intensity 

of the DNA-CTMA/Eu(tta)3(H2O)2 films were enlarged with increasing the content of the 

Eu(tta)3(H2O)2, whereas those of the PMMA/Eu(tta)3(H2O)2 (Fig. 4-4b) were slightly 

decreased with increasing the content of the Eu(tta)3(H2O)2.  Generally, the emission 

intensities from luminophore tend to saturate and decrease in the higher concentration 

region because of the various kinds of concentration quenching, as shown in 

PMMA/Eu(tta)3(H2O)2 film.  However, the emission intensities from the DNA-

CTMA/Eu(tta)3(H2O)2 films were still increasing at extremely high concentration region 

of [DNA-CTMA]:[Eu(tta)3(H2O)2]=2:1 (i.e. 38wt% of Eu(III) complex).  This 

significantly indicates that the DNA-CTMA matrix suppressed the concentration 

quenching of the emission from Eu(III) unlike with conventional polymer matrix.  The 

enhancement of the emission intensity and the suppression of concentration quenching 

caused by DNA association were reported by using various kinds of organic and inorganic 

compounds, such as ethidium bromide [(3,8-diamino-5-ethyl-6-phenyl phenanthridinium 

bromide)],20,21 tris(bipyridine)ruthenium(II) complexes,22 etc.  In these systems, the 

association between luminescent compounds and DNA-CTMA could play a protective 

role, leading to suppression of vibrational quenching and aggregation of luminescent 

compounds.  In this cases, the vibrational quenching and aggregation quenching of 

Eu(tta)3(H2O)2 complex would be also suppressed in DNA-CTMA matrix by interacting 

with DNA-CTMA as mentioned in former section, resulting in large enhancement of its 

emission in accordance with concentration of the Eu(III) complex. 
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Figure 4-4. Photoluminescence spectra of the Eu(tta)3(H2O)2 complex in DNA-CTMA (a) 

or PMMA (b).  The weight percentage of the Eu(tta)3(H2O)2 are varied in the 6wt% to 

38wt% range.  Excitation wavelength is 337 nm. 
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Enhancement of the emission quantum yields   

In order to analyse the detailed photophysical properties, emission quantum yields of 

these films were measured.  Fig. 4-5 shows the emission quantum yields of DNA-

CTMA/Eu(tta)3(H2O)2 films and PMMA/Eu(tta)3(H2O)2 film with various contents of 

Eu(tta)3(H2O)2 complex.  The emission quantum yields of the Eu(tta)3(H2O)2 in PMMA 

films were approximately 40% and slightly decreased with increasing the Eu(III) contents.  

Interestingly, the emission quantum yields of the DNA-CTMA/Eu(tta)3(H2O)2 films 

depended on the ratio of DNA-CTMA and Eu(tta)3(H2O)2 (DNA-CTMA:Eu(tta)3(H2O)2).  

When the concentration of Eu(tta)3(H2O)2 was lower ([DNA-

CTMA]:[Eu(tta)3(H2O)2)]=20:1), the emission quantum yield was approximately 20% 

which was lower value than that of in the PMMA film.  Then, the quantum yields of the 

films enhanced with increasing in the contents of the Eu(tta)3(H2O)2, reaching to over 

60% at the ratio of [DNA-CTMA]:[Eu(tta)3(H2O)2)]=2:1.  This indicated that the 

coordination environment of the Eu(III) complexes changed with the ratio of DNA-

CTMA and Eu(tta)3(H2O)2.  
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Figure 4-5. Emission quantum yields of DNA–CTMA/Eu(tta)3(H2O)2 films (red circles) 

and PMMA/Eu(tta)3(H2O)2 films (black squares) as functions of the Eu(III)-complex 

content.  
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Symmetry analysis of Eu(tta)3(H2O)2  

For the discussion of the coordination environment of the Eu(III) complex from 

emission spectra, relative intensities (Irel) of the 5D0→7F2 transition (612 nm) to 5D0→7F1 

transition (590 nm) were analysed.  For lanthanoid complexes, it is known that the 

emission peaks corresponding to the 5D0→
7F1 transition is derived from the magnetic 

dipole (MD) moment, and its intensity is not easily perturbed by the ligand field.  In 

contrast, the emission peak near 613 nm due to the 5D0→
7F2 transition is derived from 

the electric dipole (ED) moment, and its intensity can significantly change under the 

influence of the ligand field.  Therefore, the symmetry of Eu(tta)3(H2O)2 can be 

estimated from the ratio of emission intensities derived from the MD moment (IMD) and 

ED moment (IED).  The emission spectra of the Eu(tta)3(H2O)2 in the DNA-CTMA films, 

which was normalized by 5D0→7F1 transition, are shown in Fig. 4-6a.  The Irel values 

deceased from 18.2 ([DNA-CTMA]:[Eu(tta)3(H2O)2)] = 2:1) to 9.8 ([DNA-

CTMA]:[Eu(tta)3(H2O)2)] = 50:1) with increasing of DNA-CTMA content, indicating 

that the coordination structure of the Eu(III) complex became more symmetric 

environment (Figure 4-6b).  Whereas, the Irel values of PMMA/Eu(tta)3(H2O)2 films 

were keeping almost constant value of 19.5.  This change of the coordination structures 

of the Eu(III) complex thought to induce enhancement of the emission quantum yields.  

 

  

 

  

(a) (b) 

Figure 4-6. Emission spectra of Eu(tta)3(H2O)2 in DNA-CTMA films normalized against 

the 5D0 → 7F1 transition (590 nm) and (bottom) Irel values (relative intensities of the 5D0 → 
7F2 transition (612 nm) to the 5D0 → 7F1 transition (590 nm)) as functions of the Eu(III)-

complex content. The weight percentage of Eu(tta)3(H2O)2 ranged between 2.5 and 38 wt%. 

Excitation wavelength is 337 nm. 
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Change in Emission Lifetime 

The emission lifetimes of the films were also determined from emission decay curves 

under excitation by nanosecond N2 laser (Fig. 4-7).  The emission lifetimes of the 

PMMA/Eu(tta)3(H2O)2 films were approximately 340 s.  On the other hand, longer 

emission lifetimes of the Eu(III) complexes were observed in DNA-CTMA films.  The 

emission lifetimes increased up to 500 s by incorporating with DNA-CTMA matrix.  

These longer emission lifetimes would be due to the immobilization of Eu(III) complex 

in the DNA-CTMA, leading to suppression of vibrational and concentration quenching 

of the excited states of the Eu(III) complex.  In addition, Eu(III) complexes with highly 

symmetrical structure are known to show low values of radiative rate constants, resulting 

in longer emission lifetimes.23  As indicated above, coordination environments of the 

Eu(tta)3(H2O)2 changed to more symmetrical structures by interaction with DNA-CTMA 

molecules.  The change of coordination environments would be also contributing to 

longer emission lifetimes of the DNA-CTMA/Eu(tta)3(H2O)2 film.   

 

 

  

Figure 4-7. Emission lifetimes of the DNA-CTMA/Eu(tta)3(H2O)2 films (red circles) and 

PMMA/Eu(tta)3(H2O)2 films (black squares) as functions of the Eu(tta)3(H2O)2 to DNA-

CTMA ratio determined from emission decay curves following excitation by a nanosecond 

N2 laser. 
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4.3. Circularly Polarized Luminescence Induced by DNA 

 

The photophysical analyses of the DNA-CTMA/Eu(tta)3(H2O)2 film suggested that the 

interaction between the Eu(III) complex and the DNA-CTMA enhanced its emission 

properties by suppression of vibrational quenching and aggregation quenching.  In order 

to investigate the optical chirality in the photoluminescence, circularly polarized 

luminescence (CPL) was measured.  CPL is defined as the differential emission of right- 

and left-handed circularly polarized light.  CPL has attracted considerable interest in 

because of its capacity to investigate chiral structures in the excited state.  The CPL 

materials also have potential applications in chemical sensors, biological probes, and 

three-dimensional displays.  The CPL spectra of these films are shown in Figure 4-8. 

The Eu(tta)3(H2O)2 in PMMA matrix did not show any CPL signal at the region of 5D0→
7FJ bands (J = 1, 2, and 3, respectively).  On the other hand, the positive CPL signals 

were observed at the emission bands of 590 nm and 612 nm (5D0→7F1 and 5D0→7F2 band, 

respectively).  Although dissymmetry factor (glum) of the CPL signals were relatively 

low (less than 0.01) in comparison with Eu(III) complex having chiral ligands, the 

appearance of the CPL signals were clearly indicating that the association of Eu(III) 

complex with DNA-CTMA induced the chirality of the emission from Eu(III) complexes. 

 

 

 

  

Figure 4-8. CPL spectra (top) and corresponding photoluminescence spectra (bottom) of 

(a) Eu(tta)3(H2O)2 in the PMMA matrix and (b) Eu(tta)3(H2O)2 in the DNA–CTMA matrix 

([DNA–CTMA] : [Eu(tta)3(H2O)2] = 5:1; i.e., 19 wt% of the Eu(III) complex). 
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4.4 Summary of Chapter 4 

 

In this section, achiral Eu(III) complex (Eu(tta)3(H2O)2) was associated with DNA-

CTMA and their luminescent properties were investigated.  When Eu(tta)3(H2O)2 was 

incorporated in PMMA film which has no chiral structure, red emission with no 

luminescent dissymmetry was observed corresponding to the achiral Eu(tta)3(H2O)2.  

When Eu(tta)3(H2O)2 was associated with DNA-CTMA which have structural chirality 

assignable to the helical structure of DNA, induced CD signal was observed indicating 

the coordination structure of Eu(tta)3(H2O)2 changed.  As a result of association with 

DNA-CTMA, the emission intensity of Eu(tta)3(H2O)2 was enhanced by ca. 3 times 

compared to in PMMA film.  In addition, induced CPL was observed only from DNA-

CTMA/ Eu(tta)3(H2O)2 film.  Like this, it was demonstrated that Eu(III) complex can 

exhibit CPL by associating with DNA corresponding the change in its coordination 

structure.  Such induced CPL is suitable for the fields of chemical sensing, bio sensing, 

security systems etc. 

 

However, the luminescent dissymmetry of DNA-CTMA/Eu(tta)3(H2O)2 film was 

relatively low (less than 0.01) and its emission intensity was not strong even after the 

luminescence was enhanced.  In order to develop DNA-based materials that express 

novel function to a practical level, it is indispensable to achieve both strong emission 

intensity and high circularly polarization of luminescence.  To achieve these properties 

simultaneously, the Eu (III) complex having chiral ligands was introduced with the aim 

of increasing the change in coordination structure. 

  

 In next chapter, chiral Eu(III) complex (Eu(D-facam)3) was associated with DNA toward 

the development of luminescent material indicate both strong emission and high 

luminescent dissymmetry. 
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Dramatic Enhancement of Both Emission 

Intensity and Circularly Polarization of 

Luminescence by Introduction of Chiral Ligand 

Into the DNA-CTMA/Eu(III) Complex 
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Dramatic Enhancement of Both Emission Intensity and Circularly 

Polarization of Luminescence by Introduction of Chiral Ligand Into the 

DNA-CTMA/Eu(III) Complex 

 

In the previous chaper, instead of the Ru(II) complex, which does not easily express CPL 

due to a high electronic transition moment (), an Eu(III) complex that emits light with a 

small  due to its f-f transition was introduced.  DNA-CTMA/Eu(tta)3(H2O)2 film 

expressed induced CPL due to structural change of coordination structure around Eu(III) 

ion caused by interaction with DNA, whereas PMMA/Eu(tta)3(H2O)2 did not show 

significant CPL signal.  However, the luminescent dissymmetry of DNA-

CTMA/Eu(tta)3(H2O)2 film was relatively low (less than 0.01) and its emission intensity 

was not strong as practical level.  In this section, Eu(III) complex having chiral ligands 

(Eu(D-facam)3)
1,2 was adopted to induce more efficient change in coordination structure 

around Eu(III) ion upon the interaction with DNA.  Interestingly, higher luminescence 

intensity and higher |glum| of CPL from the Eu(D-facam)3 compared with the conventional 

polymer were achieved upon the interaction with DNA. 

 

 

5.1 Effect of alkyl ammonium salts on the luminescent 

properties of Eu(D-facam)3 
 

In Chapter 4, luminescence enhancement and induced CPL were observed by associating 

the achiral Eu(III) complex with DNA-CTMA.  It was concluded that this improved 

luminescence was due to the immobilization and structural changes of the Eu(III) 

complex upon the interaction with DNA.  On the other hand, it has been reported that 

the Eu(III) complexes changes its luminescence properties with also respect to additives 

such as ions.  Therefore, first, in order to independently examine the effects of DNA and 

its surfactant CTMA on luminescence, the effects of additives were examined for 

Eu(tta)3(H2O)2 used in the previous section and Eu(D-facam)3. 

 

As mentioned before, since DNA is soluble only in water whereas Eu(III) complexes are 

not soluble in water, it is difficult to investigate the influence of natural DNA on the 

luminescence of Eu(III) complexes.  The effect of additives were investigated by mixing 

Eu(III) complexes and additives in 1-butanol.  If the Eu(III) complexes shows different 

luminescence changes respect to each additives, it will be applied not only as a simple 

luminescent material but also as a chemical sensors.  
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5.1.1 Emission properties of Eu(III) complexes in the presence of 

additives 

 

First, changes in the luminescent properties of the Eu(III) complexes in the presence of 

CTMA were investigated.  Figure 5-1 shows emission spectra of (a) Eu(tta)3(H2O)2 and 

(b) Eu(D-facam)3 in 1-butanol solution with various concentration of CTMA.  In the 

case of Eu(tta)3(H2O)2, significant change in intensities and shapes of spectra were not 

observed, indicating the improvement of luminescent properties of Eu(tta)3(H2O)2 upon 

the interaction with DNA-CTMA (described in Chapter 4) was attributed to DNA, not 

CTMA.  In contrast, in the case of Eu(D-facam)3, the intensities and shapes of spectra 

obviously changed upon the addition of CTMA.  Therefore, the effects of various 

additives on the luminescence of Eu(D-facam)3 were investigated before constructing a 

novel photo-functional material by combining DNA-CTMA and Eu(D-facam)3. 

 

 

 

 

  

Figure 5-1. Emission spectra of (a) Eu(tta)3(H2O)2 and (b) Eu(D-facam)3 in 1-butanol 

solution with various concentration of CTMA. 
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To reveal which part of CTMA influenced to the emission properties of Eu(D-facam)3, 

the luminescence change of the Eu(D-facam)3 was investigated when cetyl alcohol, which 

is the main hydrophobic part of CTMA, and tetramethylammonium chloride, which is the 

cation site, were added to the solution.  Obvious change in emission intensity was not 

observed when cetyl alcohol was added to the Eu(D-facam)3 solution (red plots).  On 

the other hand, dramatic emission enhancement was observed upon the addition of 

tetramethylammonium chloride (blue plots).  Therefore, it is assumed that the 

improvement of luminescence of Eu(D-facam)3 by CTMA was mainly attributed to the 

alkylammonium site in the CTMA.   

 

 

 

 

 

 

  

Figure 5-2. Change in emission intensity of Eu(D-facam)3 at 613 nm (5D0→7F2) by addition 

of tetramethylammonium (blue plots) and cethylalcohol (red plots). 
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5.1.2 Investigation of emission properties of Eu(D-facam)3 with 

alkylammonium ions in 1-butanol 

 

 

 It was revealed that addition of tetramethylammonium chloride can improve the 

emission properties of Eu(D-facam)3.  Thus, the influence of addition of various 

alkylammonium salts on the emission properties of Eu(D-facam)3 were investigated in 1-

butanol. 

 

Reagents 

All the chemicals were commercially available and used as received. Europium tris[3-

(trifluoromethylhydroxymethylene)-(+)-camphorate] (Eu(D-facam)3) was purchased 

from Sigma-Aldrich, Japan.  Ammonium salts [tetramethylammonium chloride 

(TBACl), tetraethylammonium chloride (TEACl), tetrabutylammonium chloride 

(TBACl), and tetrapropylammonium chloride (TPACl)] were purchased from Tokyo 

Chemical Industry Co. Ltd., Japan.  1-Butanol and 1-butanol-d1 were purchased from 

Tokyo Chemical Industry Co. Ltd., Japan and used as the solvent. 

 

 

Preparation of Eu(D-facam)3/alkylammonium solutions 

Eu(D-facam)3/alkylammonium solutions were prepared by mixing Eu(D-facam)3 and 

each alkylammonium salt (TMACl, TEACl, TBACl, and TPACl) in 1-butanol or 1-

butanol-d1.  The molar ratios of Eu(D-facam)3 and alkylammonium salts ([Eu(D-

facam)3]:[alkylammonium salt]) were 1:0, 1:1, 1:3, 1:5, and 1:10.  The concentration of 

Eu(D-facam)3 was fixed at 0.1 mmol/L. 
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Measurements of optical properties 

Oxygen in the Eu(D-facam)3/alkylammonium solutions were removed by bubbling 

nitrogen gas before optical measurements.  Absorbance and CD spectra of Eu(D-

facam)3/TMACl were acquired using a photonic multichannel analyzer (J-1100, JASCO 

Corporation, Japan).  Electrospray ionization-mass spectrometry (ESI-MS) spectra were 

recorded using Exactive (Thermo Fisher Scientific, United States).  FT-IR spectra of 

Eu(D-facam)3/TMACl were acquired using an FTIR 680 spectrophotometer, JASCO 

Corporation, Japan.  Photoluminescence spectra were acquired using a 

spectrofluorometer (FP-6600, JASCO Corporation, Japan).  Emission quantum yields 

were calculated from the data obtained from an absolute PL quantum yield spectrometer 

(Quantaurus-QY C11347-01, Hamamatsu photonics K. K., Japan).  The emission 

lifetimes were determined using a time-resolved fluorescence spectrometer (Quantaurus-

Tau C11367-21, Hamamatsu photonics K. K., Japan).  CPL measurements were 

conducted using the previously reported system.3  This system consists of the following 

components: 375 nm LED (M365L2, Thorlabs Japan Inc., Japan), LED driver (DC2100, 

Thorlabs Japan Inc., Japan), photoelastic modulator (PEM-90, Hinds instruments, Inc. 

United States), photomultiplier tube (H7732-10, Hamamatsu photonics K. K., Japan), 

linearly polarized cubic prism (200,000:1), photomultiplier tube (H7732-10, Hamamatsu 

photonics K. K., Japan), and dual phase DSP lock-in amplifier (7265, Signal Recovery 

Ltd., United Kingdom).  The appropriate detection wavelength of the monochromator 

and the PEM was controlled by a PC. 
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5.1.3 Drastic emission enhancement of Eu(D-facam)3 with short 

alkylammonium salts 

 

 

Emission change of Eu(D-facam)3 upon the addition of tetramethylammonium salt 
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Figure 5-3. (a) Emission spectrum of Eu(D-facam)3 in 1-butanol.  (b) Emission spectra of 

Eu(D-facam)3/TMACl solutions at various [Eu(D-facam)3]:[TMACl] ratios upon excitation at 

350 nm.  Concentration of Eu(D-facam)3 was fixed at 0.2 mmol/L. Excitation wavelength was 

350 nm. 
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First, the effect of TMACl, which has four methyl groups, on the luminescent properties 

of europium tris[3-(trifluoromethylhydroxymethylene)-(+)-camphorate] (Eu(D-facam)3) 

was investigated.  The emission spectra of Eu(D-facam)3 in the presence of various 

concentrations of TMACl (i.e., at different Eu(D-facam)3/TMACl concentration ratios) 

were acquired (Figure 5-3).  In the absence of TMACl, the emission spectrum of Eu(D-

facam)3 had sharp peaks at 579, 590, and 613 nm corresponding to the 5D0→
7F0, 

5D0→
7F1, 

and 5D0→
7F2 transitions, respectively, in Eu(III).4  The emission intensity increased with 

increasing concentrations of TMACl.  In addition, the emission peak corresponding to 

the 5D0→
7F1 transition split into two peaks (585 nm and 595 nm), indicating that TMACl 

significantly affected the crystal field of around Eu(III) ion.   

When [Eu(D-facam)3]:[TMACl] = 1:10, the emission intensity at 613 nm corresponding 

to the 5D0→
7F2 transition was ~70 times higher compared to the emission intensity of 

Eu(D-facam)3 alone.  This indicates the existence of interactions between Eu(D-facam)3 

and TMACl.  

 

 

 

Influence of various alkylammonium ions  

 To verify if the emission enhancement of Eu(D-facam)3 depends on the alkyl chain 

length of the ammonium salt, emission spectra of Eu(D-facam)3 were acquired in the 

presence of ammonium salts with different alkyl chain lengths (Figure 5-4).  No 

remarkable increase in the emission intensity was observed when TPACl or TBACl was 

added to the Eu(D-facam)3 solution.  Interestingly, the emission intensity increased with 

increasing concentrations of alkyl ammonium salts with shorter chain lengths, i.e., TEACl 

and TMACl.  At a molar concentration ratio of [Eu(D-facam)3]:[alkylammonium salt] = 

1:10, a 30-fold and 70-fold enhancement in the emission intensity at 613 nm were 

observed for Eu(D-facam)3/TEACl and Eu(D-facam)3/TMACl, respectively, compared to 

the emission intensity of Eu(D-facam)3 alone.  Thus, the extent of enhancement of the 

Eu(D-facam)3 emission intensity was significantly affected by the alkyl chain length in 

the ammonium salts. 
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Figure 5-4. (a) Emission spectra of Eu(D-facam)3/TBACl solutions at various [Eu(D-

facam)3]:[TBACl] ratios.  (b) Change in the emission intensity of Eu(D-facam)3 at 613 nm with 

increasing concentrations of various alkylammonium salts. 
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5.1.4 Structural change of Eu(D-facam)3 upon the interaction with 

tetramethylammonium  

 

 

Symmetry of Eu(D-facam)3 in the presence of TMACl 

In the lanthanoid complex such as Eu(D-facam)3, it is known that the emission peak 

near 595 nm caused by 5D0→
7F1 is derived from a magnetic dipole (MD) moment, and 

its intensity is not easily affected by the ligand field.  On the other hand, the emission 

peak near 612 nm caused by 5D0→
7F2 is derived from the electric dipole (ED) moment, 

and its intensity changes greatly under the influence of the ligand field.  Therefore, the 

symmetric property of Eu(D-facam)3 can be estimated from the ratio of emission intensity 

derived from MD moment (IMD) and ED moment (IED).5  Figure 5-5 shows the change 

in the emission ratio (Irel = IED/IMD) with increasing TMACl or TBACl concentration.  

Since the value of Irel decreased with increasing TMACl concentration, it was indicated 

that the coordination structure around Eu(III) ion in Eu(D-facam)3 was changed to be 

higher symmetry by addition of TMACl.  Thus, the change of symmetry around Eu(III) 

ion given by Irel value clearly suggested that Eu(D-facam)3 and TMACl interact each other, 

lead to great emission enhancement as shown in Figure 5-3.  Whereas, addition of 

TBACl did not change the emission intensity and Irel value of Eu(D-facam)3, indicating 

there is no significant interaction between these compounds.   

  

Figure 5-5. Change in Irel (= IMD/IED) of Eu(D-facam)3/TMACl solution with increasing 

TMACl concentration. 
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Change in absorption and circular dichroism 

Then, structural information of the Eu(D-facam)3/TMACl and Eu(D-facam)3/TBACl 

solutions were investigated.  Figure 5-6 shows absorption and circular dichroism (CD) 

spectra of Eu(D-facam)3/TMACl and Eu(D-facam)3/TBACl solutions.  These solutions 

showed absorption band at around 310 nm due to -* transition of the D-facam ligands.6  

There was no significant change in absorption of the ligand in both solutions by addition 

of TMACl or TBACl.  For CD spectra, although there is no obvious change in the CD 

signal corresponding to the ligand absorption by addition of TBACl, peak of the CD 

signal changed to be longer wavelength with increasing in TMACl concentration.  This 

result suggests the structural change of Eu(D-facam)3 in the presence of TMACl. 
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Figure 5-6. Absorbance (bottom) and CD (top) spectra of Eu(D-facam)3/TMACl (a) and 

Eu(D-facam)3/TBACl (b) solutions. The concentration of Eu(D-facam)3 was fixed 0.1 

mmol/L. Length of light path was set to 1 mm. 
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Change in the vibrational structure 

In the FT-IR spectrum of Eu(D-facam)3, two peaks due to stretching vibration of 

conjugated bonds (C⎓C⎓C) in -diketonate was observed at 1500-1600 cm-1 (Figure 5-

7).7  These peaks turned into one broad peak around 1500 cm-1 by addition of TMACl.  

Thus, it can be considered that the length and/or angle of these bonds were changed in 

the presence of TMACl. 

 

 

ESI-MS analysis  

In order to reveal association of Eu(D-facam)3 and alkyl ammonium ions, SPI-MS 

measurements were carried out (Figure 5-8~5-10).  In case of Eu(D-facam)3/TMACl 

solution, m/z peaks corresponding to [Eu(D-facam)3·TMA]+ and [Eu(D-

facam)3·2TMA·Cl]+ were observed.  This result suggested that Eu(D-facam)3 and 

TMA+ formed associated structure in 1-butanol solutions as indicated by CD 

measurement.  On the other hands, any m/z peaks due to association of Eu(D-facam)3 

and TBA+ was not observed in Eu(D-facam)3/TBACl solution.  Thus, no significant 

change of absorption, CD and luminescent spectra of Eu(D-facam)3/TBACl solution 

discussed above was supported by the MS measurement.  Therefore, it could be thought 

that Eu(D-facam)3 interacts with TMA+ and leads to change the coordination structure 

and symmetry of Eu(D-facam)3.  From these results, Eu(D-facam)3 and TMACl having 

shorter alkyl chain can interact each other to change symmetrical structure of Eu(III) ion, 

leading to remarkable emission enhancement over 70 times larger.     
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Figure 5-7. FT-IR spectra of Eu(D-facam)3
 and TMACl and Eu(D-

facam)3/TMACl. 
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[Eu(D-facam)3] : [TMACl] = 1 : 10

(b) Expended MS spectrum of Eu(D-facam)3/TMACl (measured values) 

(d) Expended spectrum of Eu(D-facam)3/TMACl (measured values) 

(a) MS spectrum of Eu(D-facam)3/TMACl (measured values) 

(c) Calculated MS spectrum of [Eu(D-facam)3·TMA]+

(e) Calculated MS spectrum of [Eu(D-facam)3·2TMA·Cl]+

Figure 5-8. MS spectra of Eu(D-facam)3/TMACl (a, b, d) and calculated MS spectrum of 

[Eu(D-facam)3·TMA]+ (c) and [Eu(D-facam)3·2TMA·Cl]+ (e). 



86 

 

 

  

(a) Expended MS spectrum of Eu(D-facam)3/TBACl (measured values) 

(c) Expended MS spectrum of Eu(D-facam)3/TBACl (measured values) 

(b) Calculated MS spectrum of [Eu(D-facam)3·Cl] -

(d) Calculated MS spectrum of [Eu(D-facam)4]
-

[TBACl] / [Eu(D-facam)3]= 10, (negative)

Figure 5-9. MS spectra of Eu(D-facam)3/TBACl (a, c) and calculated MS spectrum of 

Eu(D-facam)3·Cl]- (b) and [Eu(D-facam)4]- (d). 
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(a) Expended MS spectrum of Eu(D-facam)3/TBACl (measured values) 

(c) Expended MS spectrum of Eu(D-facam)3/TBACl (measured values) 

(b) Calculated MS spectrum of [2TBA·Cl] +

(d) Calculated MS spectrum of [TBA]+

Figure 5-10. MS spectra of Eu(D-facam)3/TBACl (a, c) and calculated MS spectrum of 

[2TBA·Cl]+ (b) and [TBA]+ (d). 
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Influence of -OH vibrational quenching 

 

In general, it is known that Eu(III) ion with high symmetrical structure hardly show strong 

emission because the high symmetry of Eu(III) ion leads to smaller radiative rate.8  Thus, 

this great enhancement of emission of the Eu(D-facam)3 with higher symmetry evident 

from various photophysical analyses seems to contradict to general phenomena on the 

Eu(III) complexes.   

 

 

In order to clarify the mechanism of the emission enhancement, vibrational quenching of 

excited states of the Eu(D-facam)3 was focused.9  Influence of the vibrational quenching 

due to -OH groups in 1-butanol used as a solvent was investigated by comparing change 

in emission intensity of Eu(D-facam)3 by addition of TMACl in 1-butanol with that in 1-

butanol-d1.  Figure 5-11 shows the changes in emission intensity of Eu(D-facam)3 in 1-

butanol and 1-butanol-d1 by addition of TMACl.  The intensity of Eu(D-facam)3-singly 

dissolved solution in 1-butanol and 1-butanol-d1 were normalized to be 1 respectively.  

It was revealed that the degree of emission enhancement of Eu(D-facam)3 caused by 

Figure 5-11. Change in emission intensity (613 nm) of Eu(D-facam)3 upon the addition of 

TMACl in 1-butanol or 1-butanol-d1. The intensities of Eu(D-facam)3 alone in 1-butanol 

and 1-butanol-d1 were normalized to 1. 
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addition of TMACl in 1-butanol was greater than that in 1-butanol-d1.  The enhancement 

degree when the [Eu(D-facam)3]:[TMACl] = 1:10 concentration ratio were 70 times in 1-

butanol and 25 times in 1-butanol-d1 comparing to the Eu(D-facam)3 singly dissolved 

solutions.  The emission enhancement by TMACl was greater in 1-butanol containing -

OH group than that in 1-butanol-d1 without -OH group.  This result indicates that the 

interaction with TMACl suppresses quenching emission of Eu(D-facam)3 due to 

vibrational deactivation of -OH groups.  However, since 25 times emission enhancement 

of Eu(D-facam)3 by TMACl was observed in 1-butanol-d1, it would be sufficiently 

considered to have effects of suppressing molecular vibrations, vibrational excitation of 

matrices and reverse energy transfer from Eu(III) ion to ligands besides suppression of 

quenching by -OH group.  Therefore, it was aimed to elucidate the factors that contribute 

to the emission enhancement of Eu(D-facam)3. 

 

 

Calculation of photophysical parameters 

To elucidate the factors that contribute to the emission enhancement of Eu(D-facam)3, 

total quantum yields (tot) and luminescence lifetimes () of Eu(D-facam)3/TMACl 

solutions with various concentration ratio were measured.  The emission decay curves 

are shown in Figure 5-12.  In solution of Eu(D-facam)3 alone, two components of 

emission lifetime were observed.  The shorter component was ca. 30 s (70 %) and 

longer one was ca. 220 s (30 %) for the Eu(D-facam)3 alone solution.  The existence 

of multi components in the Eu(D-facam)3 alone solution suggested presence of different 

states of the complex.  For example, number of coordinated waters may affect emission 

lifetime of complexes.  By addition of TMACl, the shorter lifetime component 

disappeared and decay curves of almost single component with life time of ~250 s were 

observed.  This result indicated that interaction between TMACl and Eu(D-facam)3 

eliminated lower emissive state (shorter lifetime state) of Eu(D-facam)3.  Also, radiative 

rates of Eu(III) ions (kr) were calculated by using: 

kr = AMD,0 × n3 × (
𝐼tot

𝐼MD
) 

where AMD,0 is the spontaneous emission coefficient of 5D0→
7F1 (=14.65 sec−1), n is the 

refractive index of the medium (= 1.399 in 1-buthanol) and Itot/IMD is the ratio of the 

integrated total radiation from the 5D0→
7Fj (j = 0-6) to the area of the 5D0→

7F1 

transition.5,10  Averaged lifetime was adopted to calculate photophysical parameters of 

Eu(D-facam)3 alone solution.  The non-radiative rate (knr) can be calculated from: 
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 = 
1

𝑘r+𝑘nr
  ,  knr = 

1

𝜏
 − kr 

and the intrinsic quantum yield (Ln) and the efficiency of the sensitization of the 

lanthanide luminescence by the ligand (ηsens) can be calculated from the relation11: 

𝛷Ln =
𝑘r

𝑘r+𝑘nr
  ,  𝜂sens =  

𝛷tot

𝛷Ln
 

These photo-physical parameters are showed in Table 1.  It was revealed that kr decrease 

from 329 s−1 to 263 s−1 with increasing the concentration of TMACl.  In other words, 

the light emission probability from the excited state decreases with the addition of TMACl, 

which is consistent with structural change around Eu(III) ion to higher symmetry as 

discussed above.  On the other hands, decreasing of the knr and improvement of the ηsens 

were observed with increasing in TMACl concentration.  The knr value without TMACl 

was found to be ca. 10000 s−1, whereas, the knr decreased to be 3800 s−1 by addition of 

TMACl.  This decrease of knr clearly indicates suppression of vibrational deactivation 

of excited states of Eu(III) ion.  From the comparison of solvent dependence (1-butanol 

and 1-butanol-d1), the vibrational quenching was mainly caused by -OH groups.  This 

decrease of knr contributes to improve of the intrinsic quantum yield (Ln); the calculated 

Ln increased ca. 2.1 times by addition of TMACl (from 3.15 % to 6.54 %).  Here, it 

should be noted that the increase of ηsens by interaction with TMACl was greatly large, 

more than 30 times compared to the original.  It is considered that such significant 

improvement of ηsens mainly contributes to the 70 times emission enhancement of the 

Eu(D-facam)3 as shown in Figure 5-3. 

Figure 5-12. Emission decay curves of Eu(D-facam)3/TMACl solutions with various 

concentration ratio. Excitation wavelength was 405 nm and emission were detected at 613 nm. 
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It is known that the ηsens of lanthanide complexes are greatly affected by the relationship 

between the T1 level of the ligands and the receiving 4f level of the central metal ion.  

The adequate energy gap between the T1 level and the 4f level encourages the energy 

transfer from the ligands to the metal ion.  However, the close match between the T1 

level and the 4f level should be avoided because it induces back energy transfer from the 

metal ion to the ligands.11   

In order to investigate the change of the T1 level of the ligands in Eu(D-facam)3 by the 

addition of TMACl, the phosphorescence measurements of the Eu(D-facam)3/TMACl 

solutions with various TMACl concentration were conducted at 77 K (Figure 5-13).12  

Broad phosphorescent bands due to the D-facam were observed at around 400-500 nm 

from Eu(D-facam)3/TMACl solutions, and their intensity decreased corresponding to the 

increase of TMACl concentration.  In case of [Eu(D-facam)3]:[TMACl] = 1:10, 

phosphorescence from the D-facam was almost quenched (Figure 5-13a).  This result 

indicates that addition of TMACl improved the efficiency of energy transfer (ηsens) from 

D-facam to Eu(III) ion in Eu(D-facam)3; the improved energy transfer efficiently 

deactivated T1 state of the D-facam, resulting in quenching of the phosphorescence.   

On the other hands, the shapes and onset wavelength of the phosphorescence spectra 

were not changed by TMACl (Figure 5-13b), indicating that the T1 level of the D-facam 

was not influenced.  This result suggested that the improvement of ηsens was caused by 

factors other than change in the T1 level of ligands.  From the Table 1, non-radiative 

Table 5-1 Luminescence lifetimes (τ), intrinsic quantum yields of Eu(III) ion (ΦLn), total 

quantum yields (Φtot), efficiencies of sensitization (ηsens), radiative rates (kr), non-radiative 

rates (knr), and ratio of emission intensity in MD moment and ED moment (Irel) of Eu(D-

facam)3 alone and Eu(D-facam)3/TMACl solutions of various concentration ratios. 

 

Irel


(µs)

Ln

(%)

tot

(%)

kr
(s-1)

knr
(s-1) 

ηsens
(%)

0 7.4 95.8 3.15 0.0074 329 10110 0.24

1 5.8 130.7 3.80 0.12 291 7360 3.2

5 5.2 222.3 6.09 0.31 274 4224 5.1

10 5.2 248.6 6.54 0.55 263 3759 8.4
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deactivation of excited state of Eu(III) ion such as vibrational quenching was suppressed 

by addition of TMACl (decrease of knr). Suppression of the vibrational quenching would 

prolong lifetime of T1 state of the ligand, leading to increase of energy transfer efficiency 

from ligand to Eu(III) ion.  In addition, the changes in the distance between Eu(III) and 

ligands and the angle between them, as evident from the CD spectra, IR spectra, and Irel 

values, would also contributed to the significant improvement in ηsens.  
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Figure 5-13. Phosphorescence spectra of Eu(D-facam)3 solutions in the presence of various 

concentrations of TMACl at 77 K (b: normalized spectra). 
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5.1.5 Change in the optical chirality of Eu(D-facam)3 due to the 

structural change 

 

The circularly polarized luminescence (CPL) from the Eu(D-facam)3 in the presence of 

TMACl was investigated because CPL of lanthanide complexes are significantly affected 

by the coordination structure and crystal fields around the metal ion.13  CPL intensity is 

defined as the difference between the intensity of left-handed CPL and right-handed CPL 

(ICPL = IL – IR).  The degree of chiral dissymmetry in luminescence is quantified with 

using the anisotropy factor (glum) of CPL, which is given as glum = 2(IL − IR)/(IL + IR).14  

Figure 5-14 shows glum spectra of the Eu(D-facam)3/TMACl solutions with various 

concentration ratio.  The Eu(D-facam)3 singly dissolved solution did not show 

significant CPL signal from 580 nm to 630 nm in 1-butanol.  After the addition of 

TMACl, Eu(D-facam)3 showed negative and positive CPL signal at around 598 nm 

(5D0→
7F1) and 613 nm (5D0→

7F2), respectively.  In the [Eu(D-facam)3]:[TMACl] = 

1:10 concentration ratio, the glum was calculated to −0.69 at 598 nm and −0.09 at 613 nm.  

From the CD measurements and luminescent analyses, coordination structure of Eu(D-

facam)3 was suggested to be transformed by association with TMA+, leading to great 

enhancement of luminescent properties as discussed above.  In the same way as the 

specific enhancement of luminescence, the CPL properties of Eu(D-facam)3 would be 

improved by TMA+. 

  

Figure 5-14. CPL spectra of Eu(D-facam)3 alone and Eu(D-facam)3/TMACl solution with 

various concentration ratios. 
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To summarize so far, the influence of additives on the photophysical properties of Eu(D-

facam)3 in 1-butanol were precisely investigated.  Drastic enhancements in emission 

(70-fold) and dissymmetry factor of CPL (−0.69) were observed upon interaction with 

TMACl.  Various photophysical analyses suggested that the emission enhancement was 

mainly due to an increased sensitization (high ηsens) from ligands to Eu(III) ion by the 

suppression of reverse energy transfer.  These phenomena are primarily driven by the 

transformation of the coordination structure of Eu(D-facam)3 upon association with 

TMACl.  It is believed that such enhancement in the optical properties of Eu(III) 

complexes in alcohol can aid in the development of not only luminescent devices, 

nanodevices and catalysts but also applications related to biological fields.  
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5.2 Brilliant CPL from DNA-CTMA/Eu(D-facam)3 film 

 

 The chiral Eu(D-facam)3 showed a high degree of circular polarization with 

dramatically enhanced luminescence when additives, especially short alkylammonium 

ion salt like TMACl and TEACl, were added.  This novel luminescence was attributed 

to the structural change of Eu(D-facam)3 upon the association with additives.  On the 

other hand, as described in Chapter 4, association with DNA can lead to further 

improvement in luminescence through immobilization in its structure and contribution of 

helical structure.  In addition, fabrication of novel photo-functional films will open up 

the possibilities of application to various fields. 

 Therefore, DNA-CTMA/Eu(D-facam)3 films were fabricated and their luminescent 

properties were investigated toward the further improved photo-functional material. 

 

 

 

5.2.1 Introduction of Chiral Eu(D-facam)3 into DNA-based system 

 

Reagents 

All chemicals were commercially available and used as received. Europium tris[3-

(trifluoromethylhydroxymethylene)-(+)-camphorate] (Eu(D-facam)3), (+)-3-

(trifluoroacetyl)camphor, and poly(methylmethacrylate) (PMMA, Mw: ~350,000) were  

purchased from Sigma-Aldrich (USA). Gadolinium(III) acetate hydrate was purchased 

from FUJIFILM Wako Pure Chemical Corporation (Japan). The sodium salts of DNA 

(base pairs: ca. 10,000) were provided by Nippon Chemical Feed Co., Ltd. (Japan). These 

were marine-based salts that were first isolated from frozen salmon milt through a 

homogenization process followed by removal of proteins and impurities. 

Cetyltrimethylammonium chloride (CTMA, 98% purity) and 1-butanol were purchased 

from Tokyo Chemical Industry Co., Ltd (Japan).   

 

Preparation of the DNA-CTMA complex 

DNA-CTMA was prepared by precipitating DNA with a cationic surfactant complex of 

CTMA in water through an ion exchange reaction that replaced the sodium cations of the 

DNA.  The DNA complex with CTMA (DNA-CTMA) was prepared by the addition of 

a 10 mM aqueous solution of DNA (based on the concentration of the phosphate groups) 

to a 10 mM CTMA solution.  The precipitate was filtered and thoroughly washed with 



96 

 

ultrapure water and then dried in vacuo.  The resulting DNA-CTMA was more water 

insoluble and more mechanically stable than the DNA itself due to the long alkyl chain 

of the CTMA.  Through the formation of the CTMA complex, DNA-CTMA was soluble 

in solvents more compatible with device fabrication, such as chloroform, ethanol, 

methanol, butanol, or a chloroform/alcohol blend. 

 

Preparation of DNA-CTMA/Eu(D-facam)3 films 

DNA-CTMA/Eu(D-facam)3 solutions were prepared by dissolving DNA-CTMA and 

Eu(D-facam)3 in 1-butanol. The concentration of DNA-CTMA and Eu(D-facam)3 were 

set to 0.1-1.0 mmol/L and 0.1 mmol/L, respectively. The concentration ratio of DNA-

CTMA to Eu(D-facam)3 was varied by changing the DNA-CTMA concentration (based 

on the concentration of the phosphate groups) in solution. The DNA-CTMA/Eu(D-

facam)3 films were prepared by casting 200 L of these solutions onto quartz substrates 

(2 × 2 cm2). The weight percentages of Eu(D-facam)3 in the DNA-CTMA films ranged 

between 12 and 58 wt%. A PMMA film containing Eu(D-facam)3 (12 wt%) was also 

prepared for comparison. 

 

Measurements of the optical properties 

The absorbance and CD spectra of the DNA-CTMA/Eu(D-facam)3 and PMMA/Eu(D-

facam)3 films were acquired using a photonic multichannel analyzer (J-1100, JASCO 

Corporation, Japan). The emission spectra were acquired using a spectrofluorometer (FP-

6600, JASCO Corporation, Japan). The emission quantum yields were calculated from 

the data obtained from an absolute PL quantum yield spectrometer (Quantaurus-QY 

C11347-01, Hamamatsu photonics K. K., Japan). The emission lifetimes were determined 

using a time-resolved fluorescence spectrometer (Quantaurus-Tau C11367-21, 

Hamamatsu photonics K. K., Japan). CPL measurements were conducted using a 

previously reported system,1,2 which consisted of the following components: 375 nm LED 

(M365L2, Thorlabs Japan Inc., Japan), LED driver (DC2100, Thorlabs Japan Inc., Japan), 

photoelastic modulator (PEM-90, Hinds instruments, Inc. United States), photomultiplier 

tube (H7732-10, Hamamatsu photonics K. K., Japan), linearly polarized cubic prism 

(200,000:1), photomultiplier tube (H7732-10, Hamamatsu photonics K. K., Japan), and 

dual phase DSP lock-in amplifier (7265, Signal Recovery Ltd., United Kingdom). The 

appropriate detection wavelength of the monochromator and PEM was controlled by a 

PC. 
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5.2.2 Interaction Between the Chiral Eu(D-facam)3 and DNA-CTMA 

 

Change in absorbance and CD spectrum in the DNA film 

First, I introduced Eu(D-facam)3 into DNA structure to analyze their optical properties.  

As described in Chapter 4, DNA is soluble only in water, while Eu(D-facam)3 is insoluble 

in water.  Therefore, DNA was modified with CTMA, which is one of the most typical 

surfactants utilized for biomolecules.  By utilizing DNA-CTMA, the DNA-

CTMA/Eu(D-facam)3 films were successfully prepared.  The absorption and CD spectra 

of the DNA-CTMA/Eu(D-facam)3 films with various molar ratios of Eu(D-

facam)3:DNA-CTMA are shown in Figure 5-15.  The optical analysis of a 

PMMA/Eu(D-facam)3 film was also carried out for comparison.  PMMA has no 

structural chirality whereas DNA has a well-known axisymmetric helical structure.15  

For the PMMA/Eu(D-facam)3 film, an absorption band due to the -* transition of the 

-diketonate6 in the ligand (D-facam) was observed around 305 nm.  On the other hand, 

the absorption peaks of the DNA-CTMA/Eu(D-facam)3 films were red-shifted by about 

10 nm compared to that of the PMMA/Eu(D-facam)3 film, suggesting an interaction 

between DNA and Eu(D-facam)3.  It is possible that Eu(D-facam)3 electrostatically 

approach the anionic phosphate groups in the DNA backbone, and such absorption change 

suggests the intercalation or semi-intercalation between base pairs subsequent by 

electrostatic interaction.16,17  The CD spectrum indicates ellipticity which is proportional 

to the difference in absorbance of right- and left-circularly polarized light at each 

wavelength.  Therefore, CD spectrum reveals the structural chirality of the molecules 

corresponding to its absorption.  In the PMMA/Eu(D-facam)3 film, a positive Cotton 

effect corresponding to the absorption band of D-facam was observed.  This was 

attributed to the fact that the D-facam ligand of Eu(D-facam)3 possesses a chiral structure.  

For the DNA-CTMA/Eu(D-facam)3 films, typical exciton-splitting CD signals with 

positive (330 nm) and negative (300 nm) Cotton effects centered at the absorption peak 

of the ligand were observed.  This indicates that the exciton coupling of the D-facam 

ligands in Eu(D-facam)3 occurred upon interaction with DNA.  In addition, the signal 

strength of the exciton coupling increased relative to the increase of the DNA ratio, 

strongly indicating that the structural chirality of Eu(D-facam)3 was enhanced. 
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Figure 5-15. Absorbance (bottom) and circular dichroism (CD, top) spectra of DNA-

CTMA/Eu(D-facam)3 films at various Eu(D-facam)3:DNA-CTMA molar ratios and 

PMMA/Eu(D-facam)3 film. 
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Change in the VCD spectrum in the DNA film 

Vibrational circular dichroism (VCD) spectroscopy experiments were carried out to 

determine in more detail the structural change of Eu(D-facam)3 in the presence of DNA.  

Figure 5-16 shows the infrared absorption (IR) and VCD spectra of the Eu(D-facam)3 

powder and DNA-CTMA/Eu(D-facam)3 film [Eu(D-facam)3:DNA-CTMA molar ratio 

was 1:1].   In the IR spectra (bottom), the absorption peaks corresponding to the C=O 

stretching vibration (around 1650 cm−1) and C=C stretching vibration (around 1500-1600 

cm−1) of the D-facam ligand were observed for both the Eu(D-facam)3 powder and DNA-

CTMA/Eu(D-facam)3 film.7  In the VCD spectra (top), although no significant signal 

was observed in the case of the Eu(D-facam)3 powder, the VCD signals corresponding to 

the absorption bands of D-facam were observed for the DNA-CTMA/Eu(D-facam)3 film.   

Especially, the absorption band due to the stretching vibration of the C=O group that was 

in vicinity to the central Eu(III) ion showed a significant exciton splitting pattern, 

indicating that the coordination symmetry of the ligand field of Eu(III) might be affected.  

In view of the results of the CD and VCD measurements, it was suggested that the 

structure of Eu(D-facam)3 was distorted by the interaction with DNA, thus potentially 

affecting the luminescent properties of Eu(D-facam)3. 
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Figure 5-16. Infrared absorbance (bottom) and vibrational circular dichroism (VDC, top) 

spectra of the Eu(D-facam)3 powder and DNA-CTMA/Eu(D-facam)3 film [Eu(D-

facam)3:DNA-CTMA = 1:1]. 
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5.2.3 Emission enhancement of Eu(D-facam)3 within the DNA-CTMA 

film 

 

Emission properties of the DNA-CTMA/Eu(D-facam)3 film 

In order to discuss the influence of the interaction between Eu(D-facam)3 and DNA-

CTMA on the luminescent properties, the emission spectra of the PMMA/Eu(D-facam)3 

and DNA-CTMA/Eu(D-facam)3 films were examined (Figure 5-17).  For all films, a red 

emission with sharp peaks due to the f-f transition of the Eu(III) ion was observed upon 

ligand excitation (330 nm).  In the case of the PMMA/Eu(D-facam)3 film, emission 

peaks were observed at 579, 585-600 and 613 nm; they corresponded to the 5D0→
7F0, 

5D0→
7F1 and 5D0→

7F2 transition of Eu(III) ions, respectively.4  Interestingly, for the 

DNA-CTMA/Eu(D-facam)3 film, the emission peak corresponding to the 5D0→
7F1 

transition split into two peaks (586 and 595 nm). This change of the emission peak 

obviously indicated that the interaction with DNA affected the crystal field around the 

Eu(III) ion (Figure 5-18).  In comparison to the PMMA/Eu(D-facam)3 film, the DNA-

CTMA/Eu(D-facam)3 films showed a stronger emission.  Their emission intensity was 

enhanced with increasing ratios of DNA-CTMA, suggesting that a non-radiative 

deactivation caused by a molecular vibration was suppressed due to the immobilization 

onto the DNA backbone.18,19  
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Figure 5-17. Emission spectra of DNA-CTMA/Eu(D-facam)3 films at various Eu(D-

facam)3:DNA-CTMA molar ratios and PMMA/Eu(D-facam)3 film upon excitation at 330 

nm, as shown by the original emission intensities. 
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Figure 5-18. Normalized intensities (a). Photograph of the DNA-CTMA/Eu(D-facam)3 

films and PMMA/Eu(D-facam)3 film (b). 

 

(a) 



102 

 

Symmetry around Eu(III) ion in the Eu(D-facam)3 

The emission peak due to the 5D0→
7F1 transition derives from a magnetic dipole (MD) 

moment and is not easily affected by the ligand field.  On the other hand, the emission 

due to the 5D0→
7F2 transition is due to the electric dipole (ED) moment and its intensity 

obviously changes under the influence of the ligand field.  Therefore, the symmetry of 

Eu(D-facam)3 can be discussed based on the ratio of the emission intensities obtained 

from the MD moment (IMD) and ED moment (IED).5  The emission ratio (Irel = IED/IMD) 

of the PMMA/Eu(D-facam)3 and DNA-CTMA/Eu(D-facam)3 films are shown in Table 5-

2.  Since the values of Irel for the DNA-CTMA/Eu(D-facam)3 films (5.14-5.60) were 

lower than that of the PMMA/Eu(D-facam)3 film (7.64), it was estimated that the 

coordination structure around the Eu(III) ion in Eu(D-facam)3 changed to a higher 

symmetric structure in the presence of DNA.  The changes in the structure of Eu(D-

facam)3 were also confirmed by CD and VCD measurements.  These results clearly 

suggested that Eu(D-facam)3 and DNA interacted with each other and led to a stronger 

emission, as shown in Figure 5-17. 

 

 

 

 

  

Table 5-2. Ratio of the emission intensity of the MD and ED moment (Irel), luminescence 

lifetime (τ), radiative rate (kr), non-radiative rate (knr), intrinsic quantum yield of Eu(III) ion 

(ΦLn), total quantum yield (Φtot), and efficiency of sensitization (ηsens) of the DNA-

CTMA/Eu(D-facam)3 and PMMA/Eu(D-facam)3 films. 

Sample
Polymer:Eu(III)

(Weight ratio of Eu(III)) Irel


(µs)

kr
(s-1)

knr
(s-1) 

Ln

(%)

tot

(%)

ηsens
(%)

PMMA/Eu(III) film
−

(12 wt%)
7.64 114 419 8353 14.9 0.5 10.5

DNA/Eu(III) film

1:1
(58 wt%)

5.15 626 317 1597 16.5 11.9 72.0

3:1
(31 wt%)

5.14 606 316 1334 19.2 11.7 61.0

5:1
(22 wt%)

5.62 601 341 1323 20.5 12.0 58.6

10:1
(12 wt%)

5.60 602 340 1322 20.4 13.7 67.0
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Detailed analyses of photophysical parameters of the DNA-CTMA/Eu(D-facam)3 

films 

Generally, Eu(III) ions with a highly symmetrical structure hardly show any strong 

emission since the high symmetry of the Eu(III) ion results in a low radiative rate.8  

Therefore, the factors that contributed to the emission enhancement of Eu(D-facam)3 in 

DNA-CTMA films were determined.  The total quantum yield (Φtot) and luminescence 

lifetime (τ) of the PMMA/Eu(D-facam)3 and DNA-CTMA/Eu(D-facam)3 films were 

obtained (Table 5-2).  The luminescent quantum yield was 0.5 and 11.9-13.7% for the 

PMMA/Eu(D-facam)3 and DNA-CTMA/Eu(D-facam)3 films, respectively; the 

luminescent quantum yield of Eu(D-facam)3 was significantly increased in the case of 

DNA-CTMA compared to PMMA.  The radiative rate constants of Eu(III) ions (kr) was 

also calculated using the relation: 

kr = AMD,0 × n3 × (
𝐼tot

𝐼MD
) 

where AMD,0 is the spontaneous emission coefficient of the 5D0→
7F1 transition (= 14.65 

s−1), n is the refractive index of the medium and Itot/IMD is the ratio of the integrated 

radiation corresponding to the 5D0→
7Fj transition (j = 0-6) to the peak area corresponding 

to the 5D0→
7F1 transition.  Here, the value of n was determined to be 1.52 and 1.49 for 

the DNA-CTMA20 and PMMA solid film21, respectively.  The non-radiative rate 

constant (knr) can be calculated from the relations: 

 = 
1

𝑘r+𝑘nr
 , knr = 

1

𝜏
 - kr 

while the intrinsic quantum yield (ΦLn) and efficiency of sensitization of the lanthanide 

luminescence by the ligand (ηsens) can be calculated from the relations:11 

𝛷Ln =
𝑘r

𝑘r+𝑘nr
 ,  𝜂sens =  

𝛷tot

𝛷Ln
 

  



104 

 

These photophysical parameters are listed in Table 1.  It was evident that the kr value of 

Eu(D-facam)3 for the DNA-CTMA films (316-340 s−1) was lower than that of the PMMA 

film (419 s−1).  This implies that the probability of light emission from the excited state 

decreased in the presence of DNA, which is consistent with the structural change around 

the Eu(III) ion towards a higher symmetry structure, as discussed above.  

On the other hand, knr decreased and ηsens increased for the DNA-CTMA films compared 

to the PMMA film. The knr value of PMMA was approximately 8400 s−1; it decreased to 

1300 s−1 upon mixing with DNA.  It is known that the molecular vibration can be 

suppressed when the molecules are immobilized on a DNA structure.18,19  Therefore, the 

decrease in knr clearly indicated a suppressed vibrational deactivation of the excited states 

of the Eu(III) ion due to the immobilization on a DNA molecule.  The decreased knr 

contributed to improving the intrinsic quantum yield (ΦLn); the calculated ΦLn increased 

from 14.9% (in PMMA) to 20.5% (in DNA-CTMA). In addition, the ηsens value of Eu(D-

facam)3 significantly improved upon interaction with DNA; it was almost 7 times higher 

compared to that of PMMA.  This improvement of ηsens is believed to contribute to the 

emission enhancement of Eu(D-facam)3. 

 

 

 

T1 level of the D-facam ligand within the DNA-CTMA film 

It is known that the ηsens value of lanthanide complexes significantly depends on the 

relationship between the T1 level of the ligands and the accepting 4f level of the central 

metal ion.11  An adequate energy gap between the T1 and 4f levels encourages the energy 

transfer from the ligands to the metal ion.  However, a close match between the T1 and 

4f levels should be avoided as it induces back energy transfer from the metal ion to the 

ligands.  To investigate the change of the T1 level of the D-facam ligand in the different 

polymers, the phosphorescence of Gd(D-facam)3 of the PMMA and DNA-CTMA film 

was measured at 77 K (Figure 5-19).  It is known that the first excitation energy of 

Gd(III) is much higher than the triplet energy of general complex ligands.22  Thus, the 

energy transfer from ligands to the Gd(III) ion hardly occur, thus only the 

phosphorescence from the ligands can be observed.  The T1 level can be calculated from 

the onset wavelength of the phosphorescence spectrum.  Broad phosphorescence bands 

due to D-facam were observed around 460–650 nm for both films. The onset wavelength 

of the phosphorescence spectrum of each film almost matched (462 nm), indicating that 

the T1 level of D-facam was unperturbed (calculated as ca. 21600 cm−1).  Thus, the 

improvement of ηsens was caused by factors other than the change in the T1 level of the 
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ligands.  Therefore, the changes of the distance between Eu(III) and ligands as well as 

the angle between them, as evidenced by the CD and VCD spectra and Irel values, 

contributed to the significant improvement of ηsens.  In addition, the decrease of knr 

discussed above obviously indicates that Eu(D-facam)3 was tightly immobilized onto the 

DNA structure.  The immobilization of these molecules might suppress the vibrational 

deactivation of the T1 states, and allow to improve ηsens, which represents the energy 

transfer efficiency from the ligands to the central metal ion. 
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Figure 5-19. Phosphorescence spectra of the DNA-CTMA/Gd(D-facam)3 and 

PMMA/Gd(D-facam)3 films at 77 K. 
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5.2.4 Circularly polarized luminescence induced by DNA-CTMA 

As discussed above, it was demonstrated that the structural chirality of Eu(D-facam)3 

significantly changed upon its interaction with DNA-CTMA.  Therefore, it was assumed 

that CPL, which reflects the chiral luminescence, might also be greatly enhanced.13  

Therefore, the CPL spectra of the PMMA/Eu(D-facam)3 and DNA-CTMA/Eu(D-facam)3 

films were measured and their gcpl values are shown in Figure 5-20.  An emission 

dissymmetry factor [gcpl = 2(IL − IR)/(IL + IR)] was utilized to quantitatively evaluate the 

magnitude of CPL, where IL and IR represent the emission intensity of left-handed and 

right-handed circular polarized luminescence, respectively.14  For the PMMA/Eu(D-

facam)3 film, the CPL intensity was very weak, and the gcpl was calculated to be −0.02 at 
5D0→

7F1 (598 nm, MD transition).  On the other hand, in the case of the DNA-

CTMA/Eu(D-facam)3 films, clear CPL signals were observed at 5D0→
7F1 (598 nm, MD 

transition) and 5D0→
7F2 (615 nm, ED transition).  The gcpl at 5D0→

7F1 (598 nm) was 

determined to be −0.62, which resulted approximately 30 times enhanced compared to 

the PMMA/Eu(D-facam)3 film.  Such chirality enhancement of the luminescence was 

supposed to be due to the change of the ligand field of Eu(D-facam)3 caused by the 

interaction with DNA-CTMA. 

 

  

Figure 5-20. CPL spectra of the DNA-CTMA/Eu(D-facam)3 films at various Eu(D-

facam)3:DNA-CTMA molar ratios and PMMA/Eu(D-facam)3 film upon excitation 

at 330 nm. 
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5.3 Summary of Chapter 5 

 

In this section, the influence of additives such as CTMA on the luminescent properties 

of Eu(III) complexes was first investigated.  It was revealed that TMA+ which is cation 

part of CTMA can associate with Eu(D-facam)3 and improve its luminescence due to the 

structural change of complex.  In contrast, addition of CTMA did not affect the 

luminescence of Eu(tta)3(H2O)2.  This indicates that the improvement of luminescence 

of Eu(tta)3(H2O)2 upon the interaction with DNA-CTMA (Chapter 4) was attributed to 

the DNA, not CTMA.  Therefore, it was suggested that DNA as well as TMACl may 

interact with Eu(D-facam)3 and improve its luminescent properties.  Then, DNA-

CTMA/Eu(D-facam)3 films were prepared, and their luminescent properties were 

investigated to develop novel photo-functional film.  As a result, an emission 

enhancement and higher dissymmetry factor (−0.6) of Eu(D-facam)3 were simultaneously 

achieved upon interaction with DNA.  Various photophysical analyses suggested that 

the emission enhancement was mainly due to the increase of the sensitization efficiency 

(high ηsens) from the ligands to Eu(III) as well as suppression of the vibrational 

deactivation upon immobilization onto the DNA molecule.  These phenomena were 

primarily driven by the transformation of the coordination structure of Eu(D-facam)3 

upon association with DNA.  Luminescence from Eu(III) complexes is attributed to 

forbidden f-f transitions, thus the simultaneous achievement of strong emission intensity 

and high glum was difficult until this point.  Therefore, it can be assumed that such 

enhancement of the optical properties of Eu(III) complexes with DNA can contribute to 

the development of not only luminescent devices, nanodevices and catalysts but also 

applications related to biological fields and DNA engineering. 
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Conclusions 

 

Since the 1990s, luminescent metal complexes have played an important role as a theme 

for various luminescent applications and academic research.  However, the 

simultaneous achievement of both strong emission intensity and brilliant luminescent 

chirality was difficult in the metal complex-based systems.  This thesis focused on the 

association of metal complex with DNA toward the development of novel photo-

functional materials since the luminescent properties of the metal complexes significantly 

change under the alteration of the structure and ligand field around the central metal ion.  

As a result, unique chiral optical properties were obtained from the DNA/metal complex. 

 

 First, chiral Ru(II) complexes (-, -Ru(phen)3
2+) were associated with DNA.  - and 

-Ru(phen)3
2+ formed associations with DNA thorough different interaction modes, 

respectively.  The interaction modes of these complexes were mainly intercalation 

between the base pairs of DNA.  From the results of various photophysical analyses, the 

strength and percentage of intercalation were higher in the case of - form than that in - 

form.  Corresponding to this difference in the interaction mode of -, -Ru(phen)3
2+ and 

DNA, CD indicated obviously different change.  Such change in optical chirality is 

expected to apply for chemical sensors, bio-probes, and security systems.  As a result of 

different interaction with DNA, - and -Ru(phen)3
2+ showed enantioselective emission 

enhancement.  The extent of emission enhancement of -form (ca. 3times compared to 

original) was higher than that of -form (2.5 times).  This enantioselective emission 

enhancement is also suitable for various sensor systems.   

 

However, although obvious chiral change in absorption and enantioselective emission 

enhancement were observed, significant CPL signal was not obtained from DNA/Ru(II) 

complexes.  Therefore, I focused on the Eu(III) complex, which is expected to show a 

high degree of circularly polarization in luminescence due to the f-f transition.  When 

the achiral Eu(III) complex (Eu(tta)3(H2O)2) was associated with DNA-CTMA film, 

induced CD signal was observed, indicating the change in coordination structure.  As a 

result of association with DNA-CTMA film, the emission intensity of Eu(tta)3(H2O)2 was 

enhanced by ca. 3 times compared to in PMMA film.  In addition, induced CPL was 

observed from DNA-CTMA/Eu(tta)3(H2O)2 film.  Like this, it was demonstrated that 

Eu(III) complex can exhibit induced CPL by associating with DNA.  Such induced CPL 

is suitable for the fields of chemical sensing, bio sensing, security systems etc. 
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In addition, by introducing chiral ligand into the Eu(III) complex, the extent of emission 

enhancement and circularly polarization in luminescence of DNA/Eu(III) complex film 

were greatly improved.  An emission enhancement and higher dissymmetry factor 

(−0.6) were simultaneously observed upon association of chiral Eu(III) complex (Eu(D-

facam)3) and DNA.  These phenomena were primarily driven by the transformation of 

the coordination structure of Eu(D-facam)3 by DNA.  It can be assumed that such 

enhancement of the optical properties of Eu(III) complexes with DNA can contribute to 

the development of not only luminescent devices, nanodevices and catalysts but also 

applications related to biological fields and DNA engineering.  

 

Like this, this thesis reported the luminescence enhancement and expression of chiral 

optical properties by associating metal complexes with DNA.  By self-assembling 

functional materials on DNA which is a chiral backbone, I constructed novel materials 

that have both excellent properties due to functional materials and high emission circular 

polarization that reflects the chiral structure of DNA.  Currently, CPL is practically 

obtained by optical filters.  Therefore, the DNA-based materials that expresses high-

intensity CPL constructed in this thesis are the proposal for novel chiral-optical devices 

and are expected to the development of applications for circularly polarized light sources.  

In addition, the functional DNA complex and its expression method of function invented 

in this research propose new design guidelines in the field of DNA materials, which have 

been attracting attention in Japan and overseas in recent years, and are very academically 

significant.  Further, I believe that addition of luminescent circularly polarization to 

metal complexes can greatly contribute not only to display applications but also to 

technologies such as various sensing applications for physiologically active substances. 
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