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Abstract 

Lanthanide phosphate nanomaterials are appealing as multifunctional platforms for 
biomedical applications because of their low toxicity, radiation resistance, and unique 
luminescence and magnetic properties. Lanthanide phosphate nanoparticles (NPs) radiolabeled 
with 156Eu were synthesized by an aqueous route using sodium tripolyphosphate as a phosphate 
source and complexing agent. GdPO4 was used as a host matrix while synthetic concentrations of 
Ce3+/Tb3+ and Eu3+ were varied between 5%–40% and 10%–30%, respectively, and yielded 
spherical NPs with hexagonal crystal system and particle size <5 nm. Luminescence emission and 
magnetic susceptibility were influenced by lanthanide concentrations where characteristic 5D0-7FJ 
and 5D4-7FJ transitions were observed for Eu3+ and Tb3+-doped NPs, respectively. Chemical yield 
of >90% was achieved for GdPO4 and Gd0.6Ce0.3Tb0.1PO4 NPs intrinsically radiolabeled with 
156Eu. In vitro retention of 156Eu within LnPO4 NPs was >97% over 3 weeks. Intrinsically 
radiolabeled LnPO4 NPs have the potential to combine the luminescence and magnetic properties 
of Ln3+ ions with lanthanide radioisotopes for biomedical and environmental applications. 
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1. Introduction 

The development of multifunctional lanthanide-based nanomaterials for biomedical 
applications has gained significant attention in recent years (Bouzigues et al. 2011; Liu et al. 2014; 
Escudero et al. 2017). Interest in these nanomaterials relies on their ability to work simultaneously 
as both diagnostic and therapeutic agents (Li et al. 2014). The former is possible based on the 
unique luminescence and magnetic properties of lanthanide ions related to their 4f electronic 
configuration. Particularly, the luminescence properties of lanthanide-based nanomaterials are 
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characterized by large Stoke’s shifts, an absence of blinking, narrow emission, and a high 
resistance to photobleaching (Zhou et al. 2010; Bouzigues et al. 2011; Teo et al. 2016). 
Furthermore, the composition and concentration of lanthanide ions can be controlled to optimize 
any imaging modality or to obtain down/up-conversion luminescence (Grzyb et al. 2012). Down-
conversion has its limitations since it involves excitation with UV-radiation, which results in cell 
damage and reduced tissue penetration due to background fluorescence and self-absorption 
(Escudero et al. 2017). Up-conversion is preferable for in vitro and in vivo applications due to the 
greater penetration depth in tissue and the negligible photodamage and autofluorescence of 
biological samples caused by near-infrared radiation (Zhou et al. 2010; Bouzigues et al. 2011; 
Escudero et al. 2017). Lanthanide-based nanomaterials can combine the sensitivity of fluorescence 
imaging with the high spatial resolution of magnetic resonance imaging (MRI) for molecular 
imaging in a single dual-modality platform (Vuong et al. 2012; Li et al. 2014; Babić-Stojić et al. 
2016). Application of lanthanide-based nanomaterials as MRI contrast agents is possible based on 
the paramagnetism associated to the unpaired 4f electrons of lanthanide ions such as Gd3+, where 
most commercial positive contrast agents consist of Gd3+ ions complexed with a chelating agent 
(Li et al. 2014; Fraum et al. 2017). Moreover, Dy3+ and Ho3+-based nanomaterials have been 
proposed as alternatives for the negative contrast agents used in diagnostics at high magnetic field 
strengths because saturation of their magnetic moment is not achieved as in the case of 
superparamagnetic iron oxide nanoparticles (NPs) (Vuong et al. 2012; Xu et al. 2012; Escudero et 
al. 2017). 

Lanthanide phosphate (LnPO4, Ln = La–Lu) NPs are candidates for biomedical applications 
because of (i) their low water solubility and cytotoxicity (Yang et al. 2009; Bouzigues et al. 2011; 
Chen et al. 2014); (ii) the biocompatibility of their phosphate matrix (Escudero et al. 2017); and 
(iii) their resistance to radiation damage (Grechanovsky et al. 2013; Rafiuddin and Grosvenor 
2015; Ji et al. 2017; Jolley et al. 2017; Neumeier et al. 2017). These characteristics have prompted 
the development of multifunctional lanthanide phosphate nanomaterials for targeted drug or 
radionuclide delivery (Woodward et al. 2011; Mclaughlin et al. 2013; McLaughlin et al. 2013, 
2014; Runowski et al. 2013; Zhang et al. 2014; Rojas et al. 2015; Dong et al. 2015). The ability of 
lanthanide phosphate to encapsulate and retain therapeutically relevant radionuclides, such as 
225Ac, 223Ra, and their decay daughters, has been studied using LaxGd(1−x)PO4 and LaPO4 core-
shell NPs (Woodward et al. 2011; Mclaughlin et al. 2013; McLaughlin et al. 2013, 2014; Rojas et 
al. 2015). McLaughlin et al. synthesized LaxGd(1−x)PO4 core NPs radiolabeled with 225Ac and 
coated them with 4 nonradioactive shells of LaPO4 or GdPO4 and one shell of gold (Mclaughlin et 
al. 2013). The radiochemical yield of 225Ac was ~57.5% after deposition of both LnPO4 and gold 
shells. In addition, the retention of 221Fr, decay daughter of 225Ac, increased by ~30% upon addition 
of shells with respect to core NPs (Mclaughlin et al. 2013). Moreover, it has been demonstrated 
that the 𝛾𝛾-rays emitted by 225Ac decay daughters, 221Fr and 213Bi, can be used for single-photon 
emission computed tomography (SPECT) (Woodward et al. 2011; McLaughlin et al. 2013; 
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Robertson et al. 2017). Similarly, Rojas et al. reported a radiochemical yield of 80% for 223Ra and 

a 100-fold improvement in the retention of 223Ra in LaPO4 NPs coated with 2 nonradioactive 
LaPO4 shells with respect to LaPO4 core (Rojas et al. 2015). The retention of the decay daughter, 
211Pb, reached a maximum of 90% for LaPO4 core NPs, but its activity could not be assessed after 
addition of two LaPO4 shells, suggesting that the radionuclide was retained quantitatively (Rojas 
et al. 2015). Recently, gold-coated Lu0.5Gd0.5PO4 core NPs were radiolabeled with 177Lu (Sobol et 
al. 2018). The authors reported that the core NPs were able to incorporate 95% of the initial activity 
of 177Lu, but 30% of the activity was lost over a 2-week period because of leakage from surface-
bound 177Lu (Sobol et al. 2018). Additionally, the biodistribution of the radiolabeled NPs was 
assessed using SPECT by examining the 208 keV 𝛾𝛾-ray emitted by 177Lu (Sobol et al. 2018). These 
results have demonstrated the potential of intrinsically radiolabeled lanthanide phosphate NPs to 
be used for nuclear imaging. Hence, lanthanide phosphate nanomaterials can combine multiple 
imaging modalities to overcome gaps in sensitivity, depth, or resolution (Yin et al. 2012; Zhang et 
al. 2014). 

In this work, intrinsically radiolabeled gadolinium phosphate (GdPO4) NPs doped with 
either Ce3+/Tb3+ or Eu3+ were synthesized through an aqueous route using lanthanide chlorides and 
sodium tripolyphosphate as precursors. The concentration of dopant ions was set to 5% and 40% 
for Ce3+/Tb3+ (Ce3+:Tb3+ 3:1), and Eu3+ concentration was fixed at 10% and 30%. GdPO4 was 
chosen as host matrix because of the magnetic moment associated with Gd3+ ions (µ = 7.94 µB) 
and the potential of these NPs as MRI contrast agents (Hifumi et al. 2009; Dumont et al. 2012; Du 
et al. 2015; Frangville et al. 2016). Moreover, a dual-imaging modality based on fluorescence and 
magnetic resonance imaging has been reported for europium-doped GdPO4 core and core/shell 
NPs (Yaiphaba et al. 2009; Rodriguez-Liviano et al. 2013; Bilin et al. 2015; Du et al. 2015; 
Goderski et al. 2017). Similarly, the luminescence and magnetic properties of lanthanide phosphate 
NPs using Ce3+ and/or Tb3+ as dopant ions have been studied by others (Wang et al. 2007; Yu et 
al. 2007; Yan et al. 2010; Debasu et al. 2012; Grzyb et al. 2012; Fan et al. 2013; Khajuria et al. 
2016). This work evaluated the morphology, crystal structure, absorption, excitation, emission, 
and magnetic susceptibilities of the as-prepared NPs. Particular attention was paid to the 
absorption, excitation, and emission spectra because of their dependence on the concentration of 
lanthanide ions (Yaiphaba et al. 2009), host matrix (De Sousa Filho and Serra 2008), and crystal 
structure (Lai et al. 2009). Additionally, the influence of elemental composition and lanthanide 
concentration on magnetic susceptibility was assessed. Herein, the lanthanide phosphate NPs were 
intrinsically radiolabeled using 156Eu, which is a β and 𝛾𝛾-emitter. The chemical yield and retention 
of 156Eu were evaluated by 𝛾𝛾 spectroscopy using a high-purity germanium (HPGe) detector. 
Radiolabeled Ln(156Eu)PO4 NPs can be used to trace and investigate their environmental and 
biological fate. Although the high energy 𝛾𝛾-rays emitted by 156Eu (>1000 keV) restrict its 
application for biomedical applications (Yin et al. 2017), its successful incorporation suggests the 
potential implementation of lanthanide phosphate NPs radiolabeled with lanthanide radioisotopes 
with lower energy 𝛾𝛾-rays such as 141Ce, 153Gd, 177Lu, and 166Ho, among others, for diagnostic and 
therapeutic applications (Nayak and Lahiri 1999; Cutler et al. 2000). Lanthanide phosphate 



nanomaterials are contributing to the development of noninvasive techniques for the identification, 
visualization, and treatment of tumors by combining imaging and therapeutic functionalities within 
a single platform (Xie et al. 2010; Barreto et al. 2011). 

2. Experimental procedure 
2.1. Materials 

Europium(III) chloride hexahydrate [EuCl3·6H2O] (99,9%, trace metal basis), cerium(III) 
chloride heptahydrate [CeCl3·7H2O] (99,9%, trace metal basis), terbium(III) chloride hexahydrate 
[TbCl3·6H2O] (99,9%, trace metal basis), and sodium tripolyphosphate pentabasic [Na5P3O10] 
(≥98% (T), purum p.a.) were obtained from Sigma Aldrich. Gadolinium(III) chloride hexahydrate 
[GdCl3·6H2O] (99,9%, trace metal basis) was obtained from Alfa-Aesar. All chemicals were 
analytical grade, used without further purification, and prepared at a concentration of 0.1 M in 
water. Deionized (DI) water (18 MΩ) was obtained from a MilliQ® water purification system. 
Regenerated cellulose dialysis membranes with a 8–10 kDa molecular weight cutoff were 
purchased from Spectra® and used for the purification of the suspension after synthesis. The 
regenerated cellulose membrane was washed several times with DI water before being used to 
remove preservatives. The radioactive europium-containing solution used for the synthesis of 
LnPO4 NPs consisted mainly of 156Eu (T1/2 = 15.2 days) with negligible quantities of 154Eu and 
155Eu in a 0.1 M HCl. This cocktail of Eu radioisotopes was a by-product of routine strontium-89 
(89Sr, T1/2 = 50.5 days) production at the High Flux Isotope Reactor at Oak Ridge National 
Laboratory. The highly enriched 88Sr target contained <10 ppm of natural europium (151Eu and 
153Eu), as impurities. During a 24-day irradiation of ~2 g of 88Sr target at a thermal neutron flux of 
2 × 1015 n s–1 cm–1, ~20 µCi of 156Eu and <1 µCi of 154Eu and 155Eu, are co-produced with ~2 Ci 
of 89Sr. Various isotopes of europium such as 154Eu, 155Eu, and 156Eu as well as 89Sr were produced 
through neutron capture during the irradiation. Following irradiation, the target was processed in 
a hot cell facility, and the Eu isotopes were separated from Sr by ion exchange and extraction 
chromatography methods. 

2.2. Synthesis of LnPO4 and Ln(156Eu)PO4 NPs 

LnPO4 NPs were synthesized by coprecipitation of Ln3+ and [PO4]3− ions from lanthanide 
salts LnCl3·xH2O (Ln = Gd, Ce, Tb, Eu) and Na5P3O10 (Na-TPP) at moderate temperature. GdPO4, 
Gd0.9Eu0.1PO4, Gd0.7Eu0.3PO4, Gd0.95Ce0.0375Tb0.0125PO4, and Gd0.6Ce0.3Tb0.1PO4 NPs were 
prepared by mixing the solution containing the lanthanide salts with the solution containing Na-
TPP at a volume ratio of 1:2 to obtain a clear solution [Fig. S.1(a)]. The mixture of LnCl3/Na-TPP 
was heated to 90°C for 3 hours to promote hydrolysis of the tripolyphosphate ([P3O10]5−) ions into 
orthophosphate ([PO4]3−) ions. The interaction between the [PO4]3− and Ln3+ contributes to the 
nucleation and growth of the NPs, while a fraction of the polyphosphate groups helps to restrict 
the growth and acts to stabilize the NP’s surface (Buissette et al. 2004). Suspension appearance 
changed from transparent to turbid after synthesis [Fig. S.1(b)]. Each NPs suspension was 
transferred into a dialysis membrane and dialyzed overnight in DI water to remove unreacted 



species, which resulted in greater suspension translucency [Fig. S.1(c)]. For the synthesis of 
intrinsically radiolabeled GdPO4, Gd0.7Eu0.3PO4, and Gd0.6Ce0.3Tb0.1PO4 NPs, a 0.1 M HCl 
solution containing ~2 µCi of 156Eu was initially dried in a conical vial at 80°C. Then, lanthanide 
chloride solutions were added and stirred for 20 minutes to ensure a complete dispersion of 156Eu3+ 
ions. Sodium tripolyphosphate was added in a 2:1 volume ratio to the solution containing the Ln3+ 
ions as described previously. This mixture was homogenized in a vortex mixer until a clear solution 
was obtained. The final solution containing Ln3+−156Eu3+−TPP complexes was heated to 90°C for 
3 hours to synthesize Ln(156Eu)PO4 NPs. The turbid suspensions containing the 156Eu-doped NPs 
were transferred into a dialysis membrane and dialyzed overnight in DI water. The first dialysate 
was changed after 20 hours, and an aliquot was taken to quantify the activity associated with 
156Eu3+ ions that were not incorporated within the NPs. Afterward, aliquots from the dialysate were 
taken periodically (every 3−4 days) to assess the retention of 156Eu over a 3-week period. 

2.3. Characterization 

Morphology of the LnPO4 NPs was characterized using a Zeiss Libra 120 transmission 
electron microscope (TEM) with a LaB6 filament operating at 120 kV. TEM grids were prepared 
by diluting a dialyzed suspension of NPs (100× in DI water) followed by sonication for 30 minutes. 
The sample was then drop-casted onto a carbon-coated copper grid (Mesh 300). The particle size 
was measured using the software ImageJ v1.5i. Particle size distribution and zeta potential of the 
as-prepared and dialyzed NPs suspensions were obtained using a NanoPlus HD (dynamic light 
scattering equipment, Micromeritics®). For X-ray diffraction (XRD), a portion of the suspension 
was dried for 2 days in a vacuum oven at 30 inHg and 60°C. The dried material was ground using 
a mortar and pestle until a fine powder was obtained. The crystal structure was analyzed by powder 
XRD using a Panalytical X'Pert Pro x-ray diffractometer at 45 kV and 40 mA with a copper anode 
(Cu Kα, λ = 1.5401 Å). The relative concentration of lanthanide ions was assessed by energy-
dispersive x-ray spectroscopy using a Hitachi SU-70 field emission scanning electron microscope. 
The amount of Gd cations that did not result in NPs formation was assessed by taking aliquots 
from the dialysate and measuring the Gd concentration by inductively coupled plasma–optical 
emission spectroscopy (ICP–OES) using an Agilent 5110 ICP-OES (the detection limit for Gd in 
this system is 2.5 ppb). A 1000 ppm Gd ICP standard from Inorganic Ventures™ was diluted 
serially to standard solutions of Gd ranging in concentration from 0.1–100 ppm to construct a 
calibration curve. The absorption spectra of dialyzed NPs suspensions diluted to 20 times in DI 
water were recorded on a Thermo Scientific™ GENESYS 10S UV-vis spectrophotometer. The 
excitation and emission spectra were acquired using the same diluted suspensions on a Varian 
Eclipse fluorescence spectrophotometer. The magnetic susceptibilities were characterized using 
the fine powder prepared as described above in a VersaLab™ 3 Tesla vibrating sample 
magnetometer operated at 300 K. Each sample was massed into a polypropylene capsule, centered, 
and measured in a field from 0–3 T to record the magnetic susceptibility. Radiochemical yield and 
retention of 156Eu within LnPO4 NPs were evaluated in vitro as reported elsewhere (Woodward et 
al. 2011; Mclaughlin et al. 2013; Rojas et al. 2015). Briefly, an aliquot from the as-prepared 



Ln(156Eu)PO4 NPs was assayed to determine the initial activity of 156Eu in each sample. The 
activity lost during the synthesis of the radioactive NPs was determined from 𝛾𝛾-ray analysis of the 
reaction vial, spin-vane, and pipette tips used during synthesis. After synthesis of the NPs, the 
activity from unreacted 156Eu3+ ions was measured from a 5 mL aliquot of the initial dialysate. 
Once this dialysate was replaced by fresh DI water, subsequent aliquots were taken periodically 
(every 3−4 days) and were used to assess the retention of 156Eu within the LnPO4 NPs over time. 
The 𝛾𝛾-energy and intensities used to determine the activity of 156Eu were 88.97 keV (8.4%) and 
811.77 keV (9.7%). When necessary, appropriate corrections for volume change in dialysate due 
to the aliquots withdrawn and radioactive decay were made. Radioactivity measurements were 
performed using a HPGe detector (Ortec, Oak Ridge, TN) with a crystal active volume ~100 cm3 
and a beryllium window that was coupled to a PC-based multichannel analyzer (Canberra 
Industries, Meriden, CT). Energy and efficiency calibrations were determined by 𝛾𝛾-ray sources 
traceable to the National Institute of Standards and Technology. 

3. Results and discussion 
3.1. Synthesis of LnPO4 and Ln(156Eu)PO4 NPs 

For the synthesis of LnPO4 NPs in aqueous media, a coprecipitation reaction mechanism 
between Ln3+ and [PO4]3− ions took place using lanthanide chlorides and sodium tripolyphosphate 
as precursors, respectively. Initially, a homogeneous solution containing the lanthanide salts and 
the complexing agent, Na-TPP, was prepared to obtain a Ln-TPP complexes [Fig. S.1(a)]. The 
solution containing the polymeric complexes was subjected to thermal decomposition at 90°C 
under constant stirring to promote the hydrolysis of the tripolyphosphate into pyrophosphate 
([P2O7]4−) and orthophosphate ions. Thus, Ln3+ and [PO4]3− ions contribute to the formation of 
LnPO4 crystallites, and the unreacted polyphosphate groups help to restrict the growth and provide 
stability to the NPs in suspension. The formation and growth of NPs resulted in a change of the 
solution appearance from clear to turbid [Fig. S.1(b)]. The NPs suspensions were dialyzed against 
DI water for 48 hours to both remove unreacted species and to assess the retention of 156Eu. After 
dialysis, the NPs suspension changed appearance, becoming more translucent [Fig. S.1(c)]. The 
absolute zeta potential of dialyzed GdPO4, Gd0.6Ce0.3Tb0.1PO4, and Gd0.7Eu0.3PO4 NPs suspensions 
decreased relative to as-prepared suspensions (Table S.1). Both as-prepared and dialyzed NPs 
suspensions had a negative zeta potential, which is attributed to the polymeric shell formed by 
polyphosphate species (Buissette et al. 2004). As shown in Table S.1, the dialyzed NPs had a 
decrease of ~10 mV in the absolute zeta potential, which is related to the removal of the 
polyphosphate species from the NP’s surface.  

To assess the concentration of Gd cations in the dialysate over time, the as-prepared 
GdPO4, Gd0.6Ce0.3Tb0.1PO4, and Gd0.7Eu0.3PO4 NPs suspensions were dialyzed for 4 days and a 10 
mL aliquot was taken daily from each dialysate and analyzed for Gd. As shown in Fig. S.2, the 
maximum concentration of Gd cations in the dialysate is ~1.2 ppm, 1 ppm, and 0.1 ppm for GdPO4, 
Gd0.6Ce0.3Tb0.1PO4, and Gd0.7Eu0.3PO4 NPs, respectively. The presence of Gd cations in the 
dialysate might be related to the fraction of lanthanide ions that did not result in NPs formation but 



retained within the polymeric shell formed around the NP’s surface (Buissette et al. 2004). The 
concentration of Gd cations measured in the dialysate is equivalent to a leakage of ~5.5 at.%, 8.5 
at.%, and 0.9 at.% for GdPO4, Gd0.6Ce0.3Tb0.1PO4, and Gd0.7Eu0.3PO4 NPs, respectively. As shown 
in Fig. S3, the leakage of Gd cations to the dialysate remains constant over time, which suggests 
that the NPs are chemically stable in DI water at the set conditions. The  release of unreacted and 
surface bound Gd3+ ions from the NPs may result in in vivo toxicity if intended for biomedical 
applications (Ramalho et al. 2016; Rogosnitzky and Branch 2016; Fraum et al. 2017). Therefore, 
evaluation of efficient cleaning routes and removal of unreacted species is of utmost importance 
to prevent unwanted toxicity. Previous studies on Gd2O3 and GdPO4 have reported significant 
levels of toxicity when bare NPs are used in-vivo, which is due to the transmetallation of Gd3+ ions 
with endogenous cations (Du et al. 2015; Ramalho et al. 2016; Ho et al. 2018). Thus, surface 
modification should be carried out to promote biocompatibility and prevent the release of Gd ions 
in vivo (Hifumi et al. 2009; Dumont et al. 2012; Li et al. 2014; Du et al. 2015). Energy-dispersive 
x-ray spectroscopy was used to confirm the elemental composition and lanthanide concentrations 
in the as-prepared LnPO4 NPs. The results show agreement between the theoretical and final 
concentrations of lanthanides for the majority of the samples as presented in Table S.2. The 
discrepancies for terbium and europium cations were significant because of the low concentrations 
used in synthesis and the similarity in energy between the Lα and M lines of these lanthanides with 
respect to gadolinium.  

3.2. Crystal Structure of LnPO4 NPs 

The diffraction patterns of the as-prepared LnPO4 NPs and the reference pattern of hydrated 
gadolinium phosphate (GdPO4·nH2O, pdf: 00-039-0232) are shown in Fig. 1. The peak broadening 
observed for the as-prepared LnPO4 NPs is due to a nanocrystalline structure. The crystal structure 
of the as-prepared LnPO4 NPs was identified as a rhabdophane structure with a hexagonal crystal 
system and a space group P3121. The hexagonal crystal system obtained is in agreement with the 
results reported for LnPO4 nanomaterials synthesized following the same synthetic procedure as 
well as different routes (Buissette et al. 2006b; Huo et al. 2007; Ren et al. 2012; Runowski et al. 
2013; Rojas et al. 2015). The crystal structure of lanthanide phosphate nanomaterials is influenced 
not only by the lanthanide ion size but also by the synthetic strategy followed (Rafiuddin and 
Grosvenor 2016). The diffraction peaks of LnPO4 NPs present a slight shift with respect to the 
reflections from the reference pattern of GdPO4·nH2O (Fig. 1) because of the presence of 
substitutional atoms from various lanthanides in the crystal structure. This shifting of 2θ implies a 
change in the d-spacing due to elastic strains imposed by the concentration and the difference in 
size between the ionic radius of the lanthanide ions used (i.e., Tb3+ = 92.3 pm, Gd3+ = 93.8 pm, 
Eu3+ = 94.7 pm, Ce3+ = 101.0 pm) (Cotton 2006). Furthermore, the crystallite size of the as-
prepared LnPO4 NPs was calculated using the Scherrer equation (D = Kλ/β cosθ), where D is the 
crystallite size, λ is the wavelength of the Cu-Kα radiation, β is the full-width half maximum 
(FWHM) of the selected reflection, θ is the Bragg angle, and K is a shape factor set as 0.9 for 
spherical morphologies (Holzwarth and Gibson 2011). The crystallite size obtained from multiple 



Bragg angles which is a statistical representation of the particle size based on the amount of sample 
that contributes to the diffraction is presented in Table S.3. 

 
Fig. 1 Diffraction patterns of (a) GdPO4 (blue), (b) Gd0.9Eu0.1PO4 (orange), (c) 

Gd0.7Eu0.3PO4 (yellow), (d) Gd0.95Ce0.0375Tb0.0125PO4 (purple), (e) Gd0.6Ce0.3Tb0.1PO4 (green), and 
(f) GdPO4·nH2O [pdf: 00-039-0232] (black). 

3.3.Morphology and Particle Size Distribution of LnPO4 NPs 

TEM micrographs of as-prepared LnPO4 NPs are shown in Figs. 2, 3, and S.4-7. Branched 
structures can be observed from the low magnification micrographs (Figs. 2, S.4, S.5, and S.6a). 
At higher magnifications, these branched structures are formed by LnPO4 NPs with spherical and 
ellipsoidal morphologies surrounded by a low-density matrix, which is evidenced in Figs. 3a, 3c, 
S.6b, S.6c, S.7b, and S.7c. The formation of these structures is assumed to be related to the 
polymerization of unreacted polyphosphate oligomers, [P3O10]5− and [P2O7]4−, that have a higher 
concentration in solution given by the initial volume ratio of Ln3+ to [P3O10]5− ions (Buissette et al. 
2004). Thus, P3O10 and P2O7 anions in this system promote the formation of a polymeric shell 
encompassing the NPs as observed in the micrographs. These unreacted phosphate oligomers were 
intended to be removed by dialysis, however, as seen from the images their removal was partially 
successful. Particle size distributions of Gd0.95Ce0.0375Tb0.0125PO4 [Fig. 3(b)] and 
Gd0.6Ce0.3Tb0.1PO4 [Fig. 3(d)] NPs follow a log-normal distribution with mean sizes of 3.9 ± 
1.1 nm and 2.9 ± 0.5 nm, respectively. It is expected that GdPO4, Gd0.9Eu0.1PO4, and Gd0.7Eu0.3PO4 
NPs have comparable morphologies and particle size distributions with respect to 
Gd[1−x](Ce0.75Tb0.25)xPO4 NPs. The as-prepared LnPO4 NPs correspond to single crystals based on 
the similarity between the mean particle size and the mean crystallite size measured by TEM and 
x-ray diffraction, respectively. The particle size distribution of as-prepared and dialyzed GdPO4, 



Gd0.6Ce0.3Tb0.1PO4, and Gd0.7Eu0.3PO4 NPs suspensions were also analyzed by dynamic light 
scattering. NPs suspensions at a concentration of 0.033 M showed broad normalized intensity 
distributions, suggesting significant aggregation of NPs (Fig. S.8). After dialysis, the cumulant 
size, polydispersity index, and mean hydrodynamic size decrease for almost all the NPs 
suspensions with respect to the as-prepared suspensions (Table S.4). The decrease in 
polydispersity index and hydrodynamic size may be associated with the removal of unreacted 
species which cause aggregation of NPs. Figure S.9 shows the normalized number distributions 
for both as-prepared and dialyzed NPs suspensions. Based on the normalized number distributions, 
the mean hydrodynamic size of the dialyzed NPs suspensions is 1–2 orders of magnitude lower 
than that of the as-prepared (Table S.4). The mean hydrodynamic size obtained from the 
normalized number distribution agrees with the branched structures observed in the TEM 
micrographs with sizes between 20–100 nm. The as-prepared and dialyzed NPs suspensions were 
diluted to 1.33 mM to also assess their particle size at this condition. The dilution of both 
suspensions caused a significant decrease of the mean hydrodynamic size and particle size as 
shown in Figs. S.10 and S.11. The normalized intensity distribution shows that both as-prepared 
and dialyzed suspensions have a broad hydrodynamic size in the range of few tens to hundreds of 
nanometers (Fig. S.10). This could be related to the branched structures observed in the TEM 
micrographs. As shown in Fig. S.11 and Table S.5, there is no significant difference between the 
normalized number distributions of both suspensions. This may be related to the fact that dialysis 
of the NPs suspensions does not affect the branched structures formed during synthesis. 

 

Fig. 2 TEM micrographs of (a) GdPO4, (b) Gd0.9Eu0.1PO4, and (c) Gd0.7Eu0.3PO4 NPs. 



 

Fig. 3 Above, TEM micrograph and particle size distribution of Gd0.95Ce0.0375Tb0.0125PO4 NPs. 
Below, micrograph and particle size distribution for Gd0.6Ce0.3Tb0.1PO4 NPs. 

3.4. Luminescence properties of LnPO4 NPs 

 The absorption, excitation, and emission spectra of Gd(1−x)EuxPO4 and 
Gd[1−x](Ce0.75Tb0.25)xPO4 NPs are shown in Figs. 4, 5, and 6, respectively. Gd(1−x)EuxPO4 NPs are 
characterized by a broad absorption band around 240 nm related to the charge-transfer transition 
between Eu-O [Fig. 4(a)] (Yaiphaba et al. 2010). The intensity of this absorption band increases 
with higher concentration of Eu3+ ions as shown in Fig. 4(a). The absorption spectrum of 
Gd[1−x](Ce0.75Tb0.25)xPO4 is represented by multiple absorption bands at 214, 235, 255, and 272 nm 
[Fig. 4(b)]. These bands correspond to the spin-orbit components of the excited 5d state of Ce3+ 
ions, 2D5/2 and 2D3/2, which are split by the crystal field (Riwotzki et al. 2001). Furthermore, the 
absorption band at 272 nm is attributed to the Ce3+ in lanthanide phosphate (Buissette et al. 2004) 
and its normalized intensity is related to the concentration of Ce3+ ions within the NPs [Fig. 4(b)]. 
The excitation spectra of Gd(1−x)EuxPO4 NPs were collected using an emission wavelength of 
590 nm and a photomultiplier tube (PMT) voltage of 800 V. None of the spectra from Fig. 5(a) 
exhibited the characteristic charge transfer from the O2− 2p orbital to the Eu3+ 4f orbital represented 
by a broad band around 260 nm (Yang et al. 2014). The lack of this band is assumed to be related 
to the high concentration of Eu3+ ions (i.e., it has been shown that the europium-doped GdPO4 NPs 
at 10% and 30% Eu3+ are missing this excitation band) (Yaiphaba et al. 2010). Additionally, the 
high [P/(Gd+Eu)] ratio used during the synthesis of LnPO4 NPs could result in a decrease of the 
luminescence emission caused by the low intensity of the excitation band (Onoda and Funamoto 
2012; De Sousa Filho et al. 2015). On the other hand, the excitation spectra of 
Gd[1−x](Ce0.75Tb0.25)xPO4 was recorded using an emission wavelength of 352 nm and a PMT 



voltage of 600 V. Figure 5(b) shows a resemblance between the excitation and absorption spectra 
[Fig. 4(b)]. The similarity between both spectra is a validation of the energy transfer from Ce3+ to 
Tb3+ ions (Riwotzki et al. 2001). The normalized intensity of the excitation spectrum is not as 
sensitive to the concentration of Ce3+ ions as the absorption spectrum. 

 

Fig. 4 Absorption spectra of (a) Gd(1−x)EuxPO4 and (b) Gd[1−x](Ce0.75Tb0.25)xPO4 NPs. 

 

Fig. 5 Excitation spectra of (a) Gd(1−x)EuxPO4 (λemi = 590 nm) and (b) Gd[1−x](Ce0.75Tb0.25)xPO4 

(λemi = 352 nm) NPs. 

Emission spectra of Gd(1−x)EuxPO4 and Gd[1−x](Ce0.75Tb0.25)xPO4 NPs were collected using 
emission filters to prevent secondary order transmission (Lakowicz 2006). Fig. 6(a) shows the 
emission spectra of Gd(1−x)EuxPO4 NPs recorded using a PMT voltage of 800 V, an emission filter 
between 550–1,100 nm, and an excitation wavelength of 225 nm. The spectra shows the 



characteristic 5D0−7FJ (J = 1 to 4) transitions of Eu3+ and the characteristic red emission of Eu3+ 
ions under UV illumination as shown in the inset of Fig. 6(a) (Ferhi et al. 2008; Hachani et al. 
2009). The most intense peak located at 594 nm is attributed to the magnetic-dipole (5D0-7F1) 
transition (Pavitra et al. 2015). The relative intensity of the magnetic-dipole (5D0-7F1) and electric-
dipole (5D0-7F2) transitions is influenced by the local symmetry of Eu3+ ions (Yan and Xiao 2010). 
Hence, the higher normalized intensity of the magnetic-dipole transition in Gd(1−x)EuxPO4 NPs is 
due to the higher occupancy of Eu3+ ions with inversion symmetry in the GdPO4 hexagonal lattice 
(Pavitra et al. 2015). Figure 6(b) shows the emission spectra of Gd[1−x](Ce0.75Tb0.25)xPO4 NPs 
acquired with a PMT voltage of 600 V, an emission filter at 295–1,100 nm, and an excitation 
wavelength of 272 nm. The spectra is characterized by a broad and an intense emission band at 
~350 nm related to transitions of Ce3+ ions from the lowest component of 2D state to the spin-orbit 
components of the ground state which luminescence is not completely quenched, 2F7/2 and 2F5/2 
(Riwotzki et al. 2001; Buissette et al. 2004, 2006a; Wang and Gao 2006; Di et al. 2010). 
Additionally, the high intensity of this emission band causes the appearance of the second 
harmonic of the Ce3+ emission in the visible range as shown in Fig. 6(b). The high emission from 
Ce3+ ions observed for both Gd[1−x](Ce0.75Tb0.25)xPO4 NPs suggests an inefficient energy transfer 
between Ce3+ and Tb3+ ions (Dong et al. 2010). It has been shown that decreased concentrations 
of Ce3+ and Tb3+ ions result in a higher emission of Ce3+ ions with respect to Tb3+ ions (Wenyuan 
et al. 2010). The emission spectra reveal the presence of the characteristic 5D4-7FJ (J = 4, 5, and 6) 
Tb3+ transitions as shown in the inset of Fig. 6(b) (Zhang and Chen 2016). An increment in 
concentration of both Ce3+ and Tb3+ ions results in a significant increase in the normalized intensity 
of the Tb3+ emission. A further increment of the Tb3+ emission accompanied by a decrease of Ce3+ 
emission can be achieved by dropping the concentration of Ce3+ within LnPO4 NPs (Di et al. 2010; 
Wenyuan et al. 2010). Finally, the luminescence observed from both Eu3+ and Tb3+ ions is 
influenced by the nanocrystalline nature  (Khajuria et al. 2016), the high concentration of Ln3+ ions 
(Yaiphaba et al. 2010), and the P/Ln ratio (Onoda and Funamoto 2012) of the as-prepared LnPO4 
NPs. 

 



 
Fig. 6 Emission spectra of (a) Gd(1−x)EuxPO4 (λexc = 225 nm) and (b) Gd[1−x](Ce0.75Tb0.25)xPO4 
(λexc = 272 nm) NPs. Insets correspond to Gd0.7Eu0.3PO4 and Gd0.6Ce0.3Tb0.1PO4 NPs under UV 
light (λ = 254 nm). 

3.5. Magnetic Susceptibility of LnPO4 NPs 

A vibrating sample magnetometer was used to measure magnetic susceptibilities of the 
LnPO4 NPs as shown in Fig. 7. The paramagnetic behavior of Ln3+ ions is represented by a linear 
increase of the mass magnetization with the magnetic field. The magnetic susceptibility (χ) was 
computed from the mass magnetization and magnetic field curves to compare the magnetic 
properties of the as-prepared LnPO4 NPs as shown in Table S.6. It is important to mention the 
correction that must be done to determine the contribution of the diamagnetic susceptibility. Based 
on Pascal constants for the −PO4 group, it is expected that for all samples this group will have a 
diamagnetic susceptibility, −0.5 × 10−6 emu g−1 (Bain and Berry 2008), which was subtracted from 
the paramagnetic susceptibility of the as-prepared LnPO4 NPs. The higher χ corresponds to pure 
GdPO4 (76.7 × 10−6 emu Oe−1 g−1), whereas the lower is related to Gd0.6Ce0.3Tb0.1PO4 NPs 
(54.6 × 10−6 emu Oe−1 g−1). This trend is associated with the magnetic moment (µ) of each Ln3+ 
ion and its relationship to the magnetic susceptibility based on the Curie formula, where χ is 
directly proportional to the square of µ (Gschneidner et al. 2009): 

 �χ =  𝑁𝑁𝜇𝜇
2

3𝑘𝑘𝐵𝐵𝑇𝑇
�. 

Hence, the largest χ is expected for pure TbPO4, and lowest for CePO4 at 300 K (μTb = 9.5 µB, 
μGd = 7.95 µB, μEu = 3.4 µB, and μCe = 2.4 µB) (Cotton 2006). The presence of Gd3+ ions, which 
have magnetic moments that are localized and noninteractive, suggests that the LnPO4 NPs can be 
implemented as MRI contrast agents (Du et al. 2015). The presence of other Ln3+ ions may have a 
positive or negative effect on the response of GdPO4 NPs as contrast agents. For example, it has 
been reported that europium-doped GdVO4 has a higher longitudinal proton relaxivity (r1) with 
respect to pure GdVO4 NPs (Abdesselem et al. 2014). Additionally, the design of NPs that behave 



as both positive and negative contrast agents is of current interest for biomedical applications 
because it would prevent ambiguous results (Escudero et al. 2017). Therefore, the increase of Tb3+ 
ions within LnPO4 NPs could contribute to the development of a dual positive and negative 
contrast agent based on the proportional relationship of the transverse proton relaxivity with the 

square of the magnetic moment (r2 ∝ µ2) (Xu et al. 2012). This increase in Tb3+ concentration will 
also result in an enhancement of the luminescence as described previously. 

 

Fig. 7 Mass magnetization (emu/g) versus field (T) loop for GdPO4 (blue), Gd0.9Eu0.1PO4 (orange), 
Gd0.7Eu0.3PO4 (yellow), Gd0.95Ce0.0375Tb0.0125PO4 (purple), and Gd0.6Ce0.3Tb0.1PO4 (green) NPs. 

3.6. Radiochemical yield and Retention of 156Eu 

The initial activity of the as-prepared Ln(156Eu)PO4 NPs determined by 𝛾𝛾-ray analysis was 
~1.8, 2.4, and 2.2 µCi for GdPO4, Gd0.6Ce0.3Tb0.1PO4, and Gd0.7Eu0.3PO4, respectively. The 
activity lost in the vial, spin-vane, and pipette tip used during the synthesis and transfer of the 
solutions into the dialysis membrane was <2% of the initial activity. After 20 hours in dialysis, an 
aliquot from the dialysate was taken to assess the percentage of activity associated to unreacted 
156Eu3+ ions. Unreacted species are expected to pass through the membrane and stay in the dialysate 
because of the concentration gradient. The fraction of activity measured in the dialysate was 5.2%, 
5.6%, and 16.0% for GdPO4, Gd0.6Ce0.3Tb0.1PO4, and Gd0.7Eu0.3PO4, respectively. It is assumed 
that the activity found in the dialysate was due to 156Eu3+ ions that were not incorporated within 
the NPs but adsorbed on their surface by polyphosphate species. However, in the case of 
Gd0.7Eu0.3PO4 NPs the activity found in the 1st dialysate was about three times higher than observed 
for the two other systems. In this case, we hypothesize that a competing process between Eu3+ and 
156Eu3+ ions may contribute to the larger fraction of unreacted species from the latter. Thus, this 
process causes a relatively lower incorporation and retention of 156Eu3+ within Gd0.7Eu0.3PO4 NPs. 
A similar behavior was observed with Lu0.5Gd0.5PO4 radiolabeled with 177Lu, where an excess of 
LuCl3 solution added during synthesis caused an activity loss of 21% after 24 hours (Sobol et al. 



2018). The authors suggested that the increase in activity loss was due to surface bound 177Lu and 
an exchange between stable and radioactive isotopes (Sobol et al. 2018). However, subsequent 
aliquots were taken periodically and demonstrated the successful retention of 156Eu in GdPO4 over 
3 weeks. The activity measured was less than 0.2% of the initial activity for the subsequent 
aliquots. Similarly, Gd0.6Ce0.3Tb0.1PO4 NPs had a maximum leakage of 0.3% over the same period 
of time. The leakage of 156Eu from both GdPO4 and Gd0.6Ce0.3Tb0.1PO4 is comparable to that of 
225Ac from La(225Ac)PO4 and La0.5Gd0.5(225Ac)PO4 core NPs, ~0.1% and ~0.9%, respectively  [24], 
(Mclaughlin et al. 2013). Instead, the maximum leakage observed for Gd0.7Eu0.3PO4 was ~3.5% 
the initial activity. The higher leakage observed for Gd0.7Eu0.3PO4 with respect to GdPO4 and 
Gd0.6Ce0.3Tb0.1PO4 may be related to the competing processes previously discussed and a higher 
fraction of surface bound 156Eu cations that were not removed in the first or initial dialysate. The 
chemical yield of 156Eu was 93.5%, 92.8%, and 79.6% for GdPO4, Gd0.6Ce0.3Tb0.1PO4, and 
Gd0.7Eu0.3PO4, respectively. As noted earlier, the reported yield takes into account the activity loss 
during synthesis and the initial dialysate. It also includes corrections for radioactive decay and 
volume change in dialysate due to the aliquots withdrawn. These results demonstrate the successful 
incorporation of 156Eu3+ within the LnPO4 crystal structure. Moreover, the values obtained for the 
radiochemical yields of GdPO4 and Gd0.6Ce0.3Tb0.1PO4 are comparable to the yields reported for 
LaPO4 core NPs doped with 223Ra (~91%), 225Ra (94%), and 225Ac (95%) (Rojas et al. 2015) as 
well as the yield of intrinsically radiolabeled cerium oxide NPs using 141Ce (97%) (Yang et al. 
2013). Consequently, the synthesized lanthanide phosphate core NPs have the potential to retain 
radioactive lanthanide ions such as 141Ce, 153Gd, 177Lu, 166Ho, in addition to 225Ac and 223Ra, within 
their crystal structure for biomedical and engineering applications. 

4. Conclusions 

In this work, 156Eu cations were incorporated within the crystal structure of LnPO4 NPs to 
assess the radiochemical yield and retention of lanthanide radioisotopes in as-prepared NPs toward 
the development of multifunctional platforms for biomedical and engineering applications. The 
concentration of lanthanide ions was varied within the NPs to enhance their response as contrast 
agents for fluorescence and magnetic resonance imaging. The low luminescence emission of both 
Eu3+ and Tb3+ ions observed was a result of the nanocrystalline nature of the as-prepared LnPO4 
NPs and the higher ratio of phosphate species. Retention of 156Eu within the LnPO4 crystal 
structure was influenced by the elemental composition. The leakage of 156Eu observed is not 
related to dissolution of LnPO4 NPs but is related to 156Eu cations bound to the NP’s surface or 
attached to the stabilizing polymeric shell formed by phosphate oligomers. The proposed synthesis 
route is suitable for the synthesis of intrinsically radiolabeled LnPO4 NPs with a radiochemical 
yield >90%. The as-prepared LnPO4 NPs with particle size <5 nm can be advantageous for passive 
and active targeting for in vivo applications. The intrinsically radiolabeled LnPO4 NPs also have 
potential as radiotracers for environmental applications or as theranostic platforms for diagnostic 
and treatment of multiple human diseases. Current efforts are being focused in the 
functionalization and bioconjugation of the NPs to assess their in vitro and in vivo toxicity. 
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Fig. S.8 Appearance evolution of Gd95Ce3.75Tb1.25PO4 during synthesis. (a) Mixture of lanthanide 
salt and complexing agent, (b) suspension after synthesis, and (c) suspension after dialysis. 

Table S.1 Mean zeta potential and standard deviation of LnPO4 (0.033 M) NPs suspensions. 
  

Zeta Potential (mV) 
  

As prepared Dialyzed 

GdPO4 
Mean -23.88 -13.03 

Std. Dev. 1.92 0.08 

Gd0.6Ce0.3Tb0.1PO4 
Mean -23.36 -13.59 

Std. Dev. 1.57 0.27 

Gd0.7Eu0.3PO4 
Mean -28.52 -18.50 

Std. Dev. 7.78 1.15 
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Fig. S9 Concentration of Gd3+ in the dialysate over time. 



 

Fig. S10 Relative atomic concentration of Gd3+ into the dialysate over time. 

Table S.2 Calculated relative molar concentration of lanthanide ions and error percent with respect 
to theoretical concentrations. 

Sample ID  Gd3+ Ce3+ Tb3+ 

Gd0.95Ce0.0375Tb0.0125PO4 
Calculated (%) 93.2 3.5 3.3 

Error (%) 1.9 6.5 162.4 

Gd0.6Ce0.3Tb0.1PO4 
Calculated (%) 58.8 30.3 10.9 

Error (%) 2.0 1.0 8.7 

  Gd3+ Eu3+  

Gd0.9Eu0.1PO4 
Calculated (%) 88.1 11.9  

Error (%) 2.2 19.4  

Gd0.7Eu0.3PO4 
Calculated (%) 70 30  

Error (%) 0.1 0.04  

 



Table S.3 Crystallite size based on Scherrer analysis. 

 

 

Fig. S.11 TEM micrographs of GdPO4 NPs. 

Sample ID 2Theta (°) Size (nm) 2Theta (°) Size (nm) 2Theta (°) Size (nm) 
GdPO4 19.998 4.2 27.179 4.8 42.175 3.9 

Gd0.95Ce0.0375Tb0.0125PO4 19.075 5.6 27.785 4.2 43.719 5.6 

Gd0.6Ce0.3Tb0.1PO4 19.811 3.8 28.023 6.2 43.074 5.2 

Gd0.9Eu0.1PO4 19.982 6.0 27.78 5.4 44.475 3.3 

Gd0.7Eu0.3PO4 20.126 2.7 27.339 4.3 44.476 3.8 



 

Fig. S.12 TEM micrographs of Gd0.7Eu0.3PO4 NPs. 

 

Fig. S.13 TEM micrographs of Gd0.95Ce0.0375Tb0.0125PO4 NPs. 

 

Fig. S.14 TEM micrographs of Gd0.6Ce0.3Tb0.1PO4 NPs. 



 

Fig. S.15 Normalized intensity distribution of as prepared (left) and dialyzed (right) LnPO4 
(0.033 M) NPs suspensions 

 

Fig. S.16 Normalized number distribution of as prepared (left) and dialyzed (right) LnPO4 (0.033 
M) NPs suspensions. 



 

Fig. S.17 Normalized intensity distribution of as prepared (left) and dialyzed (right) LnPO4 (1.33 
mM) NPs suspensions. 

 

Fig. S.18 Normalized number distribution of as prepared (left) and dialyzed (right) LnPO4 (1.33 
mM) NPs suspensions.



 

 Table S.4 Statistics from dynamic light scattering of LnPO4 (0.033 M) NPs suspensions. 
  

LnPO4 (0.033 M) NPs suspensions 
  

As prepared Dialyzed Normalized Intensity Distribution Normalized Number Distribution 
  

Cumulant (nm) PI Cumulant (nm) PI As prepared (nm) Dialyzed (nm) As prepared (nm) Dialyzed (nm) 

GdPO4 
Mean 1993.6 0.56 1201.5 0.64 3139.6 7861.4 2416.3 28.5 

Std. Dev. 112.8 0.04 53.6 0.03 288.1 716.7 303.7 29.9 

Gd0.6Ce0.3Tb0.1PO4 
Mean 2055.3 0.74 927.9 0.51 5186.1 3324.2 1186.3 22.2 

Std. Dev. 84.2 0.05 115.8 0.04 1037.0 263.2 1012.0 12.9 

Gd0.7Eu0.3PO4 
Mean 5735.9 1.17 924.4 0.47 13937.7 2673.5 3357.8 525.6 

Std. Dev. 892.8 0.30 77.4 0.05 6539.7 196.4 3060.0 326.9 

 

Table S.5 Statistics from dynamic light scattering of LnPO4 (1.33 mM) NPs suspensions. 
  

LnPO4 (1.33 mM) NPs suspensions 
  

As prepared Dialyzed Normalized Intensity Distribution Normalized Number Distribution 
  

Cumulant (nm) PI Cumulant (nm) PI As prepared (nm) Dialyzed (nm) As prepared (nm) Dialyzed (nm) 

GdPO4 
Mean 87.7 0.20 105.4 0.27 108.2 150.2 43.5 39.4 

Std. Dev. 1.0 0.01 1.1 0.01 4.6 2.6 2.2 2.6 

Gd0.6Ce0.3Tb0.1PO4 
Mean 136.2 0.63 68.5 0.23 322.2 88.6 27.3 29.4 

Std. Dev. 22.0 0.13 1.8 0.01 25.5 5.6 12.7 4.9 

Gd0.7Eu0.3PO4 
Mean 91.0 0.19 78.9 0.31 115.6 135.0 44.0 25.2 

Std. Dev. 1.6 0.01 0.6 0.02 3.4 0.7 2.1 5.2 



 

 

Table S.6 Magnetic susceptibilities of GdPO4:Ln3+ NPs. 

 

 
Sample ID Magnetic Susceptibility (× 10-6 emu Oe-1 g-1) 

GdPO4 76.7 

Gd0.95Ce0.0375Tb0.0125PO4 72.9 

Gd0.6Ce0.3Tb0.1PO4 54.6 

Gd0.9Eu0.1PO4 69.5 

Gd0.7Eu0.3PO4 57.9 
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