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Synopsis 

Orthodontic adhesives are typically colorless and transparent for aesthetic purposes. The 

utilization of fluorescence is one of the most effective solutions to make the adhesives visible 

for safe and complete removal after orthodontic treatments. Eu3+ ions were doped into yttrium 

oxides (Y2O3) using a homogeneous precipitation method. The crystals synthesized in this study 

exhibited submicron sizes and a very narrow size distribution. The X-ray diffraction (XRD) 

patterns agreed well with the known diffraction patterns of Y2O3, and indicated an absence of 

any other crystalline substances. Therefore, it was determined that the crystals synthesized in 

this study were in fact Y2O3:Eu3+. The spectra of the poly(methyl methacrylate) (PMMA) 

adhesives containing Y2O3:Eu3+ particles exhibited characteristic excitation and emission peaks 

corresponding to the 4f-4f transitions of Eu3+, despite the photoluminescence intensity being 

relatively low. The yielding loads of the Y2O3:Eu3+ particles contained in the PMMA specimens 

did not deteriorate by a significant amount. We conclude that it is feasible to add the Eu3+-doped 

Y2O3 crystalline particles into orthodontic adhesives. 
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Introduction 

After orthodontic treatment using multibracket appliances (Fig. 1), the removal of any residual 

resin-based adhesives through the use of rotary dental instruments is necessary. Since 

orthodontic adhesives are either transparent or similar to the color of teeth, the enamel surfaces 

can easily be damaged during the removal process [1-5]. Figure 2 displays a scanning electron 

microscopy (SEM) image as an example of a damaged enamel surface (damaged areas indicated 

by arrows) after the removal of an orthodontic adhesive. Utilizing fluorescent orthodontic 

adhesives may be a possible solution for this problem.  

    Trivalent lanthanide ions are well-known and widely used fluorescent substances [6,7]. 

The Eu3+ ion which is one of the most popular lanthanides, is useful for the development of a 

fluorescent orthodontic adhesive because Eu3+ emits highly monochromatic red light when it is 

excited with near-ultraviolet (UV) light [8,9]. 

    Yttrium oxide (Y2O3) is a well-known host material for enhancing the photoluminescence 

(PL) intensity of luminescent centers such as lanthanide ions, and possesses excellent physical 

properties, a high chemical durability, and a high biocompatibility [10-14]. Sharma et al. 



reported that the emission intensity could be increased by reducing the average size of the 

Y2O3:Eu3+ particles from 6 µm to 0.2 µm [15]. Goldburt et al. reported that the nonradiative 

transition decreased as the particle size decreased [16]. Therefore, we selected fine-grain Y2O3 

particles containing Eu3+ (Y2O3:Eu3+) as a possible phosphor candidate for fluorescent 

orthodontic adhesives. 

    In this study, the morphology and the fluorescence properties of Y2O3:Eu3+ particles were 

investigated. Furthermore, both the fluorescence and mechanical properties of poly(methyl 

methacrylate)/methyl methacrylate (PMMA/MMA) resin specimens containing Y2O3:Eu3+ 

particles were examined. 

 

 

Materials and methods 

1. Synthesis and microstructure of Y2O3:Eu3+ powder  

Yttrium (III) nitrate hexahydrate [Y(NO3)3•6H2O, purity of 99.99%; Kanto Chemical, Co., Inc., 

Tokyo, Japan] and europium nitrate hexahydrate [Eu(NO3)3•6H2O, purity of 99.95%; Kanto 

Chemical, Co., Inc., Tokyo, Japan] and urea (Kanto Chemical, Co., Inc., Tokyo, Japan) were 

purchased and used without further purification. Y(NO3)3•6H2O (12 mmol) and Eu(NO3)3•6H2O 

(less than 0.3 mmol) were dissolved in 100 mL of deionized water. After CH4N2O (1.2 mol/200 

mL) was added to the aqueous solution, stirring for 90 min was carried out at 97-100°C [8], and 

a white precipitate of basic carbonate of yttrium and europium was subsequently obtained. After 

the precipitate was centrifuged and washed with deionized water, it was fired at 1,105°C in air 

for 1 h. The obtained powder was then ground in a mortar and pestle to obtain a narrow particle 

size distribution. 

    The microstructure of the particles was examined using SEM (S-4000, Hitachi, Tokyo, 

Japan) and transmission electron microscopy (TEM) (H-800, Tokyo, Japan) operating at 

accelerating voltages of 10 kV and 300 kV, respectively. X-ray diffraction (XRD) analyses were 

carried out using a diffractometer (Multi Flex/HS, Rigaku, Tokyo, Japan) at a scanning rate of 

1°/min with Cu Kα1 radiation (λ = 0.15405 nm) at 40 kV / 20 mA. Additionally, energy 

dispersive X-ray spectrometry (EDS) analysis was performed using an SEM (S-2380N, Hitachi, 

Tokyo, Japan) equipped with an EDS spectroscope (Genesis CDU, AMETEK EDAX, Tokyo, 

Japan) operated at an accelerating voltage of 10 kV. 

   	
  

2. Fabrication and properties of the PMMA resin containing the synthesized particles 



The PMMA/MMA resin used in this study contains tertiary amines as polymerization 

accelerators within the MMA liquid and benzoyl peroxide as a polymerization initiator within 

the PMMA powder. A series of partially substituted PMMA powders containing 2% or 4% of 

the particles were prepared prior to polymerization. Cylindrical specimens (3 mm in diameter 

and 4 mm in height) in which the particles were dispersed in PMMA/MMA were then 

polymerized at room temperature. Additionally, additive-free PMMA specimens of the same 

shape and dimensions were also fabricated in the same manner. All specimens underwent 

heating at 100°C for 1 h in order to release the residual monomers. 

    The fluorescent properties of both the particles and the fabricated PMMA specimens 

containing the particles were observed macroscopically using a light emitting diode (LED) with 

a central wavelength of 375 nm as the source of near-UV light irradiation. Furthermore, the 

fluorescence spectra of the particles-containing PMMA specimens were measured using a 

fluorescence spectrophotometer (F-4010, Hitachi, Tokyo, Japan) under the following 

conditions: a spectral band pass of 2.5 nm and a wavelength scanning speed of 60 nm/min.  

    Compression tests were performed using a universal testing machine (Model 4202, Instron 

Corp, Canton, MA) with a 1.0 mm/min crosshead speed, and the yielding stress was 

subsequently measured. Eighteen specimens for each particle content percentage (0%, 2%, or 

4%) were examined. These results were then statistically analyzed using the Mann-Whitney U 

test at a level of significance of α = 0.01. 

 

 

Results 

1. Microstructures of the synthesized particles 

An SEM image and a TEM image of the particles are displayed in Fig. 3 and Fig. 4, respectively. 

The particles exhibited a strong tendency to agglomerate, as shown in Fig. 3. The size of the 

crystals varied by a small amount, and was approximately 100 nm in diameter (Fig. 3, Fig. 4). 

    Figure 5 displays the XRD patterns of the particles. Additionally, vertical bars were 

incorporated in the image to indicate the standard peak positions and heights of Y2O3. This 

result revealed that the XRD pattern of the particles was in accordance with that of Y2O3. The 

EDS spectrum (Fig.6) confirms the presence of Y and Eu within the particles. 

 

2. Observations and measurements of the fluorescence originating in the particles 

Figure 7 and 8 display the macroscopic features of the particles and the PMMA specimens that 



contained particles, respectively. The particles exhibited a clear red emission upon irradiating 

with near-UV light at 375 nm (Fig. 7b), despite appearing white in color under natural light (Fig. 

7a). As shown in Fig. 8a, the specimens containing the particles were an opaque white color.  

The degree of opaqueness increased as the amount of particles increased. The fluorescence of 

the PMMA/MMA specimens upon irradiation with near-UV light exhibited a pale red emission, 

regardless of the amount of particles contained within (Fig. 8b). The emission intensity slightly 

increased as the amount of particles increased as observed macroscopically. However, the 

PMMA/MMA specimens exhibited lower fluorescence intensity than the particles. 

    Figure 9a displays the excitation spectrum of the PMMA/MMA specimens by monitoring 

the emission at λ = 614 nm. Peaks at 396, 416, 466, and 534 nm were then observed in the 

excitation spectrum (Fig. 9a). The emission spectrum of the PMMA/MMA samples containing 

the particles at the excitation of 396 nm is shown in Fig. 9b. Additionally, the transition of 

energy states responsible for each fluorescence peak are indicated in the Fig.9b. The strongest 

emission peak was observed at 614 nm.  

 

3. Mechanical properties of the PMMA containing particles 

Figure 10 displays the results of the compression tests for both the additive-free PMMA 

specimens (0% specimen) and the PMMA specimens containing the particles (2% and 4% 

specimens). The error bars on the bar graph represent the standard deviation of the mean. The 

inserted figure is an exemplary stress-strain curve of a PMMA specimen containing particles 

used in this study in order to explain the yielding point of a soft material without compression 

failure. The stress-strain curves of all specimens obtained in this study exhibited very similar 

deformation behavior. Therefore, we used the yielding stress to evaluate the mechanical 

properties of the samples. No statistical significance existed between the yielding stress of the 

0% specimen and the 4% specimen. Meanwhile, the yielding stress of the 2% specimen was 

significantly smaller than that of 0% and 4% specimens (p < 0.01). 

 

 

Discussion 

1. Fabrication and morphology of the synthesized particles 

In general, orthodontic adhesives are typically colorless for aesthetic purposes. Eu3+ was chosen 

as a luminescent center to develop a fluorescent orthodontic adhesive because it exhibits 

colorless characteristics under natural light. Additionally, even under the conditions of normal 



dental practices, the adhesives could be visually distinguished from the enamel surfaces because 

of the highly monochromatic red luminescence of Eu3+, which also exhibits a large Stokes shift 

(an intrinsic difference in wavelength between the excitation and emission maxima of a 

fluorescent substance). The large stokes shift makes the fluorescence light discriminable from 

the irradiation light easily. 

    It has been previously reported that phosphor materials must have a small size (< 3 µm), a 

narrow size distribution, and non-agglomeration in order to produce ideal luminescent 

characteristics [12,17,18]. A wide variety of methods have been proposed to prepare small metal 

oxide particles with a narrow size distribution [8-16,18-46]. With respect to the phase of a given 

materials, these methods can be categorized into three categories: solid-phase methods, 

liquid-phase methods, and vapor-phase condensation. Solid-phase methods include thermal 

dissociation [19,20] and mechanical milling [21,22]. Liquid-phase methods utilize 

homogeneous precipitation [8,9,14,23-29], the co-precipitation method [15], conventional 

hydrothermal methods [30-35], microwave-assisted hydrothermal treatment [11,13], the sol-gel 

technique [16,36-39], and the solvothermal refluxing method [10,12,40,41]. Vapor-phase 

methods include chemical vapor deposition [42], solution combustion [43,44], and spray 

pyrolysis methods [18,45,46]. Among these methods, it is generally accepted that the 

homogeneous precipitation method is the most useful for the preparation of fine particles with a 

relatively narrow size distribution [14,28]. Therefore, we used the homogeneous precipitation 

method for the Y2O3:Eu3+ co-precipitation. The synthesized crystals exhibited a submicron size 

and their size distribution was quite narrow (Fig. 4). The uniform size of the particles could 

possibly be the result of grinding with a mortar and pestle. If that phenomenon is in fact true, 

then lattice defects may have occurred in exchange for obtaining the uniform submicron 

morphology, and those defects may be a factor in decreasing the emission intensity [47].  

    In addition to effects of the particle size and their uniformity on the PL, the spherical 

morphology was recognized as an important factor for enhancing the PL intensity. The spherical 

morphology is ideal for high brightness because of low scattering of light associated with 

spherical materials [12,17,18,26,34]. The particles obtained in this study likely consist of plural 

crystals that were sintered during the firing procedure we employed (Fig. 4). In fact, the 

particles were somewhat cubic instead of spherical in shape. This result is because the higher 

firing temperature (above 1000°C for Y2O3) yields better crystallization, and densification could 

occur above 1100°C [48]. We selected the firing temperature (1105°C) based on the influence 

of the firing temperatures on the sizes and luminescence intensities of the Y2O3:Eu3+ particles 



[26,34]. Jing et al. reported that the luminescence of the particles increased as the firing 

temperatures increased from 800 to 1050°C [26]. They also stated that the relative luminescence 

reached a plateau when the particle size was above 0.9 µm. Jiang et al. reported that the average 

particle size exhibited a sharp increase as the firing temperature increased, especially above 

1200°C [34]. They also mentioned that further firing resulted in a decrease in the luminescence 

efficiency as a result of the scattering of light by the surfaces of voids in hard agglomerations. It 

has been well established that the commercial Y2O3:Eu3+ phosphors (3–5 µm in size) are fired at 

temperatures above 1500°C [26,47]. Nevertheless, the luminescence intensity of the commercial 

phosphors is quite high. For this reason, the luminescence efficiency may be attributed to their 

single crystalline phase after firing at such high temperatures. 

    The XRD pattern of the crystalline products agrees well with the known diffraction pattern 

of Y2O3 (Fig. 5). The known peak that characterizes the existence of crystalline europium(III) 

oxide (Eu2O3)  should be observed at 2θ = 28.4°; however, no peak corresponding to Eu2O3 

was observed. The slightly larger lattice parameter of Eu2O3, when incorporated into the Y2O3 

lattice, could shift the (222) peak to a lower angle. However, the peak appears not to shift with 

respect to the typical (222) peak. Therefore, it was determined that the crystals synthesized in 

this study were in fact Y2O3:Eu3+. 

 

2. Macroscopic features and photoluminescence of PMMA containing Y2O3:Eu3+  particles  

The macroscopic appearance of the additive-free PMMA specimen was colorless and 

transparent. Alternatively, the PMMA specimens containing the Y2O3:Eu3+ particles became 

white and opaque. The particles strongly agglomerated, as shown in Fig. 3 and such hard 

agglomerations are likely to create a high concentration of packing voids [34]. Therefore, an 

increased scattering cross-section due to both the large agglomerates and the resulting packing 

voids is believed to be the primary cause of the adhesives becoming opaque when the particles 

are introduced. The increased scattering cross-section also causes the light from the emission to 

be difficult to reach the human eye. This phenomenon is most likely responsible for the 

fluorescence intensity being very weak. Future research into reducing the high degree of 

agglomeration and improving the dispersing quality of the particles within the polymer matrix is 

required. 

    The 15 trivalent lanthanide ions (Ln3+) possess electronic configurations of 

[Xe]4f0-145d0-16s2, which generate a variety of electronic levels. It has been well established that 

most of the sharp PL peaks are a result of the energy transitions between the states of the 4fn (n 



= 0–14) configuration. There were no significant shifts in the emission peaks of Ln3+ due to the 

shielding by the 5s25p6 electrons [49]. However, it is generally accepted that the 4f-4f 

transitions are intrinsically forbidden. Therefore, not all transitions are permitted since they 

must obey the selection rules. One of these particular rules is the parity rule, which is required 

for the electric dipole (ED) transition [7]. This rule provides an explanation why the forbidden 

4f-4f transition occurs in Eu3+. The selection rules and transition probabilities between various 

states strongly depend on a crystal field in which the substitution of Eu3+ is taking place [49]. A 

Eu3+ ion, when it is inserted within a Y2O3 crystal, can occupy either a low symmetry site (C2) 

or a high symmetry site (C3i) [50]. If a Eu3+ ion occupies a site exhibiting inversion symmetry 

(C3i), then the ED transition is forbidden. Meanwhile, if a Eu3+ ion occupies a site without 

inversion symmetry (C2), then ED transitions such as 5D0 → 7F2 or 5D0 → 7F4 are allowed. The 

clear emission peaks resulting from excitation at 396 nm light (as shown in Fig. 9b) are caused 

by the 5D0 → 7Fj (j = 0–4) transitions as a corollary of the direct excitation of Eu3+ [50,51]. The 

strongest peak observed at 614 nm is most likely a result of the forced ED transition (5D0 → 7F2), 

and the intensity ratio of the 5D0 → 7F2 to 5D0 → 7F1 transition is substantially large. This ratio is 

a common indicator of the symmetry of the environment around the doped Ln3+ ions [52]. The 

large ratio obtained from the emission spectrum confirms that the Eu3+ ions were located in the 

low symmetry site. Therefore, it was determined that the 4f-4f transition could be allowed. For 

the excitation spectrum (Fig. 9a), the observed peaks at 396, 416, 466, and 534 nm can be 

converted to 3.13, 2.98, 2.66, and 2.32 eV, respectively, using the following equation: 

E (eV) ≈ 1240/λ (nm), 

where E is the energy and λ is the wavelength. These energy levels are approximately in 

accordance with the energy states of 5L6, 5D3, 5D2, and 5D1 respectively [50,51], and are assigned 

to the typical 4f-4f transitions of Eu3+ ions. In addition to these results, a broad PL feature in the 

range of approximately 450–550 nm was observed (data not shown). This feature is likely a 

result of oxygen defects in the Y2O3 crystals [11]. Surface defects such as oxygen defects, often 

cause a decrease in the emission intensities. However, for the surface defects located near the 

conduction band, much higher energy states than the 5Dj states of Eu3+ ions are present in the 

band gap of Y2O3 [51]. Therefore, the surface defects may not play a significant role with 

respect to nonradiative relaxation among the lower 5Dj states. Another possible cause for the 

decreasing emission intensity may be phonon resonance originating from some form of crystal 

defects or lattice distortions, as mentioned in the previous section. 

    Desirable PL features are recognized by the peak position, whereas a wide full width at 



half maximum of each excitation and emission peak indicates an insufficient crystallinity and 

low homogeneity of the Eu3+ distribution over the Y2O3 host. We plan to continue to carry out 

various experiments to improve the PL efficiency from this aspect. 

 

3. Mechanical properties of PMMA adhesives containing the Y2O3:Eu3+ particles 

The yielding stress of the 2% specimen decreased significantly when compared to the 0% and 

4% specimens. It is likely that dispersion strengthening as a result of a stress transfer 

mechanism does not occur. However, the degree of deterioration in the strength is quite definite. 

An improvement in the dispersion and surface wettability of the particles by certain methods 

such as a silane treatment may contribute to the reinforcement of the PMMA adhesives. In that 

case, the increase in the total surface area as a result of the decrease of the particle size would 

also contribute to reinforcement. 

 

 

Conclusion 

We attempted to dope lattices of Y2O3 with trivalent Eu3+ ions in order to produce orthodontic 

adhesives that would be visible upon irradiation with near-ultraviolet light. The crystals 

synthesized in this study exhibited a submicron size and a very narrow size distribution. The 

results of the XRD and the EDS analyses led to the conclusion that Y2O3:Eu3+ particles were 

adequately synthesized using the homogeneous precipitation method. The spectra of the PMMA 

adhesives containing Y2O3:Eu3+ particles exhibited characteristic excitation and emission peaks 

corresponding to the 4f-4f transitions of Eu3+, despite the PL intensity being relatively low. The 

yielding loads of the PMMA specimens containing Y2O3:Eu3+ particles did not deteriorate by a 

significant amount. Based on the results obtained in this study, we concluded that it is feasible 

to add Eu3+-doped Y2O3 crystalline particles to orthodontic adhesives. 
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