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 In the field of micro-LED displays, there is strong demand for red phosphors with high 
photoluminescence intensity, high color purity, and small particle size. Here, we focus 
on Eu(III) complexes because they produce sharp photoluminescence spectra with high 
color purity and can be dissolved in polymer, enabling a reduction in particle size to 
the molecular level. We have previously established novel molecular design concepts 
for Eu(III) complexes by coordinating two different phosphine oxide structures to one 
Eu(III) ion in order to enhance photoluminescence intensity and increase solubility in 
polymers and solvents. Many Eu(III) complexes have been developed based on these 
concepts and their photoluminescence properties investigated. Eu(III) complexes with 
two different phosphine oxide structures are important candidates for red phosphors 
in micro-LEDs. 
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1. Introduction 

Displays require phosphors with high photoluminescence 
intensity and high color purity. In addition, in micro-LED displays 
containing ultraviolet (UV) or blue LED arrays and phosphors, 
where chips are very small, the particle size of phosphors must be 
sufficiently small to suppress variation in hues among pixels. 
Therefore, there is a strong demand for a red phosphor that satisfy 
these conditions. To this end, novel Eu(III) complexes were 
introduced in a paper originally presented at the 2022 International 
Conference on Electronics Packaging as a candidate red phosphor 
for micro-LEDs [1]. 

In the case of inorganic phosphors, quantum yields decrease 
with decreasing phosphor particle size because they are present as 
fine particles in a polymer (Figure 1). Comparison of properties of 
the Lanthanide complexes and inorganic phosphors are shown in 
Table 1. The color purity of inorganic phosphors is low because of 
the large half widths of emission spectra.  

Recently, lanthanide complexes, especially Eu(III) 
complexes, have attracted increasing attention for their application 
in emission devices, secure media, sensors, and so on [2–8]. Eu(III) 
complexes are attractive for display use because they produce 

sharp photoluminescence spectra with high color purity and can 
reproduce colors in large-area displays. 

 
Figure 1: Comparison of inorganic phosphors and highly soluble lanthanide 

complexes in a polymer. 

Table 1: Comparison of properties of the Lanthanide complexes and inorganic 
phosphors 

Phosphors with small particle size Quantum yield Color purity 
Lanthanide complex Large High 
Inorganic phosphor Small Low 

In contrast to inorganic phosphors, particle size is not relevant 
to the theoretical quantum yield because each molecule of a Eu(III) 
complex has the function of absorbing and emitting light. From 
this point of view, Eu(III) complexes are promising candidate red 
phosphors for micro-LEDs. However, the photoluminescence 
intensity and solubility of Eu(III) complexes developed to date are 
insufficient for display use.  
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An Eu(III) ion itself has very low light absorption and weak 
emission. However, the emission of lanthanide ions can be 
enhanced through the antenna effect of ligands. β-diketonates are 
known to be effective ligands for enlarging photoluminescence 
intensity of Eu(III) complexes. β-Diketonates absorb light and 
transfer energy to lanthanide ions efficiently [9, 10]. The 
photoluminescence intensity of Eu(III) complexes depends largely 
on the substituents on the  β-diketonates because the triplet-state 
energy levels of β-diketonates are derived from the molecular 
structures of the substituents. However, it can be difficult to obtain 
sufficient emission intensity for use in emission devices simply by 
adjusting the substituents of β-diketonates.  

There are two main types in ligands of lanthanide complexes. 
One is ionic ligands and the other is non-ionic ligands. β-
diketonates are prominent ionic ligands and neutralize the charge 
of lanthanide ions. It is known that photoluminescence intensities 
are enhanced by the effects of non-ionic ligands in addition to β-
diketonates. Phosphine oxide compounds are strong Lewis bases 
and excellent non-ionic ligands for enlarging photoluminescence 
intensity [11] (Figure 2). 

 
Figure 2: Coordinating phosphine oxides to a Eu(III) ion. 

However, there is room for further improvements in emission 
intensity. At the same time, the solubility of Eu(III) complexes 
with two identical phosphine oxides are too low to be dissolved in 
polymers or solvents. For this reason, Eu(III) complexes with low 
solubility have limited applications. 
2. Experimental Section 
2.1 Measurement of photoluminescence and excitation spectra 

Photoluminescence and excitation spectra were measured at 
room temperature using a spectrofluorometer (Fluoromax 4, 
Horiba Jobin Yvon Inc.). Excitation and emission slit widths were 
set to 0.5 nm for measurement of emission spectra, and to 0.7 and 
0.6 nm for measurement of excitation spectra, respectively. 
Measurement intervals are 1 nm. Scanning rate are 600 nm/min. 
Dark offset and corrections were applied to both the emission and 
excitation sites.  
2.2 Measurement of emission lifetimes 

Measurement of emission lifetimes were performed as follows. 
Each solution of the Eu(III) complexes was placed in a sealed cell 
and measured using the spectrofluorometer with the excitation 
wavelength set to 370 nm. Single exponential functions were used 
to fit the relative decay curves monitored at the maximum 
wavelength in order to calculate the emission lifetimes. χ2 values 
were in the range of >1.0 and <1.2. 
2.3 Measurement of absolute quantum yields 

Total absolute quantum yields (ΦTOT) were measured using a 
photonic multichannel analyzer (PMA-12 C10027-01, 

Hamamatsu Photonics K.K). An integrating sphere was used for 
all measurements. 

3. Results and Discussion 

3-1. Eu(III) complexes with two different phosphine oxides 

Figure 3 shows the relationships between molecular structures 
and photoluminescence spectra of Eu(III) complexes. The 
photoluminescence intensity of a Eu(III) complex with no 
phosphine oxide is usually very small, but when two triphenyl 
phosphine oxides coordinate, it increases to some extent. 
Furthermore, when two tributyl phosphine oxides coordinate, 
photoluminescence intensity increases further, and when both 
triphenyl and tributyl phosphine oxides coordinate, 
photoluminescence intensity becomes much higher [12]. The 
important point here is that coordination of two different 
phosphine oxide ligands is effective for increasing 
photoluminescence intensity [12–14]. Eu(III) complexes with two 
different phosphine oxides can be dissolved and are homogeneous 
at the molecular level in polymers. Polymers containing our 
Eu(III) complexes are colorless and transparent under room light 
but emit a pure color when irradiated with UV and 464-nm light. 

3.2. Eu(III) complexes with an asymmetric diphosphine dioxide 
ligand 

We detected the ligand exchange of phosphine oxide in 
Eu(III)-β-diketonates by NMR analysis [13]. However, ligand 
exchange is expected to have an undesirable effect on durability. 
To overcome this problem, we developed asymmetric diphosphine 
dioxide ligands (Figure 4). They have molecular structures 
consisting of two different phosphine oxide parts and methylene 
units and suppress ligand exchange via the chelate effect. In 
addition, the photoluminescence intensity of Eu(III)-β-diketonates 
with an asymmetric diphosphine dioxide ligand is higher than that 
with two different phosphine oxides [15, 16]. 

Tb(III) complexes with two different phosphine oxides or a 
single asymmetric diphosphine dioxide were also investigated [17]. 
It was found that solubilities of Tb(III) complexes were increased 
by coordination of two different phosphine oxide structures. 
However, photoluminescence intensities are strongly dependent 
on the substituents of β-diketonates because of the strong 
influences of back-energy transfer from excited Tb(III) ions to the 
ligands. 

 
Figure 3: Comparison of the photoluminescence spectra of Eu(III) complexes in 
ethyl acetate at a concentration of 2×10−4 mol/L at room temperature. Showing the 
effects of phosphine oxides and their combination on photoluminescence intensity 
[12]. 
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Figure 4: Molecular structures of the asymmetric diphosphine dioxide ligand that 

increase the photoluminescence intensity of Eu(III) complexes (R1=aromatic 
substituent, R2=aliphatic substituent). 

3-3. Solubility of Eu(III) complexes with phosphine oxide ligands 

Relationships between the molecular structures of Eu(III) 
complexes and solubility in solvents were investigated [18]. 
Eu(III) complexes with two different phosphine oxides are highly 
soluble in solvents and can be dissolved even in a fluorinated 
solvent. However, the solubility of Eu(III) complexes with an 
asymmetric diphosphine dioxide ligand is lower than that of 
Eu(III) complexes with two different phosphine oxides. We found 
that meta-substitution of trifluoromethyl groups (CF3) on the 
phenyl groups of diphosphine dioxide ligands produces 
outstanding effects in terms of enhancing the solubility of Eu(III) 
complexes [19]. Similarly, the solubility of anthraquinone dichroic 
dyes in fluorinated media are markedly enhanced by the 
substitution of CF3 groups [20–22]. 

3.4. Photoluminescence properties of Eu(III) complexes with an 
asymmetric diphosphine dioxide ligand 

Figure 5 shows the optimal diphosphine dioxide ligand for 
Eu(III) complexes that increases both quantum yields and 
solubility [23]. Having CF3 groups at the meta position of phenyl 
groups is one of the most important characteristics for achieving 
both high quantum yield and high solubility. Figures 6 and 7 show 
the relationships between excitation wavelength and quantum 
yields of Eu(III) complexes with and without diphosphine dioxide 
ligands, respectively [23].  

 
Figure 5: Molecular structure of the asymmetric diphosphine dioxide ligand for 
Eu(III) complexes that increase the photoluminescence intensity (DPDO-mCF3 

ligand) [23]. 

The maximum total photoluminescence quantum yield (ΦTOT) 
of Eu(III)(hfnh)3 is small and the solid-state ΦTOT of Eu(III)(hfnh)3 

is smaller than the solution-state ΦTOT caused by concentration 
quenching (Figure 6). In contrast, ΦTOT of Eu(III)(hfnh)3(DPDO-
mCF3) is much greater than that of Eu(III)(hfnh)3.  Furthermore, 
ΦTOT is greater in the solid state than in the solution state. By 
coordinating the diphosphine dioxide ligands, quantum yields 
increase eminently. In the solid state, the maximum quantum yield 
reaches 0.82. 

Diphosphine dioxide ligand functions as a separator, 
maintaining the distance among Eu(III) ions that prevent 
concentration quenching. In the solid state, there are no solvent 
molecules to decrease ΦTOT of the Eu(III) complexes. 

 
Figure 6: Action spectra (excitation wavelength vs. ΦTOT) of Eu(III)(hfnh)3 in the 

solid and solution states [23]. 

 
Figure 7: Action spectra (excitation wavelength vs. ΦTOT) of 

Eu(III)(hfnh)3(DPDO-mCF3) in the solid and solution states [23]. 

3.5. Quantum yields of Eu(III) complexes with thienyl substituted 
diphosphine dioxide 

Thienyl groups are electron-donating substituents that are 
expected to enhance the Lewis basicity of the oxygen atoms in 
diphosphine dioxide ligands. Dithienyl[3-(dioctylphosphinyl)-
propyl] phosphine oxide (DTDOPO) and dithienyl[5-(dibutyl-
phosphinyl)pentyl]phosphine oxide (DTDBPO) ligands were 
developed with the aim of forming stronger coordinate bonds with 
the Lewis acid Eu(III). A diphenyl[3-
(dioctylphosphinyl)propyl]phosphine oxide (DPDO) ligand with 
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phenyl groups instead of thienyl groups was prepared for 
comparison (Figure 8) [24]. 

 
Figure 8: Molecular structures of thienyl-substituted and phenyl-substituted 

diphosphine dioxides [24]. 

 
Figure 9: Quantum yields of Eu(III) complexes with thienyl-substituted and phenyl-
substituted diphosphine dioxides both in the solid state and in solution (ethyl 
acetate) [24]. 

 
Figure 10: Molecular structures of Eu(III) complexes with a diphosphine dioxide 
ligand [25]. DPDiPBPO: diphenyl[4-(diisopropylphosphinyl)butyl]phosphine 
oxide, DPDBPBPO: diphenyl[4-(dibutylphosphinyl)butyl]phosphine oxide, 
DMPDBPBPO: di(4-methoxyphenyl)[4-(dibutylphosphinyl)butyl]phosphine oxide. 

Figure 9 shows the relationships between concentrations in 
ethyl acetate and quantum yields of Eu(III)(fod)3(DTDOPO), 
Eu(III)(fod)3(DTBOPO), and Eu(III)(fod)3(DPDO). The 
concentrations and quantum yields have a strong positive linear 
correlation and the quantum yields in the solid state (point with 
concentration [Log weight ratio] 0) are located on the extended line 

for Eu(III)(fod)3(DTDOPO) and Eu(III)(fod)3(DTBOPO) with 
thienyl groups. No concentration quenching was observed. As the 
concentration of Eu(III)(fod)3(DPDO) increases, the differential 
coefficients become smaller. Research investigating the special 
feature of Eu(III) complexes with thienyl groups in the solid state 
is ongoing. 

3.6. Effects of alkyl groups in diphosphine dioxide ligands on the 
photoluminescence properties of Eu(III) complexes 

To investigate the effects of the molecular structures of 
diphosphine dioxide ligands on the photoluminescence properties 
of Eu(III) complexes, we prepared three Eu(III) complexes with 
the same molecular structure except for the slight difference in 
diphosphine dioxide ligands shown in Figure 10 [25].  

Eu(III)(fod)3(DPDiPPBPO) has i-propyl groups in a 
diphosphine dioxide ligand, while Eu(III)(fod)3(DPDBPBPO) and 
Eu(III)(fod)3(DMPDBPBPO) have n-butyl groups. 

 

 
Figure 11: Photoluminescence spectra of the Eu(III) complexes 
Eu(III)(fod)3(DPDiPBPO), Eu(III)(fod)3(DPDBPBPO), and 
Eu(III)(fod)3(DMPDBPBPO) in the solid state. They are excited at 370 nm [25]. 

The photoluminescence spectra of the Eu(III) complexes 
Eu(III)(fod)3(DPDiPBPO), Eu(III)(fod)3(DPDBPBPO), and 
Eu(III)(fod)3(DMPDBPBPO) in the solid state are shown in Figure 
11. The shapes of the Stalk splitting of the 5D0→7F2 transition 
differ among them. Of note, the half-width of the 5D0→7F2 
transition of Eu(III)(fod)3(DPDiPBPO) with i-propyl (i-Pr) 
substituted for the diphosphine dioxide ligand was 2 nm and 
conspicuously smaller compared with Eu(III)(fod)3(DPDBPBPO) 
and Eu(III)(fod)3(DMPDBPBPO) with n-butyl substituted for the 
diphosphine dioxide ligand. The smaller half-width means the 
ligand field has a higher symmetry. 

Table 2: Photoluminescence properties of the Eu(III) complexes [25] 

 Solid state 

Ligand DPDiPBPO DPDBPBPO DMPDBPBPO 

τexp (ms)a 0.99 0.84 0.89 

kexp (s−1)b 1009 1193 1129 
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τrad (ms)c 1.37 0.99 1.09 

krad (s−1)d 729 1012 992 

knrad (s−1)e 280 181 207 

ΦLn
f 0.72 0.85 0.82 

ΦET
g 0.81 0.83 0.76 

IMD/ITOT
h 0.0678 0.0488 0.0537 

ΦTOT
i 

 0.58 

(345 nm) 

 0.70 

(350 nm) 

  0.62 

(345 nm) 

Ratio Rj 11.1 16.7 14.9 

 
aExperimental lifetime measured in solid. χ2 values were in the 

range of > 1.0 and < 1.2. 
bexperimental decay rate 
cRadiative lifetime calculated using the formula 

 τrad = 1/n3AMD,0 × IMD/ITOT (n= 1.50). 
dRadiative decay rate 
eNon-radiative decay rate 
fIntrinsic quantum yield calculated using the formula 

 ΦLn = τexp / τrad. 
gEnergy transfer efficiency 
hRatio between the integrated intensity of the 5D0→ 7F1 

transition (IMD) and the total integrated emission intensity 5D0→ 
7FJ(J = 0-6) (ITOT) 
iTotal quantum yield measured in solid state. (Peak wavelength 

of the action spectrum (wavelength vs. quantum yield)). 
jCalculated from the formula I(5D0→ 7F2) / I(5D0→ 7F1)  

Table 2 shows the photoluminescence properties of the Eu(III) 
complexes. The ΦTOT of Eu(III)(fod)3(DPDiPBPO) was smaller 
than that of others because of the smaller intrinsic quantum yield 
(ΦLn). The smaller ratio R and larger IMD/ITOT of 
Eu(III)(fod)3(DPDiPBPO) showed that the Eu(III) complex with i-
Pr groups in the diphosphine dioxide ligand had a higher symmetry 
in ligand fields compared with the others in the solid state. These 
results agree well with the result of the smaller half-width of 
Eu(III)(fod)3(DPDiPBPO). These noticeable differences in 
properties are caused by the difference in molecular structures 
between the i-Pr and n-Bu groups in diphosphine dioxides.  

Based on the above, we propose a hypothesis about ΦTOT and 
diphosphine dioxide ligand structures: the steric hindrance of 
diphosphine dioxide ligands with n-Bu groups is larger than that 
of ligands with i-Pr groups, and a larger steric hindrance causes 
diphosphine dioxide ligands to have lower symmetry of the ligand 
field, thereby inducing a larger ΦTOT. In the next section, we focus 
on the effects of steric hindrance in diphosphine dioxide ligands. 

3.7. Elucidation of the effects of diphosphine dioxide ligands on 
the quantum yield and photoluminescence intensity of a 6-
coordinate Eu(III)-β-diketonate complex 

To elucidate the coordination effects of phosphine oxide 
ligands, the following 6-coordinate Eu(III) complex designed to 
have low luminescence and a large absorption coefficient was 
synthesized: (Tris{6,6,7,7,8,8,8-heptafluoro-1-[2-(9,9-
dimethylfluorenyl)]-1,3-octanedionate} europium(III) 
(Eu(III)(hfod)3) (Figure 12) [26]. 

Dimethylfluorenyl groups are bulky aromatic substituents 
with large absorption coefficients. Partially fluorinated alkyl 
groups in β-diketonates are also very bulky. The methylene units 
in partially fluorinated alkyl groups have the function of 
decreasing the energy transfer efficiency from the ligands to the 
Eu(III) ion. 

 
Figure 12: Coordinating effects of DPDB ligand with Eu(III)(hfod)3 with bulky β-

diketonates, “hfod” [26]. 

The photoluminescence intensity of Eu(III)(hfod)3 is 
dramatically enhanced by coordinating a DPDB ligand (generating 
Eu(III)(hfod)3(DPDB)) due to the increased ΦTOT, ΦLn, and ΦET in 
both the solution and solid states. 

We propose the following hypothesis for the increase in ΦTOT 
of 6-coordinate Eu(III) complex caused by the effects of the DPDB 
ligand. When a DPDB ligand coordinates with the Eu(III) ion, the 
positions of the nearest oxygen atoms around the Eu(III) ion are 
shifted by steric repulsion, and the relative positions of the nearest 
oxygen atoms become distorted. Ligand field is asymmetrized by 
the distorted coordination environment, and that increases ΦTOT. 

The norm of the effective dipole moment of the ligand field μ 
was defined [26]. We demonstrated that the energy transfer 
efficiencies from the lowest triplet state of the ligands to the 5D1 
level of the Eu(III) ion (ΦET) increases when the ligand fields of 
the Eu(III) ion become more asymmetric by coordinating the 
DPDB ligand.  

3.8. High-sensitivity method for detecting the pesticide dichlorvos 
by using Eu(III)-β-diketonate as a quenching probe 

Dichlorvos is a general-purpose insecticide with agricultural, 
household, and animal applications. However, it is harmful to 
humans, and thus a high-sensitivity method for detecting 
dichlorvos that provides results in a short time would be desirable. 
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We found that Eu(III)(hfnh)3 was a highly sensitive 
luminescent probe for the pesticide dichlorvos. The 
photoluminescence intensity of Eu(III)(hfnh)3 was drastically and 
rapidly decreased when a dilute solution of dichlorvos was added 
to the solutions of Eu(III)(hfnh)3 (Figure 13) [27]. 

When a solution of dichlorvos was mixed with a solution of 
Eu(III)(hfnh)3 and shaken, ΦET drastically decreased (0.64→ 0.15). 
The photoluminescence quenching of Eu(III)(hfnh)3 by dichlorvos 
occurred before the energy transfer from β-diketonates to a Eu(III) 
ion between the dichlorvos molecules and the β-diketonates  

The photoluminescence of Eu(III)(hfnh)3 is not quenched by 
compounds with similar structures and has a favorable selectivity 
for dichlorvos. These results indicate that Eu(III)(hfnh)3 is a strong 
candidate for a sensitive, selective, and quick method for detecting 
dichlorvos. Other organophosphorus pesticides can be selectively 
detected by other Eu(III)-β-diketonates. 

 
Figure 13: Photoluminescence quenching of Eu(III)(hfod)3 by the pesticide 

dichlorvos [27]. 

 
Figure 14: Colorless and transparent photoluminescence materials containing our 

Eu(III) complexes and/or Tb(III) complexes in a polymer [16]. 

3.9. Characteristics of colorless and transparent 
photoluminescence materials involved in our Eu(III) complexes 
and/or Tb(III) complexes in a polymer 

We developed multiple lanthanide complexes having two 
different phosphine oxides or an asymmetric diphosphine dioxide 
that improved both photoluminescence intensity and solubility. 
When Eu(III) or Tb(III) complexes or both are dissolved in a 
polymer, materials that are colorless and have transparent 

photoluminescence under room light are produced. These 
materials emit pure red or green as well as yellow and orange 
intermediate colors when irradiated with UV or near-UV light 
(Figure 14) [16]. 

LED devices comprising a UV-light LED chip and a 
fluorescent layer consisting of a fluorinated polymer and Eu(III) 
complexes with two different phosphine oxides were prototyped. 
The developed devices emit a pure red color. The highest luminous 
flux obtained under optimum conditions, which to our knowledge 
is the best result reported as of 2007, was 870 m lumen/20 mA, 
when excited by a 402-nm LED chip (Figure 15) [28].  

 
Figure 15: LED devices containing novel Eu(III) complexes in the fluorinated 

layer [28]. 

4. Conclusion 

We found that coordination of two different phosphine oxide 
structures to a lanthanide ion is effective for enhancing the 
photoluminescence intensity and solubility of lanthanide 
complexes. An asymmetric diphosphine dioxide ligand consisting 
of two different phosphine oxide parts and methylene units 
produce further excellent effects in terms of enhancing the 
quantum yields and photoluminescence intensity of Eu(III) 
complexes. Asymmetric diphosphine dioxide ligands induce 
asymmetry in the ligand fields of Eu(III) complexes, thereby 
improving the quantum yields. Colorless and transparent 
photoluminescence materials can be obtained by dissolving Eu(III) 
complexes in polymers or solvents. These materials show great 
promise for use in LEDs as well as security and sensing devices. 

We believe that our Eu(III) complexes have advantages over 
inorganic phosphors as red phosphors for use in micro-LED 
displays. 
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