
Full Length Article

On the photoluminescence of Pr(III) activated Ca2P2O7 polymorphs
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A B S T R A C T

In this work the optical properties of two distinct, praseodymium activated, UV-C emitting pyrophosphate 
polymorphs are presented. The materials were obtained as single-phase samples using a facile solid state method 
with annealing at target phase-dependent temperatures. The activator concentration dependent luminescence 
quenching was investigated revealing significant differences between the [Xe]4f2 → [Xe]4f2 and the [Xe]4f15d1 → 
[Xe]4f2 transitions. The highest emission intensities were observed at Pr3+ concentration of 0.5 and 2.0 % for the 
[Xe]4f2 → [Xe]4f2 line and the [Xe]4f15d1 → [Xe]4f2 band emission, respectively. Furthermore, temperature 
dependent fluorescence spectroscopy and VUV spectroscopy were employed to investigate the thermal 
quenching behaviour as well as the excitation and emission properties in the deep UV range. Fitting of the 
temperature dependent emission integrals showed thermal quenching temperatures exceeding 700 K. It was 
revealed that the samples show two types of emission that can be traced back to the inter- and intraconfigura
tional transition of trivalent praseodymium. Praseodymium emission bands around 235 and 265 nm correspond 
to the various [Xe]4f15d1 → [Xe]4f2 interconfigurational transitions. Meanwhile, narrow emission lines 
throughout the visible and NIR range are caused by the [Xe]4f2 → [Xe]4f2 intraconfigurational transitions of 
Pr3+. Qualitative and quantitative comparisons between the emission properties of the two polymorphs revealed 
significant differences arising from the different coordination environments. α-Ca2P2O7:Pr phosphors exhibited 
around 60 % of the emission intensities of the β-Ca2P2O7 materials in the red spectral range while a reversed 
trend was observed for the UV emission caused by [Xe]4f15d1 → [Xe]4f2 transitions.

1. Introduction

The salts, esters, and polymers of orthophosphoric acid (H3PO4) are 
widely known as phosphates. They form a large group of inorganic 
compounds that are structurally defined by some type of [PO4]3- anion 
differentiated from each other by the degree of polymerisation and 
condensation of these moieties [1–5]. Characterized by a combination of 
wide bands gaps, excellent photostability, and facile synthetic condi
tions, phosphates host structures have been the focus of a numerous 
studies exploring their use as luminescent materials. In addition they 
serve as model host structures for the general investigation of lumines
cent phenomena [6–9]. Foremost among these are orthophosphates, 
which have been extensively studied, even leading to the commercial 
application of LaPO4:Ce,Tb, LaPO4:Ce, and YPO4:Ce in fluorescent 
lamps for illumination or tanning [10,11]. Among the phosphates, cal
cium phosphates form a subgroup containing oxide and hydroxide 
minerals, that have been investigated and utilized as biomaterials, cat
alysts, fertilizer, reflective pigments for fluorescent lamps, and agents 

for purifying heavy metal-contaminated water [12–15]. Due to their 
high biocompatibility, stemming from compositional and structural 
similarities to vertebrate bone material, calcium phosphates of the type 
Ca2P2O7 have been considered and used as an additive in bone cements 
used for prosthetic implants and as an abrasive in toothpaste [16–18]. 
Further biomedical applications of calcium phosphates include the use 
of β-Ca2P2O7 as a drug carrier, Ca3(PO4)2 doped by Eu3+ and Gd3+ for 
bioimaging, and the creation of paramagnetic iron doped calcium 
phosphate nanocomposites for the hyperthermic treatment of cancer 
cells [19–21]. Cheap starting materials and facile synthetic conditions 
have made calcium pyrophosphates interesting as host structures for 
fluorescent materials. Especially the substitution of Ca2+ by isovalent 
activators such as Mn2+ and Eu2+ has been considered. Hao et al. sug
gested Eu2+ and Mn2+ co-doped α-Ca2P2O7 as a phosphor for white light 
emitting LEDs [22,23]. The phase dependent optical properties of Mn2+

substituted Ca2P2O7 polymorphs were investigated by Griesiute et al. 
[24]. Further photoluminescence studies include the doping by Eu2+

solely, which results in a broad band emitting blue phosphor, as well as 
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the doping by Eu3+, Dy3+, or Tb3+ [25–28].
Trivalent praseodymium is characteristically employed to take 

advantage of the combination of quantum mechanically allowed inter
configurational [Xe]4f15d1 → [Xe]4f2 and forbidden intraconfigura
tional [Xe]4f2 → [Xe]4f2 transitions [29,30]. Consideration of the 
general energetic location of the [Xe]4f15d1 → [Xe]4f2 transitions in the 
deep UV range, brands wide band gap materials such as phosphates 
interesting as host structures for praseodymium, to produce UV emitting 
phosphors. Fabrication of these deep UV-C emitting phosphors is of in
terest for many fields such as pathogen inhibition, water treatment, 
scintillation, and highly localized tumour treatment [31,32]. To best of 
our knowledge only one study covered praseodymium doped calcium 
pyrophosphates to this point. Caiut et al. compared several UVC emitting 
phosphates among them α-phase Ca2P2O7 [33]. In the present work, we 
deliver to the best of our knowledge a new approach for the synthesis of 
single-phase α-Ca2P2O7 materials. Additionally, we studied the emission 
properties in the UV and visible range of both polymorphs dependent on 
activator concentration and temperature. Differences in emission in
tensities and lifetime were explained by considering the crystal structure 
and highlighting the structure-property relationship of the Pr3+ acti
vator and the pyrophosphate host structure.

2. Experimental section

2.1. Synthetic procedure

Two series of praseodymium doped pyrophosphates either belonging 
to the α-Ca2P2O7 or the β-Ca2P2O7 phase were successfully prepared 
employing a solid-state method. Stoichiometric amounts of CaCO3 (Alfa 
Aesar, 99.5 %), (NH4)2HPO4 (Merck KGaA, 99.0 %), P2O5 (VWR 
Chemical, 99.9 %), Na2CO3 (Merck KGaA, 99.9 %), and 
Pr2(C2O4)3•10H2O (Alfa Aesar, 99.9 %) were used as starting materials. 
All reactants were transferred to an agate grinding container and ground 
for 30 min in a planetary ball mill. Afterwards, the powder mixtures 
were dried and transferred to corundum crucibles. These crucibles were 
placed in a chamber furnace and a reducing CO atmosphere was created 
using a larger crucible filled with activated charcoal. The formation of 
the desired phases was controlled by the annealing temperature, viz. 30 
min at 1150 ◦C for β-Ca2P2O7 and 30 min at 1250 ◦C for α-Ca2P2O7. 
Additionally, a second crucible filled with P2O5 was placed adjacent to 
the educt mixture for the α-Ca2P2O7 samples to create a “phosphate 
atmosphere”. Following the heat treatment all samples were washed in 
deionized water for 2 h at 70 ◦C. After filtration the powders were dried 
overnight at 50 ◦C.

2.2. Material characterization

The formation of the desired phase and the phase purity was inves
tigated and verified by powder X-ray diffractometry (PXRD). A powder 
x-ray diffractometer of the type X’Pert Pro produced by Malvern Pan
alytical was used for all diffraction experiments. The instrument was 
operated in a Bragg-Brentano geometry and equipped with a copper X- 
ray tube (Cu Kα – 0.154184 nm, 40 kV and 40 mA). All samples were 
measured between 2θ = 10–80◦ with a step width of 0.017◦ and a scan 
speed of 0.084◦/s. Depictions of the crystal structure were created using 
VESTA 3 [34].

Phase pure powders were subjected to a thorough optical charac
terization using different, modified fluorescence spectrometers origi
nally produced by Edinburgh Instruments. Diffuse reflectance spectra 
were recorded on a FS920 spectrometer featuring a PTFE-coated Ulbricht 
sphere. A 450 W xenon arc lamp was used as an irradiation source. Two 
TMS300 gratings (1800 grooves/mm) served as monochromators and a 
Peltier cooled (− 20 ◦C) R928 PMT-detector (Hamamatsu) as the detec
tion unit. BaSO4 (99.99 %, Sigma Aldrich) was used as the white refer
ence standard. Samples were investigated in a range from 250 to 800 
nm. Excitation and emission spectra were recorded on a FLS920 

fluorescence spectrometer outfitted with an ozone generating 450 W 
xenon discharge lamp. The recorded emission spectra were corrected by 
a correction file generated from a tungsten incandescent lamp by the 
National Physical Laboratory (NPL, UK). The spectrometer was addi
tionally supplemented by a liquid nitrogen cooled cryostat (MicrostatN2, 
Oxford Instruments) as well as a temperature-controlled sample holder to 
investigate the temperature dependent excitation and emission behav
iour between 77 and 500 K. The decay behaviour of the samples was 
investigated on the same spectrometer, in which the standard xenon 
lamp was replaced by a flash lamp of the type μF920H from Edinburgh 
Instruments. Afterwards, the recorded decay curves were fitted using 
mono- or multiexponential functions.

3. Results and discussion

3.1. Powder diffraction and crystal chemistry

Powder diffraction patterns of the two Ca2P2O7 phases doped by Pr3+

are shown in Fig. 1. The synthesis resulted in single phase microcrys
talline powders that are in good accordance with the presented reference 
patterns. Incremental substitution of Ca2+ by Pr3+ (and Na+ as a means 
towards charge balance) resulted in no additional reflexes. Therefore, a 
successful incorporation of the praseodymium activator into the host 
structure is assumed. Several publications investigating α-Ca2P2O7 ma
terials reported on an impurity phase, mainly Ca3(PO4)2 [24,35]. For
mation of this secondary phase can be seen as a deviation from an ideal 
Ca/P ratio of 1:1 (in Ca2P2O7) towards a Ca rich Ca/P ratio (in 
Ca3(PO4)2), indicating the loss of phosphate moieties during the 
annealing process. This was indeed confirmed in several studies con
cerning the impact of different annealing conditions on the phase for
mation in the CaO/P2O5 phase diagram [36–38]. Specifically in a study 
by Griesiute et al., the evaporation of phosphate species was encouraged 
in a vacuum sintering process, leading to the complete transformation of 
Ca2P2O7 to Ca3(PO4)2 [39]. While the nature of the specific evaporated 
species is currently unknown, the process can be expressed stoichio
metrically as follows. 

3 Ca2P2O7 → 2 Ca3(PO4)2 + P2O5↑                                                      

In this study we were able to suppress the formation of Ca3(PO4)2 by 
placing a separate crucible filled with P2O5 adjacent to the crucible 
containing the educt mixture. Both were then positioned inside a sealed 
crucible filled with activated carbon. Upon heating the P2O5 melts and 
evaporates, forming a saturated atmosphere effectively hindering the 
evaporation of phosphate species from the educt mixture. The PXRD 
pattern of this adjustment is shown in Fig. S4, where under the same 
annealing conditions Ca3(PO4)2 is either formed or not, depending on 
the addition of P2O5.

For the calcium pyrophosphates three distinct crystallographic 
phases are known, named γ-Ca2P2O7, β-Ca2P2O7, and α-Ca2P2O7. 
Structures of the α- and β-modifications have been known since the 
1970s and were solved using single-crystal X-ray diffraction experi
ments. The formation of metastable polymorphs has to this day hindered 
the synthesis of γ-Ca2P2O7 single crystals. Therefore, just recently has 
the structure of γ-Ca2P2O7 been solved using X-ray powder diffraction 
and 31P high-resolution solid-state NMR-spectroscopy [40]. The poly
morph γ-Ca2P2P7 was identified to crystallize in the triclinic space group 
P-1 (no. 2) and belonging to the Cd2P2O7 structure type [41]. α-Ca2P2O7 
and β-Ca2P2O7 crystallize in the space groups P21/n (monoclinic, no. 14, 
Z = 4) and P41 (tetragonal, no. 76, Z = 8) respectively. Phase transition 
temperatures between the three phases are reported to be 750 ◦C 
(γ-Ca2P2O7 → β-Ca2P2O7) and 1170 ◦C (β-Ca2P2O7 → α-Ca2P2O7) [42]. 
Like all phosphates these materials are characterized by some form of 
tetragonally coordinated [PO4] moiety. In case of the di- or pyrophos
phates two corner sharing phosphate tetrahedrons are connected along a 
P-O-P bond into [P2O7] dimers. In detail, the tetragonal β-structure 
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features two distinct [P2O7] units which are formed by P1O4-P2O4 and 
P3O4-P4O4-pairs. The most significant difference between these two 
units is the P-O-P bond angle, being 130.5◦ and 137.8◦ respectively. Four 
different sites for calcium ions are found in the structure: Two (Ca1, Ca3) 
are coordinated sevenfold into polyhedrons that can be described as 
distorted pentagonal bipyramids, one (Ca4) is coordinated eightfold into 
a bicapped trigonal prism, and the last one (Ca2) is coordinated ninefold 
into a tricapped trigonal prism [2,43]. The eclipsed [P2O7] groups are 
connected to the surrounding [CaOn] (n = 7,8,9) polyhedrons via shared 
edges and form chains along the a-axis. The monoclinic α-Ca2P2O7 
structure contains only one type of [P2O7] group in which the charac
teristic P-O-P bond angle was found to be 130◦ [3]. Calcium ions are 
surrounded by eight oxygen anions and form two types of [CaO8] do
decahedrons that differ in their bond distances and angles.

3.2. Diffuse reflectance and excitation spectroscopy

Reflectance data of pristine β-Ca2P2O7 and α-Ca2P2O7 are presented 
in the supporting information (Figs. S1a and S1b). The samples exhibit 
high reflectance throughout the visible range down to 300 nm, below 
which a slight decrease in reflectance is observed likely due to crystal 
defects. A further decrease in reflectance, indicating a band edge, can be 
observed at approximately 160 nm. From these reflectance spectra, the 
band gap width is estimated to be around 7.75 eV, which aligns well 
with values reported for other phosphates [44]. Doping by Pr3+ results 
in the emergence of two line-multiplets around 450 and 600 nm (Fig. 2a 
and d). These lines correspond to the transitions 3H4 → 3P0,1,2, 1I6 (450 
nm) and 3H4 → 1D2 (600 nm) of praseodymium. Fig. 2b and e shows the 
respective excitation spectra of β-Ca2P2O7:Pr(III) and α-Ca2P2O7:Pr(III) 

in the VUV range. Monitoring the emission at 265 nm revealed a set of 
broad excitation bands ranging from 150 to 225 nm. Inspecting the 
excitation band closer revealed that the band can be deconstructed 
roughly into three distinct bands located at 165, 200, and 225 nm. The 
low energy bands originate from electronic transitions between the [Xe] 
4f2 ground state 3H4 and the lowest [Xe]4f15d1 crystal field component. 
These transitions manifest as broad bands because both the ground and 
excited states are of different parity, rendering the transitions allowed 
according to the Laporte selection rule. The remaining band, located 
around 165 nm, is assigned to the band-to-band transition of the tetra
hedral [PO4]3- moiety of the host structure. This band location aligns 
well with the observed band edge in the VUV reflectance spectra. Saito 
et al. assigned the origin of these bands to the 2t2 → 2a,3t2 intra
molecular transition of the [PO4]3- anion [45]. Furthermore, similar 
band energies have been reported for other phosphates such as LnPO4 
(Ln = Y, La, Gd, Lu), K3Tb(PO4)2, and Sr3(PO4)2 [46,47]. Visibility of 
this host structure caused band while, monitoring the [Xe]4f15d1 → 3HJ 
(J = 4,5,6) transitions of praseodymium indicates energy transfer from 
the conduction band to the Pr3+ activator. In addition to the VUV 
excitation spectra monitoring the [Xe]4f15d1 → [Xe]4f2 emission at 265 
nm excitation spectra in the same range were recorded while monitoring 
the [Xe]4f2 → [Xe]4f2 emission at 598 nm (1D2 → 3H4) (s. Fig. S5). 
Comparison of both spectra types revealed the same combination of 
bands located at 160 and 200 nm. Nevertheless, it should be noted that 
intensities while monitoring the 598 nm emission were significantly 
lower. The influence of the lower count rate is also notable due to the 
occurrence of several spectrometer artifacts between 250 and 350 nm. 
This might indicate that the relaxation from the excited 5d-states to the 
4f-states with subsequent emission from these is not favoured in 

Fig. 1. PXRD patterns of the undoped and Pr3+/Na+ substituted pyrophosphates (0.1–2.0 % Pr(III)). Samples belonging to the low-temperature β-Ca2P2O7 phase are 
shown on the left and samples belonging to the high-temperature α-Ca2P2O7 phase are shown on the right. Reference patterns were derived from data published in 
Refs. [2,3]. Schematic representation of the respective unit cells along the three crystal axes were drawn using VESTA 3.
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comparison to direct radiative relaxation from the 5d-states. This 
interpretation seems plausible when considering the quantum me
chanically allowed nature of the 5d-4f transitions and the resulting high 
transition probabilities.

Fig. 2c and f presents the excitation spectra of both substitution series 
in the visible range. Both series show the characteristic line multiplet of 
praseodymium extending from 445 to 500 nm. All observed excitation 
lines are caused by the intraconfigurational transitions inside of the Pr3+

[Xe]4f2 electron configuration. Using the excitation spectra recorded at 
cryogenic temperatures (see Figs. S3a and S3b) the lines were indexed to 
the corresponding electron transitions in Table 1, employing the energy 
level data published by Esterowitz et al. [48]. Cooling the samples to the 
temperature of liquid nitrogen, limited temperature induced spectral 
broadening which allowed a more detailed look at the splitting of the 

respective [Xe]4f2 states. The splitting of the lanthanide [Xe]4fn states 
into the energetic fine structure is well understood and governed by four 
effects: the Coulomb interaction of the electrons, the spin-orbit coupling, 
the crystal field or Stark splitting, and the Zeeman effect. In trivalent 
praseodymium these effects give rise to a maximum of 91 SLJM-terms, 
the actual number of sublevels in a given material depends on the 
local symmetry of the activator ion. Crystal field induced splitting of the 
3PJ states (J = 0,1,2) can explain the additional observed excitation 
lines. Expectedly, both types of excitation spectra show an intensity 
dependence on the activator concentration and comparison of the acti
vator concentrations resulting in the highest excitation intensity 
revealed a significant difference between the intra- and interconfigura
tional transitions. A substitution degree of just 0.5 % proved ideal for the 
[Xe]4f2 → [Xe]4f2 transitions, meanwhile 2 % showed the highest in
tensity for the [Xe]4f2 → [Xe]4f15d1 transitions indicating the feasibility 
of even higher activator concentrations.

3.3. Emission spectroscopy

The emission properties of β-Ca2P2O7:Pr and α-Ca2P2O7:Pr are shown 
in Fig. 2 and Fig. S2 of the supporting material. Upon excitation by VUV 
radiation at 160 nm, the spectra of β-Ca2P2O7:Pr are dominated by two 
broad emission bands centred at 235 and 265 nm (see Fig. 3a). In 
comparison, the VUV emission spectra of α-Ca2P2O7:Pr (Fig. 3d) show 
higher resolution, with the splitting of the two broad bands into four 
distinct bands. These bands are attributed to the allowed inter
configurational [Xe]4f15d1 → [Xe]4f2 transitions of praseodymium. The 
broad band nature of these transitions can be traced back to the orbital 
involvement of the 5d excited state in the bonding of the activator ion. 
This connection yields a large ΔR value in the respective configurational 
coordinate diagram. The four bands centred at 229, 239, 255, 265 nm 
correspond to transitions from the lowest [Xe]4f15d1 crystal field 

Fig. 2. Reflectance and excitation properties of α-Ca2P2O7 (2d, 2e, 2f) and β-Ca2P2O7 (2a, 2b, 2c) doped by Pr3+. The degree of substitution ranged from 0.1 up to 
2.0 %. (a) and (d) show diffuse reflectance spectra between 250 and 800 nm, measured against BaSO4. (b) and (e) show the relative VUV-excitation spectra between 
140 and 250 nm monitoring the [Xe] 4f15d1 → [Xe]4f2 emission at 265 nm. (c) and (f) show excitation spectra between 425 and 500 nm. Excitation spectra in the 
visible range were recorded while monitoring the 606 nm emission maximum corresponding to the 1D2 → 3H4 transition of praseodymium.

Table 1 
Observed lines and bands in the diffuse reflectance, VUV excitation (Fig. 2a and 
b), and 77 K excitation spectra (Fig. S3a) of β-Ca2P2O7:Pr.

Material Transition Type Transition Wavelength (nm)

β-Ca2P2O7:Pr Band to band Band gap 165
[Xe]4f2 → [Xe] 4f15d1 3H4 → [Xe]4f15d1 200

3H4 → [Xe]4f15d1 225
[Xe]4f2 → [Xe]4f2 3H4 → 3P2 441

3H4 → 3P2 443
3H4 → 3P2 444
3H4 → 1I6 455
3H4 → 3P1 465
3H4 → 3P1 469
3H4 → 3P0 → 3P1

a 473
3H4 → 3P0 480
3H4 → 3P0 482
3H4 → 3P0 483
3H4 → 3P0 485

a Transition not observed at 77 K, only at elevated temperatures.
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component of Pr3+ to low-lying [Xe]4f2 states 3H4,5,6 and 3F2. The dif
ferences in the measured peak wavelengths are consistent with the en
ergetic separation of the [Xe]4f2 states as reported by Caspers et al. [49]. 
In contrast the intraconfigurational [Xe]4f2 → [Xe]4f2 are visible as 
narrow emission lines stretching from the visible to the NIR range (see 
Fig. 3b and e, Fig. S2a, and S2b). Using the emission spectrum at cryo
genic temperature, the emission lines and bands were indexed to their 
respective electronic transitions and listed in Table 2. The emission 
spectra in the visible range are dominated by a line multiplet in the red 
spectral range around 600 nm (P4) corresponding to the transitions 3P0, 

1 → 3H6 and 1D2 → 3H4 of Pr3+. Notably the shape of the main emission 
multiplets show stark differences between the two polymorphs. The 
spectral differences arise as the result of the differently coordinated 
Ca/Pr polyhedral. Additionally, around 640 nm a narrow emission line 
corresponding to the 3P0 → 3F2 transition is visible. This transition is 
known to be of hypersensitive nature, meaning the emission intensity is 
highly responsive to changes of the activator environment. Generally, 
the intensities of all [Xe]4fn ↔ [Xe]4fn transitions are summarized in the 
Judd-Ofelt theory under the phenomenological parameters Ωλ (λ = 2, 4, 
and 6) [50,51]. Structurally, several factors have been identified which 
influence these Ωλ parameters and subsequently determine the emission 
intensities of the hypersensitive transitions. It is well known that [Xe]4fn 

↔ [Xe]4fn transition probabilities increase following a decrease in 
symmetry which is reflected in the parameter Ω2. This effect is even 
stronger for the hypersensitive transitions with ΔJ = ±2 and ΔS = 0 due 
to the relaxation of the Laporte selection rule following mixture of the 4f 
and 5d wavefunctions [52,53]. Early empirical observations connected 
the intensity of hypersensitive transitions to the covalency of the acti
vator ligand bond [54]. This was later dismissed and improved upon: 
local activator symmetry was still represented by Ω2, polarizability of 
the ligand by Ω6, and the number of 4f-electrons by Ω4,6 [55]. In low 
symmetry environments without any inversion centre, emission spectra 

can even be dominated by such transitions and the transitions itself 
generally serve as an approximate judge of the local symmetry of the 
activator ion [56,57].

Concentration quenching, a critical characteristic of phosphor ma
terials, describes the relationship between activator concentration and 
quantum yield. Generally, a high activator concentration is desirable to 
enhance the light output of a given light source. Increases in activator 
concentration are limited by activator concentration-dependent non- 
radiative decay mechanisms. These quenching mechanisms are pre
dominately influenced by the interatomic distances between adjacent 
activator ions. Decreasing the distance between two activator ions below 
a threshold distance unique to the activator ions, increases the proba
bility of energy transfer over the respective cation sub lattice to 
quenching centres such as point defects or the crystallite surface. In this 
study the concentration quenching behaviour of the calcium pyro
phosphate phosphors was investigated by comparing the emission in
tegrals of the [Xe]4f15d1 → [Xe]4f2 and the [Xe]4f2 → [Xe]4f2 transitions 
(s. Fig. 3c and f, Fig. S2c). Similar quenching behaviour was observed for 
both pyrophosphate types. 0.5 % praseodymium yielded the highest 
emission integral for the [Xe]4f2 → [Xe]4f2 transitions, while no local 
maximum was observed for the [Xe]4f15d1 → [Xe]4f2 emission integrals 
up to 2.0 % praseodymium, indicating the feasibility of higher activator 
concentrations to achieve efficient UV emission. It should be noted that 
due to the energetic position of the lowest [Xe]4f15d1 crystal field 
component around 43500 cm− 1 no emission from the 1S0 state at 46500 
cm− 1 is observed.

3.4. Temperature resolved spectroscopy

Temperature-resolved emission spectra of β-Ca2P2O7:Pr (0.5 %) and 
α-Ca2P2O7:Pr (0.5 %) are presented in Fig. 4a and c. Additionally, the 
relative emission integrals and selected line intensities are plotted in 

Fig. 3. Emission spectra of α- Ca2P2O7:Pr(III) (2d, 2e, and 2f) and β-Ca2P2O7:Pr(III) (2a, 2b, and 2c) upon excitation at various energies. The degree of substitution 
ranged from 0.1 to 2.0 %. (a) and (d) show emission spectra upon VUV-excitation at 160 nm ranging from 200 to 350 nm. (b) and (e) show the respective emission 
spectra in the visible range (450–830 nm) upon excitation via the 3H4 → 3P2 (443 nm) transition of praseodymium. (c) and (f) depict several emission integrals as a 
function of the praseodymium concentration.
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Fig. 4b and d. The respective temperature-dependent excitation spectra 
are provided in the supporting information (Figs. S3a and S 3b). Both the 
excitation and emission spectra consist of the previously discussed 
intraconfigurational [Xe]4f2 ↔ [Xe]4f2 transitions of praseodymium. 
Within the investigated temperature range, an overall decrease of the 
luminous intensity is observed for both materials, a phenomenon known 
as thermal quenching. The parameter T1/2, which describes the relative 
change of emission intensity with increasing temperature, is crucial for 
comparing different phosphor materials. The thermal quenching tem
perature was calculated using Eq. (1). In this context, I(T) represents the 
emission intensity at a given temperature T, while I(0) denotes the 
emission intensity without any thermal quenching. B is a fitting 
parameter, kB is the Boltzmann constant (1.38 × 1023 J K− 1), and EA is 

the activation energy required to bridge the energy barrier to the non- 
radiative decay pathways. 

I(T)=
I(0)

1 + B exp
(

− EA
kBT

) (1) 

For both phosphors the relative emission integrals (560–650 nm) of 
the line multiplet corresponding to the [Xe]4f2 → [Xe]4f2 transitions 2D1 
→ 3H4 and 3P0 → 3H6 in the red spectral are plotted and fitted using Eq. 
(1). From the fit, T1/2 values of 749 and 722 K were determined with 
rather high standard deviations of 23 and 22 K. Additionally the relative 
line intensity at 642 nm (3P0 → 3F2) is plotted as a comparison. It is 
possible to use the line intensities since the [Xe]4f2 → [Xe]4f2 emission 
lines barely show any temperature induced spectral shift. Fitting of the 
line intensities resulted in T1/2 values of 235 K (±5 K) K for β-Ca2P2O7:Pr 
and 330 K (±5 K) for α-Ca2P2O7:Pr. The deviation can be explained by 
the disregard of the line intensities for any spectral broadening, the 
emission integrals on the other hand show the temperature induced 
spectral broadening of the emission lines. Overall, the luminescence of 
Pr3+ shows slightly higher temperature stability in the α-Ca2P2O7 host as 
can be seen from the set in of integral decrease only above 200 K. Close 
inspection of the temperature dependent excitation and emission spectra 
revealed the emergence of new excitation and emission lines which 
don’t follow the standard thermal quenching behaviour. The relative 
line intensity of β-Ca2P2O7:Pr at 592 nm is plotted in Fig. 4b. The in
tensity of the emission first increases with increasing temperature and 
only shows classic thermal quenching after reaching at maximum in
tensity at 225 K. Such appearances of new emission lines are quite 
common and are caused by thermal population of a higher energy state. 
In the case of Pr3+, the small energetic gap of ~600 cm− 1 between the 
3P0 and the 3P1 states can be bridged by electrons in the excited 3P0 state 
through the input of thermal energy. Accordingly, emission from the 
thermally excited 3P1 states can be observed. The newly observed 
emission lines at ~524 nm, ~592 nm, and ~680 nm can therefore be 
assigned to the following intraconfigurational transitions 3P1 → 3H5, 3P1 
→ 3H6, and 3P1 → 3F3. Similar line intensity patterns are observable in 
the respective temperature dependent excitation spectra where an 
additional excitation line is observed at 473 nm corresponding to the 
thermal 3P0 → 3P1 population. Exploitation of this temperature depen
dent behaviour has been suggested and realised in praseodymium based 
optical thermometers [58].

3.5. Time resolved spectroscopy

Fig. 5 shows the results of the time dependent photoluminescence 
measurements of the two substitution series β-Ca2P2O7:Pr and 
α-Ca2P2O7:Pr (0.1–2.0 %) at room temperature. The decay curves were 
recorded upon 443 nm excitation while monitoring the 598 nm emission 
maximum. The decay curves were fitted using Eq. (2) wherein I(t) pre
sents the emission intensity at a point in time t, An is a dimensionless 
fitting parameter, and τn the partial decay time. Starting from the partial 
decay time the overall average decay times were calculated by applying 
Eq. (3). Here τn are the partial decay times and An the respective 
fractions. 

I(t)=A0 + A1e
− t/τ1 + A2e

− t/τ2 + Ane
− t/τn (2) 

τ=A1τ2
1 + A2τ2

2
A1τ1 + A2τ2

(3) 

The plotted decay times of α-Ca2P2O7:Pr and β-Ca2P2O7:Pr in Fig. 5c 
show the continuous decrease of the decay times with increasing acti
vator concentration. In the low concentration range (0.1 and 0.2 %) the 
decay times of both materials are stable at around 190 and 300 μs, for β-, 
and α-phase respectively. Overall the decay times of the β-Ca2P2O7:Pr 
phosphors are slightly lower than those of the α-Ca2P2O7:Pr materials 

Table 2 
Observed lines and bands in the VUV emission (Figs. 3a) and 77 K emission 
spectra (Fig. 4a) of β-Ca2P2O7:Pr.

Material No. Transition type Transition Wavelength 
(nm)

β-Ca2P2O7: 
Pr

P1 [Xe]4f15d1 → [Xe] 
4f2

[Xe]4f15d1 → 
3H4

229

[Xe]4f15d1 → 
3H5

239

[Xe]4f15d1 → 
3H6

258

[Xe]4f15d1 → 
3F2

265

P2 [Xe]4f2 → [Xe]4f2 3P2,1,0 → 3H4 481
483
484
486
490
493

P3 3P1 → 3H5
a 522

525
528

3P0 → 3H5 538
541
544
550

P4 3P1 → 3H6
a 585

592
594

1D2 → 3H4 599
600
603
607
609

3P0 → 3H6 612
616

P5 3P0 → 3F2 640
643

P6 1D2 → 3H5 
3P0 → 3F3

689
693
700
709

P7 3P0 → 3F4 724
725
727
729
733

P8 1D2 → 3H6 791
803
806
813
816
821

P9 3P0 → 1G4 859
879

P10 1D2 → 3F4 994
1014
1044

P11 1D2 → 1G4 1422–1500

a Transition not observed at 77 K, only at elevated temperatures.
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being around. The decrease of the decay times is in line with the 
observed concentration quenching of the [Xe]4f2 → [Xe]4f2 emission. 
Contributions to the average decay times from fast non-radiative 
quenching pathways reduces the average decay time. Decay curves of 
β-Ca2P2O7:Pr were fitted using a bi-exponential fit at 0.1 and 0.2 % and a 
tri-exponential fit at higher substitution degrees. While the decay curves 
of α-Ca2P2O7:Pr required a mono-exponential fit at 0.1 and 0.2 % and a 
bi-exponential fit at higher praseodymium concentrations. The calcu
lated decay times are listed in Table 3.

Generally, non-mono-exponential decay behaviour indicates the 
existence of several distinct praseodymium species with each species 
showing a distinct decay behaviour. In first approximation this is the 
result of several differently coordinated praseodymium ions, other 

Fig. 4. Temperature dependent emission spectra of the two pyrophosphate polymorphs. (a) and (b) show the spectroscopic data of β-Ca2P2O7:Pr(III), meanwhile (c) 
and (d) show the data of α-Ca2P2O7:Pr(III). Doping concentration was chosen at 0.5 % for both substances. The spectra were recorded in a temperature range from 77 
to 500 K in 25 K steps. (a) and (c) show the emission spectra excited at 443 via the 3H4 → 3P2 transition of praseodymium while the respective relative emission 
integrals and intensities are shown in (b) and (d).

Fig. 5. Decay time measurements of α-, and β-Ca2P2O7:Pr(III) (0.1–2.0 %). The decay curves were recorded upon 443 nm excitation (3H4 → 3P2) while monitoring the 
emission line at 598 nm (1D2 → 3H4). (a) and (b) show the decay curves of β-Ca2P2O7:Pr(III) and α-Ca2P2O7:Pr(III) respectively, (c) presents the respective average 
decay times.

Table 3 
Exponential fits and calculated decay times of the α- and β-Ca2P2O7:Pr3+

(0.1–2.0 %) sample series. The standard deviations are given in parentheses.

Pr3+-Conc./% β-Ca2P2O7 α-Ca2P2O7

Decay time/μs Fit Decay time/μs Fit

0.1 187.12 (3) Bi-exp. 313.8 (1) Mono-exp.
0.2 190.56 (3) Bi-exp. 297.5 (2) Mono-exp.
0.5 149.33 (3) Tri-exp. 197.9 (2) Bi-exp.
1.0 96.33 (3) Tri-exp. 148.7 (1) Bi-exp.
2.0 43.47 (1) Tri-exp. 55.2 (1) Bi-exp.
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explanations can be the existence of activator species that are locally 
clustered or that are located near the crystallite surface. In the case of the 
pyrophosphates the praseodymium ions are expected to occupy the Ca- 
polyhedral. As four different Ca-sites are found in the β-Ca2P2O7:Pr 
structure, the results of the time-dependent photoluminescence mea
surements can be connected to the structural data via the occupation of 
further Ca-sites with increasing activator concentration. This also aligns 
nicely with results on the α-Ca2P2O7 materials, in which only two 
different Ca-sites (CN = 8) with varying bond distances and angles are 
found. Here at a low Pr(III) concentration only one of the two dodeca
hedral sites is occupied resulting in the observation of mono-exponential 
decay. Upon further praseodymium incorporation the second Ca-site is 
increasingly occupied resulting in a second decay constant and overall, a 
bi-exponential decay behaviour.

3.6. Phase comparison

Fig. 6 shows direct comparison of the emission properties of the two 
polymorphs. A qualitative comparison of the main emission multiplett in 
the red spectral range is shown in Fig. 6a. The observed emission lines 
can be attributed to the previously mentioned intraconfigurational 
transitions 1D2 → 3H4, 3P0 → 3H6 (600–625 nm) and the hypersensitive 
transition 3P0 → 3F2. Due to the different coordination environments of 
the Pr3+ species in the two polymorphs the crystal field splitting of the 
states will differ. Deconvolution into the crystal field components is 
hindered by the spectral overlap of the individual lines. Furthermore, 
the ration of the hypersensitive 3P0 → 3F2 transition to the normal 1D2 → 
3H4 and 3P0 → 3H6 transitions (Fig. 6a) is of interest. As the intensity of 
the hypersensitive transition in the β-Ca2P2O7 material exceeds that of 
the α-Ca2P2O7 phase this could indicate higher symmetry of the Pr3+

species in β-Ca2P2O7. Due to the strong symmetry dependence of the 
hypersensitive transition intensities such ratios are often employed to 
judge the symmetry of lanthanide doped materials but is most 
commonly used in Eu3+ activated materials [59,60]. Direct comparison 
of the [Xe]4f15d1 → [Xe]4f2 transitions (Fig. 6b) revealed a higher 
emission intensity for the α-Ca2P2O7:Pr3+ phosphors, with β-Ca2P2O7: 
Pr3+ showing less than 60 % of the Ca2P2O7:Pr3+. This observation can 
be explained by considering the crystal chemistry and especially the site 
symmetry of the different Ca2+-sites in the two materials. Pr3+ occupies 
in the slightly less symmetrical dodecahedral site in the α-Ca2P2O7 
material. The three Ca2+ ions of the β-Ca2P2O7 structure have site 
symmetries of D5h and D3h and therefore exhibited a slightly higher 
degree of ordering than the α-Ca2P2O7 Ca sites with D2d site symmetry. 
Generally, transitions probabilities of electric dipole transitions increase 
following a decrease in coordination symmetry. For the [Xe]4f2 → [Xe] 
4f2 emission intensities a different trend is observed, here the β-Ca2P2O7: 

Pr3+ phosphors show a more intense emission upon 443 nm excitation. 
The previously established structure-property relation would suggest a 
similar observation here. An explanation might be the differences in 
excitability at 443 nm. The respective excitation spectra reveal that 
β-Ca2P2O7:Pr3+ shows higher excitability at 443 nm than α-Ca2P2O7: 
Pr3+ which is better at 485 nm. These inconsistencies in the 
structure-property relationship may require further research, as a full 
analysis of the site occupations and the subsequent correlations of the 
optical properties are beyond the scope of this paper.

4. Conclusion

In this study, twelve single-phase calcium pyrophosphate (Ca2P2O7) 
samples were synthesized using a solid-state method. The samples were 
divided into two different solid solutions, where the Ca2P2O7 host ma
terials was gradually substituted with trivalent praseodymium (Pr3+) in 
concentrations ranging from 0.1 % to 2.0 %. The investigation focused 
on comparing the tetragonal β-Ca2P2O7 and the monoclinic α-Ca2P2O7, 
which are two of its three known polymorphs. Inclusion of P2O5 as 
volatile additive in the annealing process enabled the reproducible 
synthesis of single phase α-Ca2P2O7 samples. The luminescence prop
erties, dependent on activator concentration, were studied using various 
spectroscopic methods at room temperature. The wide band gap of the 
phosphate host material allows efficient and broad UV emission bands, 
along with typical narrow lanthanide emission lines. Emission bands in 
the UV-C range (235 and 265 nm) were attributed to interconfigura
tional [Xe]4f15d1 → [Xe]4f2 transitions, with the optimal activator 
concentration identified as 2 %. The narrow emission lines in the visible 
and infrared range were assigned to [Xe]4f2 → [Xe]4f2 transitions. In the 
visible spectrum, the emission was dominated by a multiplet around 
600 nm, which was resolved into the 1D2 → 3H4 and 3P0,1 → 3H6 tran
sitions. A local maximum for [Xe]4f2 → [Xe]4f2 transitions was observed 
at 0.5 % Pr3+. Additionally, the thermal quenching of both pyrophos
phate polymorphs was investigated in the temperature range from 77 to 
500 K. From the respective emission integrals T1/2 values exceeding 700 
K were determined. Furthermore, the emergence of new emission lines 
was observed with increasing temperature. These could be assigned to 
transitions relaxing from the 3P1 excited state and are therefore the 
result of thermal population from the 3P0 state into the 3P1 state. Direct 
comparison of the emission properties showed that β-Ca2P2O7:Pr 
showed roughly 60 % emission intensity of the α-Ca2P2O7:Pr phosphor 
in the UV range (Fig. 6b). On the contrary the [Xe]4f2 → [Xe]4f2 tran
sitions showed higher intensities in the β-Ca2P2O7:Pr materials 
(Fig. 6c–Fig. S2c). Considering the efficient UVC emission in the spectral 
range relevant for the inactivation of microorganisms and the excellent 
biocompatibility of the host material these materials might be 

Fig. 6. Comparison of the emission properties of the Pr3+ doped Ca2P2O7 polymorphs. Data of α-Ca2P2O7 and β-Ca2P2O7 in red and blue respectively. (a) Emission 
spectra in the visible range upon 443 nm excitation at 77 K (0.5 % Pr3+). (b) Room temperature VUV emission spectra upon 160 nm excitation (2.0 % Pr3+). (c) 
Relative emission integrals of the [Xe]4f2 → [Xe]4f2 emission in the red spectral range (560–650 nm), α-Ca2P2O7:Pr and β-Ca2P2O7:Pr3+ in comparison (λEx =

443 nm).

T. Pier et al.                                                                                                                                                                                                                                      Journal of Luminescence 277 (2025) 120934 

8 



interesting as additives in bone cements or as coatings onto prosthesis.
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