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� Chapter 1 
 

General Introduction 
 

 

 

1.1 Optical science technology in modern society 
1.1.1 Development of optical technology 

 In modern society, advanced information technology are provided the 

convenience and safety for our lives. Information society is supported by the 

state-of-the-art information-communication technology. Various materials and products 

related to information communication technology exist close to our lives. In particular, 

optical functional materials which have been researched and developed in the fields of 

photochemistry, electrochemistry, and magnetochemistry are enable to transmission of 

a large amount of information and high-speed processing of information. In further 

advancement of information-communication technology, the research and development 

of optical functional materials will be greatly contributed to the future information society 

(Figure 1-1). 

Optical functional materials are used for many products, including lighting, 
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displays, and optical fibers. Among them, luminescent materials are used for organic EL 

elements, optical sensors and so on. Inorganic fluorescent materials that composed of 

transition metal or lanthanide elements, and organic fluorescent materials which 

composed of organic molecules or polymers, are mainly used as raw materials of 

luminescent materials. In recent years, lanthanide complexes with organic molecule 

ligands as an inorganic material have been actively researched. Our laboratory have 

succeeded in development of lanthanide complexes that show strong emission by 

combination of lanthanide ions and ligands. Furthermore, these reported lanthanide 

complexes have been attracted attention as next-generation luminescent materials. 

 

 

 

 

 

 

 

 

 

Figure 1-1. Application of optical functional materials. 
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1.1.2 Classification of luminescent materials 

The luminescent materials are classified into two types. One is an inorganic 

luminescent material that composed of oxides, nitrides, and sulfides ceramics 

containing transition metals and lanthanide elements. The other is an organic 

luminescent material, which is mainly composed of carbon C, hydrogen H, and a few 

heteroatoms (Figure1-2).  

Typical examples of inorganic luminescent materials are as follow. SrAl2O4 

doped lanthanide elements such as Eu, Nd and Dy is known to a long-lasting phosphor. 

[1,2] (SrCaBaMg)5(PO4)3Cl:Eu, LaPO4:CeTb and Y2O3:Eu are coated on the inner glass 

of fluorescent lamp.[3] SiAION derivative ceramics are shown a high brightness 

phosphor by developed of National Institute for Materials Science (NIMS).[4,5] 

Figure 1-2. Inorganic and organic luminescent material. 
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Typical organic luminescent materials are shown in Figure 1-3. Organic 

luminescent materials are molecules with extended π-conjugation system. The organic 

molecules such as fluorescein, coumarin, Rhodamine and BODIPY derivatives[6-14] are 

known to excellent fluorescent dyes with high absorption coefficient, quantum yield and 

photostability. These fluorescent dye derivatives have been developed for novel 

bio-marker and emitting layer. The luminescent polymer such as poly(p-phenylene 

vinylene) (PPV), polyfluorene (PFO) and polythiophene (PT) derivatives[15-19] are 

applied to organic emitting layers for organic light emitting displays (OLED). On the 

other hand, the metal complex is composed of metal ion and organic molecules. In 

general, transition metal complexes with the d6 and d10 electron configuration and 

lanthanide (III) complexes with f-f transition are widely known for the emitting materials. 

In this thesis, the author deals with metal complex in organic luminescent 

materials. In the 1.3 and 1.4, general properties of metal complexes were described. 
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Figure 1-3. Luminescent materials of organic molecules and metal complexes.  

1: fluorescein, 2: coumarin153, 3: BODIPY core structure,  

4: poly(2-decyloxy-1,4-phenylene), 5: poly(9,9-dioctylfluoren), 6: poly(3-octylthiophene), 

7: [Ru(bpy)3]2+, 8: Alq3, 9: PtOEP 
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1.2 Introduction of photophysical properties 
1.2.1 Emission mechanism of organic luminescent materials  

To emit luminescence of molecules, it is necessary to have a large absorb 

ability and electronic transition corresponding to ultraviolet and visible regions (200 - 

800 nm). The Jablonski diagram is shown in Figure 1-4, which is useful for explaining 

the emission mechanism of molecules. In general, the most stable state of molecules at 

room temperature is the ground states (S0). Molecules absorb ultraviolet or visible light, 

resulting in excited singlet states (S1). Many organic molecules emit the light from S1 

state, and return to S0 state. The emission process between the same spin states (ΔS = 

0) is called "fluorescence". The features of fluorescence are as follows, (i) the 

absorption maximum wavelength and the fluorescence maximum wavelength are close 

(the Stokes shift is small), and (ii) the emission lifetime is short ( > ns). Generally, it is 

known that the Stokes shift of organic molecule is smaller than that of metal complexes. 

 

 

 

 

 

 

 

Figure 1-4. Jablonski diagram showing various processes following absorption of light. 
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On the other hand, the molecule with heavy atoms such as metal complexes 

absorbs excitation energy with ligand and become the excited singlet state (S1). Then, 

the excited triplet state (T1) is occurs quickly though intersystem crossing. (In the case 

of metal complexes, electronic spin reversal is occurred which spin orbit interaction 

called "heavy atom effect".) The molecule that excited to high energy states oscillates to 

stable vibration states at high speeds, and the lowest excited triplet state is occurred by 

internally convert. (Generally, emission and photo-reaction occur from the lowest 

excited state, which is called the Kasha rule.)[20] Therefore, in metal complexes, 

luminescence when returning from the lowest excited triplet state (T1) to the base singlet 

state (S0) is often observed. The emission process between different spin states is 

called "phosphorescence" (ΔS> 0; ΔS = 1 in the case of emission from the excited triplet 

state). Phosphorescence may be observed with organic molecules under low 

temperature conditions. The feature of phosphorescence is as follows, (i) the influence 

of reabsorption is small, because the difference between the absorption maximum and 

the emission maximum is large. (ii) The emission lifetime is long (generally from ns - ms 

order). In the case of many phosphorescent materials, (iii) temperature control is 

important because of temperature dependency. This is because there are many 

nonradiative velocity levels that can thermally transition from the excited triplet state. 
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1.2.2 Evaluation of photophysical propaties  

There are four types of significant physical quantities to evaluate 

photophysical properties of luminescent materials, which are radiative rate constant kr, 

non-radiative rate constant knr, emission lifetime τ and emission quantum yield Φ, 

respectively.[21]�Each photophysical quantity is explained as follows. The kr is the rate 

constant of the deactivation process returning from the excited state to the ground state 

with luminescence (fluorescence or phosphorescence). On the other hand, the knr is the 

rate constant of the othere deactivation process returning to the ground state without 

luminescence. The knr includes thermal relaxation of molecules and energy transfer to 

another excited state.  

These two rate constants are estimated by measurements of the emission 

lifetime τ and the emission quantum yield Φ. The emission lifetime τ are determined by 

measuring the time-dependent emission intensity F(t) in the electron transition from the 

excited state to the ground state. The time-dependent emission intensity F(t) is given by 

the following equation. 

! ! = !!∗exp − !!  1.1 

Here, F0* is the emission intensity at t = 0, and τ is the emission lifetime. Normally, the τ 

is expressed by the following equation using kr and knr. 

! = 1
!! + !!"

 1.2 

The emission quantum yield Φ is defined as the ratio of the number of emitted photons 

!!(!!) to the number of absorbed photons !!(abs). [22] 
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! = !"(!")
!"(!"#) 1.3 

Equation 1.3 is also expressed using kr and knr as follows. 

! = !!
!! + !!"

 1.4 

The Φ is expressed by the ratio of the total rate constants (kr + knr) to the knr.  
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1.3 Metal complexes and coordination polymers 
1.3.1 Basic facts of luminescent metal complexes 

Metal complex is defined as "a compound in which organic molecules or ions 

are coordinated to metal ions". The optical features of metal complexes are different 

from those of organic luminescent materials. Electronic states of metal complexes are 

dependent on the combination of metal ions and ligands. Charge transfer transitions of 

metal complexes are classified into four types as follows (Figure 1-5).[23] (i) 

Metal-centerd (MC) transition such as d-d or f-f transitions, (ii) Ligand-centerd (LC) 

transition such as π-π* or n-π* transitions, and charge transfer transition between metal 

ion and ligands such as (iii) Metal-to-Ligand charge transfer (MLCT) and (iv) 

Ligand-to-Metal charge transfer (LMCT). 

 

 

 

Figure 1-5. Schematic diagram of transition metal complex. 
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However, the transition probability of d-d and f-f transitions is usually small 

because of forbidden transition based on the Laporte rule. From these facts, 

photophysical properties of metal complexes are mainly affected by LC, MLCT and 

LMCT with large transition probability. The S1 state of metal complexes is generated by 

exciting LC, MLCT and LMCT absorption bands. In metal complexes with heavy metal 

ions, the intersystem crossing process from S1 to T1 are enhanced by the heavy atom 

effect. Therefore, metal complexes are tended to show the phosphorescence. 

Ruthenium (II) and iridium (III) complexes of d6 group, [24-29] and platinum (II) 

and palladium (II) complexes of the d8 group[30-33] have been reported as typical 

luminescent transition metal complexes. Copper (I), silver (I) and gold (I) complexes 

with d10 electron configuration are also known for the emitting materials. [33-38] 

 

1.3.2 Structure of metal complexes based on self-assembly  

 The structure of metal complexes are classified into mononuclear complexes 

and polynuclear complexes. The mononuclear complex is composed of one metal ion 

and a plurality of organic ligands. Metal complexes are the smallest unit of 

inorganic-organic hybrid materials. The property of metal complexes is determined by 

the combination of the metal ion and organic ligands. Therefore, the scientific 

knowledge which were provided by research of mononuclear complexes have led to the 

discovery of the new electronic structure and property of metal complexes. [24-38]  

 On the other hand, the polynuclear complex is defined as complex containing 

a number of metal ions in the molecular unit. Polynuclear complexes are classified into 
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the following types depending on the coordination structure, (i) molecular polynuclear 

complexes which a plurality of metal ion are linked with organic ligands, and (ii) metal 

cluster with metal-metal bonding.[39,40] These polynuclear complex structures are 

retained within one molecule. 

 Furthermore, the coordination polymer which is composed of metal ions and 

bridge organic ligands is also a kind of polynuclear complex. The control of the ligand 

structure and the coordination structure of metal ions provides to the formation of 

one-dimensional coordination polymers,[41,42] two-dimensional coordination polymers 

with planarity, and three-dimensional coordination polymers with strong network 

structure.[42-47] In particular, the three-dimensional coordination polymer with lattice and 

pore structure is called metal-organic frameworks (MOF) or porous coordination 

polymers (PCP).[48] MOF and PCP are actively studied in the research field of 

inorganic-organic hybrid materials. 

 Polynuclear complexes provide to novel luminescent materials which are not 

found in mononuclear complexes by the combination of metal ion and organic ligands. 

[49-52] In addition, it is possible to enhance the photophysical property and the structural 

stability of the complex by inter- and intra-molecular interactions. The investigation of 

polynuclear complex is more important position than that of mononuclear complex by 

the thought of the diversity and functionality of metal complex. 
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1.4 Luminescent materials based on lanthanide ions 
1.4.1 Characteristics of lanthanide elements 

The lanthanide series of chemical elements comprises the 15 metallic 

chemical elements with atomic numbers 57 through 71, from Lanthanum: La through 

Lutetium: Lu. These elements, along with the chemically similar element scandium: Sc 

and yttrium: Y, are often collectively known as the rare earth elements (Figure 1-6). The 

most stable oxidation state of lanthanide ions is known to be trivalent. [53] 

 

 

 

Figure 1-6. Rare earths and lanthanides in the periodic table. 
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 The electronic configurations in neutral and trivalent states of lanthanide ions 

are summarized in Table 1-1. The specialty of lanthanide elements is owned 4f orbitals. 

The 4f orbitals, despite that 4f orbital has the highest energy, are not geometrically and 

structurally outermost shells. The 4f orbitals show special photophysical properties. 

General features based on the electronic structure of lanthanide ions are summarized in 

the following three points. 

 

(i). In general, trivalent oxidation state is stable. Trivalent compounds are usually 

stable especially in aqueous solution. There are divalent states such as europium 

(Eu) and ytterbium (Yb) and tetravalent states such as cerium (Ce) and terbium 

(Tb), but these are not as stable as the trivalent state. 

 

(ii). The coordination bond of ligands and lanthanide ions in lanthanide complexes is 

inclined to form ionic bonding. The replacement reaction of ligands easily occurs. 

 

(iii). The 4f orbital of Ln3+, despite that 4f orbital has the highest energy, is not directly 

involved in binding with ligands because of shield by 5s and 5p orbitals. Therefore, 

photophysical and magnetic properties based on lanthanide ions are not 

significantly affected by ligands and external environments. 
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Table1-1. Electronic configuration in neutral and trivalent states of lanthanide elements 

 

 

Element 
Atomic 

number 
Neutral state Trivalent state 

Grand states 

�2S+1LJ� 

Sc 21 [Ar]3d14s2 [Ar] 1S0 

Y 39 [Kr]4d15s2 [Kr] 1S0 

La 57 [Xe]5d16s2 [Xe] 1S0 

Ce 58 [Xe]4f15d16s2 [Xe]4f1 2F5/2 

Pr 59 [Xe]4f36s2 [Xe]4f2 3H4 

Nd 60 [Xe]4f46s2 [Xe]4f3 4I9/2 

Pm 61 [Xe]4f56s2 [Xe]4f4 5I4 

Sm 62 [Xe]4f66s2 [Xe]4f5 6H5/2 

Eu 63 [Xe]4f76s2 [Xe]4f6 7F0 

Gd 64 [Xe]4f75d16s2 [Xe]4f7 8S7/2 

Tb 65 [Xe]4f96s2 [Xe]4f8 7F6 

Dy 66 [Xe]4f106s2 [Xe]4f9 6H15/2 

Ho 67 [Xe]4f116s2 [Xe]4f10 5I8 

Er 68 [Xe]4f126s2 [Xe]4f11 4I15/2 

Tm 69 [Xe]4f136s2 [Xe]4f12 3H6 

Yb 70 [Xe]4f146s2 [Xe]4f13 2F7/2 

Lu 71 [Xe]4f145d16s2 [Xe]4f14 1S0 

 

 

 

 

 

 

 

 

1.4.2 Luminescent materials of lanthanide elements 
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Lanthanide elements have unique photophysical properties to apply to many 

industrial materials. Application for the first time as industrial products in 1885, 

lanthanide mixed oxides with mainly Ce3+ was applied as the gas mantle which 

increased brightness to gas lamp. As modern applications, yttrium oxide containing Eu3+ 

(Y2O3:Eu) was used as red phosphors of CRT-based television (CRT: cathode-ray tube) 

in 1964. The importance of lanthanide elements was further raised from this time. In 

recent years, the applications of lanthanide elements have further expanded to optical 

materials such as lighting and display and so on.[54] Especially, lanthanide complexes 

are expected to use for valuable phosphors such as LEDs materials and emitting layer 

of organic EL materials.[53,54] Utilizing the features of low toxicity and long emission 

lifetime, the lanthanide complexes are also expected to use for bio-probe materials. [55] 

 

 

 

 

 

 

 

 

 

 

1.4.3 Emission mechanism of lanthanide complexes 
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 The lanthanide complex is composed of a lanthanide ion and organic ligands. 

Emission bands of lanthanide complexes are depended on metal-center ions, such as 

Eu3+ complexes are red, Tb3+ complexes are green, Nd3+, Er3+ and Yb3+ complexes emit 

light in the near infrared region (Figure 1-7a and Table 1-2). These emissions bands are 

derived from 4f-4f transitions of lanthanide ions. [55] 

Figure 1-7. (a) Radial part of the wave function of orbitals, (b) Emission spectra of 

Lanthanide tris(β-diketonate) compounds. [55] 

 

The electronic structure of lanthanide ions between ground states and excited states 

dose not almost change, because the 4f orbitals of lanthanide ions are shielded by 5s or 

5p orbitals which located in the outer shell of 4f orbitals (Figure 1-7b). Therefore, the 

ligand field around lanthanide ions is not affected by organic ligands (the internal 

shielding effect). Even if the organic ligand changes, the emission bands of lanthanide 

complexes are not almost change. The lanthanide complexes are shown the high color 

purity emission bands based on the internal shielding effect. 
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Table 1-2. Luminescent properties of trivalent lanthanide ions 

 

Element Grand states  Main electric transition � / nm 	rad / ms 

Nd 4I3/2 4F3/2 � 4IJ 
(J = 9/2 – 13/2) 

900, 1060, 1350 0.42 

Sm 6H5/2 4G5/2 � 6HJ 
(J = 5/2 – 13/2) 

560, 595, 640, 700, 
775 

6.26 

 6H5/2 4G5/2 � 6FJ 
(J = 1/2 – 9/2) 

870, 887, 926, 1010, 
1150 

 

 6H5/2 4G5/2 � 6H13/2 877  

Eu 7F0 5D0 � 7FJ 
(J = 0 – 6) 

580, 590, 615, 650, 
720, 750, 820 

9.7 

Gd 8S7/2 6P7/2 � 8S7/2 315 10.9 

Tb 7F6 5D4 � 7FJ 
(J = 6 – 0) 

490, 540, 580, 620, 
650, 660, 675 

9.0 

Dy 6F15/2 4F9/2 � 6HJ 
(J = 15/2 – 9/2) 

475, 570, 660, 750 1.85 

 6F15/2 4F15/2 � 6HJ 
(J = 15/2 – 9/2) 

455, 540, 615, 695 3.22 

Er 4I15/2 4S3/2 � 4IJ 
(J = 15/2, 13/2) 

545, 850 0.7 

 4I15/2 4F9/2 � 4I15/2 660 0.6 

 4I15/2 4I9/2 � 4I15/2 810 4.5 

 4I15/2
 4I13/2 � 4I15/2

 1540 0.66 

Tm 3H6
 1D2 � 7F4, 3H4, 3F3, 3F2 450, 650, 740, 775 0.09 

 3H6
 1G4 � 3H6, 3F4, 3H5

 470, 650, 770 1.29 

 3H6
 3H4 � 3H6  800 3.6 

Yb 2F7/2
 2F5/2 � 2F7/2 980 2.0 
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 However, it is difficult to gather the large excitation energy by direct excitation 

of lanthanide ions, because the 4f -4f transitions are Laporte forbidden. For this reason, 

lanthanide complexes are introduced organic ligands with a large absorption coefficient 

to improve the collecting efficiency of excitation energy (antenna effect). The energy 

transfer mechanism from organic ligands to lanthanide ion is shown in Figure 1- 8. The 

excited singlet state (S1) of ligands is generated by photon-excitation, after that, the 

excited triplet state (T1) is generated through the intersystem crossing. The excited state 

of lanthanide ions is formed by energy transfer (intramolecular energy transfer) from the 

excited triplet state of ligands through the Förster or Dexter electron transfer, and then, 

the lanthanide ions emit narrow width emission bands. 

 

Figure 1-8. Emission mechanism of lanthanide complexes. 
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1.4.4 Molecular design of enhancement emission in lanthanide 

complexes 

 The luminescence of lanthanide complexes based on 4f-4f transitions is 

dominated by two type deactivation process, which are radiation and non-radiative 

deactivation process from excited states to ground state in 4f-4f transitions. Therefore, 

enhancement emission of lanthanide complexes is necessary to increase the radiative 

rate constant (kr) and suppress the non-radiative rate constant (knr). 

 

(i)  Asymmetrization of the ligand field: promotion of kr 

 The 4f-4f transitions are Laporte forbidden. However, most of the lanthanide 

complexes show luminescence and sometimes the emission intensity is relatively large. 

According to the Judd-Ofelt theory that is most famous theory in the field of lanthanide 

chemistry, admixture of states with opposite parity into the 4f wavefunctions in required 

for including electric dipole 4f-4f transitions.[56-58] Admixing the opposite states φnl into 

the 4f wavefunction |fNJMJ > via an opposite parity crystal field provides a new 

wavefunction |B> as shown in following equation. 

! = !!!!! + !!!!! ! !!" !!"!!"
! !!!!! − ! !!"

 1.5 

Here, E(fNJMJ)-E(φnl) is the energy difference between 4f states and the perturbing 

opposite parity state and V is the crystal field interaction operator. In general, 4fN-15d1 

state admixes into 4fN states because its energy is the closest to the 4fN states. The 

energy level of 4fN-15d1 state is dependent on crystal and/or ligands fields. Strong ligand 
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field and low-symmetrical crystal field are expected to provide large splitting. 

 Hasegawa has proposed that low-symmetrical coordination geometry induces 

enhancement of 4f-4f transitions probability, directly rerated kr. According to the reports, 

the radiative rate constants of Eu3+ complexes with eight-coordinate 

trigonal-dodecahedron (D2d) and nine-coordinate monocapped-square-antiprimatic (C4v) 

structure are larger than those of eight-coordinatie square-antiprimatic structure (D4d) 

that is the most typical geometrical structure.[59,60] Low-symmetrical coordination 

geometry is also expected to provide large radiative rate constant. 

 

(ii)  Introduction of low-vibration ligands: suppression of knr 

 In general, the non-radiative deactivation process from emission states is 

dependent on the energy gap between the ground state and the excited state. The 

non-radiative deactivation process of lanthanide complexes tends to occur, because of 

the energy gap of lanthanide complexes is smaller than ordinary organic molecules and 

metal complexes. Therefore, it is important to suppress the non-radiative deactivation 

process in order to enhancement luminescent of lanthanide complexes. 

 According to the energy gap theory, the transition probability WRT from the 

excited state of lanthanide ions to the vibrational levels of solvent molecules is 

expressed by the following equation. [61] 

!!" = 2!"
ħ !!! 1.6 

Here, ρ is the density of states, J is the overlapping constant of wave functions in 
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nuclear motion, and F is the Franck-Condon factor, respectively. From the above 

equation, if the F value can be decreased, it is possible to suppress energy transfer by 

vibrational deactivation. Further, this F value is given by the following equation. 

! = exp −! !!
!!  1.7 

Here, γ is a variable in oscillator approximation of Hermitian polynomial, and ν is 

oscillation quantum, respectively. The ν is the harmonic number of the resonance 

energy with the energy gap of lanthanide ions. From this equation, the F value can be 

decreased exponentially by increasing the oscillation quantum. In other words, when 

surrounding the lanthanide ions with ligands containing low vibration bonds such as C-F 

bonds, the F value is decreased and vibrational deactivation can be suppressed. [62] 

The Estimation of emission quantum yields in lanthanide complexes are 

described as follow. In general, the emission quantum yield of lanthanide complexes 

are evaluated two different physical quantities, the intrinsic quantum yield Φff and overall 

quantum yield Φtot, respectively. The value of Φff indicates the metal-centered 

luminescence upon direct excitation into the 4f levels. The Φff is defined in equation 1.8. 

[55] 

!!! =
!!

!! + !!"
= !!"#
!!"#

 1.8 

!!"# =
1
!!

 1.9 

!!"# =
1

!! + !!"
 1.10 

where the kr, knr, τrad and τobs is radiative rate constants, non-radiative constants, 



Chapter 1 

 23 

radiative lifetimes and observed lifetimes, respectively. Especially in Eu3+ complexes, 

the value of τrad is estimated from emission spectra shapes using the following formula. 

[63,64] 

1
!!"#

= !!" ∙ !! ∙
!!"!
!!"

 1.11 

where the kr, knr, τrad and τobs is radiative rate constants, non-radiative constants, 

radiative lifetimes and observed lifetimes, respectively. In the case of the excitation via 

ligands in lanthanide complexes, the corresponding quantum yield is defined overall 

quantum yield Φtot. The Φtot. related to the Φff by Equation 1. 12, [55] 

!!"! = !!"#! ∙ !!! 1.12 

where the ηsens is overall sensitization efficiency. The ηsens indicate the transfer 

efficiency from antenna ligand to lanthanide ions in lanthanide complexes. Generally, 

the value of Φff is larger than that of Φtot. 
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1.5 Objective 
As described above, the ligand structure in lanthanide complexes and 

coordination polymers are influenced on photophysical properties of lanthanide ions. 

Therefore, the ligands design is very important for the creation of the lanthanide 

coordination polymers. In this thesis, the author focuses on introducing of metal 

complexes as bridging ligands in lanthanide coordination polymers, and reveal that the 

photophysical propaties of lanthanide ions were effected by introducing metal complex 

ligands. 

Introducing of metal complexes as bridging ligands in lanthanide coordination 

polymers has advantages from in terms of structural and photophysical properties. One 

is that metal complexes are formed various steric structures depending on metal-center 

ions. Therefore, not only linear-type coordination polymers but also three-dimensional 

coordination polymers that maintain the molecular design of strong emission of 

lanthanide complexes could be expected to formation. The other is that metal 

complexes are exhibited various electronic structure and photophysical properties 

depending on combination of metal-center ions and organic ligands. Therefore, it is 

expected that the combination of metal complexes and lanthanide complexes lead to 

novel photo-functional properties. 
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1.6 Contents of this thesis 
This thesis consists of five chapters. 

In Chapter 1, various type of luminescent materials were introduced while 

including advanced research cases. The properties and evaluation methods of general 

luminescent materials were also described in detail. The basic properties of general 

metal and lanthanide complexes were summarized. The basic area of this doctoral 

thesis is described in Chapter 1. In Chapter 2, Eu3+ coordination polymer composed of 

luminescent Eu3+ and Zn2+ complexes was synthesized and evaluated photophysical 

properties. The novel structural design of Eu3+ coordination polymers linked with metal 

complexes is reported for first time. In Chapter 3, various Tb(hfa)3 complexes / 

coordination polymers were synthesized and the effect on the thermo-sensitivity of the 

Tb(hfa)3 complexs with introducing phosphine oxide ligands was investigated. It was 

revealed that the complex structure affected to change of temperature sensitive region. 

In Chapter 4, the photophysical properties of Eu3+ coordination polymer introduced 

palladium (heavy metal) and aluminium (light metal) complexes as bridging ligands are 

investigated. Electronic and structural properties of metal complex linker ligand were 

affected to the photophysical properties of lanthanide ions. 

Finally, in chapter 5, summary and outlook of these studies are described. 
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Chapter 2 
 
Luminescent lanthanide coordination 
polymers cross-linked with Zinc 
complex ligands 
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Luminescent Eu(III) coordination polymer cross-linked with Zn(II) complexes 

M. Yamamoto, T. Nakanishi, Y. Kitagawa, K. Fushimi, Y. Hasegawa, Materials Letters, 

2016, 167, 183-187.  
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2.1 Introduction 

Luminescent lanthanide complexes are expected to be useful in photonic 

properties with 4f-4f transitions. The 4f-4f transitions of lanthanide complexes lead to 

narrow emission bands (FWHM < 10 nm) and long emission lifetime (τ > 1 μs), resulting 

in formation of remarkable luminescent materials such as display devices and 

bio-imaging applications[1,2]. The strong and characteristic luminescence of lanthanide 

complexes containing Eu3+, Tb3+, Sm3+, Yb3+ and Pr3+ ions have been reported[3-5]. 

Recently, the lanthanide coordination polymers, which are composed of 

lanthanide ions and organic bridged ligands, have been reported as the new 

luminescent materials[6-8]. The lanthanide coordination polymers provide the 

characteristic chemical and physical properties such as thermostability[9], 

molecular-sensing[10] and strong luminescence[11], which can be synthesized using 

suitable selections of lanthanide ions and bridged organic ligands. 

In the previous study, organic molecules were mainly used for bridge ligands 

of the lanthanide coordination polymer. The author has attempted to introduce the 

transition metal complex as bridge ligands for development of novel lanthanide 

coordination polymer.  

In this chapter, Eu3+ coordination polymer cross-linked with Zn2+ complex 

(Eu-Zn) is reported for the first time (see Figure 2-1). The structures of Eu-Zn are 

characterized using XRD and TGA (thermogravimetric analysis). The photophysical 

properties are estimated using the emission spectra, the emission lifetimes, and the 

emission quantum yields. The preparations, structures and photophysical properties of 
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Eu-Zn are demonstrated as a new luminescent coordination polymer. 

 

Figure 2-1. Chemical schematics of (a) [ZnCl2(dppy)2], (b) [Eu(hfa)3(H2O)2], and (c) 

[Eu(hfa)3ZnCl2(dppy)2]n (Eu-Zn). 
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2.2 Experimental section 

Materials  

4-Bromopyridine hydrochloride (>98%), tetrakis(triphenylphosphine)palladium(0) 

(>97%), diphenylphosphine (>90%) and hexafluoroacetylacetone (>95%) were 

purchased from Tokyo Chemical Industry co., ltd.  Europium(III) acetate n-hydrate 

(>99.9%) and zinc(II) chloride (>99.9%) were obtained from Wako Pure Chemical 

Industries, ltd. All chemicals were reagent grade and were used without further 

purification. 

  

Apparatuses 

1H NMR spectra were recorded on a JEOL JNM-ECS400 (400 MHz). 1H NMR chemical 

shifts were determined by tetramethylsilane (TMS) as an internal standard. Elemental 

analyses were performed using a J-SCIENCE MICRO CORDER JM10. ESI-MS and 

FAB-MS were performed using a JEOL JMS-T100LP and a JEOL JMS-700TZ. 

Thermogravimetric analyses were performed using a MAC TG-DTA 2000 under an 

argon atmosphere at a heating rate of 1 K min–1. 
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Preparation of 4-pyridyl diphenyl phosphine oxide (dppy) C17H14NOP  

4-Bromopyridine hydrochloride (1.96 g, 10 mmol) and tetrakis (triphenylphosphine)pall- 

adium(0) (1.16 g, 10 mmol%) were added into a 40 mL of toluene under argon. 

Triethylamine (2.8 mL, 20 mmol) and diphenylphosphine (1.8 mL, 10 mmol) were added 

into the toluene solution. The reaction mixture was heated to 80°C for 18 h. After the 

reaction, the product was extracted with dichloromethane (30 mL × 3), and then washed 

with brine for three times. The dichloromethane solution was dried using anhydrous 

MgSO4 and concentrated to dryness. The obtained brown oil added into 20 mL of 

dichloromethane, and cooled under 0˚C and then hydrogen peroxide aqueous solution 

(30%) was add to the solution. The reaction mixture was stirred for 3 h. After the 

reaction, the product was extracted with dichloromethane (30 mL × 3), and then washed 

with brine for three times. The dichloromethane solution was dried using anhydrous 

MgSO4 and concentrated to dryness. The crude materials were separated using a 

silica-gel chromatography (hexane/acetone 1:4), and dppy was obtained as a white 

solid (1.24 g, 43%). 

1H NMR (400 MHz, CDCl3 / TMS)�δ8.74-8.79 (t, 2H, py), 7.48-7.71 (m, 12H, Ar)ppm. 

ESI-MS calcd. for [M + H]+ : 280.09 Found, 280.09. Elemental analysis calcd. (%) for 

C17H14NOP: C 73.11, H 5.05, N 5.02; found: C 73.03, H 5.07, N 4.95. 
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Preparation of Zn2+ complex [ZnCl2(dppy)2] C34H28Cl2N2O2P2Zn 

Zinc(II) chloride (0.28 g, 2.00 mmol) and 4-pyridyl diphenyl phosphine oxide (0.84 g, 

3.00 mmol) were dissolved in ethanol (40 mL). The solution was heated at 80°C and 

refluxed while stirring for 24 h. The solvent was evaporated to afford a white powder of 

the titled compound. (0.42 g, 30%)  

1H NMR (400 MHz, CDCl3 / TMS)�δ8.84-8.89 (t, 4H, py), 7.71-7.77 (d, 4H, py), 

7.62-7.70 (m, 12H, Ar), 7.50-7.57 (m, 8H, Ar)ppm. ESI-MS calcd. for [ZnCl(dppy)2]-: 

692.03 Found, 692.03. Elemental analysis calcd. (%) for C34H28Cl2N2O2P2Zn: C 58.77, 

H 4.06, N 4.03; found: C 59.27, H 4.31, N 3.73. 

 

Preparation of [Eu(hfa)3(H2O)2] C15H7F18O8Eu:  

The precursor Eu3+ complex [Eu(hfa)3(H2O)2] was prepared according to the literature 

reference.[12] 

Elemental analysis calcd. (%) for C15H2O8F18Eu: C, 22.48; H, 0.88, Found: C, 22.12; H, 

1.01. 
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Preparation of mononuclear Eu2+ complex [Eu(hfa)3(dppy)2] C49H31F18N2O8P2Eu 

Methanol (50mL) containing [Eu(hfa)3(H2O)2] (294 mg, 0.36 mmol) and dppy (200 mg, 

0.72 mmol) was fluxed under stirring for 3 h. The reaction mixture was concentrated 

with evaporator. The precipitate was filtered, washed with methanol for several times, 

and dried in vacuum. Yield: 150 mg (31%).  

IR (ART): 1653 (st, C=O), 1250,1140 (st, C-F), 1161, 1122 (st, P=O) cm-1. ESI-MS calcd. 

for [Eu(hfa)2(dppy)2]-: 1125.06 Found, 1125.06. Elemental analysis calcd. (%) for 

C49H31F18N2O8P2Eu: C 44.20, H 2.35, N, 2.10; found: C 44.08, H 2.50, N 2.07. 

 

Preparation of Eu-Zn complex [Eu(hfa)3(dppy)2ZnCl2]n C49H31Cl2EuF18N2O8P2Zn 

Zn2+ complex [ZnCl2(dppy)2] (1 equiv.) and [Eu(hfa)3(H2O)2] (1 equiv.) were dissolved in 

methanol. The solution was refluxed while stirring for 5 h, and the reaction mixture was 

concentrated to dryness. 

FAB-MS calcd. for [Eu(hfa)3(dppy)ZnCl2]+ : 1258.93 Found, 1259.9. Elemental analysis 

calcd (%) for C49H31Cl2EuF18N2O2P2Zn+2H2O: C 39.13, H 2.35, N 1.86; found: C 38.73, 

H 2.25, N 1.88.   
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Optical measurements 

Emission spectra were measured with a HORIBA Fluorolog-3 spectrofluorometer and 

corrected for the response of the detector system. Emission lifetimes (τobs) were 

measured using the third harmonics (355 nm) of a Q-switched Nd:YAG laser (Spectra 

Physics, INDI-50, fwhm = 5 ns, λ = 1064 nm) and a photomultiplier (Hamamatsu 

Photonics, R5108, response time ≤ 1.1 ns). The Nd:YAG laser response was monitored 

with a digital oscilloscope (Sony Tektronix, TDS3052, 500 MHz) synchronized to the 

single-pulse excitation. Emission lifetimes were determined from the slope of 

logarithmic plots of the decay profiles.  
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2.3 Results and discussion 

2.3.1 Structural analyses 

Novel ligand 4-pyridyldiphenylphosphane oxide (dppy) contains selective 

coordinate sites P=O and N atoms for europium ions and zinc ions, respectively. The 

dppy was synthesized by the coupling reaction of 4-bromopyridine hydrochloride with 

diphenylphosphane and Pd(0) complex as a catalyst, and then oxidized using hydrogen 

peroxides. Zn2+ complex [ZnCl2(dppy)2] was prepared by the complexation of zinc(II) 

chloride with dppy in ethanol under reflux condition. Finally, Eu3+ coordination polymer 

[Eu(hfa)3(dppy)2ZnCl2]n (Eu-Zn) was prepared by the complexation of [Eu(hfa)3(H2O)2] 

with [ZnCl2(dppy)2] for 5 h. These chemical structures were confirmed by MS (ESI- and 

FAB-MS) and elemental analyses. The X-ray diffraction patterns of Eu-Zn coordination 

polymer are shown in Figure 2-2a. The X-ray diffraction pattern of Eu-Zn is similar to 

amorphous glass without crystalline structure. 

The TG-DTA of [ZnCl2(dppy)2] and Eu-Zn were carried out for estimation of 

their thermal stabilities under an nitrogen atmosphere in the temperature range of 50–

350˚C. TG-DTA data are shown in Figure 2-2b and 2c. Weight loss of Eu-Zn at 350˚C is 

approximately 50%, which are corresponded to eliminations of three hfa ligands per one 

unit of Eu3+ coordination polymers. The weight loss temperatures of Eu-Zn are observed 

at 150 and 250˚C. Phase transition temperature of Zn2+ complex was found to be 150˚C 

(see Figure 2-2c). This result suggested that Zn2+ complexes of Eu-Zn coordination 

polymer are transformed at around 150˚C. At around 150˚C, Eu-Zn might release any 

adsorbed water or methanol related to transportation of [ZnCl2(dppy)2]. 
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Figure 2-2. (a) The X-ray diffraction pattern of [Eu(hfa)3(dppy)2ZnCl2]n. TGA profiles for 

(b) [Eu(hfa)3(dppy)2ZnCl2]n coordination polymer and (c) [ZnCl2(dppy)2] joint ligand. 
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2.3.2 Photophysical properties 

The emission spectra for [Eu(hfa)3(dppy)2ZnCl2]n (Eu-Zn) , [Eu(hfa)3(dppy)2] 

and precursor [Eu(hfa)3(H2O)2] in the solid state were shown in Figure 2-3a. The 

emission bands are observed at around 578, 592, 613, 650, and 698 nm, and are 

attributed to the 4f− 4f transitions of Eu3+ (5D0�
7FJ : J  = 0, 1, 2, 3, and 4), respectively. 

The spectra were normalized with respect to the magnetic dipole transition intensities 

(MD) at around 592 nm (5D0–7F1), which are insensitive to the surrounding environment 

of the Eu3+ ions. The emission bands around 613 nm are due to the electric dipole 

transitions (ED), which are strongly dependent on the coordination geometry [13]. The 

spectral shapes of emission band at around 613 nm of Eu-Zn and [Eu(hfa)3(dppy)2] are 

different from that of [Eu(hfa)3(H2O)2]. The 5D0�
7F2 transition area of Eu-Zn and 

[Eu(hfa)3(dppy)2] are larger than those of [Eu(hfa)3(H2O)2]. The large ED is directly 

linked to the asymmetric geometric structure of Eu3+ ion and enhanced radiative rate 

constant (kr).  

The emission lifetimes observed from the 5D0 excited level (τobs) were 

determined from the slope of the logarithmic decay profile (Figures 2-3b). The 

time-resolved emission profiles of En-Zn, [Eu(hfa)3(dppy)2] and [Eu(hfa)3(H2O)2] show 

single-exponential decays with millisecond scale lifetimes. The emission lifetimes for 

En-Zn, [Eu(hfa)3(dppy)2] and [Eu(hfa)3(H2O)2] were determined to be 850, 900 and 550 

μs, respectively.  
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Figure 2-3. (a) Emission spectra of Eu-Zn coordination polymer (red line), 

[Eu(hfa)3(dppy)2] (blue line) and [Eu(hfa)3(H2O)2] (black line) in solid state. (b) Emission 

decay profiles of Eu-Zn coordination polymer (red line), [Eu(hfa)3(dppy)2] (blue line) and 

[Eu(hfa)3(H2O)2] (black line) in solid state.  
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Their τobs, kr, knr, and ΦLn values are summarized in Table 1. The emission 

quantum yields were calculated using τrad constant based on the emission spectra. The 

emission quantum yields of Eu-Zn, [Eu(hfa)3(dppy)2] and [Eu(hfa)3(H2O)2] in the solid 

state were estimated to be 59 73, and 31%, respectively. The Eu-Zn showed a large 

emission quantum yield (ΦLn = 59%), which was based on the large kr and small knr. The 

large kr of Eu-Zn was due to enhancement of the ED transition probability based on their 

asymmetric coordination geometries. Furthermore, the small knr of Eu-Zn was induced 

by the rigid coordination network structure.  

 

Table 2-1. Photophysical properties of Eu-Zn coordination polymers, mononuclear 

[Eu(hfa)3(dppy)2] and precursor [Eu(hfa)3(H2O)2] in the solid state. 

 Φff
[a] Φtot

[b] ηsens
[c] τobs

[d] kr
[e] knr

[f] 

 % % % µs s-1 s-1 

[Eu(hfa)3(H2O)2] 31 - - 550 5.7×102 1.2×103 

[Eu(hfa)3(dppy)2] 73 64 87 900 7.7×102 2.9×102 

[Eu(hfa)3ZnCl2(dppy)2]n 59 28 48 850 7.0×102 4.8×102 

[a] The intrinsic emission quantum yields were calculated from Φff = kr/(kr+knr) = τobs /τrad. 

[b] The total emission quantum yields Φtot were measured by integrating sphere 

(excitation at 370 nm). [c] The photo-sensitization efficiencies were calculated from ηsens 

= Φtot/Φff. [d] Emission lifetime (τobs) of Eu3+ complexes were measured by excitation at 

355 nm (Nd:YAG 3ω). [e] Radiative rate constants (kr) for Eu3+ complexes estimated 

from 1/τrad = AMDn3(Itot/IMD) [14,15]. [f] Non-radiative rate constant knr = 1/τobs - 1/τrad.  
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2.4 Conclusion 

The novel structural design of Eu3+ coordination polymers 

[Eu(hfa)3ZnCl2(dppy)2]n (Eu-Zn), which were composed of luminescent Eu3+ complexes 

and linker Zn2+ complexes, were successfully synthesized. The polymeric structure of 

Eu-Zn promotes enhancement of luminescent properties related to large kr and small knr. 

The emission quantum yield of the Eu-Zn coordination polymer was larger than that of 

precursor [Eu(hfa)3(H2O)2]. Luminescent lanthanide coordination polymers cross-linked 

with metal complexes are expected to open up new coordination polymers in the frontier 

field of materials science. 
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3.1 Introduction 

 Thermosensitive paints containing luminescent materials enable temperature 

information about the substance surface to be obtained with high spatial resolution and 

a fast response.[1] Luminescent thermosensors are expected to be useful for capturing 

surface temperature dynamics of vehicles, aircrafts and chemical reactors.[2,3] The 

sensing mechanism is based on the temperature-depended luminescence intensities 

and lifetimes of organic compounds[4-6], metal complexes[7-9] and nanoparticles[10-12]. In 

particular, luminescent thermosensors containing lanthanide complexes have attracted 

attention for precise temperature imaging with narrow emission bands (full-width at half 

maximum (FWHM) < 10 nm) and long emission lifetimes (emission lifetime > 1 μs) 

based on the 4f-4f transitions.[13-16] In 2003, Amao and co-workers reported luminescent 

thermosensitive paint using the vibrational relaxation process of a red luminescent Eu3+ 

complex.[14] In 2004, Hasegawa described the temperature-sensing ability of a green 

luminescent Tb3+ complex based on the back energy transfer (BEnT).[16] The energy 

transfer process from Tb3+ to Eu3+ in lanthanide coordination polymer has also been 

used for a ratiometric luminescent thermosensor.[17] The thermosensitive paints 

containing luminescent lanthanide complexes have also been widely investigated. [18-22] 

Luminescent Tb3+ complexes with BEnT are the most useful in molecular design unit for 

high-speed thermosensor. Here, Hasegawa focus on the BEnT from excited state of 

Tb3+ (5D4) to excited triplet state of the aromatic ligand (T1) for thermosensing. The small 

energy gap between the 5D4 and T1 states (<1850 cm-1) leads to effective BEnT in Tb3+ 

complexes.[23] To control of the energy gap, pyridyl, diketonate and carbonyl ligands 
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with aromatic derivatives in Tb3+ complexes have been investigated.[24-28] Among these 

ligands, the  hexafluoroacetylacetonate (hfa) ligand is one of the most promising 

candidates for development of thermosensitive luminescent Tb3+ complexes (energy 

gap of hfa = 1700 cm-1). [24,25] The hfa ligand also forms hydrogen bond networks in solid 

Tb3+ complexes, which promotes the thermal stability in the high-temperature 

range.[29,30] The luminescent units composed of Tb(hfa)3 complexes are suitable for 

thermosensitive paints based on the BEnT. 

In general, the BEnT is depended on the activation energy (ΔEa) and 

frequency factor (A) in the Arrhenius analysis.[27, 31] Controlling ΔEa and A in Tb(hfa)3 

complexes improves the thermosensing ability for adjustable sensing range and 

temperature. In this chapter, activation energy control in BEnT of Tb(hfa)3 complex is 

reported using activation energy controllers (AECs). The conceptual image of AECs is 

shown in Figure 3-1a. Here, the author selects the aromatic phosphine oxide ligand as 

an AEC molecule. The ΔEa and A values of BEnT can be tuned by introducing the 

phosphine oxide ligand with a specific interaction with hfa ligand. The phosphine oxide 

ligand strongly coordinates to the lanthanide ion by P=O group.[32] The P=O group is 

also useful for enhancing the luminescence of lanthanide complexes based on 

suppression of nonradiative process via vibrational relaxation.[32] Luminescent Tb3+ 

complexes with hfa and phosphine oxide ligands, mononuclear [Tb(hfa)3(AEC)] and 

polynuclear [Tb(hfa)3(AEC)]n : [Tb(hfa)3(tppo)2], [Tb(hfa)3(biphepo)], [Tb(hfa)3(dppy)2], 

[Tb(hfa)3(dpb)]n, [Tb(hfa)3(dpbp)]n and [Tb(hfa)3ZnCl2(dppy)2]n  (tppo: 

trisphenylphosphine oxide, biphepo: [1,1’-biphenyl]-2,2’-diylbis(diphenylphosphine 
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oxide), dppy: 4-pyridyldiphenylphosphine oxide, dpb: 

1,4-phenylenebis(diphenylphosphine oxide), dpbp: 

[1,1’-biphenyl]-4,4’-diylbis(diphenylphosphine oxide)), were prepared for estimation of 

tunable ΔEa and A values in their BEnT (Figure 3-1b). The emission properties of 

[Tb(hfa)3(AEC)] were evaluated using the emission spectra, emission lifetimes and 

emission quantum yields. To estimate the ΔEa and A values in BEnT, Arrhenius 

analysis was performed using temperature-dependent emission lifetimes 

measurements. The triplet state lifetimes of hfa ligands were estimated using 

polynuclear and mononuclear Gd3+ complexes. Introduction of phosphine oxide ligands 

to Tb(hfa)3 complexes leads to control of the BEnT process, which is called 

ligand-assisted BEnT. This is the first report of control of thermosensing properties of 

the Tb(hfa)3 complex by ligand-assisted BEnT. 
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Figure 3-1. (a) Conceptual images of this chapter. (b) Chemical structure of 

Tb(hfa)3(phosphine oxide) complexes. 
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3.2 Experimental section 

 

Materials:  

Terbium acetate tetrahydrate (>99.9%), n-BuLi (in n-hexane, 1.6 M) and hydrogen 

peroxide were purchased from Kanto Chemical Co., Inc. Hexafluoroacetylacetone 

(>95.0%), triphenylphosphine oxide (>98.0%), 2,2’-bis(diphenylphosphino)biphenyl 

(>98.0%), 1,4-dibromobenzene (>99.0%), 4,4’-dibromobiphenyl (>98.0%) and 

chlorodiphenylphosphine (>97.0%) were obtained from Tokyo Chemical Industry Co., 

Ltd. All chemicals and solvents were reagent grade and were used without further 

purification. 

 

Apparatuses  

1H NMR spectra were recorded using a JEOL JNM-ECS400 (400 MHz). 1H NMR 

chemical shifts were determined by tetramethylsilane (TMS) as an internal standard. 

Infrared spectra were recorded using a JASCO FT/IR-4600. Elemental analyses were 

performed using an Exeter Analytical, Inc. CE-440 Elemental Analyzer.  
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Preparation of [1,1’-biphenyl]-2,2’-diylbis(diphenylphosphine oxide) (biphepo) 

C36H28O2P2:  

Biphepo was obtained by the same method as previously reported by Nakamura et 

al.[33] 2,2’-Bis(diphenylphosphino)biphenyl (500 mg, 1.60 mmol) added into 20 mL of 

dichloromethane, and cooled under 0˚C and then 30% H2O2 aqueous solution (30%) 

was add to the solution. The reaction mixture was stirred for 3 h. After the reaction, the 

product was extracted with dichloromethane (30 mL × 3), and then washed with brine 

for three times. The dichloromethane solution was dried using anhydrous MgSO4 and 

concentrated to dryness. The biphepo was recovered as a white solid. Yield: 336 mg 

(38%).  

1H NMR (400 MHz, CDCl3 / TMS): δ7.73-7.69(t, 4H), 7.66-7.63(t, 4H), 7.53-7.50(t, 2H), 

7.47-7.43(t, 4H), 7.36-7.33(t, 2H), 7.31-7.28(t, 4H), 7.20-7.15(m, 6H), 7.00(t, 2H)ppm. 

IR (ART): 1210 (st, P=O) cm–1.  

 

Preparation of 4-pyridyl diphenyl phosphine oxide (dppy) C17H14NOP:  

The dppy ligand was prepared according to chapter 2.2.[34]  
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1H NMR (400MHz, CDCl3/TMS): δ8.74-8.79 (t, 2H, py), 7.48-7.71 (m, 12H, Ar) ppm. 

ESI-MS calcd. for [M+H]+: 280.09 Found, 280.09. Elemental analysis calcd (%) for 

C17H14NOP: C 73.11, H 5.05, N 5.02; found: C 73.03, H, 5.07; N, 4.95. 

 

Preparation of 1,4-phenylenebis(diphenylphosphine oxide) (dpb) C30H24O2P2:  

1,4-phenylenebis(diphenylphosphine oxide) was synthesized according to the 

published procedure.[35] A solution of n-BuLi (12.5 mL, 1.6 M, 20 mmol), was added 

dropwise to a solution of 1,4-dibromobenzene (2.36 g, 10 mmol) in dry THF (30 mL) at –

80˚C. The addition was completed in ca. 15 min during which time a yellow precipitate 

was formed. The mixture was allowed to stir for 3 h at –10˚C, after which a 

chlorodiphenylphosphine (2.7 mL, 20 mmol) was added dropwise at –80˚C. The mixture 

was gradually brought to room temperature, and stirred for 14 h. The product was 

extracted with dichloromethane, the extracts washed with brine for three times and dried 

over anhydrous MgSO4. The obtained white solid and dichloromethane (ca. 40 mL) 

were placed in a flask. The solution was cooled to 0˚C and then 30% H2O2 aqueous 

solution (5 mL) was added to it. The reaction mixture was stirred for 2 h. The product 

was extracted with dichloromethane, the extracts washed with brine for three times and 

dried over anhydrous MgSO4. The solvent was evaporated, and resulting residue was 

washed with ethyl acetate for several times, and filtered in vacuum to afford a white 
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powder. Yield: 2.5 g (52%).  

1H NMR (400 MHz, CDCl3 / TMS): δ7.48-7.78 (m, 24H, p-C6H5, C6H4) ppm. IR (ART): 

1121 (st, P=O) cm–1.  

 

Preparation of [1,1’-biphenyl]-4,4’-diylbis(diphenylphosphine oxide) (dpbp) 

C36H28O2P2: 

4,4’-bis(diphenylphosphoryl)biphenyl was synthesized according to the published 

procedure. [35] A solution of n-BuLi (9.3 mL, 1.6 M hexane, 15 mmol), was added 

dropwise to a solution of 4,4’-dibromobiphenyl (1.9 g, 6.0 mmol) in dry THF (30 mL) at –

80˚C. The addition was completed in about 15 min, after that a yellow precipitate was 

formed. The mixture was allowed to stir for 3 h at –10˚C, after which a 

chlorodiphenylphosphine (2.7 mL, 15 mmol) was added dropwise at –80˚C. The mixture 

was gradually brought to room temperature, and stirred for 14 h. The product was 

extracted with dichloromethane, the extracts washed with brine for three times and dried 

over anhydrous MgSO4. The obtained white solid and dichloromethane (ca. 40 mL) 

were placed in a flask. The solution was cooled to 0˚C and then 30% H2O2 aqueous 

solution (5 mL) was added to it. The reaction mixture was stirred for 2 h. The product 

was extracted with dichloromethane, the extracts washed with brine for three times and 

dried over anhydrous MgSO4. The solvent was evaporated, and resulting residue was 
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washed with ethyl acetate for several times, and filtered in vacuum to afford a white 

powder. Yield: 1.1 g (33%). 

1H NMR (400 MHz, CDCl3 / TMS): δ7.67-7.80 (m, 16H, p-C6H5, C6H4), 7.45-7.60 (m, 

12H, p-C6H5, C6H4) ppm. IR (ART): 1120 (st, P=O) cm–1.  

 

Preparation of [ZnCl2(dppy)2] C34H28Cl2N2O2P2Zn: 

 The [ZnCl2(dppy)2] was prepared according to chapter 2.2.[34]  

1H NMR (400MHz, CDCl3/TMS): δ8.84-8.89 (t, 4H, py), 7.71-7.77 (d, 4H, py), 7.62-7.70 

(m, 12H, Ar), 7.50-7.57 (m, 8H, Ar) ppm. ESI-MS calcd. for [ZnCl(dppy)2]+: 692.03 

Found, 692.03. Elemental analysis calcd. (%) for C34H28Cl2N2O2P2Zn: C 58.77, H 4.06, 

N 4.03; found: C 59.27, H 4.31, N 3.73. 

 

Preparation of [Tb(hfa)3(H2O)2] C15H7F18O8Tb: 

[Tb(hfa)3(H2O)2] was prepared according to literature reference.[16] Terbium acetate 

tetrahydrate (2.4 g, 5.9 mmol) was dissolved in distilled water (30 mL). 

Hexafluoroacetylacetone (4.0 g, 19 mmol) was added dropwise to the solution and let 
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stirred for 3 h at room temperature to form pale yellow precipitates. The reaction mixture 

was filtered and washed with distilled water. The resulting powder was used without 

further purification for the next step. Yield 4.1 g (85%).  

IR (ART): 1647 (st, C=O), 1251, 1204,1135 (st, C-F) cm-1. Elemental analysis calcd. (%) 

for C34H28Cl2N2O2P2Zn: C 58.77, H 4.06, N 4.03; found: C 59.27, H 4.31, N 3.73. 

 

Preparation of [Tb(hfa)3(tppo)2] C51H33F18O8P2Tb: 

Methanol (50mL) containing [Tb(hfa)3(H2O)2] (294 mg, 0.36 mmol) and 

triphenylphosphine oxide: tppo (200 mg, 0.72 mmol) was fluxed under stirring for 3 h. 

The reaction mixture was concentrated with evaporator. Recrystallization from methanol 

gave colorless crude crystals. Yield: 150 mg (31%).  

IR (ART): 1653 (st, C=O), 1250,1140 (st, C-F), 1161, 1122 (st, P=O) cm-1. Elemental 

analysis calcd. (%) for C51H33F18O8P2Tb: C 45.83, H 2.49; found: C 45.19, H 2.49. 

 

Preparation of [Tb(hfa)3(biphepo)] C51H31F18O8P2Tb:  

Methanol (100 mL) containing [Tb(hfa)3(H2O)2] (294 mg, 0.36 mmol) and biphepo (200 



Chapter 3 
 
 

 58 

mg, 0.36 mmol) was refluxed under stirring for 3 h. The reaction mixture was 

concentrated with evaporator. Recrystallization from methanol gave white crystal. Yield: 

176 mg (36%). IR (ART): 1654 (st, C=O), 1253, 1140 (st, C-F), 1180, 1124 (st, P=O) 

cm-1. Elemental analysis calcd. (%) for C51H31F18O8P2Tb: C 45.90, H 2.34; found: C 

45.53, H 2.43. 

 

Preparation of [Tb(hfa)3(dppy)2] C49H31F18N2O8P2Tb: 

Methanol (50mL) containing [Tb(hfa)3(H2O)2] (294 mg, 0.36 mmol) and dppy (200 mg, 

0.72 mmol) was fluxed under stirring for 3 h. The reaction mixture was concentrated 

with evaporator. Recrystallization from methanol gave colorless crude crystals. Yield: 

110 mg (23%).  

IR (ART): 1652 (st, C=O), 1251, 1140 (st, C-F), 1170-1108 (st, P=O) cm-1. Elemental 

analysis calcd. (%) for C49H31F18N2O8P2Tb: C 43.97, H 2.33, N 2.09; found: C 44.19, H 

2.45, N 1.87. 

 

Preparation of [Tb(hfa)3(dpb)]n C45H27F18O8P2Tb:  
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[Tb(hfa)3(H2O)2] (343 mg, 0.42 mmol) and dpb (200 mg, 0.42 mmol) were dissolved in 

methanol (15 mL). The solution was refluxed while stirring for 3 h to give a white 

precipitate. The precipitate was filtered, washed with methanol for several times, and 

dried in vacuum. Yield: 213 mg (40%).  

IR (ART): 1652 (st, C=O), 1252, 1138 (st, C-F), 1186-1106 (st, P=O) cm-1. Elemental 

analysis calcd. (%) for C45H27F18O8P2Tb: C 42.95, H 2.16; found: C 43.28, H 2.04. 

 

Preparation of [Tb(hfa)3(dpbp)]n C51H31F18O8P2Tb:  

[Tb(hfa)3(H2O)2] (294 mg, 0.36 mmol) and dpbp (200 mg, 0.36 mmol) were dissolved in 

methanol (15 mL). The solution was refluxed while stirring for 3 h to give a white 

precipitate. The precipitate was filtered, washed with methanol for several times, and 

dried in vacuum. Yield: 184 mg (38%). 

IR (ART): 1652 (st, C=O), 1250, 1139 (st, C-F), 1182, 1123 (st, P=O) cm-1. Elemental 

analysis calcd. (%) for C51H31F18O8P2Tb: C 45.90, H 2.34; found: C 45.65, H 2.19. 
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Preparation of [Tb(hfa)3ZnCl2(dppy)2]n C49H31Cl2F18N2O8P2TbZn:  

[Tb(hfa)3(H2O)2] (237 mg, 0.29 mmol) and [ZnCl2(dppy)2] (200 mg, 0.29 mmol) were 

dissolved in methanol (15 mL). The solution was refluxed while stirring for 3 h to give a 

white precipitate. The precipitate was filtered, washed with methanol for several times, 

and dried in vacuum. Yield: 123 mg (29%). IR (ART): 1649 (st, C=O), 1253, 1181-1132 

(st, C-F), 1217-1106 (st, P=O) cm-1. Elemental analysis calcd (%) for 

C49H31Cl2F18N2O8P2TbZn: C 39.90, H 2.12, N 1.90; found: C 39.56, H 2.35, N 1.86. 

 

Crystallography: 

Colorless single crystals of Tb(hfa)3 complexes were mounted on the MiTeGen 

micromesh using paraffin oil. All measurements were made by using a Rigaku RAXIS 

RAPID imaging-plate area detector with graphite-monochromated Mo-Kα radiation. 

Non-hydrogen atoms were refined anisotropically. All calculations were performed by 

using the crystal-structure crystallographic software package. CIF data was confirmed 

by using the checkCIF/PLATON service. CCDC-1862802 {for [Tb(hfa)3(TPPO)2]} , 

-1862803 {for [Tb(hfa)3(dpb)]n} and -1862804 {for [Tb(hfa)3(dpbp)]n} contain the 

supplementary crystallographic data for this chaper. These data can be obtained free of 

charge from The Cambridge Crystallographic Data Centre via 

www.ccdc.cam.ac.uk/data_request/cif. 



Chapter 3 
 
 

 61 

Optical measurements: 

UV−Vis absorption spectra were recorded on a JASCO V-670 spectrometer. Emission 

and excitation spectra of Tb(hfa)3 complexes were measured with a HORIBA 

Fluorolog-3 spectrofluorometer and corrected for the response of the detector system. 

Emission lifetimes (τobs) of coordination polymers were measured using the third 

harmonics (355 nm) of a Q-switched Nd:YAG laser (Spectra Physics, INDI-50, FWHM = 

5 ns, λ = 1064 nm) and a photomultiplier (Hamamatsu Photonics, R5108, response time 

≤ 1.1 ns). The Nd:YAG laser response was monitored with a digital oscilloscope (Sony 

Tektronix, TDS3052, 500 MHz) synchronized to the single-pulse excitation. Emission 

lifetimes were determined from the slope of logarithmic plots of the decay profiles. 

Emission lifetimes in the range 100–400 K were measured using a cryostat (Thermal 

Block Company, SA-SB245T) and a temperature controller (Oxford Instruments, ITC 

502S). The emission quantum yields excited at 350 nm (Φππ*) were estimated using a 

JASCO F-6300-H spectrometer attached with JASCO ILF-533 integrating sphere unit (φ 

= 100 nm). The wavelength dependence of the detector response and the beam 

intensity of the Xe light source for each spectrum were calibrated using a standard light 

source. 
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3.3 Results and discussion 

3.3.1 Structural analyses 

The mononuclear [Tb(hfa)3(AEC)] and polynuclear [Tb(hfa)3(AEC)]n 

([Tb(hfa)3(tppo)2], [Tb(hfa)3(biphepo)], [Tb(hfa)3(dppy)2], [Tb(hfa)3(dpb)]n, 

[Tb(hfa)3(dpbp)]n and [Tb(hfa)3ZnCl2(dppy)2]n) were synthesized by reacting 

[Tb(hfa)3(H2O)2] precursor with phosphine oxide ligands in methanol under reflux. Single 

crystals of mononuclear [Tb(hfa)3(AEC)] and polynuclear [Tb(hfa)3(AEC)]n were 

prepared by recrystallization from methanol solutions at room temperature (RT). The 

structural images and crystal data of [Tb(hfa)3(tppo)2], [Tb(hfa)3(dpb)]n and 

[Tb(hfa)3(dpbp)]n are shown in Figure 3-2 and Table 3-1, respectively. From the 

single-crystal X-ray structural analysis results, the coordination sites of the Tb3+ ion are 

comprised of three hfa and two phosphine oxide ligands (AEC ligands). Their 

coordination geometries based on the shape measure estimations are categorized as 

eight coordinate square antiprism structures (see Table 3-2 and 3-3). Single crystals of 

[Tb(hfa)3(biphepo)], [Tb(hfa)3(dppy)2] and [Tb(hfa)3ZnCl2(dppy)2]n were not obtained, 

and these structure could not be determined.  
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Figure 3-2.  Molecular structure of (a)[Tb(hfa)3(tppo)2], (b)[Tb(hfa)3(dpb)]n, and 

(c)[Tb(hfa)3(dpbp)]n, showing 50% probability displacement ellipsoids. Hydrogen atoms 

have been omitted for clarity. Green: Tb, red: O, gray: C, yellow: F, and orange: P. 
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Table 3-1. Crystal data for [Tb(hfa)3(tppo)2], [Tb(hfa)3(dpb)]n and [Tb(hfa)3(dpbp)]n 

 [Tb(hfa)3(tppo)2] [Tb(hfa)3(dpb)]n [Tb(hfa)3(dpbp)]n 

chemical formula C51H33F18O8P2Tb C45H27F18O8P2Tb C51H31F18O8P2Tb 

formula weight 1336.63 1258.52 1334.62 

crystal color, habit colorless colorless colorless 

crystal system monoclinic triclinic monoclinic 

space group P 21/n P -1 C 2/c 

a / � 17.0886(12) 13.1438(8) 23.3994(12) 

b / � 15.4046(10) 13.6705(8) 13.3589(6) 

c / � 20.6049(12) 14.5492(8) 17.0919(8) 

α / deg 90 75.619(5) 90 

β / deg 93.9897(7) 83.641(6) 97.404(7) 

γ / deg 90 76.577(5) 90 

V / � 5411.6(6) 2459.2(3) 5298.2(4) 

Z 4 2 4 

dcalc / g cm
-3

 1.641 1.700 1673 

T / ˚C -150 23 -150 

µ(Mo Kα) / cm
-1

 1479 1622 1511 

max 2θ / deg 27.483 27.482 27.467 

measured reflections 12356 11182 6068 

unique reflections 721 694 362 

R (I > 2σ(I))
a)

 0.0338 0.0360 0.0293 

Rw (I > 2σ(I))
b)

 0.0810 0.0869 0.0748 

a) R = Σ||Fo| - |Fc|| / Σ|Fo|. 

b) Rw = [Σw(|Fo| - |Fc|)2 / ΣwFo
2]1/2. 
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Table 3-2. Observed dihedral angles (δi), dihedral angles of idealized square antiprism 

(θi) and measure shape criteria, S (D4d) for [Tb(hfa)3(tppo)2], [Tb(hfa)3(dpb)]n and 

[Tb(hfa)3(dpbp)]n.  

 

 

 [Tb(hfa)3(tppo)2] [Tb(hfa)3(dpb)]n [Tb(hfa)3(dpbp)]n 

Edge θi δi δi – θi θi δi δi – θi θi δi δi – θi 

O1-O2 0 15.73 15.73 0 11.98 11.98 0 5.05 5.05 

O6-O7 77.1 72.87 -4.23 77.1 74.38 -2.72 77.1 74.97 -2.13 

O1-O3 77.1 79.15 2.05 77.1 75.06 -2.04 77.1 72.28 -4.82 

O1-O4 77.1 81.08 3.98 77.1 73.83 -3.27 77.1 75.52 -1.58 

O2-O3 77.1 77.24 0.14 77.1 77.76 0.66 77.1 79.58 2.48 

O2-O4 0 12.88 12.88 0 4.08 4.08 0 5.39 5.39 

O6-O5 77.1 78.53 1.43 77.1 78.59 1.49 77.1 72.28 -4.82 

O6-O8 77.1 79.11 2.01 77.1 81.85 4.75 77.1 79.58 2.48 

O7-O8 77.1 77.61 0.51 77.1 72.54 -4.56 77.1 75.52 -1.58 

O7-O5 77.1 75.9 -1.2 77.1 77.04 -0.06 77.1 74.97 -2.13 

O5-O2 51.6 41.69 -9.91 51.6 49.95 -1.65 51.6 52.33 0.73 

O5-O4 51.6 52.48 0.88 51.6 56.39 4.79 51.6 46.43 -5.17 

O6-O1 51.6 51.38 -0.22 51.6 43.28 -8.32 51.6 46.43 -5.17 

O6-O4 51.6 58.79 7.19 51.6 52.5 0.9 51.6 60.65 9.05 

O8-O1 51.6 42.83 -8.77 51.6 49.63 -1.97 51.6 52.33 0.73 

O8-O3 51.6 53.75 2.15 51.6 57.72 6.12 51.6 46.47 -5.13 

O7-O2 51.6 53.3 1.7 51.6 47.28 -4.32 51.6 46.47 -5.13 

O7-O3 51.6 58.88 7.28 51.6 54.88 3.28 51.6 60.18 8.58 

 S (D4d) = 6.44 S (D4d) = 4.68 S (D4d) = 4.66 
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Table 3-3. Observed dihedral angles (δi), dihedral angles of idealized trigonal 

dodecahedron (θi) and measure shape criteria, S (D2d) for [Tb(hfa)3(tppo)2], 

[Tb(hfa)3(dpb)]n and [Tb(hfa)3(dpbp)]n.  

 

 

 [Tb(hfa)3(tppo)2] [Tb(hfa)3(dpb)]n [Tb(hfa)3(dpbp)]n 

Edge θi δi δi – θi θi δi δi – θi θi δi δi – θi 

O1-O2 29.86 15.73 -14.13 29.86 11.98 -17.88 29.86 5.05 -24.81 

O6-O7 61.48 72.87 11.39 61.48 74.38 12.9 61.48 74.97 13.49 

O1-O3 74.29 79.15 4.86 74.29 75.06 0.77 74.29 72.28 -2.01 

O1-O4 74.29 81.08 6.79 74.29 73.83 -0.46 74.29 75.52 1.23 

O2-O3 61.48 77.24 15.76 61.48 77.76 16.28 61.48 79.58 18.1 

O2-O4 29.86 12.88 -16.98 29.86 4.08 -25.78 29.86 5.39 -24.47 

O6-O5 61.48 78.53 17.05 61.48 78.59 17.11 61.48 72.28 10.8 

O6-O8 74.29 79.11 4.82 74.29 81.85 7.56 74.29 79.58 5.29 

O7-O8 76.62 77.61 0.99 76.62 72.54 -4.08 76.62 75.52 -1.1 

O7-O5 74.84 75.9 1.06 74.84 77.04 2.2 74.84 74.97 0.13 

O5-O2 54.51 41.69 -12.82 54.51 49.95 -4.56 54.51 52.33 -2.18 

O5-O4 48.09 52.48 4.39 48.09 56.39 8.3 48.09 46.43 -1.66 

O6-O1 47.76 51.38 3.62 47.76 43.28 -4.48 47.76 46.43 -1.33 

O6-O4 54.48 58.79 4.31 54.48 52.5 -1.98 54.48 60.65 6.17 

O8-O1 52.57 42.83 -9.74 52.57 49.63 -2.94 52.57 52.33 -0.24 

O8-O3 52.85 53.75 0.9 52.85 57.72 4.87 52.85 46.47 -6.38 

O7-O2 47.34 53.3 5.96 47.34 47.28 -0.06 47.34 46.47 -0.87 

O7-O3 52.63 58.88 6.25 52.63 54.88 2.25 52.63 60.18 7.55 

 S (D2d) = 9.54 S (D2d) = 10.4 S (D2d) = 10.6 
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3.3.2 Photophysical properties at room temperature 

  The emission spectra of the mononuclear [Tb(hfa)3(AEC)] and polynuclear 

[Tb(hfa)3(AEC)]n complexes in solid state at RT are shown in Figure 3-3. Emission 

bands are observed at 487, 548, 582, and 623 nm, which are attributed to 4f−4f 

transitions of the Tb3+ complexes (5D4→7FJ, where J = 6, 5, 4, and 3, respectively). The 

Stark splitting shapes at 548nm (5D4�
7F5) for mononuclear [Tb(hfa)3(AEC)] are similar 

to those for polynuclear [Tb(hfa)3(AEC)]n. Generally, the Stark splitting shape of 

emission spectrum of a lanthanide complex is dependent on the coordination geometry. 

From these result, the coordination geometries of [Tb(hfa)3(biphepo)], [Tb(hfa)3(dppy)2] 

and [Tb(hfa)3ZnCl2(dppy)2]n should also be eight-coordinate square antiprism structures.  

The time-resolved emission decay profiles of mononuclear [Tb(hfa)3(AEC)] 

and polynuclear [Tb(hfa)3(AEC)]n complexes in solid state at 300 K are shown in Figure 

3-4. The emission lifetimes of the [Tb(hfa)3(AEC)] complexes (τobs) were determined 

from the slope of the logarithmic decay profiles. The time-resolved emission profiles of 

the mononuclear [Tb(hfa)3(AEC)] and polynuclear [Tb(hfa)3(AEC)]n complexes showed 

microsecond-scale emission lifetime by estimating single-exponential fitting.  
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Figure 3-3. Emission spectra of (a) mononuclear [Tb(hfa)3(AEC)] and (b) polynuclear 

[Tb(hfa)3(AEC)]n in the solid state at room temperature. Excited at 350 nm. 



Chapter 3 
 
 

 69 

 

Figure 3-4. Emission lifetime decays of each Tb(hfa)3 complex in the solid state at 300 

K. Excited at 355 nm. (Third harmonics of Q-switched Nd:YAG laser. fwhm =5 ns, λ = 

1064 nm). 
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The overall emission quantum yields (Φππ*) by excitation of the hfa ligands in 

solid state at RT were measured using the integration sphere. The photophysical 

parameters (Φππ* and τobs, RT) are summarized in Table 3-4. The Φππ* values of 

[Tb(hfa)3(tppo)2], [Tb(hfa)3(biphepo)] and [Tb(hfa)3(dppy)2] are 9.2, 11, and 10%, 

respectively. In contrast, the Φππ* values of [Tb(hfa)3(dpbp)]n (17%) and 

[Tb(hfa)3ZnCl2(dppy)2]n (35%) are significantly larger than those of mononuclear 

[Tb(hfa)3(AEC)] complexes, although the Φππ* value of [Tb(hfa)3(dpb)]n (10%) is similar 

to those of mononuclear [Tb(hfa)3(AEC)] complexes. These results indicate that the 

photosensitized emission quantum yields of polynuclear Tb3+ complexes are dependent 

on the phosphine oxide linker moiety. The author considers that introduction of 

phosphine oxide ligand affects the photosensitized energy transfer process between the 

hfa ligands and the Tb3+ ion. 

 

Table 3-4. Photophysical properties of Tb(hfa)3(AEC).  

 
Confomation 

Φtot τobs, RT 

 % µs 

[Tb(hfa)3(tppo)2] Mononuclear 9.2 209 

[Tb(hfa)3(biphepo)] Mononuclear 11 267 

[Tb(hfa)3(dppy)2] Mononuclear 10 482 

[Tb(hfa)3(dpb)]n Polynuclear 9.7 73 

[Tb(hfa)3(dpbp)]n Polynuclear 17 215 

[Tb(hfa)3ZnCl2(dppy)2]n Polynuclear 35 610 
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3.3.3 Temperature-dependent emission properties 

To estimate the effect of BEnT in the mononuclear [Tb(hfa)3(AEC)] and 

polynuclear [Tb(hfa)3(AEC)]n, the temperature-dependent emission lifetimes in solid 

state were measured in the range 90-400 K. The logarithmic lifetime profiles of a typical 

Tb3+ complex with tppo ligands, [Tb(hfa)3(tppo)2], are shown in Figure 3-5a. From Figure 

3-5a, emission decay profiles from 100 K to 200 K were shown single-exponential 

decays. Emission decay profiles from 250 K to 400 K were shown multi-exponential 

decays. In higher temperature range, the author considers that at least two types of 

emission species are coexisted in solid states. The time-resolved emission profiles of 

[Tb(hfa)3(tppo)2] analyzed single-exponential decays at each temperature by treating 

emission lifetime as an average value. The emission lifetimes of [Tb(hfa)3(tppo)2] at 100, 

200, 300, and 400 K were 806, 709, 86, and 5.6 μs, respectively. The emission lifetimes 

of [Tb(hfa)3(tppo)2] were gradually shorter with increasing temperature, because the 

BEnT process from emitting level of the Tb3+ ion (5D4) to the triplet state of the hfa ligand 

(T1) are enhanced. The temperature-dependent emission lifetimes were observed for all 

of the mononuclear [Tb(hfa)3(AEC)] and polynuclear [Tb(hfa)3(AEC)]n�see Figures 3-5 

and 3-6�. 
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Figure 3-5. Temperature-dependent emission lifetime decays of each Tb(hfa)3 complex 

in the solid state among 100-400 K. Excited at 355 nm (third harmonics of Q-switched 

Nd:YAG laser. fwhm =5 ns, λ = 1064 nm, black line: 100 K, purple line: 150 K, blue line: 

200 K, green line: 250 K, yellow line: 300K, orange line: 350 K, red line 400 K.) 
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Figure 3-6. Temperature-dependent emission lifetime of each Tb(hfa)3 complex in the 

solid state among 100-400 K. 
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To analyze the BEnT mechanism, the BEnT rate constants (kBEnT) were 

estimated by kinetic analysis. The temperature dependence of kBEnT is expected to 

follow Arrhenius-type equation with an activation energy ΔEa,[17] kBEnT is given by  

ln !
!!"#

− !
!!"#

= ln !!"#$ = ln! − ∆!!
! ∙ !!!         (3.1) 

where τobs, τ90K, A, ΔEa, R and T are the observed emission lifetime, standard emission 

lifetime at 90 K, frequency factor, activation energy, gas constant and temperature, 

respectively. Arrhenius plots of BEnT for the mononuclear [Tb(hfa)3(AEC)] and 

polynuclear [Tb(hfa)3(AEC)]n are shown in Figure 3-7. Arrhenius plots of mononuclear 

[Tb(hfa)3(AEC)] and polynuclear [Tb(hfa)3(AEC)]n were fitted with linear approximation 

by least-squares regression. These results indicate that the BEnT process is only 

composed of between Tb3+ ion and hfa ligand. The ΔEa and A values estimated using 

equation 3.1 are summarized in Table 3-5. The ΔEa values of polynuclear 

[Tb(hfa)3(AEC)]n ([Tb(hfa)3(dpb)]n, [Tb(hfa)3(dpbp)]n and [Tb(hfa)3ZnCl2(dppy)]n) were 

smaller than those of mononuclear [Tb(hfa)3(AEC)] ([Tb(hfa)3(tppo)2], 

[Tb(hfa)3(biphepo)] and [Tb(hfa)3(dppy)2]). The A values of polynuclear [Tb(hfa)3(AEC)]n 

were also smaller than those of mononuclear [Tb(hfa)3(AEC)]. 

To be more precise in the polynuclear [Tb(hfa)3(AEC)]n, the ΔEa value of 

[Tb(hfa)3(dpb)]n (ΔEa = 1700 cm-1) and [Tb(hfa)3(dpbp)]n (ΔEa = 1900 cm-1) were smaller 

than those of [Tb(hfa)3ZnCl2(dppy)]n (ΔEa = 2500 cm-1). The A value of [Tb(hfa)3(dpb)]n 

(A = 4.06×107 s-1) and [Tb(hfa)3(dpbp)]n (A = 3.68×107 s-1) were also smaller than those 

of [Tb(hfa)3ZnCl2(dppy)]n (A = 7.92×107 s-1). The smaller ΔEa and A values of 
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polynuclear [Tb(hfa)3(AEC)]n promote effective activation of BEnT at lower temperatures, 

resulting in high-sensitive temperature-dependent phosphor materials over a wide 

range temperature. The phosphine oxide ligand (activation energy controller: AEC) 

should dominate not only the Tb3+ molecular structures (mononuclear or polymer) but 

also the BEnT process (ΔEa and A values).  

 

 

 

 

Table 3-5. Arrhenius parameters of [Tb(hfa)3(AEC)]. 

 
Confomation 

ΔEa A 

 cm-1 s-1 

[Tb(hfa)3(tppo)2] Mononuclear 3200 1.98×1010 

[Tb(hfa)3(biphepo)] Mononuclear 4000 3.56×1011 

[Tb(hfa)3(dppy)2] Mononuclear 3600 1.06×1010 

[Tb(hfa)3(dpb)]n Polynuclear 1700 4.06×107 

[Tb(hfa)3(dpbp)]n Polynuclear 1900 3.68×107 

[Tb(hfa)3ZnCl2(dppy)2]n Polynuclear 2500 7.92×107 
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Figure 3-7. Arrhenius plots of each Tb(hfa)3 complex in the solid state. 
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The BEnT process diagram is shown in Figure 3-8. The activation energy ΔEa 

means the energy barrier for the excitation energy transfer from Tb3+ ion to hfa ligand. 

The frequency factor A means the event probability of the BEnT process. From Table 

3-5, the A values of mononuclear [Tb(hfa)3(AEC)] were 1000 times larger than those of 

polynuclear [Tb(hfa)3(AEC)]n. The author considers that the A values are correlated with 

the overlapping of molecular orbital between Tb3+ ion and hfa ligand. It is assumed that 

different excited states are formed between Tb3+ ion and hfa ligand with mononuclear 

[Tb(hfa)3(AEC)] and polynuclear [Tb(hfa)3(AEC)]n. Mononuclear [Tb(hfa)3(AEC)] has 

strong electron correlation between Tb3+ ion and hfa ligand and occurs localization of 

the excited state, resulting in a high A value. On the other hand, polynuclear 

[Tb(hfa)3(AEC)]n has weak electron correlation between Tb3+ ion, resulting in a small A 

value. The excited state of Tb ion in polynuclear [Tb(hfa)3(AEC)]n is delocalized through 

the polymer chain. (Figure 3-9) 

 

 

 

 

 

 

 

 

 

 

Figure 3-8. Proposal energy diagram of Tb(hfa)3 complex.  
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Figure 3-9. (a) Interpretation of frequency facter A. (b) Excitation enegy localization 

image of mononuclear [Tb(hfa)3(dppy)2]. (c) Excitation enegy delocalization image of 

polynuclear [Tb(hfa)3ZnCl2(dppy)2]. 

 

Based on above assumptions, it shows that the results of Φtot were opposite 

between Tb3+ and Eu3+ complexes. According to Tb3+ complexes, the Φtot values of 

[Tb(hfa)3(dppy)2] and [Tb(hfa)3ZnCl2(dppy)2]n were 10% and 35%, respectively. In the 

mononuclear complex [Tb(hfa)3(dppy)2], the localization effect of the excited state leads 

to enhance both of photosensitized energy transfer and back energy transfer. For this 

reason, the effective BEnT process from excited Tb3+ ion leads to increase the 

non-radiative rate constant (knr), and the mononuclear complex [Tb(hfa)3(dppy)2] 

showed a low Φtot. In the case of the polymer complex [Tb(hfa)3ZnCl2(dppy)2]n, the 

delocalization effect of the excited state between Tb3+ ion and hfa ligand leads to 
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suppress both of photosensitized energy transfer and back energy transfer. As the 

result, the effective BEnT process from excited Tb3+ ion leads to decrease the knr, and 

the polynuclear complex [Tb(hfa)3ZnCl2(dppy)2]n showed a high Φtot.  

On the other hand, the Φtot values of [Eu(hfa)3(dppy)2] and 

[Eu(hfa)3ZnCl2(dppy)2]n were 64% and 28%, respectively. Eu(hfa)3 complexes do not 

show the BEnT process like Tb(hfa)3 complexes. The localization effect of the excited 

state leads to enhance the photosensitized energy transfer, and the mononuclear 

complex [Eu(hfa)3(dppy)2] showed a high Φtot. In the case of the polymer complex 

[Eu(hfa)3ZnCl2(dppy)2]n, the delocalization effect of the excited state between Eu3+ ion 

and hfa ligand leads to suppress the photosensitized energy transfer, resulting in a low 

Φtot. 

 

 

Table 3-6. Emission quantum yields Φtot of Tb3+ and Eu3+ complexes. 

 Φtot  Φtot 

 %  % 

[Tb(hfa)3(tppo)2] 9.2 [Eu(hfa)3(tppo)2] 51 

[Tb(hfa)3(biphepo)] 11 [Eu(hfa)3(biphepo)] 55 

[Tb(hfa)3(dppy)2] 10 [Eu(hfa)3(dppy)2] 64 

[Tb(hfa)3(dpb)]n 9.7 [Eu(hfa)3(dpb)]n 31 

[Tb(hfa)3(dpbp)]n 17 [Eu(hfa)3(dpbp)]n 29 

[Tb(hfa)3ZnCl2(dppy)2]n 35 [Eu(hfa)3ZnCl2(dppy)2]n 28 
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Figure 3-10. (a) Relationships between Φtot and A of Tb(hfa)3 complexes. (b) 

Relationships between Φtot and A of Eu(hfa)3 complexes.  
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3.3.4 Phosphorescence properties of mononuclear [Gd(hfa)3(AEC)] and 

polynuclear [Gd(hfa)3(AEC)]n 

The calculated ΔEa and A values of mononuclear [Tb(hfa)3(AEC)] and 

polynuclear [Tb(hfa)3(AEC)]n are directly linked to the triplet levels of hfa ligands in the 

Tb(hfa)3 complexes. In this chapter, to estimate the triplet levels of the hfa ligands, 

mononuclear [Gd(hfa)3(AEC)] and polynuclear [Gd(hfa)3(AEC)]n  ([Gd(hfa)3(tppo)2], 

[Gd(hfa)3(biphepo)], [Gd(hfa)3(dppy)2], [Gd(hfa)3(dpb)]n, [Gd(hfa)3(dpbp)]n and 

[Gd(hfa)3ZnCl2(dppy)]n) were prepared by the same synthetic method as that used to 

prepare the mononuclear [Tb(hfa)3(AEC)] and polynuclear [Tb(hfa)3(AEC)]n. Generally, 

the triplet state properties of photosensitized ligands in lanthanide complexes can be 

evaluated by phosphorescence measurements of the Gd3+ complexes, because the 

excited energy level of the Gd3+ ion is higher than the T1 level of photosensitized hfa 

ligand. The phosphorescence spectra of the mononuclear [Gd(hfa)3(AEC)] and 

polynuclear [Gd(hfa)3(AEC)]n in solid states at 100 K are shown in Figure 3-9. The 

phosphorescence spectrum shapes of the polynuclear [Gd(hfa)3(dpb)]n and 

[Gd(hfa)3(dpbp)]n are broader than those of the mononuclear [Gd(hfa)3(AEC)] and 

polynuclear [Gd(hfa)3ZnCl2(dppy)2]n complexes. These results indicate that the 

vibrational structure of the excited hfa ligand in the polynuclear [Gd(hfa)3(dpb)]n and 

[Gd(hfa)3(dpbp)]n complexes are considerably different from those of the mononuclear 

[Gd(hfa)3(AEC)] and polynuclear [Gd(hfa)3ZnCl2(dppy)2]n complexes. The broader 

phosphorescence bands of [Gd(hfa)3(dpb)]n and [Gd(hfa)3(dpbp)]n could be caused by 

the change of the potential curvature of the triplet state in the excited hfa ligands.  
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Figure 3-11. Phosphorescence spectra of mononuclear [Gd(hfa)3(AEC)] and 

polynuclear [Gd(hfa)3(AEC)]n in the solid state at 100 K. Excited at 350 nm. Chemical 

structure of Gd(hfa)3(phosphine oxide) complexes. 
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From the phosphorescence spectra, the estimated triplet energy levels of the hfa 

ligands in the Gd3+ complexes E(T1) are summarized in Table 3-6. The energy gap 

ΔE(T1-5D4) between the T1 level of the hfa ligands and emitting level of Tb3+ (energy gap 

of 5D4 = 20400 cm-1) are also summarized in Table 3-6. The ΔE(T1-5D4) values of the 

polynuclear Tb3+ complexes [Tb(hfa)3(dpb)]n and [Tb(hfa)3(dpbp)]n were larger than 

those of mononuclear [Tb(hfa)3(AEC)] complexes, although the ΔEa values of the BEnT 

process for [Tb(hfa)3(dpb)]n and [Tb(hfa)3(dpbp)]n are smaller than those of 

mononuclear [Tb(hfa)3(AEC)] complexes. From these photophysical conflicts, the 

author propose that the BEnT process is related to the triplet states lifetimes of hfa 

ligands in our systems.  

 

Table 3-7. Triplet energies and phosphorescence lifetimes of hfa ligands. 

 
Conformation 

E(T1) ΔE(T1-5D4) τobs, 1 τobs, 2 

 cm-1 cm-1 ms ms 

[Gd(hfa)3(tppo)2] Mononuclear 21700 1300 2.00 
(70%) 

9.12 
(30%) 

[Gd(hfa)3(biphepo)] Mononuclear 21800 1400 2.94 
(68%) 

9.41 
(32%) 

[Gd(hfa)3(dppy)2] Mononuclear 21600 1200 1.96 
(71%) 

8.25 
(29%) 

[Gd(hfa)3(dpb)]n Polynuclear 22400 2000 3.31 
(79%) 

9.54 
(21%) 

[Gd(hfa)3(dpbp)]n Polynuclear 22300 1900 3.30 
(80%) 

10.2 
(20%) 

[Gd(hfa)3ZnCl2(dppy)2]n Polynuclear 21700 1300 2.02 
(65%) 

7.75 
(35%) 
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Here, the time-resolved phosphorescence measurements were performed to 

estimation of the triplet state lifetimes on the excited hfa ligands. The logarithmic lifetime 

profiles of the Gd3+ complexes are shown in Figure 3-10, and the calculated 

phosphorescence lifetimes are summarized in Table 3-6. The time-resolved emission 

profiles exhibited double exponential decay at 100 K. Note that the Tb(hfa)3 units is 

composed of three identical hfa ligands from single-crystal X-ray structural analyses. 

The double exponential decay of hfa phosphorescence is caused by the presence of at 

least two types of excited hfa ligands in the solid state. The phosphorescence lifetimes 

of the polynuclear [Gd(hfa)3(dpb)]n and [Gd(hfa)3(dpbp)]n complexes are longer than 

those of the mononuclear [Gd(hfa)3(AEC)] and polynuclear [Gd(hfa)3ZnCl2(dppy)2]n 

complexes.  
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Figure 3-12. Phosphorescence lifetime decays of each Gd(hfa)3 complex in the solid 

state at 100 K. Excited at 355 nm. (Time delay = 0 ms, third harmonics of Q-switched 

Nd:YAG laser. fwhm =5 ns, λ = 1064 nm). 
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Here, the author considers that the polynuclear [Gd(hfa)3(dpb)]n and 

[Gd(hfa)3(dpbp)]n complexes promote energy transfer hopping (migration) of excited 

Tb3+ ions on the dpb and dpbp linker ligands, [36] resulting in delocalization of the excited 

triplet state of hfa ligand. This excited delocalization is related to the broader 

phosphorescence spectra and long phosphorescence lifetimes of the hfa ligands, which 

promotes ligand-assisted BEnT (Figure 3-11a). The excited states of mononuclear 

[Tb(hfa)3(AECs)] complexes with large ΔEa and large A values only depend on 

localization between Tb3+ and hfa ligands in the forward and back energy transfer 

process, resulting in short phosphorescence lifetime and large frequency factor A 

(Figure 3-11b). For the polynuclear [Tb(hfa)3ZnCl2(dppy)2]n complex, the ΔEa and A 

values are similar to those of the polynuclear [Tb(hfa)3(dpb)]n and [Tb(hfa)3(dpbp)]n 

complexes. However, the phosphorescence spectrum shape of the polynuclear 

[Gd(hfa)3ZnCl2(dppy)2]n complex is the same as that of mononuclear [Gd(hfa)3(dppy)2] 

complex. From these results, the author considers that [Tb(hfa)3ZnCl2(dppy)2]n shows 

localized forward and back energy transfer between the hfa and Tb3+ ions (short 

phosphorescent lifetimes and phosphorescent spectrum shapes), and delocalized 

energy hopping of excited Tb3+ ions via the phosphine oxide linker ligands (show small 

ΔEa and small A) (Figure 3-11c). 
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Figure 3-13. (a) Excited energy delocalization image of polynuclear [Tb(hfa)3(dpb)]n and 

[Tb(hfa)3(dpbp)]n. (b) Excited energy localization image of mononuclear [Tb(hfa)3(AEC)]. 

(c) Excited energy delocalization image of polynuclear [Tb(hfa)3ZnCl2(dppy)2]. 

3.4 Conclusion 
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Introduction of phosphine oxide ligands (Activation Energy Controllers: AECs) 

to Tb(hfa)3 complexes leads to control of the BEnT process (the ligand-assisted BEnT). 

From Arrhenius analysis based on the temperature-dependent emission lifetime 

measurements, the ΔEa and A values are smaller for the polynuclear [Tb(hfa)3(AEC)]n 

complexes than for the mononuclear [Tb(hfa)3(AEC)] complexes. In particular, 

[Tb(hfa)3ZnCl2(dppy)2]n shows a wider sensing range and larger emission quantum 

yields than the previous reported chameleon luminophore structure 

[Tb0.99Eu0.01(hfa)3(dpbp)]n.[17,36] The phosphorescent lifetimes of the hfa ligands in the 

Gd3+ coordination polymers are longer than those in mononuclear [Gd(hfa)3(AEC)] 

complexes. The author considers that the energy hopping of excited Tb3+ ions and hfa 

ligands is introduced by the phosphine oxide linker ligand in polynuclear 

[Gd(hfa)3(AEC)]n complexes. The ΔEa and A values in the BEnT process are strongly 

correlated with the excitation lifetimes of the hfa ligands. Introduction of phosphine oxide 

ligands to Tb(hfa)3 complexes is expected to control the BEnT process. This is the first 

report of the thermosensing properties of the Tb(hfa)3 complex by ligand-assisted BEnT. 

 

 

 

 

 

3.5



Chapter 3 
 
 

 89 

 References 

[1] X.-D. Wang, O. S. Wolfbeis, R. J. Meier, Chem. Soc. Rev., 2013, 42, 7834–7869. 

[2] S. Claucherty, H. Sakaue, Sens. Actuator B., 2017, 251, 958–962. 

[3] V. Ondrus, R. J. Meier, C. Klein, U. Henne, M. Schäferling, U. Beifuss, Sens. 

Actuators A, 2015, 233, 434–441. 

[4] D. Ross, M. Gaitan, L. E. Locascio, Anal. Chem., 2001, 73, 4117–4123. 

[5] X. Guan, Z. Su, Polym. Adv. Technol., 2008, 19, 385–392. 

[6] J. Feng, K. Tian, D. Hu, S. Wang, S. Li, Y. Zeng, Y. Li, G. Yang, Angew. Chem. Int. 

Ed., 2011, 50, 8072–8076. 

[7] K. Maruszewski, D. Andrzejewski, W. Strek, J. Lumin., 1997, 72–74, 226–228. 

[8] L. H. Fischer, C. Karakus, R. J. Meier, N. Risch, O. S. Wolfbeis, E. Holder, M. 

Schäferling, Chem. Eur. J., 2012, 18, 15706–15713. 

[9] J. Stehr, J. M. Lupton, M. Reufer, G. Raschke, T. A. Klar, J. Feldmann, Adv. 

Mater., 2004, 16, 2170–2174. 

[10] V. A. Vlaskin, N. Janssen, J. van Rijssel, R. M. Beaulac, D. R. Gamelin, Nano 

Lett., 2010, 10, 3670–3674. 

[11] R. Liang, R. Tian, W. Shi, Z. Liu, D. Yan, M. Wei, D. G. Evans, X. Duan, Chem. 

Commun. 2013, 49, 969–971. 

[12] A. Sedlmeier, D. E. Achatz, L. H. Fischer, H. H. Gorris, O. S. Wolfbeis, Nanoscale, 

2012, 4, 7090–7096. 

[13] J.-C. G. Bünzli, Chem. Rev., 2010, 110, 2729–2755. 



Chapter 3 
 
 

 90 

[14] M. Mitsuishi, S. Kikuchi, T. Miyashita, Y. Amao, J. Mater. Chem., 2003, 13, 2875–

2879. 

[15] J. H. S. K. Monteiro, F. A. Sigoli, A. de Bettencourt-Dias, Can. J. Chem., 2018, 96, 

859–864. 

[16] S. Katagiri, Y. Hasegawa, Y. Wada, S. Yanagida, Chem. Lett., 2004, 33, 1438–

1439. 

[17] K. Miyata, Y. Konno, T. Nakanishi, A. Kobayashi, M. Kato, K. Fushimi, Y. 

Hasegawa, Angew. Chem. Int. Ed., 2013, 52, 6413–6416. 

[18] X. Liu, S. Akerboom, M. de jong, I. Mutikainen, S. Tanase, A. Meijerink, E. 

Bouwman, Inorg. Chem., 2015, 54, 11323–11329. 

[19] Z. Wang, D. Ananias, A. Carné-Sánchez, C. D. S. Brites, I. Imaz, D. Maspoch, J. 

Rocha, L. D. Carlos, Adv. Funct. Mater., 2015, 25, 2824–2830. 

[20] Y. Cui, H. Xu, Y. Yue, Z. Guo, Z. Chen, J. Gao, Y. Yang, G. Qian, B. Chen, J. Am. 

Chem. Soc., 2012, 134, 3979–3982. 

[21] K. Yanagisawa, Y. Kitagawa, T. Nakanishi, T. Seki, K. Fushimi, H. Ito, Y. 

Hasegawa, Chem. Eur. J., 2018, 24, 1956–1961. 

[22] C. D. S. Brites, P. P. Lima, N. J. O. Silva, A. Millan, V. S. Amaral, F. Palacio, L. D. 

Carlos, Adv. Mater., 2010, 22, 4499–4504. 

[23] M. Latva, H. Takalo, V.-M. Mukkala, C. Matachescu, J. C. Rodriguez-Ubis, J. 

Kankare, J. Lumin., 1997, 75, 149–169. 

[24] V. I. Tasryuk, A. V. Vologzhanina, K. P. Zhuravlev, V. A. Kudryshova, J. Fluorine 

Chem., 2017, 197, 87–93. 



Chapter 3 
 
 

 91 

[25] S. Katagiri, Y. Tsukahara, Y. Hasegawa, Y. Wada, Bull. Chem. Soc. Jpn., 2007, 80, 

1492–1503. 

[26] Q. Xu, Z. Li, Y. Wang, H. Li, Photochem. Photobiol. Sci., 2016, 15, 405–411. 

[27] S. Omagari, T. Nakanishi, T. Seki, Y. Kitagawa, Y. Takahata, K. Fushimi, H. Ito, Y. 

Hasegawa, J. Phys. Chem. A, 2015, 119, 1943–1947. 

[28] F. Gutierrez, C. Tedeschi, L. Maron, J-.P. Daudey, R. Poteau, J. Azema, P. Tisnes, 

C. Picard, Dalton Trans., 2004, 0, 1334–1347. 

[29] Y. Hirai, T. Nakanishi, Y. Kitagawa, K. Fushimi, T. Seki, H. Ito, Y. 

Hasegawa, Angew. Chem. Int. Ed., 2016, 55, 12059–12062. 

[30] T. Koizuka, M. Yamamoto, Y. Kitagawa, T. Nakanishi, K. Fushimi, Y. 

Hasegawa, Bull. Chem. Soc. Jpn., 2017, 90, 1287–1292. 

[31] S. Omagari, T. Nakanishi, T. Seki, Y. Kitagawa, T. Seki, K. Fushimi, H. Ito, A. 

Meijerink, Y. Hasegawa, Sci. Rep., 2016, 6, 37008-370019. 

[32] Y. Hasegawa, Y. Wada, S. Yanagida, J. Photochem. Photobiol. C, 2004, 5, 183–

202. 

[33] K. Nakamura, Y. Hasegawa, H. Kawai, N. Yasuda, N. Kanehisa, Y. Kai, T. 

Nagamura, S. Yanagida, Y. Wada, J. Phys. Chem. A, 2007, 111, 3029–3037. 

[34] M. Yamamoto, T. Nakanishi, Y. Kitagawa, K. Fushimi, Y. Hasegawa, Mater. 

Lett., 2016, 167, 183–187. 

[35] K. Miyata, T. Ohba, A. Kobayashi, M. Kato, T. Nakanishi, K. Fushimi, Y. 

Hasegawa, ChemPlusChem, 2012, 77, 277–280. 



Chapter 3 
 
 

 92 

[36] M. Hatanaka, Y. Hirai, Y. Kitagawa, T. Nakanishi, Y. Hasegawa, K. 

Morokuma, Chem. Sci., 2017, 8, 423–429. 

 



Chapter 4 

 93 

Chapter 4 
 
Luminescent lanthanide coordination 
polymers cross-linked with palladium 
and aluminum complex ligands 
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4.1 Introduction 

Three-dimensional building blocks composed of metal ions and organic 

bridged ligands are called “coordination polymers” or “metal-organic frameworks”. 

Transition metal-organic frameworks (MOFs) with catalytic and ion-sensing properties 

have been reported.[1-3] Various types of metalloporphyrin aggregates such as 

coordination polymers for study of artificial photosynthesis have also been reported.[4-5] 

Thermostable luminescent coordination polymers with lanthanide ions have been 

presented for future photonic materials.[6-7] MOFs and metal coordination polymers with 

characteristic chemical and physical properties can be synthesized by suitable selection 

of metal ions and bridged organic ligands (Figure 4-1a). 

  Generally, three-dimensional structures of metal coordination polymers and 

MOFs are dominated by the coordination number and geometrical structure of the metal 

ions. The coordination number and geometrical structure in metal coordination polymers 

are directly linked to their chemical and physical performances for functional molecular 

materials. Here, the luminescent coordination polymers composed of luminescent and 

joint metal blocks show in Figure 4-1b. The structural and physical properties of these 

coordination polymers can be tuned by changing the composition of luminescent and 

joint metal blocks. 

  According to the luminescent metal block, the author selected lanthanide 

complexes with 4f-4f transitions. The 4f-4f transitions of lanthanide complexes lead to 

narrow emission bands (FWHM < 10 nm) and long emission lifetime (τ > 1 μs), resulting 

in the formation of remarkable luminescent materials for various applications such as 
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display devices and bio-imaging applications.[8-9] Strong and characteristic 

luminescence of lanthanide complexes containing Eu3+, Tb3+, Sm3+, Nd3+, Er3+, Yb3+  

and Pr3+ ions have been reported.[10-17] In earlier studies, the luminescent properties of 

lanthanide complexes were shown to depend on two parameters, radiative and 

non-radiative rate constants (kr and knr).[18, 19] The radiative rate constant depends on the 

geometrical symmetry of the coordination structure in lanthanide complexes. It has been 

widely accepted that the radiative transition probability between 4f orbitals is enhanced 

by structures.[18] The non-radiative rate constant is influenced by the vibrational 

structures of lanthanide complexes. Previously, Hasegawa prepared an Eu3+ complex 

with low-vibrational frequency (LVF) hexafluoroacetylacetonato (hfa) and phosphine 

oxide ligands. The coordination structure composed of LVF hfa (C-F: 1200 cm-1) and 

phosphine oxide (P=O: 1125 cm-1) ligands provides a luminescent Eu3+ complex with a 

high emission quantum yield (> 65%) and a relatively small non-radiative rate 

constant.[20-21] 

  In order to construct joint metal blocks, the author considered the use of p- 

and d-block metal complexes with various coordination structures. The p- and d-block 

metal complexes generally provide four, five and six coordination structures.[22-24] Based 

on the characteristic coordination structures of p- and d-block metal complexes, one-, 

two- and three-dimensional networks as a joint metal block are promoted for 

construction of novel coordination polymer. The author here designed some joint metal 

blocks composed of metal ions and 4-pyridyldiphenylphosphine oxide (dppy) (Figure 

4-1b). The dppy molecule in joint metal blocks possesses a phosphine oxide group, 
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which plays an important role in effective connection with luminescent lanthanide blocks 

such as an LVF phosphine oxide. The pyridyl group in dppy is linked to the p- and 

d-block metal ions for formation of joint metal blocks. By using dppy molecules, Pd2+ 

complexes [trans-PdCl2(dppy)2], Zn2+ complexes [ZnCl2(dppy)2], and Al3+ complexes 

[AlCl3(dppy)4] were prepared as joint metal blocks. 

  In this chapter, [Eu(hfa)3(dppy)2PdCl2]n (Eu-Pd) and [Eu(hfa)3(dppy)4AlCl3]n 

(Eu-Al) are prepared. The author focuses on the heavy element such as Pd2+ ions, and 

the light element, Al3+ ions, which have higher coordination number than that of Zn2+ 

ions. The effects to photphysical properties of these Eu3+ coordination polymers by 

using different metal ions were reported. The predicted structures were estimated by 

single-crystal X-ray structural analyses and DFT calculations. Photophysical properties 

were evaluated based on the emission lifetimes and emission quantum yields. The 

preparation, structures and photophysical properties of new Eu3+ coordination polymers 

linked with joint metal blocks are described. 

  



Chapter 4 

 97 

 

 

 

Figure 4-1. (a) General images of coordination polymers or MOFs. (b) Structural image 

of Eu3+ coordination polymer (M = Pd2+, Zn2+ and Al3+). 
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4.2 Experimental section 

Materials  

4-Bromopyridine hydrochloride (98%), tetrakis(triphenylphosphine)palladium (97%), 

diphenylphosphine (90%) and hexafluoroacetylacetone (95%) were purchased from 

Tokyo Chemical Industry Co., Ltd.  Europium(III) acetate n-hydrate (99.9%), 

palladium(II) chloride(98%), zinc(II) chloride (99.9%) and aluminum(III) chloride (99%) 

were obtained from Wako Pure Chemical Industries, Ltd. All chemicals were reagent 

grade and were used without further purification. 

  

Apparatuses 

1H NMR spectra were recorded on a JEOL JNM-ECS400 (400 MHz). 1H NMR chemical 

shifts were determined by tetramethylsilane (TMS) as an internal standard. Elemental 

analyses were performed using a J-SCIENCE MICRO CORDER JM10. ESI-MS and 

FAB-MS were performed using a JEOL JMS-T100LP and a JEOL JMS-700TZ, 

respectively.  
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Preparation of 4-pyridyl diphenyl phosphine oxide (dppy) C17H14NOP  

The dppy ligand was prepared according to chapter 2.2.[25] 

1H NMR (400 MHz, CDCl3 / TMS)�δ8.74-8.79 (t, 2H, py), 7.48-7.71 (m, 12H, Ar)ppm. 

ESI-MS calcd. for [M + H]+ : 280.09 Found, 280.09. Elemental analysis calcd. (%) for 

C17H14NOP: C 73.11, H 5.05, N 5.02; found: C 73.03, H 5.07, N 4.95. 

 

Preparation of Pd2+ complex [trans-PdCl2(dppy)2] C34H28Cl2N2O8P2Pd 

Palladium(II) chloride (88.6 mg, 0.50 mmol) and 4-pyridyl diphenyl phosphine oxide 

(0.28 g, 1.00 mmol) were dissolved in toluene (40 mL). The solution was heated at 

100˚C and refluxed while stirring for 48 h. The solvent was evaporated to afford a yellow 

powder. Recrystallization from methanol gave yellow crystals of the titled compound. 

(0.27 g, 72%) 1H NMR (400 MHz, CDCl3 / TMS)�δ8.92-8.97 (t, 4H, py), 7.49-7.68 (m, 

24H, Ar)ppm. ESI-MS calcd. for [M + Cl]+: 770.97 Found, 770.94. Elemental analysis 

calcd. (%) for C34H28Cl2N2O8P2Pd+CH3OH: C 54.74, H 4.20, N 3.65; found: C 54.62, H 

3.84, N 3.77. 
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Preparation of Zn2+ complex [ZnCl2(dppy)2] C34H28Cl2N2O2P2Zn 

The Zn2+ complex ligand [ZnCl2(dppy)2] was prepared according to chapter 2.2. [25] 

1H NMR (400 MHz, CDCl3 / TMS)�δ8.84-8.89 (t, 4H, py), 7.71-7.77 (d, 4H, py), 

7.62-7.70 (m, 12H, Ar), 7.50-7.57 (m, 8H, Ar)ppm. ESI-MS calcd. for [ZnCl(dppy)2]-: 

692.03 Found, 692.03. Elemental analysis calcd. (%) for C34H28Cl2N2O2P2Zn: C 58.77, 

H 4.06, N 4.03; found: C 59.27, H 4.31, N 3.73. 

 

Preparation of Al3+complex [AlCl3(dppy)4] C68H56Cl3N4O4P4Al 

Aluminum(III) chloride (74.4 mg, 0.56 mmol) and 4-pyridyl diphenyl phosphine oxide 

(0.50 g, 1.81 mmol) were dissolved in chloroform (40 mL). The solution was heated at 

60˚C and refluxed while stirring for 24 h. The solvent was evaporated to afford a withe 

powder of the titled compound. (91.0 mg, 13%) 1H NMR (400 MHz, MeOD / TMS)�

δ8.84-8.89 (t, 8H, py), 7.89-7.96 (d, 8H, py), 7.68-7.76 (m, 24H, py), 7.58-7.65 (m, 16H, 

Ar)ppm. ESI-MS calcd. for [AlCl3(dppy)4�5H2O + H]+ : 1339.27 Found, 1339.16. 
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Preparation of Eu-Pd complex [Eu(hfa)3(dppy)2PdCl2]n C49H31Cl2EuF18N2O8P2Pd 

Pd2+ complex [trans-PdCl2(dppy)2] (1 equiv.) and [Eu(hfa)3(H2O)2] (1 equiv.) were 

dissolved in THF. The solution was refluxed while stirring for 5 h, and the reaction 

mixture was concentrated to dryness. A single crystal suitable for X-ray structural 

determination of Eu-Pd complex was obtained by diffusion method of 

methanol-chloroform solution at room temperature. FAB-MS calcd. for 

[Eu(hfa)3(dppy)PdCl2]+ : 1300.90 Found, 1300.9. Elemental analysis calcd (%) for 

C49H31Cl2EuF18N2O8P2Pd: C 39.00, H 2.07, N 1.86, Cl 4.70; found: C 38.83, H 2.41, N 

1.80, Cl 4.73. 

 

Preparation of Eu-Zn complex [Eu(hfa)3(dppy)2ZnCl2]n C49H31Cl2EuF18N2O8P2Zn 

The [Eu(hfa)3ZnCl2(dppy)2]n was prepared according to chapter 2.2. 

FAB-MS calcd. for [Eu(hfa)3(dppy)ZnCl2]+ : 1258.93 Found, 1259.9. Elemental analysis 

calcd (%) for C49H31Cl2EuF18N2O2P2Zn+2H2O: C 39.13, H 2.35, N 1.86; found: C 38.73, 

H 2.25, N 1.88. 
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Preparation of Eu-Al complex [Eu(hfa)3(dppy)4AlCl3]n C83H59Cl3EuF18N4O10P4Al 

Al3+ complex [AlCl3(dppy)4] (1 equiv.) and [Eu(hfa)3(H2O)2] (2 equiv.) were dissolved in 

methanol. The solution was refluxed while stirring for 5 h, and the reaction mixture was 

concentrated to dryness. 1H NMR (400 MHz, CDCl3 / TMS)�δ8.91-8.73 (br, 8H, py), 

8.10-7.36 (br, 48H, Ar), 5.05 (s, 3H, hfa-H)ppm. FAB-MS calcd. for 

[Eu(hfa)2(dppy)4AlCl2]+ : 1952.16 Found, 1952.5. 

 

Computational details 

Density functional theory (DFT) geometry optimizations of joint Zn2+ block [ZnCl2(dppy)2] 

and joint Al3+ block [AlCl3(dppy)4] were carried out with Gaussian09 Rev D.01 by 

employing the three-parameter hybrid functional of Becke based on the correlation 

functional of Lee, Yang, and Parr (B3LYP).[26,27] The 6-31G(d) basis set was used for all 

other atoms. 

   

 

 

Crystallography 

Colorless single crystals of Eu3+ and Pd2+ complex were mounted on the MiTeGen 

micromesh using paraffin oil. All measurements were made by using a Rigaku RAXIS 
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RAPID imaging-plate area detector with graphite-monochromated Mo-Kα radiation. 

Non-hydrogen atoms were refined anisotropically. All calculations were performed by 

using the crystal-structure crystallographic software package. CIF data was confirmed 

by using the checkCIF/PLATON service. CCDC-1507442 for [Eu(hfa)3(dppy)2] and 

CCDC-1510581 for [trans-PdCl2(dppy)2] contain the supplementary crystallographic 

data for this chapter. These data can be obtained free of charge from The Cambridge 

Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. 

 

Optical measurements 

Emission and excitation spectra of Eu3+ complexes were measured with a HORIBA 

Fluorolog-3 spectrofluorometer and corrected for the response of the detector system. 

Emission lifetimes (τobs) of Eu3+ complexes were measured using the third harmonics 

(355 nm) of a Q-switched Nd:YAG laser (Spectra Physics, INDI-50, FWHM = 5 ns, λ = 

1064 nm) and a photomultiplier (Hamamatsu Photonics, R5108, response time ≤ 1.1 ns). 

The Nd:YAG laser response was monitored with a digital oscilloscope (Sony Tektronix, 

TDS3052, 500 MHz) synchronized to the single-pulse excitation. Emission lifetimes 

were determined from the slope of logarithmic plots of the decay profiles. 
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4.3 Results and discussion 

4.3.1 Structural analyses 

The 4-pyridyldiphenylphosphine oxide (dppy) contains selective coordination 

sites for lanthanide ions (P=O) and metal ions (N atoms). The dppy was synthesized by 

the coupling reaction of 4-bromopyridine hydrochloride with diphenylphosphine and Pd0 

complex as a catalyst, and then oxidized using hydrogen peroxide. Joint metal blocks 

were prepared by the complexation of metal chlorides (palladium, zinc and aluminum 

chlorides) with dppy in an organic solvent under a reflux condition. Finally, 

[Eu(hfa)3(dppy)2PdCl2]n (Eu-Pd), [Eu(hfa)3(dppy)2ZnCl2]n (Eu-Zn) and 

[Eu(hfa)3(dppy)4AlCl3]n (Eu-Al) were prepared by the complexation of [Eu(hfa)3(H2O)2] 

with a p- or d-metal joint block. The chemical structures were confirmed by MS (ESI- 

and FAB-MS) and elemental analyses. Single crystals of [Eu(hfa)3(dppy)2] and 

[trans-PdCl2(dppy)2] for X-ray structural analyses were successfully prepared by 

recrystallization from solutions in diethyl ether/hexane and methanol, respectively. 

However, single crystals of Eu-Zn and Eu-Al were not obtained. The structures of 

[ZnCl2(dppy)2] and [AlCl3(dppy)4] were estimated using DFT calculation 

(B3LYP/6-31G(d)) based on previous X-ray crystal data for a pyridyl metal complex 

derivative. [28, 29] 

Structural images and crystal data of [Eu(hfa)3(dppy)2] and 

[Eu(hfa)3PdCl2(dppy)2]n are shown in Figure 4-2, 4-3 and Table 4-1, respectively. From 

the result of single-crystal X-ray diffraction, the coordination site of the luminescent Eu3+ 

block [Eu(hfa)3(dppy)2] is comprised of three hexafluoroacetylacetonato (hfa) ligands 
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and two phosphine oxide (dppy) ligands (Figure 4-2). The calculation of the shape 

measure factor S to estimate the degree of distortion of the coordination structure in the 

Eu3+ coordination sphere was carried out. The S value is given by Equation (1): 

! = min 1
! !! − !! !

!

!!!
  , 1 

where m , δi , and θi are the number of possible edges (m = 18 in this chapter), the 

observed dihedral angle between planes along the i th edge, and the dihedral angle for 

the ideal structure, respectively. According to the crystals data of [Eu(hfa)3(dppy)2], the 

S values for 8-SAP (point group D4d , S = 7.92) are smaller than those for 8-TDH (point 

group D2d , S = 9.37), suggesting that the 8-SAP structure is less distorted than the 

8-TDH structure in the systems. The S values of around Eu3+ ions in 

[Eu(hfa)3PdCl2(dppy)2]n were estimated to be 4.41 for 8-SAP and 11.0 for 8-TDH. Thus, 

coordination geometries of [Eu(hfa)3(dppy)2] and [Eu(hfa)3PdCl2(dppy)2]n were 

determined to be 8-SAP like structures (see Table 4-2 and 4-3). 
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Figure 4-2.  ORTEP views of [Eu(hfa)3(dppy)2], showing 50% probability displacement 

ellipsoids. Hydrogen atoms have been omitted for clarity. Green: Tb, red: O, gray: C, 

yellow: F, and orange: P. 

 

 

 

 

Figure 4-3.  ORTEP view of Eu-Pd coordination polymer: [Eu(hfa)3PdCl2(dppy)2]n. 
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Table 4-1. Crystal data of luminescent Eu3+ block: [Eu(hfa)3(dppy)2], joint Pd2+ block: 

[PdCl2(dppy)2] and Eu-Pd programming polymer. 

 

 [Eu(hfa)3(dppy)2] [PdCl2(dppy)2] Eu-Pd 

chemical formula C49H31EuF18N2O8P2  
C34H28Cl2N2O2P2Pd 

(CH4O) 

C49H31Cl12EuF18N2

O8P2Pd 

formula weight 1331.67 799.91 1508.97 

crystal color, habit colorless, block yellow, needle yellow, needle 

crystal system triclinic monoclinic triclinic 

space group P -1 P 21/c P -1 

a / � 13.0614(9) 18.4663(15) 10.702(4) 

b / � 13.6957(9)  7.0606(6) 12.815(5) 

c / � 15.4953(10) 14.4406(12) 22.546(8) 

α / deg 76.172(2) 90 82.583(9) 

β / deg 83.696(2) 104.342(2) 77.775(11) 

γ / deg 78.579(2) 90 76.235(11) 

V / � 2632.6(3) 1824.1(3) 2925.1(19) 

Z 2 2 2 

dcalc / g cm
-3

 1.680 1.456 1.810 

T / ˚C 123 123 123 

µ(Mo Kα) / cm
-1

 13.70 7.83  17.17 

Max 2θ / deg 27.485 27.484  27.490 

measured reflections 33479 10885  5462 

Unique reflections 12000 4167  12976 

R (I > 2σ(I))
a)

 0.0362 0.0576  0.1656 

Rw (I > 2σ(I))
b)

 0.1246  0.1820  0.4008  

a) R = Σ||Fo| - |Fc|| / Σ|Fo|. 

b) Rw = [Σw(|Fo| - |Fc|)2 / ΣwFo
2]1/2. 
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Table 4-2. Observed dihedral angles (δi), dihedral angles of idealized square antiprism 

(θi) and measure shape criteria, S (D4d) for Tb(hfa)3(tppo)2, [Tb(hfa)3(dpb)]n and 

[Tb(hfa)3(dpbp)]n.  

 

 

 [Eu(hfa)3(dppy)2] Eu-Pd 

Edge θi δi δi – θi θi δi δi – θi 

O1-O2 0 22.02 22.02 0 11.22 11.22 

O6-O7 77.1 67.78 -9.32 77.1 79.67 2.57 

O1-O3 77.1 72.23 -4.87 77.1 75.59 -1.51 

O1-O4 77.1 67.53 -9.57 77.1 72.90 -4.20 

O2-O3 77.1 68.1 -9 77.1 80.22 3.12 

O2-O4 0 1.46 1.46 0 3.73 3.73 

O6-O5 77.1 72.37 -4.73 77.1 74.59 -2.51 

O6-O8 77.1 81.69 4.59 77.1 76.49 -0.61 

O7-O8 77.1 72.33 -4.77 77.1 76.23 -0.87 

O7-O5 77.1 83.23 6.13 77.1 81.29 4.19 

O5-O2 51.6 45.05 -6.55 51.6 46.86 -4.74 

O5-O4 51.6 59.2 7.6 51.6 57.10 5.5 

O6-O1 51.6 47.63 -3.97 51.6 47.28 -4.32 

O6-O4 51.6 52.73 1.13 51.6 52.66 1.06 

O8-O1 51.6 46.95 -4.65 51.6 49.33 -2.27 

O8-O3 51.6 60.39 8.79 51.6 59.83 8.23 

O7-O2 51.6 47.3 -4.3 51.6 51.18 -0.42 

O7-O3 51.6 56.15 4.55 51.6 49.90 -1.70 

 S (D4d) = 7.92 S (D4d) = 4.41 
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Table 4-3. Observed dihedral angles (δi), dihedral angles of idealized trigonal 

dodecahedron (θi) and measure shape criteria, S (D2d) for Tb(hfa)3(tppo)2, 

[Tb(hfa)3(dpb)]n and [Tb(hfa)3(dpbp)]n.  

 

 

 [Eu(hfa)3(dppy)2] Eu-Pd 

Edge θi δi δi – θi θi δi δi – θi 

O1-O2 29.86 22.02 22.02 29.86 11.22 -18.64 

O6-O7 61.48 67.78 -9.32 61.48 79.67 18.19 

O1-O3 74.29 72.23 -4.87 74.29 75.59 1.3 

O1-O4 74.29 67.53 -9.57 74.29 72.9 -1.39 

O2-O3 61.48 68.1 -9 61.48 80.22 18.74 

O2-O4 29.86 1.46 1.46 29.86 3.73 -26.13 

O6-O5 61.48 72.37 -4.73 61.48 74.59 13.11 

O6-O8 74.29 81.69 4.59 74.29 76.49 2.2 

O7-O8 76.62 72.33 -4.77 76.62 76.23 -0.39 

O7-O5 74.84 83.23 6.13 74.84 81.29 6.45 

O5-O2 54.51 45.05 -6.55 54.51 46.86 -7.65 

O5-O4 48.09 59.2 7.6 48.09 57.1 9.01 

O6-O1 47.76 47.63 -3.97 47.76 47.28 -0.48 

O6-O4 54.48 52.73 1.13 54.48 52.66 -1.82 

O8-O1 52.57 46.95 -4.65 52.57 49.33 -3.24 

O8-O3 52.85 60.39 8.79 52.85 59.83 6.98 

O7-O2 47.34 47.3 -4.3 47.34 51.18 3.84 

O7-O3 52.63 56.15 4.55 52.63 49.9 -2.73 

 S (D2d) = 9.37 S (D2d) = 11.0 
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 From the result of single-crystal X-ray diffraction, the coordination site of the 

joint Pd2+ block [trans-PdCl2(dppy)2] is composed of two chloride ions and two 

phosphine oxide ligands (Figure 4-4a). The Pd2+ complex shows four planar 

coordination structures without structural distortion, being similar to those of a 

previously reported Pd2+ complex.[30] The result of structural analysis was determined 

that the structure of Pd complex was formed trans-isomer.  

  According to Zn2+ complex with pyridyl group, Englert and co-workers have 

reported [ZnCl2(3,5-Me2py)2] (3,5-Me2py: 3,5-dimethylpyridine) with tetrahedral 

structure.[28] The structure of joint Zn2+ block was estimated by DFT calculation based on 

the previous X-ray single crystal data. The results of DFT calculation showed that the 

joint Zn2+ block was also composed of chloride ions and phosphine oxide ligands 

(Figure 4-4b). The coordination geometry of the joint Zn2+ block provides a tetrahedral 

structure.  

  Kemniz and co-workers have also described octahedral Al3+ complex 

[AlBr3(py)4] (py: pyridine). They also reported that the counter anion of bromide ion 

existed around Al3+ complex. [29] These results suggested that the counter anion of 

chloride ion existed around joint Al3+ block. Thus, the structural optimization of the joint 

Al3+ block was evaluated by DFT calculation based on the [AlCl2(dppy)4]+. The joint Al3+ 

block shows an octahedral structure with three chloride ions and four phosphine oxide 

ligands (Figure 4-4c).   
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Figure 4-4.  Structures of joint metal blocks, (a) ORTEP views of joint Pd2+ block: 

[trans-PdCl2(dppy)2]. Structure optimizations of (b) joint Zn2+ block: [ZnCl2(dppy)2] and 

(c) joint Al3+ block: [AlCl3(dppy)4] using DFT calculations. 
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  The joint Zn2+ block in Eu-Zn is formed tetrahedral structure with two chloride 

ions and two phosphine oxide ligands, resulting in the formation of a one- dimensional 

Eu-Zn polymer structure. The ESI-MS fragment of Eu-Zn ([Eu(hfa)2(dppy)2ZnCl2]+) is 

similar to that of the one-dimensional structure of Eu-Pd ([Eu(hfa)2(dppy)2ZnCl2]+).  

From these findings, Eu-Zn polymer is formed the one-dimensional structure. 

On the other hand, the joint Al3+ blocks in Eu-Al seems to be constructed with an 

octahedral structure by two chloride ions and four phosphane oxide ligands. The Eu-Al 

polymer is shown the three-dimensional network structure. From these findings, the 

author considered that Eu-Pd, Eu-Zn and Eu-Al complexe were formed a 

one-dimensional network structure (Figure 4-5). 

 

 



Chapter 4 

 113 

 

Figure 4-5.  Estimated polymer structures of Eu3+ complexes: (a) Eu-Pd, (b) Eu-Zn 

and (c) Eu-Al. 
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4.3.2 Photophysical properties 

The emission spectra for Eu-Al and Eu-Pd complex in a solid state are shown 

in Figure 4-6a. Emission bands were observed at around 578, 592, 613, 650, and 698 

nm, and they are attributed to 4f− 4f transitions of Eu3+ (5D0→7FJ : J = 0, 1, 2, 3, and 4), 

respectively. The spectra were normalized with respect to the magnetic dipole transition 

intensities (MD) at 592 nm (5D0–7F1), which are insensitive to the surrounding 

environment of the Eu3+ ions. The emission bands at around 613 nm are due to the 

electric dipole (ED) transitions, which are strongly dependent on the coordination 

geometry.[18] The spectral shapes of emission bands at around 613 nm of Eu-Al and 

Eu-Pd complex are related to their coordination geometry. The ED transition intensity of 

Eu-Al is larger than those of Eu-Pd. The large ED transition intensity is linked to the 

asymmetric structure of Eu-Al and enhanced kr constant.  

  Emission lifetimes observed from the 5D0 excited level (τobs) were 

determined from the slope of the logarithmic decay profiles (Figure 4-6b). The 

time-resolved emission profile of Eu-Al shows a single exponential decay with 

millisecond-scale lifetime. The emission lifetime for Eu-Al was determined to be 0.80 ms. 

In contrast, the time-resolved emission profile of Eu-Pd also shows a single exponential 

decay with microsecond-scale lifetime. The emission lifetime for Eu-Pd was determined 

to be 22 μs.  
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Figure 4-6.  (a) Emission spectra of Eu3+ complexes in solid state at room temperature 

excited at 350 nm. (b) Emission lifetime decays of Eu3+ complexes (left: Eu-Zn and 

Eu-Al, right: Eu-Pd) in solid state at room temperature excited at 355nm and detected at 

610 nm. 
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  The values of kr, knr, and Φff were calculated using τobs and emission spectra 

by the following equations. [31-33] The photophysical properties of Eu3+ complexes linked 

with joint metal blocks are summarized in Table 4-4. The emission quantum yield of 

Eu-Al and Eu-Pd were estimated to be 72 and 1.3%, respectively. The Eu-Al complex 

shows a large emission quantum yield (Φff = 72%), which is based on the large kr and 

small knr. The large kr of Eu-Al is most likely caused by the enhancement of the ED 

transition based on the asymmetric coordination geometry. In the previous study, 

Hasegawa found that the radiative rate constant kr of luminescent Eu3+ complexes was 

enhanced by the asymmetric coordination geometry with various types of phosphine 

ligands, and these Stark splitting in emission spectra are dependent on the sterical 

structures of lanthanide complexes with phosphine ligands.[21] It should be noted that 

the coordination site of Eu3+ ions of Eu-Al, Eu-Zn, and Eu-Pd are similar structure, which 

are comprised of three hfa ligands and two dppy ligands. Thus, the radiative rate 

constants kr of these Eu3+ complexes were expected to be similar value. The value of kr 

in Eu-Al is larger than that of Eu-Pd, although the Stark splitting shape of Eu-Al is similar 

to that of Eu-Pd (see Figure 4-6a). From these photophysical findings, large kr of Eu-Al 

seems to be affected by not only the asymmetric coordination geometry but also 

electronic structure of joint Al3+ parts. The small knr of Eu-Al is probably caused by the 

rigid three-dimensional network structure.The small knr of Eu-Al is probably caused by 

the rigid network structure. The emission quantum yield of Eu-Al is larger than those of 

Eu-Zn and Eu-Pd complex. 

The photo-sensitized energy transfer efficiency ηsens is also calculated based 
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on the Φff and Φππ*. In Table 4-4, ηsens of Eu-Al (ηsens = 72%) is much larger than those of 

Eu-Zn (ηsens = 48%). The ηsens of Eu-Al is also much larger from that of pervious 

[Eu(hfa)3(dpbp)2]n (ηsens = 40%). [34] The value of ηsens is related to the absorption band of 

joint metal block and effective enhancement of ηsens is affected by 3D-network 

coordination of Al3+ ions. The author consider that the polymeric structure effect from 

rigid zig-zag structure led to enhance the ηsens.[35] 

 

  

Table 4-4. Photophysical properties of Eu3+ complexes in the solid state.  

 Φff
[a] Φtot

[b] ηsens
[c] τobs

[d] kr
[e] knr

[f] 

 % % % µs s-1 s-1 

[Eu(hfa)3AlCl2(dppy)4]n
+ 72 52 72 800 9.0×102 3.5×102 

[Eu(hfa)3PdCl2(dppy)2]n 1.3 -[g] - 22 6.0×102 4.5×104 

[Eu(hfa)3ZnCl3(dppy)2]n
 59 28 48 850 7.0×102 4.8×102 

[a] The intrinsic emission quantum yields were calculated from Φff = kr/(kr+knr) = τobs /τrad. 

[b] The total emission quantum yields Φtot were measured by integrating sphere 

(excitation at 370 nm). [c] The photo-sensitization efficiencies were calculated from ηsens 

= Φtot/Φff. [d] Emission lifetime (τobs) of Eu3+ complexes were measured by excitation at 

355 nm (Nd:YAG 3ω). [e] Radiative rate constants (kr) for Eu3+ complexes estimated 

from 1/τrad = AMDn3(Itot/IMD).[31,32] [f] Non-radiative rate constant knr = 1/τobs - 1/τrad. [g] I 

could not observe. Emission was very weak.  
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The Eu-Pd complex shows a much smaller emission quantum yield. The 

author proposes that both the characteristic emission lifetime profile and smaller 

quantum yield of Eu-Pd are caused by the excited quenching from the emitting level of 

Eu3+ ions. The weak emission spectrum of joint Pd2+ block [trans-PdCl2(dppy)2] at 88 K 

was observed at around 760 nm, which is attributed to MLCT transitions from the Pd2+ 

ion to phosphine oxide ligands (see Figure 4-7).[36] The energy transfer diagram of Eu3+ 

complex linked with Pd2+ complexes is shown in Figure 4-8. The energy level of MLCT 

of the Pd2+ complex is lower than that of the excited 5D0 state of Eu3+ ions. The small 

emission quantum yield of the Eu-Pd complex is caused by the energy transfer from 

luminescent Eu3+ blocks to joint Pd2+ blocks.  

  It is well known that the radiative and non-radiative rate constants of a 

lanthanide complex are dependent on the organic ligand or the solvent molecules. [37] In 

this study, all of the Eu3+ coordination sites in Eu3+ complexes were attached to three hfa 

and two dppy ligands. The photophysical properties of the Eu3+ complexes could be 

linked to moieties of metal ions (steric and electronic properties) in the joint metal 

blocks. 
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Figure 4-7.  Emission spectra of (a) joint Pd2+ block: [PdCl2(dppy)2]  and (b) joint Zn2+ 

block: [PdCl2(dppy)2] in the solid state at 88 K excited at 350 nm. Two type of 

photomultiplier tubes were used for measurements in UV-Vis and NIR regions, 

respectively.  
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Figure 4-8.  Energy diagram of Eu3+ complexes linked with joint Pd2+ blocks (EnT: 

energy transfer). 
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4.4 Conclusion 

 The Eu3+ complex composed of luminescent Eu3+ and joint Al3+ and trans-Pd2+ 

complexes were synthesized. The structures and photophysical properties of these Eu3+ 

complexes are dependent on the joint metal blocks. The emission quantum yield of the 

Eu-Al complex is the largest in these Eu3+ complex linked with joint metal blocks.  

The author considers that the network structure of the Eu-Al complex based 

on the coordination structure of joint Al3+ blocks leads to a large radiative rate constant 

and small non-radiative rate constant, resulting in a high emission quantum yield (Φff = 

72%). The highly triplet energy level of joint metal blocks such as Al3+ ions might 

promote effective luminescence. In contrast, the emission quantum yields of Eu-Pd was 

found to be 1.3%. The small emission quantum yield of the Eu-Pd complex is caused by 

the energy transfer from luminescent Eu3+ ions to joint Pd2+ complexes. In this chapter, 

a new design of Eu3+ complex linked with joint metal blocks for control of geometrical 

structure and photophysical properties were provided. 
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Chapter 5 
 

Summary and outlook 
 

 

5.1 Summary of the results 
The author aimed to synthesize lanthanide coordination polymers crosslinked 

with metal complex and reveal that the photophysical propaties of lanthanide ions were 

effected by introducing metal complex ligands. The results obtained in this thesis were 

summarized as follows. 

 

In Chapter 1, coordination structures, in particular how to construct 

coordination polyhedral, for lanthanide complexes were introduced. The scientific 

background about luminescent lanthanide complexes was also described. 

In Chapter 2, a structural design of new luminescent lanthanide coordination 

polymers composed of Eu3+ complex and Zn2+ complexes are introduced. The Eu3+ 

coordination polymer [Eu(hfa)3(dppy)2ZnCl2]n (Eu-Zn) (hfa: hexafluoroacetylacetonato, 

dppy: 4-pyridyldiphenylphosphaneoxide) were synthesized by the complexation of 

Eu(hfa)3(H2O)2 with ZnCl2(dppy)2. The structure was characterized using XRD and 

TG-DTA. The photophysical properties were estimated using the emission spectra, the 
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emission lifetimes, and the emission quantum yields. The emission quantum yields are 

larger then that of precursor Eu(hfa)3(H2O)2. The emission quantum yield of Eu-Zn was 

found to be 59%. The preparations, structures and photophysical properties of Eu-Zn 

are demonstrated as a new luminescent Eu3+ coordination polymer for the first time. 

In Chapter 3, luminescent Tb3+ complex with hexafluoroacetylacetone (hfa) 

ligand shows back energy transfer (BEnT), which leads to high temperature sensitivity 

for thermo-sensitive paint. Ligand-assisted BEnT by introducing of phosphine oxide into 

Tb(hfa)3 complex defines as an effect of controlling activation energy (ΔEa) and 

frequency factor (A) in BEnT process between Tb3+ ion and hfa ligands. From Arrhenius 

analysis based on the temperature-dependent emission lifetime measurements, the 

ΔEa and A values are smaller for the polynuclear Tb3+ complexes than for the 

mononuclear Tb3+ complexes. The difference of ΔEa and A value between polynuclear 

and mononuclear Tb3+ complexes are caused by the formation of different excited 

states.  

In Chapter 4, Lanthanide (Ln3+) complexes composed of luminescent Eu3+ 

complex and joint metal blocks (Al3+ and Pd2+ complexes) are reported. The Eu3+ 

complexes [Eu(hfa)3(dppy)2PdCl2]n (Eu-Pd) and [Eu(hfa)3(dppy)4AlCl3]n (Eu-Al) (hfa: 

hexafluoroacetylacetonato, dppy: 4-pyridyldiphenylphosphine oxide) were synthesized 

by the complexation of [Eu(hfa)3(H2O)2] with [MCln(dppy)m] (M = Pd2+ and Al3+). These 

predicted structures were estimated using single-crystal X-ray structural analyses and 

DFT calculations. Photophysical properties of these complexes were evaluated based 

on the emission lifetimes and emission quantum yields. The emission quantum yields 
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are dependent on the moiety of the joint metal blocks. Eu-Al complex shows the largest 

emission quantum yield (Φff = 72%). In contrast, the emission quantum yield of Eu-Pd is 

found to be 1.3%. The structures and photophysical properties of Eu3+ complexes linked 

with joint metal blocks are demonstrated. 

 

 

5.2 Outlook 
Novel lanthanide coordination polymers cross-linked with Zn2+, Pd2+, and Al3+ 

complex as bridging ligands were demonstrated for the first time. The photophysical 

properties of these lanthanide coordination polymers were dependent on structural and 

electronic properties of each metal complex ligand.  In addition, the author proposed 

the new molecular design guideline for lanthanide complexeswith thermo-sensitivity 

function. In lanthanide complexes with thermo-sensitivity material, the polymer-type 

structure exhibit a tendency to remarkable thermo-sensitivity in a wide temperature 

range. 

In this thesis, the relationship of the photophysical properties between the 

metal complexes and lanthanide complexes in the identical polymer structure was 

clarified for the first time. The author hopes that this thesis contributes to build the 

foundation of the science of lanthanide complex. Based on this thesis, the author also 

hope to contribute the research and development of thermo-sensitive paints, such as 

further high sensitivity and sensitivity control of temperature region. 
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