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Abstract

In a search for new luminescent biological probes, we synthesized calcium pyrophosphates doped 
with europium up to an atomic Eu/(Eu+Ca) ratio of 2%. They were prepared by coprecipitating a 
mixture of calcium and europium salts with phosphate. After heating at 900 °C in air, two phases 
coexisted, identified as the β calcium pyrophosphate form and EuPO4. Heating near 1250 °C in air, 
during the β→  transformation, europium ions substitute for calcium ions in the * calcium 
pyrophosphate structure as demonstrated by the spectroscopic study. Europium ions with both 
valence states (divalent and trivalent) were observed in the samples. Following the synthesis 
procedure, partial reduction of Eu3+ took place even in an oxidizing atmosphere. The 0.5%-doped 
compound could serve as a sensitive probe in biological applications. Depending on the excitation 
wavelength, the luminescence occurs either in the red or in the blue regions, which discriminates it 
from parasitic signals arising from other dyes or organelles in live cells.
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Eu-doped  calcium pyrophosphate: an intrinsic biphotonic probe for biology: (a) Eu3+; (b) Eu2+.
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1. Introduction

We have recently demonstrated that nanoparticles of biomimetic calcium phosphates with apatitic 
structure, doped with europium, can be used as luminescent biological probes. Internalization of 
such probes by living cells was followed by monitoring the europium fluorescence [1]. Among the 
various calcium phosphates, others with a different composition or structure might also find 
applications in this field, due to their improved optical or biological characteristics compared to that 
of the previously studied probes [1]. Calcium pyrophosphates constitute a wide family, which, to 
our knowledge, has been little explored, although their biocompatibility is well established [2].

Few studies on europium-doped pyrophosphates have been reported in the literature. Most of them 
concern pyrophosphates doped with divalent europium ions, whose luminescence occurs in the blue 
range. Wanmaker and Vrugt [3] obtained europium-doped  calcium pyrophosphate by a solid-state 
process, at 1200 °C, but under reducing atmosphere. The synthesis was carried out mainly by a 
solid-state reaction between monetite CaHPO4, diammonium hydrogen phosphate and europium 

oxide. Slightly reducing conditions (0.1–2% hydrogen) afforded a Eu2+-doped compound.

Nazarova [4] has indicated the possibility of synthesizing calcium or strontium pyrophosphate 
doped with Eu2+ under air atmosphere and at high temperature, but did not provide any details on 
the experimental conditions.

Few studies have been devoted to pyrophosphates doped with trivalent europium. Pelova and 
Grigorov [5] reported the synthesis of europium-doped zirconium pyrophosphate (ZrP2O7:Eu) 

under air atmosphere and at high temperature. After heating at 900 °C, only Eu3+ ions were 
observed in zirconium pyrophosphate, whereas after heating at 1100 °C, Eu2+ ions were detected. 
The reduction from Eu3+ to Eu2+ ions thus occurred in zirconium pyrophosphate at high 
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temperature, even under air atmosphere. The transformation became total only under slightly 
reducing atmosphere.

Such abnormal partial reduction of Eu3+ at high temperature under non-reducing atmosphere has 
also been described by Chinese workers [6], [7], [8], [9], [10] and [11] in the case of borates and 
aluminates. Thus, Zeng et al. [6] reported that reduction of Eu3+ to Eu2+ only occurred in 
SrB6O10:Eu by heating under air atmosphere. In a similar way, Pei et al. [7] and [8] observed the 

reduction of Eu3+ to Eu2+ in Sr2B5O9Cl:Eu and SrB4O7:Eu by heating at high temperature (900 °C) 
under air. Peng et al. [9] also observed this reduction by heating at 1400 °C under air in 
Sr4Al14O25:Eu. Su et al. [10] and Liang et al. [11] obtained the same reduction by heating at 
1000 °C under air in SrBPO5:Eu and CaBPO5:Eu. However, this reduction has not been reported in 
the case of calcium pyrophosphate.

We investigated here the doping of a calcium pyrophosphate [Ca2P2O7] by europium ions and the 
influence of this doping on the phases obtained and luminescence spectra recorded. Dicalcium 
phosphate dihydrate [CaHPO4·2H2O] (DCPD) samples synthesized in the presence of europium 
ions were heated in air at temperatures where the β and  forms of calcium pyrophosphates are 
stable. The different phases present in the heated samples were identified and related to the 
luminescence spectra observed. Special attention was given to the oxidation state (II or III) of 
europium ions. These results further the understanding of europium doping in calcium 
pyrophosphate.

2. Materials and methods

2.1. Synthesis

Europium-doped calcium pyrophosphates were obtained by gradually heating DCPD in the 
presence of europium ions at different temperatures. DCPD was synthesized at room temperature by 
double decomposition of ammonium phosphate and calcium nitrate. In order to obtain DCPD in 
which europium is intimately mixed, europium ions were added to the calcium solution at an atomic 
ratio RL=Eu/(Eu+Ca) between 0% and 2%, and the synthesis was carried out in a similar way.

Solution A contained a total of 70.6 mmol of calcium nitrate [Ca(NO3)2·4H2O] (Carlo Erba) and 
europium nitrate [Eu(NO3)3·6H2O] (Alfa Aesar) in appropriate proportions, dissolved in 100 mL of 
deionized water. Solution B contained 62.7 mmol of ammonium dihydrogen phosphate 
[(NH4)H2PO4] (Carlo Erba) dissolved in 208 mL of deionized water and 4.2 mL of ammonia 
(11 M). Solution A was rapidly added to solution B at room temperature while stirring. After 5 min 
stirring, the precipitate was quickly filtered and washed successively with 167 mL of deionized 
water and 50 mL of ethanol. The gel obtained was freeze-dried.

In order to obtain β pyrophosphate, samples were progressively heated (4°/min) to 900 °C and left 
for 1 h at this temperature. All the heat treatments were carried out under air.

To obtain  pyrophosphate, the previous samples were further heated at 1250 °C for 15 min under 
air, and then quenched in liquid nitrogen. In some cases, they were heated at 1275 °C for 30 min.

Ca3Eu(PO4)3 was also synthesized using the method described by McCarthy [12]. After quenching 
in liquid nitrogen, the product was analyzed by X-ray diffraction (XRD) (JCPDS No. 29-321). This 
compound was prepared for the spectroscopic analysis to interpret the results, as described below.
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2.2. Chemical analysis

Europium ion content was determined by Induced Coupled Plasma Atomic Emission Spectroscopy 
analysis (ICPAES) at the Service Central d’Analyse of the CNRS (Vernaison, France) (relative 
error: 3%). Calcium and europium ions were assayed together by volumetric titration [13] (relative 
error: 0.5%).

Orthophosphate ions were determined by colorimetry as phosphovanadomolybdenum ( ) 
(relative error: 0.5%). The (Ca+Eu)/P atomic ratio had a relative error of 1%.

2.3. X-ray diffraction (XRD)

XRD patterns were obtained with a CPS 120 INEL diffractometer using the K 1 radiation of a 
cobalt anticathode ( ).

2.4. Scanning electron microscopy (SEM) and energy dispersive analysis of X-rays (EDAX)

The powders were observed with a LEO 435 VP electron microscope. After deposition on an 
adhesive coating pasted on sample holder, the samples were metallized with silver during 1 min to 
prevent build-up of surface charge. Observations were carried out either by secondary electron 
detection, or by retro-diffused electron detection. The brightness produced by the latter increases 
with atomic number of the atoms. Europium-rich areas (high Z) can be differentiated by their clear 
appearance. EDAX was also carried out with the same apparatus.

2.5. Luminescence

UV excitation was provided either by a high-pressure mercury lamp equipped with a Wood filter or 
by a XBO 150 xenon lamp with wavelength selection using a HD20 Jobin-Yvon monochromator. 
The selective excitation was provided by a tunable frequency dye laser (Coherent 599) pumped by a 
CW argon laser (Coherent Innova 300), Rhodamine 6G was used as laser dye. The fluorescence 
was dispersed through a HR1000 Jobin-Yvon monochromator equipped with a 1200 grooves mm−1 

diffraction grating. The signal was detected by a RTC 56 TVP photomultiplier and amplified by a 
PAR 128a lock-in-amplifier with data acquisition on microcomputer. Appropriate filters were set in 
front of the spectrometer to eliminate parasitic signals from the excitation beam. All spectra were 
corrected for the response of the experimental set-up and filters.

3. Results

The composition of the samples before the heating steps was determined. Chemical analysis gave a 
(Ca+Eu)/P atomic ratio close to unity. Moreover, the Eu/(Eu+Ca) atomic ratio was in agreement 
with the theoretical atomic ratio RL, used in the synthesis.

The samples heated at 900 and at 1250 or 1270 °C were investigated in more detail.

3.1. Samples heated in the stability range of β calcium pyrophosphate, at 900 °C

The XRD patterns of the samples with 0% and 2% atomic Eu/(Eu+Ca) ratio, heated at 900 °C, were 
recorded (Fig. 1). For the undoped material (RL=0), all the observed reflection peaks corresponded 
to those of the β pyrophosphate Ca2P2O7 phase (JCPDS No. 33-297 [14]). Doping with europium 
ions (RL=2%) modified the XRD patterns, with additional reflections, and alterations in intensity of 

http://www.sciencedirect.com/science?_ob=MathURL&_method=retrieve&_udi=B6WM2-4GHRDH4-1&_mathId=mml35&_user=1072870&_cdi=6922&_rdoc=1&_acct=C000043979&_version=1&_userid=1072870&md5=01d34754ba9ede389b78572d02c57ca8
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WM2-4GHRDH4-1&_user=1072870&_rdoc=1&_fmt=&_orig=search&_sort=d&view=c&_acct=C000043979&_version=1&_urlVersion=0&_userid=1072870&md5=0f2229c4085be5bcda6d83e7042cad17#bib14
http://www.sciencedirect.com/science?_ob=MathURL&_method=retrieve&_udi=B6WM2-4GHRDH4-1&_mathId=mml34&_user=1072870&_cdi=6922&_rdoc=1&_acct=C000043979&_version=1&_userid=1072870&md5=914963936cbef82626e2d937d62b34f8
http://www.sciencedirect.com/science?_ob=MathURL&_method=retrieve&_udi=B6WM2-4GHRDH4-1&_mathId=mml33&_user=1072870&_cdi=6922&_rdoc=1&_acct=C000043979&_version=1&_userid=1072870&md5=e63dfe387aec7f8b198fef65d2acf844
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WM2-4GHRDH4-1&_user=1072870&_rdoc=1&_fmt=&_orig=search&_sort=d&view=c&_acct=C000043979&_version=1&_urlVersion=0&_userid=1072870&md5=0f2229c4085be5bcda6d83e7042cad17#fig1
http://www.sciencedirect.com/science?_ob=MathURL&_method=retrieve&_udi=B6WM2-4GHRDH4-1&_mathId=mml32&_user=1072870&_cdi=6922&_rdoc=1&_acct=C000043979&_version=1&_userid=1072870&md5=59b28d4783b0af48e6127e9303dcf1f1
http://www.sciencedirect.com/science?_ob=MathURL&_method=retrieve&_udi=B6WM2-4GHRDH4-1&_mathId=mml31&_user=1072870&_cdi=6922&_rdoc=1&_acct=C000043979&_version=1&_userid=1072870&md5=31437b6fd9ab4705efc0383714b4ed6a
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WM2-4GHRDH4-1&_user=1072870&_rdoc=1&_fmt=&_orig=search&_sort=d&view=c&_acct=C000043979&_version=1&_urlVersion=0&_userid=1072870&md5=0f2229c4085be5bcda6d83e7042cad17#bib13
http://www.sciencedirect.com/science?_ob=MathURL&_method=retrieve&_udi=B6WM2-4GHRDH4-1&_mathId=mml28&_user=1072870&_cdi=6922&_rdoc=1&_acct=C000043979&_version=1&_userid=1072870&md5=dcaf1f0533db0df9a07c56e1705b1e16
http://www.sciencedirect.com/science?_ob=MathURL&_method=retrieve&_udi=B6WM2-4GHRDH4-1&_mathId=mml29&_user=1072870&_cdi=6922&_rdoc=1&_acct=C000043979&_version=1&_userid=1072870&md5=d2fd0cdd69cb8469ad8f911085239c1a
http://www.sciencedirect.com/science?_ob=MathURL&_method=retrieve&_udi=B6WM2-4GHRDH4-1&_mathId=mml30&_user=1072870&_cdi=6922&_rdoc=1&_acct=C000043979&_version=1&_userid=1072870&md5=5bc5e958d218cc0b40e5fef046dfcf25


some calcium pyrophosphate peaks. A shoulder at 37.1° appeared, the intensity of the (202) 
reflection of the β pyrophosphate, observed at 32.3°, increased, and a low-intensity peak was 
detected at 55.5°. They correspond, respectively, to the (012), (200) and (212) reflections of 
europium phosphate EuPO4 (JCPDS No. 25-1055) whose strongest reflection (( ), d=3.03) is 
hidden by the (008) peak of the β pyrophosphate at 34.5°. Moreover, a shoulder at 36.1°, and 
another low-intensity peak at 40.1° were also observed, attributed to the (0210) and (220) peaks of 
β tricalcium phosphate Ca3(PO4)2 (β TCP).

Fig. 1. X-ray diffraction patterns of the samples heated at 900 °C, with RL=0% (a) and RL=2% (b).

The samples were observed by SEM. The β pyrophosphate phase, with RL=0%, appeared as large 
thin sheets (5–8 μm long) (Fig. 2(a)). The sample doped with 2% europium was observed by retro-
diffused electron detection (Fig. 2(b)). A second phase in low proportion was seen as a clearer 
shade than the main β pyrophosphate phase, indicating the presence of europium in higher 
concentration, which was supported by the EDAX analysis. The EDAX spectrum of this second 
phase (Fig. 3(b)), indicated a high concentration of europium, whereas the main phase lacked 
europium (Fig. 3(a)).
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Fig. 2. SEM picture of the samples heated at 900 °C, with RL=0% (a) and 2% (b) (retro-diffused 
electron detection).

Fig. 3. EDAX spectra of the sample heated at 900 °C, with RL=2%, carried out on the main phase 
(a) and on the minor phase (b).
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The luminescence excited in the UV at 253.7 nm or in the visible with the Argon laser line at 
465.8 nm enabled observation of narrow spectral features in the visible range of the spectrum, 
between 570 and 720 nm, corresponding to electronic transitions within the 4f6 configuration of 
Eu3+ ions (Fig. 4). The emission spectrum is dominated by the 5D0→7F2 hypersensitive transition. 
Upon excitation at 253.7 nm (Fig. 4(a)), the relative intensities of the different transitions and the 
energy of the different components resembled those of pure EuPO4 [15]. This is in agreement with 
the results obtained by XRD. However, on excitation at 465.8 nm, extra emission lines were 
observed (Fig. 4(b)). Most of these lines matched those in the spectrum of europium-doped β 
tricalcium phosphate reported by Lazoriak et al. [16].

Fig. 4. Luminescence emission spectrum of the sample heated at 900 °C, with RL=2%: (a) 
excitation at 253.7 nm, (b) excitation at 465.8 nm.

From these data, the minor phases identified as EuPO4 and/or Eu-doped Ca3(PO4)2 probably 
corresponded to the small europium-rich balls observed by SEM at the surface of the crystal. The 
optical data indicated that the europium ions were all in the trivalent state in this sample.

3.2. Samples heated in the stability range of  calcium pyrophosphate, at 1250–1270 °C

3.2.1. Samples heated at 1250 °C

The XRD patterns recorded for the samples doped with 0% and 2% Eu/(Eu+Ca) atomic ratio, 
heated at 1250 °C, are represented in Fig. 5a and b. For the undoped sample (RL=0), only the peaks 
of  pyrophosphate Ca2P2O7 were observed. After introduction of europium ions (RL=2), apart 
from the main pyrophosphate phase, additional low-intensity peaks were observed. Most of them 
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were characteristic of europium phosphate EuPO4 as previously described. Another diffraction peak 
was observed at 36.2°, as well as an increase in the (002) reflection intensity of  pyrophosphate, 
observed at 40.1°. These results were ascribed to the presence of β tricalcium phosphate Ca3(PO4)2 
whose other main reflection (214) is superimposed on the (211) reflection of  pyrophosphate at 
32.4°.

Fig. 5. X-ray diffraction patterns of the samples heated at 1250 °C, with RL=0% (a) and RL=2% (b); 
at 1270 °C during 15 min, with RL=2% (f); at 1270 °C during 30 min with RL=2% (e), 1% (d) and 
0.5% (c).

SEM observations of these samples showed that the crystallites were sintering. The sample with 
RL=2% was observed by retro-diffused electron detection (Fig. 6). A white phase is clearly visible 
in Fig. 6 in addition to the main grey phase, indicating the presence of europium in higher 
proportion, supported by the EDAX analysis. This minor phase was attributed to phosphate rich in 
europium.
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Fig. 6. SEM picture (retro-diffused electron detection) of the sample heated at 1250 °C, with 
RL=2%.

Luminescence study of the sample containing europium (2 at%), after heating at 1250 °C was 
investigated. The fluorescence emission spectrum recorded at 300 K under non-selective excitation 
at 253.7 nm is represented in Fig. 7. A wide dissymmetric band was observed peaking at 415 nm 
which was ascribed to the allowed transition from the lowest component of the 4f65d1 configuration 
to the fundamental state 8S7/2 of the 4f7 configuration of the Eu2+ ions. This oxidation state of 

europium ions was indicated by the EPR data. The presence of Eu2+ ions in a sample synthesized at 
high temperature and under non-reducing atmosphere (air) is of note. Narrow emission lines due to 
the 5D0→7FJ (J=0,1,2,3,4) transitions of Eu3+ ions were also observed, ascribed to Eu3+ ions in the 
EuPO4 phase. However, in this case, excitation using the argon laser line at 465.8 nm produced a 

more complex emission spectrum revealing the presence of Eu3+ in other positions in addition to 
that of the EuPO4 ones (Fig. 8). The energies and the relative intensities of the additional lines 
corresponded to those reported by Lazoriak in europium-doped tricalcium phosphate [16]. The 
presence of two different phases identified by spectroscopy is in agreement with the XRD findings. 
Another peak of low intensity at 610.4 nm on both spectra should be noted. It will be assigned 
below.
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Fig. 7. Luminescence spectra of the samples recorded under UV excitation at 253.7 nm. Sample 
heated at 1250 °C (a) 2% Eu, samples heated at 1270 °C (b) 2% Eu; (c) 1% Eu; (d) 0.5% Eu.

Fig. 8. Luminescence spectrum excited in the visible (465.8 nm) for samples heated at 1270 °C ((a) 
RL=0.5%, (b) RL=1%, (c) RL=2%,) in comparison to that obtained for Ca3Eu(PO4)3, curve (d).

Furthermore, the influence of the heat treatment and its duration and of the europium concentration 
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on the structure of the samples was investigated.

3.2.2. Influence of the heat treatment

The influence of the heat treatment was investigated by heating the sample doped with 2% 
europium at 1270 °C instead of 1250 °C during 15 min. Additional peaks apart from the  
pyrophosphate ones were detected by XRD (Fig. 5). In common with the sample heated at 1250 °C, 
they could be assigned to europium phosphate EuPO4 and the βTCP phase. However, additional 
diffraction peaks were recorded and identified as a mixed phosphate Ca3Eu(PO4)3 (JCPDS No. 29-
321) of eulytite structure. The appearance of this phase at this temperature is in agreement with the 
results of the study of Ca3Ln(PO4)3 (Ln=La–Gd) phases with eulytite structure reported by 
McCarthy et al. [12]. Ca3Ln(PO4)3 was found to decompose below 1250 °C into Ca3(PO4)2 and 
LnPO4 (monazite). It is stable at the higher temperature and needs to be quenched in order to be 
observed.

Luminescence of the sample doped with Eu (2 at%) was dominated by an emission band peaking at 
450 nm, ascribed to Eu2+ ions. On increasing the temperature, the Eu2+ emission intensity increased 
compared to that ascribed to Eu3+ ions (Fig. 7). This was indicative of an increasing concentration 
of reduced Eu2+ ions in the samples on increase in temperature of the heat treatment.

The influence of the duration of heating was studied on the sample with RL=2%. The sample was 
heated at 1270 °C during 30 min instead of 15 min. XR Diffraction showed a progressive 
disappearance of the β TCP phase, a decrease in amount of EuPO4, accompanied by an increase in 
Ca3Eu(PO4)3 (Fig. 5).

3.2.3. Effect of doping with europium ions

The influence of the europium content was studied on samples heated for 30 min at 1270 °C. The 
XRD patterns of the different compounds with RL=0.5%, 1% and 2% were recorded (Fig. 5). As 
noted previously, additional phases appeared next to  pyrophosphate. A low-intensity peak at 
36.2° was detected with 0.5% europium. From the previous results, it was attributed to β TCP. 
EuPO4 and Ca3Eu(PO4)3 were detected with increase in europium concentration.

In addition, the half-width at half-maximum (HWHM) of the (211) of the  pyrophosphate 
reflection peak was measured as a function of the europium concentration. It increased markedly 
with RL up to RL=0.5% (from 2.2.10−3 to 2.7.10−3 rad), and then exhibited a weak dependence on 

RL up to 2% (2.8.10−3 rad). The increase observed between 0% and 0.5%, reflects either a reduction 
in size of the crystallites or a crystallinity with europium in the lattice. This suggests that europium 
is in the  pyrophosphate structure. The slower evolution of the HWHM with increasing europium 
concentration for RL>0.5% was attributed to a substitution limit of europium in that structure.

On UV excitation (253.7 nm), the luminescence spectrum showed, at all europium concentrations, a 
wide dissymmetric band peaking at 415 nm as well as narrow emission lines between 570 and 
720 nm as observed for samples heated at 1250 °C (Fig. 7). The relative intensities of the wide band 
and narrow lines were a function of the Eu3+ concentration in the samples. For the lowest 
concentration, the fluorescence spectrum was dominated by the wide band peaking at 415 nm. On 
increase in the europium content, narrow lines observed in the visible region became the most 
intense (Fig. 7). This will be described in more detail below (Section 3.2.4). Nevertheless, the 
emission spectra for excitation at 465.8 nm on samples with increasing europium content, exhibited 
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several peaks, assigned to EuPO4 and Ca3Eu(PO4)3 (Fig. 8). The emission line observed at 
610.4 nm was recorded in all the samples irrespective of the excitation wavelength.

3.2.4. Ratio between concentration of europium ions in divalent and trivalent state

The non-selective UV excitation enabled simultaneous excitation of europium ions in the divalent 
and trivalent states. The ratio between the integrated Eu3+ and Eu2+ emissions as a function of the 
nominal content of europium in the different samples could thus be determined.

The 5D0 emitting level was relatively insensitive to the multiphonon relaxation process since it was 

separated from the lowest 7F6 multiplet by a wide energy gap. Furthermore, if the concentration in 

the sample is low, cross relaxation between coupled ions are unlikely to occur with Eu3+. No energy 
transfer from Eu2+ to Eu3+ could be detected. The intensity of the intra 4f6 configuration 5D0→7F1 
(Eu3+) dipolar magnetic transition is independent of the rare earth ion environment. Assuming the 
absence of non-radiative processes and interactions between ions, the 5D0→7F1 intensity can thus 

be taken as a reference [17]. From the ratio between the integrated intensity of the 5D0→7F1 (Eu3+) 

transition and that of the Eu2+ emission, it is possible to derive the ratio between the relative 
concentrations of europium in the divalent and trivalent ionization states (Fig. 9(a)). At low 
concentration, europium ions were present mostly in a divalent state. The ratio between Eu3+ and 
Eu2+ increased with increasing europium concentration as shown on Fig. 7. The increasing ratio 
between europium concentration in trivalent and divalent states up to the maximum substitution 
level for Eu2+, indicates that europium enters the lattice in a trivalent state filling the other sites as 
extra lines in the visible range and as EuPO4 and Ca3Eu(PO4)3 phases. This was supported by the 

luminescence spectra recorded under UV excitation. From Fig. 10, Eu3+ in EuPO4 exhibits a 
characteristic emission line (noted as (1)). The line observed at 610.4 nm (noted as (2)) belongs to 
another site and is isolated from those of Eu3+ in the EuPO4 phase. The plots of the ratio of the 

intensities of each of these characteristic lines with integrated emission intensity of Eu2+ ions is 
represented in Fig. 9 curves (b) and (c). It can be seen that the concentration of EuPO4 increases 

with increase in europium content. The ratio between the emission intensity due to Eu3+ site at the 
other centre (610.3) and that of Eu2+ ions remained constant for different europium contents. This 
seems to indicate that the concentrations of Eu2+ and Eu3+ at the other site vary in the same way 
with increasing RL. This means that the other site belongs to the same phase. It was ascribed to 
trivalent europium in the  pyrophosphate phase.
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Fig. 9. Ratio of Eu3+ fluorescence intensity taken as: ○ the 5D0→7F1 integrated intensity, ● the 

intensity of line (1), ■ the intensity of line (2), with respect to Eu2+ integrated intensity.

Fig. 10. Eu3+ luminescence spectra of the samples heated at 1270 °C recorded under UV excitation 
(253.7 nm) (a) RL=0.5%; (b) RL=1% ; (c) RL=2% ; (d) EuPO4.
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3.2.5. Spectral properties of Eu2+ ions

The excitation at 254 nm produced a dissymmetric wide emission band at 415 nm (Eu2+), in the 
same position and HWHM for the samples synthesized at 1270 °C with different europium 
contents. Mathematical decomposition of the Eu2+ emission band, for the samples treated at 1250 
and 1270 °C with RL=2%, with all free parameters (peak value, bandwidth and area) produced two 

Gaussian curves peaking at about 23,716 cm−1 (421.7 nm) and 24,206 cm−1 (413.1 nm). Two 
crystallographic positions are present in  pyrophosphate for calcium ions [18]. The presence of 
two components in the emission spectrum and their dependence on excitation wavelength stem 
from two different sites for Eu2+ ions substituting Ca2+ in the lattice. The relative intensity of both 
components to the total integrated emission spectrum calculated for the different samples was 
determined for the 253.7 nm excitation wavelength. The ratio between the two components 
calculated for samples heated at 1270 °C was not affected by europium content, whereas for the 
sample heated at 1250 °C, there was a greater contribution from the component peaking at 
413.1 nm. For samples heated at 1270 °C during 30 min, there was an equal contribution of both 
components indicating that Eu2+ ions split uniformly between the two calcium sites on increase in 
temperature and time, whereas one calcium site is preferentially occupied for the samples heated at 
1250 °C.

3.2.6. Excitation spectra

The excitation spectra of europium ions in the samples treated at 1270 °C were recorded. The peaks 
of the Eu2+ emission (415 nm) and the 5D0→7F1 transition of Eu3+ ions (595 nm) were monitored 
with optimal excitation wavelenghts of 345 and 400 nm, respectively (Fig. 11). The luminescence 
of this sample could thus be observed in the blue or the red region of the spectrum depending on the 
excitation wavelength. This would represent a useful biological probe as it could be readily 
distinguished from other dyes.
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Fig. 11. Excitation spectra of the luminescence spectrum of the sample heated at 1270 °C (RL=2%). 

(a) Monitoring the Eu3+ emission at 595 nm; (b) monitoring the Eu2+ emission at 415 nm.

4. Discussion

Heating dicalcium phosphate samples containing europium at 900 °C leads to β calcium 
pyrophosphate of tetragonal structure. SEM with retro-diffused electron detection showed the 
existence of a small proportion of europium-rich areas. Luminescence study indicated the presence 
of europium phosphate EuPO4 and europium-doped β tricalcium phosphate. The formation of 
tricalcium phosphate can be accounted for as follows: in the conditions of synthesis Eu(OH)3 is 
formed, which on heating reacts with dicalcium phosphate CaHPO4 or pyrophosphate according to 
the following equation:

3CaHPO4+Eu(OH)3→Ca3(PO4)2+Eu(PO4)+3H2O
or

3/2Ca2P2O7+Eu(OH)3→Ca3(PO4)2+Eu(PO4)+3/2H2O.

On heating above 1200 °C, β calcium pyrophosphate turns into monoclinic  pyrophosphate. X-ray 
patterns and SEM with retro-diffused electron detection showed the presence of minor additional 
phases. They correspond to Eu-doped βTCP and EuPO4. At higher temperature (1275 °C), 
Ca3Eu(PO4)3 becomes stable and the following reaction takes place:

Ca3(PO4)2+EuPO4→Ca3Eu(PO4)3.

It results in a decrease in β TCP and EuPO4 depending on europium content, temperature and 
duration of heating.
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Moreover, luminescence study indicated that divalent europium ions were located in the  
pyrophosphate and not in the β pyrophosphate. A partial reduction of Eu3+ to Eu2+ occurred in spite 
of the absence of reducing atmosphere. Eu2+ ions progressively occupied the two calcium sites of  
pyrophosphate with increase in temperature and duration of the heat treatment. Some Eu3+ ions 
however remained in the  pyrophosphate structure.

These results can be explained by considering that small amounts of EuPO4 are introduced in solid 
solution into calcium pyrophosphate during the crystallographic β→  transformation and due to 
active diffusion at this high temperature. To maintain local electroneutrality, Eu3+ ions are sited in 
the vicinity of PO4

3− ions. The luminescence line at 610.4 nm observed even at low Eu content, 

could be assigned to Eu3+ ions in a particular environment within the  calcium pyrophosphate 
phase.

This system is unstable and tends to relax, from an intracrystalline reaction, 2 PO4
3− ions form 

P2O7
4− ions:

2(PO4)3−→(P2O7)4−+1/2O2+2e−.

This reaction occurs for two reasons: P2O7
4− will occupy a stable conformation in the 

crystallographic structure of calcium pyrophosphate, and two neighbouring Eu3+ ions tend to be 
reduced into Eu2+.

2Eu3++2e−→2Eu2+.

In order to find out whether this abnormal reduction of Eu3+ to Eu2+ occurred in other matrixes, Eu-
doped  TCP was obtained by heating at 1350 °C under air, apatitic tricalcium phosphate prepared 
by coprecipitation in the presence of Eu3+ ions. Luminescence studies showed that europium 
remained in the trivalent oxidation state: reduction into Eu2+ did not take place in Eu-doped  TCP. 
The  tricalcium phosphate structure does not appear to be suitable for such reaction, indicating that 
the matrix plays an essential role in the reduction process under non-reducing atmosphere. 
Nevertheless, the presence of PO4

3− ions even as a secondary phase, also appears to be required for 

this reaction due to their ability to condense into P2O7
4− and provide electrons for the reduction of 

Eu3+.

Finally, with increase in europium content, europium phosphate is still present as the previous 
reactions are only partial. This compound reacts between 1250 and 1270 °C with the previously 
formed β TCP leading to a mixed phosphate of eulytite structure.

5. Conclusion

We described here the different routes to europium-doped calcium pyrophosphate (from brushite) in 
the presence of europium ions. After heating at 1250 °C or higher, the  calcium pyrophosphate 
phase contains both Eu3+ and Eu2+ ions. The presence of europium ions in a divalent state arises 
from a partial reduction of Eu3+ occurring at high temperature, and stabilization by the calcium 
pyrophosphate structure. These compounds are of particular interest as they can exhibit a red or a 
blue luminescence depending on the excitation wavelength. As biological probes after mechanical 
grinding, they could be readily distinguished from other dyes and the autofluorescence of proteins 
and other components of living cells by changing the excitation wavelength.
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