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In this study, we present the solvothermal synthesis of LuPO4:Pr®* (1%) nanocrystals in a dimethyl
sulfoxide—water solvent system. The as-prepared nanocrystals exhibit a relatively high degree of
crystallinity, along with significant short-range disorder, particularly in the anionic sublattice, as revealed
by XRD and Raman spectroscopy data. Low temperature luminescence spectroscopy under VUV
excitation showed that this disorder hinders the energy transfer from the host lattice to the Pré* ions,
resulting in the absence of the 4f'5d' - 42 emission under high energy excitation. Thermal annealing of
as-prepared nanocrystals significantly reduces the degree of local disorders enhancing UV-C
luminescence in the 4.4-5.5 eV range by improving energy transfer processes from the LUuPO,4 host to
Pr3* ions. Time-integrated luminescence spectra reveal up to a five-fold increase in UV-C emission
intensity after annealing. UV-C emissions due to Pr* ions in LUPQ, are efficiently excited in the deep

Received 28th January 2025, intrinsic absorption region at 45 eV, which simulates the energy conversion process for radiotherapy

Accepted 7th April 2025 applications. Time-resolved studies identify two types of Pr* ions. One group consists of strongly per-
turbed ions near the nanoparticle surface, influenced by structural imperfections, while the other

includes weakly perturbed ions located in the bulk. These results highlight the critical role of local struc-
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1. Introduction

Recently, research efforts to improve the efficiency of radio-
therapy by using rare-earth luminescent materials have gained
increased interest. Radiotherapy is one of the most widely used
techniques to treat various tumors, such as skin, prostate, lung,
and cervix carcinomas." In radiotherapy, ionizing radiations
such as X-rays, electrons, and particle beams transfer energy
into cells, generating reactive oxygen species (ROS) (e.g., singlet
oxygen).>® When the ROS concentration overwhelms the body’s
antioxidant defense mechanisms, oxidative stress leads to cel-
lular damage.® However, these treatment techniques are limited
by two factors: the maximum radiation dose that can be deliv-
ered to tumorous cells without significantly damaging adjacent
normal cells, and the presence of oxygen and other compounds
suitable for ROS generation.” A promising approach to overcome
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tural imperfections almost undetectable by XRD in energy transfer processes involving the host lattice.

these limitations is the use of UV-C photon-emitting materials to
induce additional cellular damage.' UV-C radiation can directly
be absorbed and can damage cellular DNA or indirectly increase
ROS generation.? For instance, Miwa et al. demonstrated UV-C
radiation-induced destruction of human pancreatic carcinoma
cells, showing a 70% cell death rate under a 25 ] m~ 2 UV-C dose.®
This highlights the potential of UV-C photon-emitting materials
for improving radiotherapy efficiency.

Several studies have explored rare-earth luminescent materials
for their ability to emit high-energy photons and their suitability
in radiotherapy. For example, Vistovskyy et al. investigated Pr**
and Eu*"-doped phosphates, demonstrating their efficient UV
photon emission and the critical role of crystallinity and particle
size in determining luminescence performance.” Building on
these findings, LuPO,:Pr**, known for its promising luminescence
properties, was chosen as the focus of the present work. The
ability of such materials to function as UV-C photon emitters
under high-energy excitation makes them suitable candidates for
enhancing radiotherapy outcomes.® To achieve effective delivery
and performance, nanoparticles of high-density compounds like
LuPO,:Pr’" must be dispersible and stable in colloidal solutions.
This allows their transportation to the targeted sites using
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nanocarrier molecules (e.g., polymeric nanoparticles, micelles,
liposomes, etc.) modified with ligands that specifically recognize
tumor cell receptors.”'® The overall size of the system (including
the nanoparticles and carrier molecules) should remain as small
as possible, typically within the range of 10 to 200 nm."" Moreover,
smaller carrier molecules result in higher cell uptake compared to
larger, micro-sized carriers, allowing for better access to cellular
and intracellular targets.'> A larger surface area-to-volume ratio in
smaller particles also leads to faster and more efficient release of
the active agents at the targeted site."

Achieving optimal luminescence performance for nanoparticles
in such nanocarriers depends heavily on their crystallinity."*
Local disorder, especially in the form of structural defects and
short-range and long-range disordering at the nanoscale, can have
significant effects on the luminescence properties.”” In many
cases, as-prepared nanoparticles exhibit high levels of short-
range disorder, particularly in the anionic sublattice."*'® This local
disorder can lead to the distortion of the unit cell, impairing
energy transfer processes and reducing luminescence efficiency.
Surface defects and imperfections, such as dangling bonds or
absorbed species, can also serve as quenching centers, further
hindering the occurrence of radiative transitions.

Annealing at high temperatures is a well-known method to
reduce local disorders and improve the crystallinity of
materials.”"” This process not only aids in recrystallization but
also reduces the structural imperfections, facilitating better energy
transfer from the host lattice to the Pr’* ions. By minimizing the
influence of these local disorders, the overall luminescence effi-
ciency of the nanoparticles can be significantly enhanced, making
them more suitable for practical applications in radiotherapy. In
this work, we explore a novel solvothermal synthesis method to
produce LuPO4:Pr** nanocrystals in a dimethyl sulfoxide (DMSO)
water solvent system. A doping concentration of 1% Pr*" was
selected based on previous studies, which demonstrated that
lower doping levels (e.g., 0.1%) result in inefficient energy transfer,
whereas higher concentrations (e.g., 3%) lead to concentration
quenching.'® This ensures an optimal balance between strong
luminescence and minimal quenching losses. We examine how
annealing affects their structure, size, and luminescence proper-
ties, paying particular attention to the effects of local disorder on
luminescence performance. Specifically, we compare the as-
prepared nanocrystals, which exhibit significant local disorders,
with annealed nanocrystals that show enhanced crystallinity and
improved luminescence.

2. Materials and Methods

LuPO,:Pr’* (1%) nanocrystals were synthesized by the solvother-
mal method in DMSO-water media. The reagents used for this
synthesis were Lu(NOj;);-6H,0 (Sigma-Aldrich, 99.9% purity),
Pr(NO;);-6H,0 (Sigma-Aldrich, 99.99% purity), (NH,4),HPO,
(Sigma-Aldrich, >99% purity), DMSO (Honeywell Riedel-de-
Haén, 99.7% purity) and Milli-Q water.

In our typical synthesis process, 9.9 mmol solution of
Lu(NO3); and 0.1 mmol (1%) solution of Pr(NO;); were
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prepared in 20 mL and 5 mL of DMSO-water mixed solvent,
respectively. The solvent used for the synthesis was a mixture of
DMSO and Milli-Q water in different ratios, namely, for the
sample L1 - 30% DMSO:70% water, L2 - 50% DMSO:50%
water, respectively. Both solutions were mixed together using a
magnetic stirrer for 15 minutes. Simultaneously 10 mmol
solution of (NH,),HPO, was prepared in 25 mL of DMSO-water
solvent. The (NH,),HPO, solution was added to the above
solution of rare earth nitrates in a dropwise manner under
vigorous stirring for 30 minutes. The resultant mixture was
transferred to the 100 mL Teflon autoclave, treated at 200 °C for
3 hours, and then cooled down to room temperature. The
sample was then centrifuged at 10 000 rpm (Heraeus Multifuge
centrifuge) for 10 minutes, and the transparent supernatant
was discarded. The precipitate was washed several times with
double distilled water and ethanol and then dried at 100 °C for
2 hours. The powders obtained with two different DMSO ratios
(L1 and L2) will be further referred to as ‘“as-prepared L1’ and
“as-prepared L2”. Half of the synthesized powders were then
annealed at 1000 °C in an argon atmosphere for 2 hours and
will be further referred to as “annealed L1’ and “annealed L2”,
respectively. An argon gas atmosphere was used during anneal-
ing to prevent the oxidation of Pr** to Pr*". As-prepared and
annealed powders were then studied using various analytical
and spectroscopic techniques described below.

The phase composition of samples was characterized by
X-ray diffraction (XRD). Diffraction patterns were measured using
Bragg-Brentano optics on an X-ray diffractometer SmartLab™
(Rigaku, Japan) working at source power of 8.1 kW (Cu Ko
radiation, 4 = 0.1540598 nm). The X-ray true size of crystallites
was calculated by Voigt analysis of peak shapes assuming a
cylindrical shape model."® The used instrumental broadening of
reflections was based on measurements of the standard reference
material SRM-660 (LaBg). Cell parameters were calculated using
the whole powder X-ray diffraction pattern fitting algorithm.>°
Data from databases PDF-2 (version 2023, from International
Center of Diffraction Data, USA) and ICSD (version 2021, from
FIZ Karlsruhe, Germany) were used for crystalline phase identifi-
cation and calculation of diffraction patterns, respectively. For
studying the crystallinity and vibrational spectra of the LuPO,:Pr**
nanocrystals, Raman spectroscopy was applied. A micro-Raman
setup (Renishaw in Via) equipped with a continuous multi-line
argon laser (Stellar-Pro) operating at 514 nm and an optical DM
Microscope (Leica Microsystems) were used for the measurements
of Raman scattering spectra. The detailed description of the
experimental setup has been presented elsewhere.*! A FEI Titan
Themis 200 Cs-corrected (scanning) transmission electron micro-
scope (STEM) operated at 200 kV in the STEM mode was used to
study the morphology of as-prepared and annealed LuPO4:Pr’**
nanocrystals. High-angle annular dark-field (HAADF) and bright-
field (BF) images were simultaneously captured from the same
locations on the sample. For the STEM analysis, a particle
suspension in 2-propanol was drop cast onto a carbon film-
covered 300-mesh copper TEM grid.”>*

Time-integrated (TI) luminescence spectroscopy of as-
prepared and annealed LuPO4Pr’" nanocrystals in the

This journal is © The Royal Society of Chemistry 2025
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temperature range of 6-300 K was carried out using the FinEst-
BeAMS beamline located at the 1.5 GeV storage ring of the MAX IV
synchrotron radiation laboratory. The low-temperature measure-
ment (6.8 K) was chosen to minimize thermal quenching, enabling
a more detailed analysis of intrinsic energy transfer mechanisms
and spectral characteristics, while the room-temperature measure-
ment (300 K) provides insight into the material’s performance
under practical conditions, particularly for potential applications
in scintillation and biomedical applications. The detailed descrip-
tion of the beamline design, its performance and photolumines-
cence setup used can be found in ref. 24-26. The multi-bunch
operation mode of a 1.5 GeV storage ring was applied in recording
the TI luminescence spectra using an Andor CCD camera (Newton
DU970P-BFV) in the spectral range of 200-700 nm and a Hama-
matsu photon counting head H8259-01 sensitive in a spectral
range of 200-900 nm mounted in two different exit ports of an
Andor Shamrock (SR-303i) 0.3 m spectrometer. The typical spectral
resolutions in measuring the emission spectra were 8.2 and
3.1 nm using the photon counting head and CCD detector,
respectively. The time-integrated excitation spectra were obtained
by recording the emission spectra for each exciting photon energy
using the CCD camera. During data analysis, the desired excitation
spectrum was generated allowing for detailed analysis by integrat-
ing intensity over a specific wavelength (energy) range of the
selected emission band. Moreover, all spectra are corrected for
the sensitivity of the detection channel.

The time resolved luminescence studies were performed
only at 6-7 K using an ultra-fast Hamamatsu R3809U-50
MCP-PMT detector in the single-bunch operation mode of the
1.5 GeV storage ring at MAX IV. The time resolution of the
detection system, ie. an instrumental response function (IRF),
was determined to be 174 ps. The details of the time-resolved
luminescence method implemented at FinEstBeAMS and the
technical information of equipment in use can be found in ref.
27 and 28. The photon flux of the beamline was recorded with an
AXUV-100G photodiode for normalizing excitation spectra to the
same amount of incident photons. In all experiments the slit
width of the primary monochromator was set to 150 pm, which
corresponded to the spectral resolution better than 4 meV at 10 eV
(i.e., a resolving power of ~2500) of the exciting photon beam.>®

3. Results and discussion

3.1. Phase composition and morphology of LuPO,:Pr** (1%)
powders

The XRD phase analysis of solvothermally synthesized powders
showed that all observed reflections (Fig. 1) for both as-
synthesized and annealed samples of L1 and L2 can be indexed
to the tetragonal phase of LuPO, (PDF-2 file number 84-337 and
ICSD collection code 162336, space group I4,/amd). This
demonstrates that the solvothermal synthesis method can
successfully produce the tetragonal phase of LuPO,. Further-
more, the solvothermal synthesis method offers an advantage
over water-based techniques, as it facilitates the formation of
hydrated rare-earth phosphates, which typically crystallize in a

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 XRD patterns of as-prepared (lower curve) and annealed (upper
curve) LuPO4:Pr** (1%) powder synthesized in L1 (30% DMSO-70% water)
solvent and L2 (50% DMSO-50% water) solvent. The calculated diffraction
pattern including the indices of reflections of tetragonal LuPO, is shown at
the topmost part of the figure.

hexagonal crystal structure due to the incorporation of water
29731 The cell parameters of the as-prepared LuPO,:Pr’*
samples (Table 1) were considerably larger compared to the ones
of undoped LuPO; (@ = 0.67827, ¢ = 0.59467).*> This can be
explained by a larger ionic radius of Pr** (127 pm) compared to
that of Lu®*" (98 pm) for the VIII coordination.®® The estimation of
the crystallite shape and size was performed using a cylindrical
model, which accounts for the anisotropic growth of the crystal-
lites. This anisotropy, evident from the XRD analysis, reflects
differences in the crystallite size along specific crystallographic
directions. The Voigt analysis of XRD peak shapes showed that the
mean diameters of the as-prepared LuPO,:Pr*"(1%) samples (L1
and L2) were approximately 9 and 10 nm, respectively, with the
size along the [001] direction being slightly larger than that along
the [100] and [010] directions (Table 1).

Annealing of LuPO4:Pr’*samples (annealed L1 and L2)
increased the size of crystallites up to 17 and 21 nm, respec-
tively, and decreased the degree of anisotropy (see Tables 1 and
3). After annealing, a decrease in cell parameters was observed,
but the final values were still significantly larger in comparison
to the undoped LuPO,. This decrease of cell parameters may be
related to a lower disorder rate in the annealed samples

molecules.

Table 1 The list of the samples studied, their cell parameters a and c,
X-ray mean true sizes ((2r) and (h)) of crystallites in [100] and [001] directions
that correspond to the average diameter and length of the crystallites by
assuming their cylindrical shape. The values in parentheses are standard
deviations relative to the last significant digit of a parameter or size

Type of the sample a,nm ¢, nm (27r)100, NM (h)g91, NM
L1 (30% DMSO-70% water) 0.6824(2) 0.5970(2) 9(1) 19(2)
Annealed L1 (1000 °C) 0.6800(2) 0.5965(2) 19(1) 25(2)
L2 (50% DMSO-50% water) 0.6825(2) 0.5972(2) 10(1) 14(2)
Annealed L2 (1000 °C) 0.6800(2) 0.5965(2) 23(1) 27(2)
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compared to that in as-prepared samples. It is well-known that
local disorder can lead to the dilation of the unit cell** and
synthesis at relatively low temperature could result in the
formation of a disordered phase. On the other hand, there is
no impurity phase contribution observed in the XRD patterns, as
well as no sign of a significant amount of an amorphous phase.
Thus, we can assume that the samples possess long-range
ordering, while short-range disorder in the first and/or second
coordination sphere may be present.

In order to study structural peculiarities, we compared the
results of XRD studies with those of Raman spectroscopy,
which is specifically sensitive to the short-range ordering.>®
The unit cell of tetragonal LuPO, consists of Lu®*" at the Dyq
lattice site, which is 8-fold coordinated by oxygen atoms (Fig. 2),
forming a dodecahedron with triangular planes and providing a
single site for the isovalent Pr** dopant ion.*® According to the
literature data, there are twelve Raman active vibrational modes
in the LuPO, structure.®” All these vibrational modes, except the
one at 321 cm ™!, are well-observed in both annealed LuPO,:Pr**
samples (see Fig. 3 and Table 2), however, these are absent in the
as-prepared LuPO,:Pr** samples, which confirms the hypothesis
of short-range disordering. The nature of this disorder requires
additional structural studies, but we tentatively suggest that it is
related to the displacement (most likely rotation) of the PO,
groups in the lattice. Another possibility is the protonation of the
PO, group, which has been observed in the case of YPO,
microwave-hydrothermal synthesis and has been shown to cause
the displacement of oxygen atoms in the lattice and lowering the
symmetry of the PO, group.*® Given the light weight of oxygen,
such displacement does not strongly affect the XRD pattern
(apart from a slight increase of the cell parameters), but might
have a significant effect on Raman modes, as all of them are
related to the vibrations involving oxygen atoms. Our hypothesis
is that random shifts of oxygen atoms in the lattice lead to full
disappearance of Raman bands similar to an amorphous phase,

Fig. 2 The crystal structure model of the tetragonal unit cell of LUPO4 in
polyhedral presentation: green atoms — Lu, red atoms — P; oxygen atoms
are located at the vertices of polyhedra, but not presented for the sake of
the image clarity. The figure has been prepared using VESTA software.

10142 | J. Mater. Chem. C, 2025, 13, 10139-10151

View Article Online

Journal of Materials Chemistry C

As-prepared L1 A
Annealed L1
—— As-prepared L2
Annealed L2
S
g Bm
> |
= E
g %19 EQ EQ Bag Eg B19 Eg
il | |

‘|\1g
A .A.L I, ) A 4

1 1 1 1 1 1 1 1 1
200 300 400 500 600 700 800 900 1000 1100
Wavenumber (cm™)

Fig. 3 Raman spectra of the as-prepared and annealed LuPO,4:Pr®*
nanocrystals recorded at 300 K. The band at 520 cm™! in the spectra of
as-prepared samples is related to the silicon substrate.

Table 2 Experimentally determined optical phonon modes of the
annealed L1 and L2 nanocrystals and their assignments to the specific
vibrations. The Raman mode B14(2) is absent in the experimental spectrum

Raman Experimental results Experimental data from

S. No modes of this work (cm ™) ref. 37 (em™ 1)
1. Eq(1) 133.2 133

2. Bi(1) 139.4 139

3. E(2) 186.4 187

4. E,(3) 306.2 306

5. Bog 330.4 331

6. Asg(1) 488.5 490

7. E(4) 582.7 582

8. B1(3) 665.4 665

9, Arg(2) 1010.9 1010

10. E,(5) 1031.9 1031

11. Blg(4) 1069.4 1069

though the XRD pattern shows long ranged ordering in the
material. The XRD measurement is more sensitive to the con-
tribution of heavy Lu atoms, resulting in well-defined XRD
patterns.

The STEM images of as-prepared LuPO,:Pr’* samples
demonstrate elongated nanoparticles of irregular shape (see
Fig. 4(1(a) and 2(a)). Such shape is in good correlation with the
results of XRD pattern analysis showing the anisotropic growth
along the [001] direction. Although the irregular appearance
suggests imperfect formation of defined facets, this may be
partly due to the limited resolution of the STEM images
(Fig. 4(1(b), (c) and 2(b), (c)), as some facets can be discerned.
The growth of nanoparticles proceeds along the most energe-
tically favorable crystallographic direction, [001], which is typi-
cal for tetragonal LuPO, crystals. The observed shapes suggest
that primary nuclei grew preferentially along the [001] direction
and stacked along this axis to form the nanoparticles visible in
the STEM images. Quantitative size distribution analysis of the

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 The first row [1(a), 1(d), 2(d) and 2(a)] STEM images are of different LuPO4:Pr** (1%) nanocrystal families displaying uniformity of the particles. The
middle row images [1(b), 1(e), 2(b) and 2(e)] are high resolution TEM images for smaller LuPO4:Pr** (1%) nanocrystal agglomerates. The bottom row [1(c),
1(f), 2(c) and 2(f)] shows high-resolution STEM images taken at a 5 nm resolution, with visible lattice fringes indicating crystallinity.

STEM images of over 400 nanoparticles for both as-prepared
LuPO4:Pr’* samples is shown in Fig. S1 in the ESI} data. Due to the
anisotropic nature of the formed nanoparticles, it was impossible
to calculate a single valid mean size from the STEM images. Thus,
the mean width and mean length of the synthesized nanoparticles,
as well as their degree of anisotropy, were estimated. Additionally,
we had calculated the mean quadratic value of the mean width
and mean length in order to compare this single value with the
average crystallite size obtained from the XRD patterns (Table 3).
The mean quadratic values for the as-prepared L1 and L2 samples
are 12 =+ 2 nm and 16 £ 1 nm, respectively. The degree of
anisotropy between the mean length and the mean width of as-
prepared nanoparticles is 2.50 and 3.56 for L1 and L2, respectively.

There is a good correlation between the mean quadratic
values of particle dimensions calculated from STEM images

and the average crystallite size obtained from XRD analysis
(Table 3). This allows us to suggest that the degree of crystal-
linity is already rather high in as-prepared LuPO,:Pr’* nano-
particles. However, this contradicts the results of Raman
spectroscopy, which shows no bands in the recorded spectra
of such nanoparticles. Thus, as mentioned above, it is possible
that the longrange order in as-prepared nanoparticles,
deduced from the XRD analysis, is accompanied by the local
disorder, most likely in the anionic sublattice, revealed in the
Raman shift spectra. After annealing, the nanoparticles become
relatively isotropic (the degree of anisotropy is 1.27-1.23) and
their mean particle sizes and crystallinity increase. Also, the
annealed nanoparticles become well-shaped with clearly
defined facets (see Fig. 4(1(e) and 2(e)). In this process, nano-
particles tend to form densely sintered agglomerates with thin

Table 3 Morphology parameters of the as-prepared and annealed LUPO,4 samples derived from XRD and STEM analyses

STEM size (400 particles)

Mean quadratic Degree of X-ray mean true diameter Degree of

Sample Mean width Mean length (W)? + (L)* anisotropy using of cylindrical shape anisotropy

S. No. name (W) (nm) (L) (nm) value (nm) \/—— 5 STEM (length/width) crystallites (nm) (2r) using XRD
1. As-prepared L1 6 + 1.0 16 £ 2.5 12 £ 2 2.50 9 1.85
2. Annealed L1 17 £ 1.6 21 £ 2.3 19+2 1.27 19 1.38
3. As-prepared L2 6 + 0.8 22 £2.0 16 +£1 3.56 10 1.42
4. Annealed L2 22 £ 2.2 27 £ 2.6 25+ 3 1.23 23 1.17

This journal is © The Royal Society of Chemistry 2025
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low-angle boundaries. This improvement is due to the recrys-
tallization and Ostwald ripening during annealing. The
mean quadratic values between the mean width and the mean
length of the annealed nanoparticles, calculated using the
same procedure as for the as-prepared nanoparticles (as shown
in Fig. S1, ESI{), are 19 + 2 nm and 25 + 3 nm, respectively
(Table 3). These values are quite comparable to the sizes
calculated from the XRD patterns, showing the increase in
crystallinity and possibly also a decrease in anisotropy.

The evolution of nanoparticle morphology during annealing
at high temperature in an inert atmosphere is qualitatively
different from solvothermal growth. During the solvothermal
synthesis, particles grow intensively along one direction with
unrestricted mass flow from the solution. However, the low
temperature limits recrystallization and the formation of well-
defined facets, resulting in nanoparticles with numerous struc-
tural imperfections. In contrast, thermal annealing in an inert
atmosphere promotes more isotropic and slower growth due to
limited mass flow between particles, while the significantly
higher processing temperature (1000 °C) drives an intensive
recrystallization process. This process reduces the concentration
of structural imperfections and enhances the overall crystallinity
of the calcined nanoparticles. Another important aspect after
annealing is the formation of dense agglomerates of nano-
particles with thin low-angle borders between them. For many
processes such agglomerates can act as a single bulk material, as
grain boundaries are thin and easily penetrable. However, in the
applications where well-dispersed nanoparticles are required, as
in biological or optoelectronic systems, the agglomeration can be
a limiting factor. Potential strategies to mitigate this effect
include the surface modification, the calcination in matrices,
or the use of the surfactants during post-processing.>**° While
this study focuses on structural and luminescence properties,
future work could explore these methods to improve particle
dispersion for the practical applications demanding the use of
stable colloids of nanoparticles.

3.2. Photoluminescence study of the as-prepared and
annealed LuPO,:Pr** (1%) nanocrystals under synchrotron
radiation excitation

The luminescence properties of LuPO,:Pr*" nanocrystals are
largely influenced by the interaction between the electronic
states of the host material and Pr** impurity ions. This inter-
action results in various relaxation processes that govern the
energy transfer from the host to rare earth ions. Using the P.
Dorenbos methodology, which applies to all rare earth elements,
one can predict the energy level scheme of Pr*" in LuPO,,
showing the positions of the 4f and 5d energy levels in the
electronic band structure of the host*' (see Fig. 5). As shown in
Fig. 5, a strong crystal field of LuPO, positions the 5d energy
bands slightly below the 4f 'S, energy level, enabling dipole and
parity-allowed interconfigurational 4f'5d" — 4f* radiative transi-
tions, which are responsible for the broad-band Pr** emission
observed usually in the UV-C spectral region. In the case of close
positions of the 5d term and 'S, level, narrow emission lines due
to the 4f>— 4f> transitions can also be observed both through the
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direct intra-center excitation and through the host excitation via
energy transfer processes populating the respective levels.*>
Furthermore, intrinsic emissions, such as broad-band self-
trapped exciton emission peaked near 3 eV, can also be present
in LuPO, under the host excitation in the excitonic and funda-
mental absorption region.*>**

As an example of overview emission spectra recorded for the
synthesized LuPO,:Pr’* samples, a spectrum recorded under
the excitation of the annealed L1 powder with 45 eV photons at
6.5 K is shown in Fig. 6. Indeed, strong emission bands from
5.5 to 4.4 eV are observed in the UV region that occur due to the
parity allowed inter-configurational 4f'5d" —*H,, *H;, *Hg and
*F,34 (4f°) radiative transitions in Pr’* ions adhering to the
spin selection rule (AS = 0) because the initial excited 4f'5d"
state is triplet. The corresponding emission maxima in our
synthesized LuPO,:Pr** (1%) nanocrystals are located at 5.31 eV
(233 nm), 5.06 eV (245 nm), 4.71 eV (263 nm), and 4.56 eV
(271 nm), which are in good agreement with the already
reported emission bands in LuPO,:Pr’* materials.'”*® The
non-elementary emission bands near 4.5 eV (271 nm) formed
from various overlapping sub-bands spectrally better resolved at
low temperatures (see Fig. 5 and 6) are due to the transitions to
the 3F2,3‘4 multiplet. Moreover, few relatively weak narrow bands
that can be distinguished in the visible spectral region are
connected with the 4f*> — 4f> transitions of Pr’* ions. Remarkably,
no sign of self-trapped exciton emission could be detected in the
spectra. These circumstances allowed us to focus on a detailed
study of the UV 4f'5d'—4f> emission of synthesized nano-
particles, highly promising for radiotherapy applications. Excita-
tion by high-energy 45 eV photons results in intense UV-C
emissions and these conditions simulate the energy conversion
process needed for improvement of radiotherapy efficacy.

3.2.1. Time-integrated photoluminescence excitation spectra
of Pr** emission. To the best of our knowledge, as-prepared LuPO,
nanocrystals studied in the present work are the first described
example of the material that according to XRD analysis exhibits
crystalline structure with tetragonal lattice symmetry but lacks any
vibrational bands in its Raman spectrum. Therefore, it was
important to study how the suggested high degree of short-
range disorder in crystal lattice affects the luminescence proper-
ties and energy transfer process in LuPO,:Pr’". The Pr’* 4f'5d" —
4f* emission demonstrates a well-resolved complicated spectrum,
which allows for the reliable attribution of the observed lines to
the transitions from the excited 4f'5d' state to various Stark
components of the split Pr*" ground state. This analysis is based,
for example, on the level diagram provided in ref. 45, as has also
been done in previous studies.*® TI photoluminescence (PL)
excitation spectra of one of these emission bands peaking at
5.06 eV and related to the 4f'5d'—°H; transition, recorded for
both as-prepared and annealed LuPO,:Pr*" (1%) nanocrystals at
6.8 K with the CCD detector, are shown in Fig. 7.

During the post-measurement analysis, the excitation spectra
of the 4f'5d" —>H; transition were obtained by integrating the
emission recorded using the CCD detector in the energy range
from 4.9 eV to 5.1 eV. The features of the excitation spectra in
the range from 5.4 eV to 7.5 eV correspond to the intra-center

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Schematic representation of the fundamental electronic structure
of LuPO,4:Pr¥*, based on P. Dorenbos' methodology.”** The host near-
edge energy bands, impurity levels and the Pr¥* 4f'5d' > 4f2 transitions
(blue arrows) are illustrated.

4f> — 4f'5d" excitation of Pr’* ions and are in agreement with the
data already published.'”*” There are two distinct excitation
bands, peaking at 5.41 eV and 6.54 eV, corresponding to the
transitions of the first ([4f5d']") and second ([4f5d"]?) crystal-field
components as labeled in ref. 48. In the higher energy region, the
features in the excitation spectra are less pronounced, but low
intensity peaks near 7 and 7.8 eV can be identified as

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Tl emission spectra of Pr** doped LuPO, nanoparticles excited
with 45 eV photons at 6.5 K.

corresponding to the excitation into the higher d-states
[4f5d"].>* These peaks are less pronounced or almost absent for
the as-prepared samples; however, in general the features of intra-
center excitation spectra of the as-prepared and annealed samples
are quite similar. For the annealed samples, in full agreement
with the literature data,”* the intrinsic absorption starts at
8.5 eV with the exciton creation region, due to electronic excitation
formation within the tetrahedral PO,* units. The exciton peak
energy of 8.8 eV for our samples is in good agreement with the
value earlier obtained at 10 K for LuPO,:Pr** powders.*® The band
gap value can be estimated from the minimum in the excitation
spectra shown in Fig. 7. It is equal to 9.2 eV at 7 K, being in good
correspondence with the value 9.3 eV obtained for the LuPO,:Nd>*
(1%) powder.** The process of the excitation of Pr’* ions in the
intrinsic absorption region will be discussed in detail in Section
3.2.3. Moreover, the excitation spectra of both as-prepared
LuPO4:Pr’* (1%) L1 and L2 samples are completely featureless above
7.5 eV and demonstrate negligible intensity in this region. This is an
indication of the absence of energy transfer from the 5d states lying
higher than the [4f5d']" component and also from the intrinsic
absorption region. To verify this finding, we performed a series of
measurements of emission spectra of the as-prepared L1 and L2
samples excited with different photon energies and compared them
with the annealed samples as discussed in detail in below sections.

3.2.2. Photoluminescence spectra under the intra-center
4f* - 4f'5d" excitation of Pr’* ions and excitation in the host
absorption region. Fig. 8 presents a comparison of time-integrated
PL spectra of the as-prepared and annealed LuPO.Pr’”" (1%)
nanocrystals recorded at 6.8 K under intra-center interconfigura-
tional 4f>—4f'5d" excitation of the Pr’* ion by the 6.54 eV
photons. The PL spectra are normalized in Fig. 8 in order to
better compare their structure. Two important features of these
spectra have to be mentioned here. First, the annealing process
results in the increase of the UV-C emission intensities by a factor
of 4 to 7. Second, the emission intensities of both as-prepared and
annealed L1 samples are several times weaker compared to the
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corresponding as-prepared and annealed L2 samples. This differ-
ence is attributed to the smaller crystallite size of the as-prepared
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and annealed L1 samples in comparison with the as-prepared and
annealed L2 samples (see Table 3) as well as to short-range
disorder providing quenching sites. Apart from this, no signifi-
cant variation in the spectral positions of the UV-C emission
bands was observed for different LuPO,:Pr** (1%) nanocrystals,
regardless of variations in their size and crystallinity. Since PL
spectra of the as-prepared and annealed LuPO4:Pr*" (1%) nano-
crystals demonstrate several excitation bands, as shown in Fig. 7,
a detailed study of PL spectra at different exciting photon energies
was undertaken to demonstrate the peculiarities of energy trans-
fer from the host to Pr’* ions in the samples synthesized (Fig. 8
and Fig. S2, ESI¥).

Fig. 9 and Fig. S2 (ESIt) depict emission spectra recorded
under intra-center interconfigurational 4f>— 4f'5d" excitation
of Pr*" ions at 6.54 eV, at the excitation in the host excitonic
region at 8.54 eV, as well as in the region of interband transi-
tions at 9.4 and 45 eV. The PL spectra of the annealed
LuPO,:Pr’* (1%) nanocrystals show efficient Pr’* luminescence
due to the 4f'5d"—>H,, *Hs, *Hg, and °F, 3, (4f%) transitions
under excitation in all above-listed energy ranges. However, the
Pr** luminescence intensity is remarkably lower in the as-
prepared LuPO,:Pr’* (1%) nanocrystals, being particularly very
weak under excitation in the excitonic region and practically
absent under excitation in the fundamental absorption region.
These observations are in accordance with the excitation spec-
tra recorded for the as-prepared and annealed LuPO4:Pr’* (1%)
nanocrystals (Fig. 8). The nature of such observations most
likely lies in the high degree of local disorder in the as-prepared
samples, which is also demonstrated by the Raman spectra (see
Fig. 3). The correlation between the Raman and PL excitation
spectra is an interesting fact, especially considering that the
XRD patterns that are traditionally used to characterize the
degree of crystallinity or disorder of the crystal lattice do not
show qualitative differences between as-prepared and annealed
samples. Our preliminary hypothesis suggests that Raman
spectroscopy is much more sensitive to a short-range disorder,
mainly related to the rotation or shift of the PO, groups from
their regular positions. Another possibility is the lowering of
the symmetry of the PO, group due to protonation,*® which can

1500

= As-prepared L2 (b)
Annealed L2

- 4000

)
-
o
=3
1=
1

2000

Intensity (a.u.
Intensity (a.u.)

500

YA

T T T T T T
40 42 44 46 48 50 52 54 56 58

Photon Energy (eV)

Fig. 8 Effect of annealing on 4f'5d' — 4f2 luminescence intensities of Pr** ions under intra-center excitation at 6.54 eV of the as-prepared and annealed
LUPO4:Pr** (1%) nanocrystals at 6.8 K. The intensities of the as-prepared and annealed L1, L2 samples are shown on the left and right intensity axes,

respectively.
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Fig. 9 Pri* 4f'5d' - 4% luminescence spectra of the as-prepared (a) and (b) and annealed (c) and (d) LuPO,:Pr* (1%) nanocrystals (L2 sample) excited by

photons with different energies at 300 and 6.8 K. The luminescence spectra

of the annealed sample (c) and (d) are presented as a stacked graph, to better

highlight the enhanced luminescence intensity and more distinct spectral features observed under different excitation energies (6.54 to 45 eV). Similar

graphs for the L1 sample are shown in Fig. S2 of the ESI} data.

also significantly affect Raman bands. In both scenarios, the
annealing procedure would remedy this short-range disorder,
enhancing the rearrangement within the crystal lattice and
promoting recrystallization. Consequently, the Raman spectra
(Fig. 3) and PL excitation spectra (Fig. 7) of the annealed
samples exhibit all the expected characteristics of the crystal-
line LuPO, material due to the short-range ordering of the
crystal lattice and the healing of structural imperfections by
annealing. The as-prepared samples are supposed to have a
highly disordered lattice, which causes the dispersion of pho-
non modes of multiple defect sites and their strong broad-
ening, smoothing the Raman spectrum. A direct comparison of
phonon energies before and after annealing is not possible, as
the as-prepared samples exhibited no Raman-active vibrational
modes, while all expected Raman lines appeared after anneal-
ing (see Fig. 3 and Table 2). The appearance of Raman lines
indicates the improved structural ordering, which also
improves energy transfer efficiency and eliminates lumines-
cence quenching centers, as supported by the increased lumi-
nescence intensity and lifetime (see Section 3.2.4)

3.2.3. Processes of Pr** emission excited in the fundamen-
tal absorption range. When LuPO,:Pr’" is excited by photons
above the band gap energy (E; > 9.2 eV), the Pr’” luminescence
occurs via a recombination mechanism. In this process, the

This journal is © The Royal Society of Chemistry 2025

energy is transferred to the 4f'5d" state of Pr’* ions by therma-
lized conduction electrons with low kinetic energy and holes
created near the top of the valence band. When charge carriers
are created near the Pr*” ion by photons with the energy close to
the band gap value, their mobility is low, and the capture and
recombination of the geminated electron-hole pairs occur at
the same Pr’* ion in an extremely fast process.”” When the
excitation energy exceeds noticeably the band gap value, the
created charge carriers have higher kinetic energy, resulting in
their larger spatial separation and raising the likelihood that
they will be captured by the traps induced by impurities or
structural imperfections. Shallow traps can also delay the
energy transfer to the Pr** ions, ultimately resulting along with
the reduction of luminescence intensity in prolongation of
its decay.

In the case of the nanosized LuPO,:Pr’", the luminescence
intensity is strongly influenced by the particle size, crystallinity,
structural imperfections (including short-range disorder) and
the thermalization length of electrons within the host material,
which is typically on order of a few tens of nanometers."”*° The
structural and morphology studies (XRD, STEM images and
Raman spectra shown in Section 3.1) proved that the size of
nanocrystals is below the thermalization length of mobile
electrons typical of scintillation materials’’° in as-prepared
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LuPO4:Pr’* (1%) characterized by the presence of short-range
disorder and structural imperfections. These factors increase
the probability of non-radiative losses of mobile charge car-
riers, finally accounting for the reduced luminescence intensity
of Pr** ions in these as-prepared nanocrystals excited in the
host absorption region (see Sections 3.2.1 and 3.2.3). None-
theless, the Pr’* ion emission is still revealed in the as-prepared
LuPO4:Pr’" (1%) nanocrystals excited through the intra-center
absorption of the Pr** ions in the two pronounced lower lying
4f-5d bands peaked at 5.4 and 6.6 eV (Fig. 6). In contrast, the
annealing of the LuPO,:Pr’*(1%) nanocrystals reduces signifi-
cantly the concentration of structural imperfections and
increases short-range order, facilitating the appearance of
bright Pr** 4f'5d" — 4f> luminescence when excited in excitonic
and fundamental absorption regions (Fig. 8), which positions
the annealed LuPO,:Pr**(1%) nanocrystals as promising candi-
dates for medical and scintillating applications.

3.2.4. Decay kinetics under intra-center 4f'5d" — 4f> excita-
tion of Pr** ions. Fig. 10 shows the decay kinetics curves for
different 4f'5d"—4f> emission bands recorded for the as-
prepared and annealed LuPO4Pr*" (1%) nanocrystals under
intra-center excitation of the Pr’* ion by the 6.54 eV photons. All
decay kinetics monitored for the 4f'sd'—°%H, (5.32 eV), *H;
(5.06 €V), *H, (4.71 eV) transitions deviate from single expo-
nential approximation, though the decay curves can be fitted
with two exponential components (Fig. 9). Since these transi-
tions originate from the same excited state of the Pr** ion, their
decay behaviors are inherently related and exhibit similar
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kinetics. To simplify the analysis and provide a comprehensive
understanding of the luminescence properties, the lifetimes
(r; and 7,) of these transitions were averaged to represent the
overall decay behavior of the 4f'5d'—4f> luminescence
(Table 4). The decay components with radiative times 7, and
1,, differing by a factor of at least 3 in all synthesized samples,
are ascribed to strongly perturbed and weakly perturbed Pr’*
ions within the nanoparticles. The shorter 74, associated with
strongly perturbed Pr*" ions probably at the nanoparticle sur-
face, dominates in the as-prepared samples, which has a
smaller particle size, relatively higher density of structural
imperfections and short-range disorders. The 7, values of as-
prepared L1 and L2 samples are 1.6 ns (97.3%) and 3.2 ns
(79.5%), respectively. In contrast, the longer 7,, corresponding
to weakly perturbed Pr’" ions in the bulk of nanoparticles,
becomes increasingly prominent after annealing. The 7, values
of as-prepared L1 and L2 samples are 7.5 ns (2.7%) and 14.5 ns
(20.5%) respectively. After annealing at 1000 °C, the decay times
for both components become relatively longer, likely due to the
removal of non-radiative relaxation pathways, as the annealing
reduces structural imperfections and enhances short-range
ordering in the Pr*" local environment (as shown in Section
3.1), leading to a shift in the decay dynamics and improved
luminescence efficiency. For annealed L1, 7, increases to 3.4 ns
(61.7%) and 1, to 10.6 ns (38.3%), while for L2, 7, increases to
5.0 ns (52.6%) and 1, to 16.1 ns (47.4%). This redistribution in
the decay dynamics indicates a shift from Pr** ions in strongly
perturbing environments, for which t; dominates, to Pr’" ions
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Fig. 10 Effect of annealing on the 4f'5d*— *H,, *Hs, *Hg luminescence decay of the Pr** ions for (a) L1 and (b) L2 nanocrystals, recorded under the intra-
center excitation of the Pr* ion by the 6.54 eV photons at 7 K. Experimental data (green and blue lines) are fitted by the bi-exponential decay function,
which is shown by red lines. The decay curves are normalized at their maxima for better comparison.
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Table 4 Decay times (in ns) and light sums (in %) averaged over the Pr**
4f15d1—>3H4,5‘5 emission bands in the UV-C spectral range under intra-
center excitation of the studied samples at 7 K

Radiative transitions (Pr** 4f'5d" — *H, ;)

S. No. Sample names 14 T,

1. As-prepared L1 1.6 + 0.3 ns (97.3%) 7.5 &+ 0.5 ns (2.7%)
2. Annealed L1 3.4 £ 0.4 ns (61.6%) 10.6 + 0.6 ns (38.4%)
3. As-prepared L2 3.2 £ 0.2 ns (79.5%) 14.4 + 0.4 ns (20.5%)
4. Annealed L2 5.0 + 0.3 ns (52.6%) 16.1 & 0.5 ns (47.4%)

in weaker perturbing environments characterized by longer t,.
Additionally, the light sums of both decay components in
annealed samples become more comparable, signifying
improved luminescence, as the particle size becomes relatively
larger and quenching centers become less abundant. The decay
times 7, observed for the Pr** emission in the present study are
consistent with those reported for other Pr’* doped lumines-
cent materials. For instance, nanocrystalline LaPO, with parti-
cle sizes ranging from 8 to 90 nm exhibited decay times of
approximately 9 ns.*' Similarly, nano- and microcrystalline
LuPO, showed decay times of 11.7 ns (d ~ 20-22 nm) and
11.3 ns (d ~ 6.5 um), respectively,'”” while nanocrystalline
LuPO, (d ~ 35 nm) displayed a decay time of 7 ns.” The shorter
decay times of as-prepared LuPO,:Pr*" samples, caused by a
smaller particle size, higher structural imperfection and short
range disorder, are mitigated through annealing, resulting in
the redistributed intensities of decay components, and thus,
improved light characteristics and enhancing their potential
for efficient and stable luminescence applications.

3.3. Time-resolved photoluminescence spectroscopy of the as-
prepared LuPO4:Pr** (1%) nanocrystals under synchrotron
radiation excitation

Building on the insights gained from the decay kinetics, we
studied the time-resolved excitation spectra of as-prepared
samples to further explore the relaxation dynamics of the
Pr** 4f's5d"' —4f> luminescence. These spectra provide critical
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information about the fast and slow relaxation processes asso-
ciated with strongly and weakly perturbed Pr’* ions. By lever-
aging synchrotron radiation excitation, it becomes possible to
probe relaxation dynamics within the nanosecond time range
as demonstrated in Pr’* doped BaLuFs nanoparticles.>”> To
investigate these relaxation processes in LuPO,:Pr’* (1%) nano-
crystals, the time-resolved PL excitation spectra of the
4f'5d" —>H; luminescence (5.06 eV) were recorded at 7 K using
synchrotron radiation at FinEstBeAMS. The detailed methods
for measuring, plotting, and analyzing the TR excitation spectra
are provided in ref. 52. The excitation spectra are shown in two
time-windows, short and long, marked as STW (8¢ = 0 and At =
4 ns) and LTW (3¢ = 4 and At = 20 ns), respectively, which are
selected based on decay kinetics studies (see Fig. 9) to distin-
guish the faster relaxation processes, dominated by strongly
perturbed Pr** ions, from the slower processes, characteristic of
weakly perturbed Pr** ions. The time 8¢ = 0 ns is defined by the
arrival of the VUV excitation pulse, and the luminescence signal
is integrated over At =4 ns in the STW. In the LTW, the integration
over At = 20 ns starts at 5t = 4 ns after the excitation pulse (Fig. 11).

The excitation spectra recorded in the two-time windows
reveal clearly visible differences. In the STW, the 4f>— 4f'5d"
excitation bands exhibit a redshift of approximately 0.038 eV for
L1 and 0.03 eV for L2 compared to the 4f*—4f*5d" excitation
bands in the LTW, which remain at relatively higher energies.
This redshift in the STW is attributed to strongly perturbed Pr**
ions probably situated near the nanoparticle surface, where
structural imperfections and short-range disorder dominate.
Conversely, the LTW spectra reflect weakly perturbed Pr** ions
located in the bulk of the nanoparticles, where the influence of
surface effects is significantly reduced. In the excitonic excitation
region, the STW spectra show a blueshift of approximately
0.19 eV for both L1 and L2 compared to the LTW spectra. This
opposite trend highlights the contrasting behavior of excitonic
states in the strongly disordered crystal region with respect to
that of the 4f'5d' states, further emphasizing the role of
structural and morphological variations in energy transfer
processes.
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Fig. 11 Time resolved PL excitation spectra of the as-prepared LuPO,:Pr** (1%) L1 (a) and L2 (b) nanocrystals recorded at 6.8 K for the 4f'5d'— *Hs
luminescence at 5.06 eV in the STW (8t = 0 and At = 4 ns) and LTW (8t = 4 and At = 20 ns). The spectra are normalized to the highest intensity of the

excitation band for better comparison.
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Thus, in conclusion, the time-resolved PL excitation spectra
provide a comprehensive understanding of the relaxation
dynamics in LuPO,:Pr** nanocrystals. The observed spectral
shifts and trends confirm the strong influence of structural
imperfections and crystallinity on the Pr*" luminescence, with
annealing treatments offering a promising approach to mitigate
these imperfections. By reducing the disorder rate and enhan-
cing energy transfer efficiency, annealing significantly improves
the luminescence efficiency of LuPO,:Pr*" nanocrystals, making
them highly suitable for advanced luminescence applications.

Conclusions

This study highlights the pivotal role of local structural
disorder in influencing the energy transfer processes and
luminescence properties of LuPO4:Pr** nanocrystals. The high
degree of short-range disorder in the as-prepared nanocrystals,
undetected by XRD, was found to impair energy transfer
between the host lattice and Pr*" ions, suppressing lumines-
cence excitation through the host-to-ion transfer. A significant
outcome of this work is the observation of bright Pr** 4f'5d" —
4f> emissions in annealed nanocrystals, positioning these
materials as promising candidates for medical and optical
applications. It is important to note that excitation by high-
energy 45 eV photons in the deep fundamental absorption of
LuPO, results in UV-C emissions, demonstrating that analo-
gous energy conversion is expected in radiotherapy treatment.
Through decay kinetics and time-resolved excitation spectro-
scopy, this study further identified the presence of two distinct
Pr** ion environments, which are strongly perturbed Pr** ions
located at the nanoparticle surface and weakly perturbed Pr**
ions situated in the bulk of the nanoparticles. Our research also
showed that Raman spectroscopy proved to be a practical and
informative tool for characterizing nanomaterials synthesized
at low temperatures, clarifying the contradiction in the results
provided by XRD and luminescence spectroscopy for as-
prepared and annealed nanocrystals. Raman spectroscopy
clearly showed that thermal annealing of our nanocrystals
drastically improved the local ordering in the crystal lattice,
resulting in significantly improved UV-C luminescence inten-
sity. These findings highlight the importance of post-synthesis
treatment in optimizing the performance of nanocrystals for
practical applications, particularly in the biomedical field and
other high-performance applications.
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