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Abstract: A hydrothermal technique with microwave heating (200 °C, 2 hours, 2 magnetrons, 2.45
GHz) was modified to obtain UV-C luminescent monoclinic LaPOs: P13+ colloidal nanorods for the
potential use in X-ray cancer theranostics. For further possible biofunctionalization, a compound of
tartaric acid formed under basic conditions was used as a coating and stabilizing agent to provide
colloidal properties to the surface of nanoparticles in basic to neutral aqueous media, which was
confirmed by zeta potential measurements. In addition, the colloidal properties and clustering
processes of synthesized LaPOs:Pr3* nanorods in aqueous solutions with different pH values were
studied in real time using a highly sensitive laser ultramicroscope operating according to the “light-
sheet” scheme. A comparative analysis of the transmission electron microscopy, X-ray powder
diffraction and high-energy spectroscopy showed the different effects of synthesis parameters on
the morphological, crystalline and luminescent properties of the obtained nanorods. Through
optimization of the synthesis parameters, stable aqueous solutions of m-LaPOu:Pr* nanorods with
sizes less than 30 nm and an intensity of UV-C luminescence equal to 5-10% of the unmodified
nanofibers were obtained.

Keywords: UV-C ray excited luminescence; colloidal solution; hydrothermal conditions; microwave
heating; LaPOs; Pr’; ultramicroscopy

1. Introduction

At present, the development of ways to synthesize multifunctional crystalline nanoparticles
(NPs) with specified parameters (composition, morphology, structure) is a topical task. To date, the
main methods for obtaining nanocrystals is the production of solid NPs via liquid-solid or solid-
liquid-solid phase transitions in various dispersion media. For «green» methods of obtaining NPs
with specified parameters the various reactor installations (batch or continuous) that operate under
relatively mild conditions (temperature up to several hundred degrees, pressure 1-100 atm) are used.
Such methods are called chemical; they allow one to obtain reproducible results and high yields of

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202311.1080.v1
http://creativecommons.org/licenses/by/4.0/

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 November 2023 doi:10.20944/preprints202311.1080.v1

reaction products with minimal energy consumption, which makes them very attractive for many
applications.

For medical applications, it is necessary to obtain colloidal solutions of NPs with the following
special properties: NP smaller than 50 nm [1], narrow size distribution, low degree of toxicity, high
photo- and physico-chemical inertness, low degree of crystalline defects, colloidal stability. The
ability to form stable colloids is necessary to prevent NPs aggregation and facilitate their further
modification. Materials combining such properties can be used to introduce NPs into a living
organism to obtain information about biological tissues (bioimaging) or to deliver drugs or other
therapeutic effects to disease centers. Thus, dielectric crystalline NPs and stable colloidal solutions
based on them have found applications in theranostics including bioimaging and drug delivery
carriers.

One of the promising areas in medicine is the study of the effect of ultraviolet radiation in the
UV-C spectral range (200-280 nm) on the deactivation of localized microorganisms and biological
tissues resistant to antimicrobial drugs or radiation. UV-C photon is not capable of penetrating into
biological tissues; therefore, its delivery by some NPs to a closed area of the disease in a living
organism is an urgent task. In particular, UV-C emitting NPs are considered as possible
radiosensitizers to enhance cancer radiation therapy due to the strong destructive action of UV-C
photons on DNA molecules [2,3].

As is known, some rare earth ions (REI), namely Ce?, Pr¥, Nd*, doped into suitable crystalline
matrices, are capable of emitting intense radiation in the UV-C spectral range under the high-energy
excitation. The high-intense UV-C radiation can be observed due to the presence of high-energy
radiative inter-configurational electronic transitions from the lowest-energy state of excited 4f*15d!
electronic configuration to the ground and some excited states of the 4f" electronic configuration in
the above REL. However, it is necessary to choose the best crystal matrix for effective luminescence
due to 4f*15d! — 4fr transitions. An important condition for the existence of bright 4fr15d! — 4f~ UV
luminescence of REI under high-energy excitation is an efficient energy transfer from the matrix to
the REI optical centers. In particular, phosphate matrices ensure efficient energy transfer to REI [4—
7]. Lutetium phosphate NPs doped with Pr?* ions have been already proposed as efficient UV-C
nanoscintillators for biomedical applications [3,8].

Some works [7,9-12] show that upon high-energy excitation (X-ray, synchrotron radiation,
electron beam) of bulk LaPOs crystals with the monazite structure doped with Pr?* ions (m-LaPOs,
monoclinic system, space group P21/n), it is possible to obtain effective UV-C luminescence (220 — 280
nm) due to the 4f'5d! — 3Hass, *F234 transitions in Pr® ions. A necessary condition for the existence of
4f15d! — 4f2 radiative transition of Pr®* ions in the doped matrix is that the lowest-energy (emitting)
4f15d1 level is below the highest-energy 4f2 level ('So) [11] Otherwise, luminescence properties of
doping Pr3+ ions will be determined by intra-configurational 4f2 — 4f2 transitions from the 1So level
(two step photon emission process/photon cascade emission process due to 'So — I and 3Po — 3Ha
transitions), which occur mainly in the visible spectral range. Thus, one of the ways to deliver the
UV-C radiation to biological tissues can be the creation of drugs based on aqueous colloidal solutions
of m-LaPOu: Pr¥* dielectric crystalline NPs with specified morphological parameters.

According to some studies (see, e.g. [13]), nanorods can be more effective drug carriers than
nanospheres for anti-cancer therapy because nanorods can penetrate tumors more efficiently than
nanospheres of the same effective size due to the enhanced transport through porous media of the
tumor. Another factor can be an alignment of nanorods with blood flow, which increases the
probability of the delivery to the tumor for nanorods. Accordingly, LaPOs NPs having a shape of
nanorods are of a special interest in our study.

Let us give a small overview of LaPOs: RE* NPs synthesis methods. The main method for the
synthesis of NPs is their production by various chemical methods using a liquid phase. The use of an
intermediate liquid phase makes it possible to reduce the required temperatures for the successful
formation of nanocrystals belonging to high-temperature phases without additional annealing of the
product. Since the liquid phase separates individual nanocrystals during the synthesis process, the
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correct choice of synthesis parameters makes it possible to obtain well-faceted crystalline NPs with a
low degree of aggregation and stable aqueous colloids based on them.

Recently, Wang et al. [14] investigated a method for synthesizing HTMW to obtain highly
crystalline and highly polarized m-LaPO4:Eu3+ nanorod emitters with an average length of about
100 nm or more. It was shown that LaPO4 NPs can be treated with nitric acid, which leads to the
formation of a colloidal solution that remains stable for more than a year. It was also shown that m-
LaPO4 NPs in an acidic environment (pH = 2) have a modulus twice as large as the zeta potential
than in an alkaline environment (pH = 7 — 12), indicating that the sedimentation stability of NPs is
much higher in acidic environment.

Based on the report of Espinoza & Jiistel on UV-emitting LaPOs nanocrystals [15], the X-ray
excited optical luminescence (XEOL) spectrum of about 4.5 + 3 nm m-LaPOu: P13 spherical colloidal
NPs obtained by a solvothermal method shows a large shift towards UV-B and UV-A spectral ranges.
This circumstance does not allow the effective use of such small m-LaPOas: Pr3* NPs as UV-C delivery
agents and indicates the need to obtain larger colloidal NPs.

Hilario et al. In [16], the hydrothermal synthesis of m-LaPO4 doped with Pr3+ or Pr3+ doped
with Gd3+ ions was studied. A series of syntheses carried out by the authors at different pH levels,
as well as measurements of the zeta potential of the resulting NPs, showed a higher probability of
aggregation of the resulting NPs with increasing pH levels.

On the contrary, H. Meyssamy et al. [17] and H. Song et al. [18] used the hydrothermal method
in alkaline aqueous solutions of ammonium hydroxide (pH>11) to obtain faceted NPs of m-
LaPOuEu®, Ce? with sizes 10 — 50 nm and low aspect ratio of 1:2. As shown in these works, the
treatment of freshly prepared suspensions of LaPOs NPs with an HNOs solution allows chemical
peptization of aggregated NPs with the formation of stable colloidal solutions in acidic conditions.

Riwotzki et al. [19] used a solvothermal synthesis of m-LaPOa: Ce?*, Tb* NPs with mean sizes of
5-6 nm. Similarly, N. Niu et al. [20] synthesized m-LaPOs: Ce?, Tb% NPs of irregular shape and
rounded morphology with sizes about 15 nm using a solvothermal method. As a result of
solvothermal synthesis routes, highly luminescent in UV-A region NPs of m-LaPOs: Ce?*, Tb* with a
hydrophobic surface were obtained.

To control the processes of nucleation and growth of LaPOas: Ce¥, Tb% nanowires, X. Zhu et al.
[21] used a combination of an organic dispersion medium, microwave heating and a microfluidic
reactor. As a result, non-aggregated hexagonal LaPOus: Ce¥, Tb* NPs luminescent in UV-A region
with an average length of 60-70 nm and a diameter of about 12 nm were obtained.

The conclusions from this literature review are as follows.

It is possible to obtain a pure monoclinic LaPOs: REI phase of well-crystallized NPs in one step,
by using autoclave synthesis methods or synthesis in high-boiling organic solvents.

Depending on the pH values, anion excess ratio, reaction mixture temperature, and the
concentration of the initial reagents [14,17,18,22,23], the hydrothermal synthesis allows to obtain m-
LaPOs NPs with characteristic dimensions ranging from 5 to 600 nm with aspect ratio of 2-75. At the
same time, the synthesized particles of the LaPOxs via hydrothermal synthesis are most often obtained
with big sizes and without a stabilizing charge on the surface in a neutral or basic aqueous media
[14,16,24]. Thus, to prevent aggregation of m-LaPO4 NPs in the alkaline region, it is necessary to use
a surfactant. To modify the surface of lanthanum containing NPs, anionic surfactants are widely used,
in particular, compounds of tartaric and citric acids [25,26].

Since it was previously shown [9,12] that the monoclinic LaPOs phase doped with Pr3* ions is an
effective UV-C scintillator, we concentrated our efforts on the development of a Hydrothermal
Microwave (HTMW) method for the synthesis of m-LaPOs Pr®* colloidal NPs with specified
physicochemical parameters: optimal NP sizes, high colloidal stability, the ability to emit intense
luminescence, and the highest intensity in the spectral region of the UV-C radiation spectrum. A
surfactant of alkaline solution of ammonium tartrate was used during syntheses in order to provide
the colloidal properties to the surface of LaPOs NPs for the ability to form the stable aqueous solutions
in the neutral or weakly alkaline aqueous media. To study the effect of synthesis parameters on the
obtained NPs, several series of syntheses of LaPOu: Pr? (1 at.%) NPs were carried out by the HTMW
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method (200 °C, 2 hours, 2 magnetrons, 2.45 GHz).The influence of various parameters on the
morphology and intensity of UV-C luminescence of NPs was studied: the use of solutions of tartaric
acid (TA) and ammonium hydroxide (NH+«OH) with different amounts of added TA (Cra = 0.027 or
0.08 M) at pH values of 8 or 9, various ratios of excess anions to cations (excess ratio of K:HPOs=1 —

C

10), two concentrations of LaPOs: Pr3* in the reaction mixture ("™ =0.005 or 0.01 M).

Aggregation processes of colloidal NPs synthesized by wet-chemistry methods are a well-
known problem in their use for medical and other purposes [27-29]. They can occur both during the
synthesis of NPs and during the storage of their solutions. Monitoring these processes using an
electron microscope is a complex and time-consuming procedure and requires drying the sample,
which can distort the information obtained as a result of possible changes in the structure of clusters
and their additional aggregation during the drying process. This article presents the results of using
a simpler and faster method for monitoring aggregation processes, based on highly sensitive optical
microscopy visualization of the Brownian motion of single NPs in solutions and subsequent analysis
of their trajectories using the Nanoparticle Tracking Analysis (NTA).

2. Materials and Methods
2.1. Method for the Synthesis of Colloidal Solutions of LaPOa: Pr3* Nanoparticles

2.1.1. HTMW Synthesis Methodology

The initial chemical reagents used in the synthesis without further purification include: Pr(NOs)s
6H20 (Aldrich, 99.9% purity), La(NOs)s 6H20 (Aldrich, 99.999% purity), K2HPOs 3H20 (RusKhim,
analytical grade), tartaric acid import (hps, analytical grade), 25% aqueous solution of NH4OH
(SigmaTek, analytical grade). Throughout all syntheses, deionized (DI) type I water (resistance 18.2
MQ cm) from a water deionizer Crystal EX-1001 (Adrona, Riga, Latvia) was used.

In a typical synthesis the following devices were used: an analytical grade scales HR-100AG
(A&D, Japan), syringe pump PSh-10 (Visma Planar, Minsk, Belarus), HTMW device speedwave
XPERT (Berghof Products+ Instruments GmbH, Eningen unter Achalm, Germany) with two
magnetrons (245 GHz, 2 kW maximum output power), centrifuge Z326 (Hermle, Gosheim,
Germany), magnetic stirrer C-MAG HS 7 (IKA, Staufen im Breisgau, Germany), ultrasonic bath JP-
040S (Skymen, China).

In the general case, the HTMW synthesis of LaPOa: Pr* colloidal solutions with surfactant can be
divided into 3 stages: coprecipitation at room temperature, HTMW treatment, and the washing stage.

At the coprecipitation stage, three solutions are prepared in DI water, with a total volume of 50
mL or less: a solution of La(NOs)s 6H20 and Pr(NOs)s 6H20 (A), a solution of tartaric acid (CaHsOs)
and NH4OH (resulting pH = 8 or 9) (B), a solution of K2HPO4 3H20 (C) and, if necessary, additional
DI water to bring the volume of the reaction mixture to 50 mL prior to HTMW treatment. After
preparing the solutions, solution B is added dropwise to solution A, resulting in a clear aqueous
solution (D), which is then stirred for 15 minutes. Further, depending on the choice of coprecipitation
method, solution D is continuously (0.4 mL/min) supplied directly to solution C (or reversed),
resulting in the formation of a LaPOa: Pr3* colloidal gel solutions (E). The solution E is then diluted
with DI water to reach 50 mL and transferred into a 100 mL Teflon (PTFE) autoclave with ceramic
reinforcing inlay, sealed and placed under microwave irradiation for 2 h at 200 °C using a speedwave
XPERT laboratory device.

In the case of surfactant-free synthesis, all steps were the same, except that solution B was
replaced by DI water.

2.1.2. Washing Stage Methodology

After the HTMW treatment, the autoclave is allowed to cool naturally to room temperature, and
then most of the upper water layer is decanted to collect white precipitates from the bottom of the
autoclave. Cloudy and unstable LaPOs: Pr3* suspension is then transferred to a centrifuge tube with
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additional DI water. The precipitate is then washed with DI water using a precipitation-redispersion
process in which a Hermle Z326 device (11000 rcf, 10 min) was used to precipitate the NPs and an
ultrasonic bath was used to redisperse the NPs in a fresh DI water.

After centrifugation, NPs, synthesized with the addition of surfactant solution (CsHsOs +
NH4OH, pH = 8 - 9), could form flocculates, but they were quite easily subjected to the cavitation
effect of ultrasound or with the addition of pH-rising agents. As a result, after two cycles of washing
of TA-modified NPs with DI water, a homogeneous transparent solution is formed. The third cycle
of washing of TA-modified NPs with DI water leads to the loss of the colloidal properties and rapid
flocculation upon removal of NPs solution from the ultrasonic bath. To restore the colloidal
properties of the TA-modified NPs, 50 ul of 25% ammonium hydroxide solution is added to the
centrifuge tube containing 40 ml of modified NPs in suspension. After sonication, the NPs are washed
again using the precipitation-redispersion process. At the last stage, the settled transparent particles

C
were redispersed in 5 mL of DI water ( IO _ 10 — 20 mg/mL), forming aqueous colloidal
solutions (resulting pH = 7.5 — 8) of LaPOu: Pr3* NPs, which retain sedimentation stability for several
months.

Since tartaric acid is a dibasic carboxylic acid, depending on the pH of the medium, its molecule
can carry a negative charge at pH > 7 or remain neutral at pH < 7. Thus, when using the HTMW
method modified with the anionic surfactant solution (CsHeOs + NH4OH), it is necessary to maintain
the pH of the synthesis media from neutral to slightly alkaline to prevent NPs aggregation and to
maintain colloidal stability in aqueous dispersion media.

Centrifugation of LaPOus: Pr¥ particles synthesized without surfactant solution leads to the
formation of dense opaque flakes that cannot be broken with a magnetic stirrer and ultrasound or
with addition of alkaline agents. To redisperse non-modified particles into a colloidal solution, as
was shown many times in the literature, their surface has to be peptized, which can be achieved by
adding a small amount (30— 50 pl) of concentrated HNOs and sonication, resulting in the formation
of a stable colloidal solution of unmodified LaPOs NPs in an acidic medium.

2.2. Nonoptical Characterization Methods

2.2.1. Transmission Electron Microscopy Analysis

Morphologies of LaPOa: Pr? (1 at.%) particles obtained with different synthesis parameters were
studied by transmission electron microscopy (TEM ). The TEM images of the as-prepared LaPOa: Pr3*
NPs were taken with Zeiss Libra 200 FT HR microscope at the GPI RAS (Moscow) or with a JEOL
JEM-2100 at the National University of Science and Technology «MISIS» (Moscow). The diluted
colloids were applied dropwise onto a TEM grid and dried in a vacuum for several hours.

Processing of TEM images for calculation of size distribution was carried out using the Image]
program. Statistics for each sample, with the exception of NPs obtained by the unmodified HTMW
method, included about 500 measurements of individual nanocrystals. For unmodified NPs, the
statistics consisted of only 50 measurements, since these particles are not a priority in this study.

2.2.2. X-ray Powder Diffraction

To determine the crystalline phase and assess the degree of crystallinity, X-ray diffraction
patterns of LaPOu: Pr¥ (1 at.%) powders were conducted using the D2 Phaser diffractometer (CuKa-
radiation). All samples obtained by the HTMW method with a constant temperature parameter of
200 °C and a duration of HTMW treatment for 2 hours correspond to the monoclinic phase.
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2.3. Colloidal Properties Control

2.3.1. Zeta Potential Measurements

To assess the sedimentation stability of LaPOs: Pr3* (1 at.%) particles obtained by modified
HTMW method, electrophoretic light scattering (ELS) measurements were performed at different pH
levels (pH=5, 7.5, 9) using a Malvern Zetasizer ULTRA RED LABEL setup (Malvern Panalytical LTD,
Worcestershire, UK). Zeta potential measurements at each pH level were made 3 times for 30 seconds
each, after which the results were averaged.

2.3.2. Optical Microscopic Diagnostics

To visualize Brownian motion of NPs and to study the processes of association (aggregation and
agglomeration) of the synthesized NPs in colloidal solution, we have developed a highly sensitive
laser ultramicroscope [30]. It is built according to the “light sheet” scheme and is based on the
detection of elastically scattered light at an unshifted frequency. The high sensitivity of the
microscope makes it possible to visualize single NPs up to 20 nm in size or less in solution, as well as
clusters formed on their basis. The essential advantage of this method is the visualization and analysis
of individual trajectories of Brownian motion of single NPs that allows to overcome inherent
problems associated with averaging over an ensemble of particles. For example, such averaging is
inherent for another method widely used for diagnostics of NPs in solutions: the dynamic light
scattering (DLS). The latter is based on measurement the signals of the total elastic light scattering of
ensemble of NPs in solution and yields information averaged over an ensemble of particles, which
usually heavily weighted towards small value of large, usually contaminant particles. Optical
diagnostics of synthesized colloidal solutions using the developed laser ultramicroscope made it
possible to eliminate the above ensemble averaging and obtain more detailed information about the
colloidal solutions under study.

Numerical analysis of individual trajectories of the Brownian motion (NTA) of the observed NPs
made it possible to determine their hydrodynamic radii. In order to avoid the undesirable effect of
superimposing images of the observed NPs, the concentration of the solution was reduced to 0.8
pg/mL. The measurements were carried out using radiation from a cw diode laser at 405 nm; the total
laser radiation power at the sample did not exceed 50 mW. The studied solutions were placed in a
measuring quartz cuvette with internal dimensions of 10 x 10 mm. The laser light was focused into a
cuvette in the form of a “light sheet” about 10 x 60 pm in size. Passive temperature stabilization and
a special algorithm for the numerical analysis of the recorded images made it possible to eliminate
the influence of the thermal convection of the liquid in cuvette on the measurement results.

2.4. Spectral Characterization

Sample preparation for CL and XEOL analyzes is carried out by applying a colloidal solution to
a PTFE substrate, followed by mild heat treatment (100°C, 2 hours) in a drying cabinet (ShSU-M,
Elektropribor, Russia). After obtaining a dry film on the surface of the PTFE sheet, it is collected with
metal spatulas in a plastic Eppendorf cuvette and lightly triturated using plastic spatula. Thus, a fine,
well-flowing dry powder of LaPO4:Pr3* NPs is obtained.

2.4.1. Method for Measuring Cathodoluminescence of the LaPO4: Pr3+ Nanoparticles Powders

In CL experiments, powders of LaPOs: Pr3* NPs with different morphologies were excited by 10
keV electron beam, with typical 50 nA current. Cathodoluminescence setup (see details in [31])
includes two monochromators for simultaneous recording of emission spectra in the UV-Vis and
VUV range. The first one ARC spectraPro 2300i monochromator with different gratings operates in
the range of 200-1000 nm using various detectors (Photomultipliers and a CCD camera). The self-
made double vacuum monochromator equipped with a solar-blind Hamamatsu photomultiplier
R6836 covers the wavelength range 120-270 nm. The electron gun used (Kimball Physics EGG-3101)
could be utilized in steady and pulsed (10 ns pulse, repetition rate 5 kHz) operation mode with an
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excitation spot diameter on the sample of approximately 0.5 mm. Through the window of sample
chamber of cryostat, the visible luminescence can be observed for well emitting samples by naked
eye during excitation by electron beam.

2.4.2. Method for Measuring X-ray Excited Luminescence of the LaPO4: Pr3+ Nanoparticles
Powders

The setup for the measurement of XEOL spectra of LaPOas: Pr3* powders consists of a water-
cooled cathode X-ray tube with Cr anode (30 kV, 30 mA) and a compact mini-spectrometer (FSD-10,
«PTC Fiber Optic Devices»), operating in the spectrograph mode, with a fiber-optic radiation input
and a photosensitive element-a silicon semiconductor CCD linear image sensor. Spectral sensitivity
range of the device: 200-1060 nm, spectral resolution —2 nm. Optical fiber diameter — 200 microns.
The end of the fiber light guide is brought directly to the metal cuvette, in which the NPs powder
under study is placed.

When measuring luminescence spectra with X-ray excitation, the accumulation time (10 or 50
seconds) is set in the spectrometer control program on a computer depending on the luminescence
intensity. The separately measured background is subtracted from the measured luminescence
spectra.

3. Results

3.1. Morphology and Structure of LaPO4: Pr3+ Nanoparticles

The TEM images of dry products (Figure 1) show partly aggregated individual nanocrystals of
LaPOs: Pr3* (1 at.%) with dimensions between 5 and 600 nm with different morphologies of
nanofibers, nanorods or rounded particles.
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Figure 1. Figure 1.TEM images and size distributions (diameter x length) of m-LaPOs: Pr* (1 at.%)
NPs prepared with HTMW method (200 °C, 2 hours) obtained with various synthesis conditions: a)
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LaPO,:Pr"
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ratio =5, Cra =0.027 M, pH = §; e) nanorods with double distribution of lengths (6.5 + 1.5 x 31 + 6 & 49

c 3¢
LaPO,:.Pr

+9 nm), =0.005 M, K2HPO: excess ratio = 2, Cra = 0.027 M, pH= §; f) small faceted NPs (6

c "
LaPO,:Pr’

+2x10+4 nm), =0.005 M, KoaHPO4 excess ratio = 10, Cra = 0.027 M, pH=8.

LaPO, P

Simple HTMW synthesis ( = 0.01 M, KoHPOs excess ratio = 1.25, pH = 5) results in
nanofibers with dimensions of about 7 — 15 x 30 — 600 nm (diameter x length) (Fig. 1a). This result is
close with the literature, although the aspect ratio of particles obtained by HTMW method is quite
high. Nanorods with sizes 8 + 1.5 x 46 + 12 nm (Fig. 1b) were obtained by modifying the HTMW

C
method with solutions of tartaric acid (TA) and ammonium hydroxide (" " 20.01 M, Kz2HPO4
excess ratio = 1.25, Cra= 0.08 M, pH =9). The samples consisting of short nanorods (4.5 +1 x 13 +4 nm
and 5 + 1 nm x 18 + 4 nm) were prepared with the same KaHPOs excess ratio equal to five and the
concentration of TA (Cra= 0.027 M), but with different during HTMW conditions: concentrations of

c .
LaPO:Pr

equal to 0.01 M and 0.005 M and pH of 9 and 8 (respectively, Fig. 1c, d). Nanorods with
diameters of 6.5+ 1.5 nm and a pronounced double distribution of lengths with maxima at 31 + 6 and

C

49 +9 nm (Fig. 1e) were prepared with lower cation concentration and KzHPOs excess ratio (" "
= 0.005 M, KzHPOs excess ratio = 2, Cra= 0.027 M, pH = 8). The small faceted nanocrystals with

PO _0).005 M and ammonium

dimensions of 6 + 2 x 10 +4 nm (Figure 1f) were synthesized with
tartrate (Cra= 0.027 M, pH = 8) and a tenfold Ko:HPOs excess ratio.

Analyzing the TEM results, it was found that increasing the pH level of the reaction mixture
leads to a significant decrease in the size of NPs. In turn, the introduction of a large excess of anions
to cations into the reaction mixture leads to a further decrease in the size of NPs and a decrease in
polydispersity, which is a consequence of a decrease in the solubility of lanthanum phosphate.
Moreover, a decrease in the concentration of reagents and an excess of anions leads to the formation
of larger individual NPs (Figure 1d,e). This fact may be associated with a decrease in the degree of
ion saturation of the medium, due to which the probability of nucleation processes decreases and the
process of dissolution-growth of individual NPs becomes more accessible.

It can be seen that the particles obtained in an alkaline medium (pH > 7) are partially aggregated
and are in a fractal-like structures, which may be due to the lower degree of sediment stability of
LaPOs NPs in alkaline media [14,16,24]. However, the degree of aggregation of the obtained particles
is much lower than in the literature [16,23], where an alkaline medium was also used for synthesis.
Thus, the use of tartaric acid allowed to facilitate the growth of individual NPs and weaken their
aggregation.
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3.2. XRD Analysis

As is known, under appropriate conditions, lanthanum phosphate crystallizes with a monazite
structure with space group P21/n.

XRD data (Figure 2a) for a sample of nanofibers obtained by a simple HTMW method without
additional substances, revealed that the sample consists of a single crystalline phase of the pure
monoclinic phase of m-LaPO4 (space group P2i/n). The predominance of the intensity peak with an
index of (120) indicates the formation of crystals with strong anisotropic growth in one direction,
which is confirmed by TEM data (Figure 1a).

10 20 30 40 50 60 70 80

s m-LaPO4 (ICSD#79747)

| nll IIL Ll bk |

N

N

N

Intensity (normalized)

N

h-LaPO4 (ICSD#31564)

| ‘ l ; “ 1 S AR

10 20 30 40 50 o60 70 80
heta (

Figure 2. XRD pattern of LaPOus: Pr¥ (1 at.%) powders prepared with HTMW (200 °C, 2 hours): a)

c 3+
LaPO,:Pr

nanofibers obtained with =0.01 M, KoaHPO:s excess ratio = 1.25, no additional components

c 3+
(natural pH = 5); b,c) NPs obtained with """

K2HPO: excess ratio equal to five (b) and ten (c).

= 0.005 M, Cra = 0.027 M, pH = 8, but with

3.3. Colloidal Stability of Modified Nanoparticles

The stabilization of LaPOs: REI NPs in pH-modified aqueous media is explained by the
adsorption of H* or OH- ions on the surface of NPs [14,16,24]. At the same time, in the case of LaPOx
NPs the processes of H* ions adsorption is more efficient than OH- ions. As a result of the
disproportion of the processes of pH-determining ions adsorption, m-LaPOs: Pr3* NPs without
coating agents are more stable in an acidic than in an alkaline media [14,16]. On the other hand, as
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has been shown in many works, the use of organic compounds with carboxyl groups makes it
possible to decrease the aggregation probability of NPs in an alkaline medium [25,26,32].

To control the stability of colloidal solutions of the synthesized TA-modified nanocrystals,
measurements of their zeta potentials were carried out, as well as optical studies of their clustering
processes using a highly sensitive ultramicroscope.

3.3.1. Zeta Potential Measurements

For zeta potential measurements, a freshly synthesized TA-modified LaPOs: Pr®* NPs with sizes
with sizes 5+ 1 x 18 + 4 nm (Figure 1c) were redispersed in DI water with a concentration of 10 mg/mL
and a low amount of NH4OH (resulting pH = 8). Next, one part of the colloid was placed into a
DTS0012 polystyrene cuvette and diluted with 9 parts of one of the dispersants: DI water (resulting
pH = 7.5), aqueous nitric acid solution (resulting pH = 5) or aqueous sodium hydroxide solution
(resulting pH = 9). The results of measurements of the zeta potential at different pH (Figure 3) show
that when the colloid is diluted with DI water (Figure 3a), the particles have the maximum negative
zeta potential (-37 + 7 mV). An increase in pH to 9 (Figure 3b) leads to a decrease in the zeta potential
(=29 £ 7 mV), and when the colloid is diluted with an acidic medium with pH =5, the zeta potential
changes its value to positive (31 + 9 mV) and small part of NPs become non-charged.

a. b. c.

=

Counts (normalized)

50 0 50
Zeta Potential (mV)

Figure 3. Zeta potential measurements of the TA-modified LaPOa: Pr3* (1 at.%) NPs with sizes 5 + 1 x

c W
18 + 4 nm (Fig. 1¢) obtained by HTMW method (200, 2 hours) with """ =0.005 M, K:HPO:

excess ratio = 5, pH = 8, Cra = 0.027 M, dispersed in different aqueous media by diluting 0.1 mL of
colloid with concentration of 10 mg/mL with 0.9 mL of dispersants: a) blue line - DI water, resulting
pH = 7.5; b) green line - weak NaOH solution, resulting pH = 9; c) red line - weak HNO:s solution,
resulting pH =5.

The values of the zeta potential in alkaline media obtained from ELS (Figure 3a,b) significantly
exceed the literature data for unmodified m-LaPOs: REI NPs. [14,16,24]. This result indicates the
successful formation of stable adsorption layer with the help of tartaric acid compound on the NPs
surface. The adsorbed deprotonated hydroxyl groups of tartaric acid form the negative charge near
the surface of LaPOa: P13 NPs, leading to higher values of C-potential of TA-coated NPs (Figure 3a,b).
As a result of synthesis with tartaric acid, almost all particles have a high-energy surface in alkaline
media (for most particles |C| >30 mV). Increasing the pH level is equivalent to the process of adding
an indifferent electrolyte to a solution, which leads to a decrease in the zeta potential in a more
alkaline environment (Figure 3b). Dilution of the colloid with a weak solution of nitric acid leads to
recharging of the surface of the particles (Figure 3c), as well as to partial protonation of tartaric acid.
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Thus, the use of tartaric acid compound made it possible to expand the pH range of
sedimentation stability of the obtained particles into alkaline region, while retaining the ability to
form colloidal solutions in acidic conditions.

3.3.2. Colloidal Nanoparticles Cluster Sizes

More information about the processes of association of synthesized NPs in different aqueous
media was provided by optical control using laser ultramicroscope and NTA analysis of recorded
trajectories of Brownian motion of colloidal solutions under study (Figure 4). For these experiments,
a colloidal solution of TA-modified LaPOs: Pr3* nanocrystals with sizes of 5+ 1 x 18 + 4 nm (Figure
1c) was prepared with a concentration of 10 mg/mL in DI water with a low amount of NH+«OH
(resulting pH = 8). Then it was diluted with DI water in a ratio of 1:250 and subjected to ultrasonic
treatment for 30 minutes. Next, the solution was diluted in a ratio of 1:50 in various dispersion media:
DI water (resulting pH = 7), weak aqueous sodium hydroxide solution (resulting pH = 9), aqueous
solutions of nitric acid (resulting pH = 2 or 5). Then, the prepared solutions were transferred into an
optical cuvette for measurements. The registered trajectories of the Brownian motion of NPs were
analyzed using NTA method (for more details see [30]).

20f @)pH=7 20- b)pH =9
ol R,=107 £ 44 nm .l R, =41+ 12 nm
R,= 208 + 90 nm R,=72 + 27 nm
X101 SR1 :SR2= 0.41:0.59 510+ S. 'S =053:047
Z 5]
Z
. 0 . — . .
0 100 200 300 400 0 100 200 300 400
Hydrodinamic radius, nm Hydrodinamic radius, nm
20 C) pH =5 20+ d) pH =2
151 R,=67 £ 22 nm 15. “\, R,=46 £ 15 nm
o R,=116 = 41 nm \ R,=92 +38nm
*0 Sk, : S, = 0.53:0.47 32101 \ Sk, S, =0.6:0.4
s 25 il
Z ‘I
0_ N O_ ""'I‘ IIII.. q [ e — ,
0 100 200 300 400 0 200 300 400
Hydrodinamic radius, nm Hydrodlnamlc radius, nm

Figure 4. The distributions of hydrodynamic radii of the synthesized colloidal LaPOs: Pr¥ (1 at.%)
NPs with primary sizes of 5 + 1 x 18 + 4 nm (fig. 1c) and the clusters formed by them, measured in
various aqueous solutions using the developed high-sensitivity laser ultramicroscope: a) - in a
purified deionized water with pH=7; b) - in a weak NaOH solution with pH=9; ¢,d) in weak HNOs
solutions with pH=5 (c) and pH=2 (d). All distributions are well fitted by the sum of two different
Gaussians (R? > 0.98).

The results of the analysis are shown in Figure 4. It can be seen that the values of the
hydrodynamic radii of NPs under study in highly diluted solutions are scattered over a wide range
of sizes and significantly exceed the sizes of primary NPs as measured by TEM (Figure 1e). It is also
seen that, all distributions are well fitted by the sum of two different Gaussians: one with the
distribution maximum and half-width, which little dependent on the studied solution (red) and the
other, which parameters differ greatly in the cases of different dispersion media (green). The results
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of the analysis are shown in Figure 4. It can be seen that the values of the hydrodynamic radii of NPs
under study in highly diluted solutions are scattered over a wide range of sizes and significantly
exceed the sizes of primary NPs as measured by TEM (Figure 1e). It is also seen that, all distributions
are well fitted by the sum of two different Gaussians: one with the distribution maximum and half-
width, which little dependent on the studied solution (red) and the other, which parameters differ
greatly in the cases of different dispersion media (green).

In a DI aqueous medium, the NPs form clusters with a wide size distribution and large
hydrodynamic radii of more than 100 nm (Figure 4a). The size distribution became the smallest and
narrowest when the particles were diluted in a slightly alkaline medium (Figure 4b). In an acidic
medium (Figure 4c,d), the values of hydrodynamic radii also became smaller, but the resulting sizes
and distributions are larger than in an alkaline medium.

The results obtained can be explained based on the following considerations. In the case of pH
=7 (Figure 4a), the NP surface becomes close to the isoelectric point, which leads to additional sticking
of clusters formed during synthesis into loose agglomerates up to several hundred nanometers in
size (Figure 4a, green line). The interactions between the constituent particles in these agglomerates
are likely caused by van der Waals forces overcoming a weak electrical repulsion near the isoelectric
point of m-LaPOs. When the pH of the environment changes, the surface of the NPs is populated with
positive (H*) or negative (OH-) ions, which leads to an increase in the surface charge. As a result, large
agglomerates break up into particles with a narrower size distribution (Figure 4b,c, green lines),
which, apparently, represent smaller aggregates with strong interactions between individual
nanocrystals (van der Waals forces and chemical bonds). The smaller size of NPs clusters with narrow
size distributions in pH-modified aqueous media (Figure 4b,c, green lines) may explain their ability
to form loose agglomerates in DI water (Figure 4a, green line). Another fraction (Figure 4, red lines)
may consist of larger and denser clusters of NPs, which have a higher degree of aggregation and are
formed during synthesis. Due to the large size and high density of NPs in this fraction, they are not
able to form agglomerates with NPs among this fraction, therefore, their distribution remains
practically unchanged in all dispersion media.

3.4. High-Energy Excitation Spectroscopy Results

3.4.1. Cathodoluminescence Spectroscopy

In the CL spectra of Pr** doped LaPOs (1 at.%) NPs (Figure 5) three emission bands can be
recognized in the UV-C region which correspond to electronic transitions 4f15d! — 3H4 (230 nm),
4f15d! — 3Hs (shoulder at ~236 nm) and 4{'5d" — 3Hs, 3F2 (258 nm). The observed features are in general
agreement with data reported in [7,9]. At 485 nm there is an intense line which is clearly identified as
Pr3+ 4f2 — 4f2 transition *Po — 3Ha. The narrow bands in the spectral range of 510-620 nm can also be
associated with some 4f2 — 4f2 transitions (see notations in Fig. 5). Between these narrow emission
lines and emission bands in UV, there are always several broad emission bands in the range from 350
to 475 nm which have a correlation with known transitions from 4f15d! state to excited 4f2 levels of
Pr3+ ion.
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Figure 5. CL spectra of m-LaPOu: Pr3* (1 at.%) NPs prepared with HTMW method (200 °C, 2 hours)

C 3+
obtained with various synthesis conditions: a) nanofibers (7 — 15 x 30 — 600 nm), LabO P 0.01 M,

K2HPOs excess ratio = 1.25, no additional components (natural pH = 5); b) nanorods with double

LaPO,:Pr"

distribution of lengths (6.5 + 1.5 x 31 + 6 & 49 + 9 nm), =0.005 M, K2HPOu4 excess ratio =5,

c 3¢
LaPO,:.Pr

Cra =0.027 M, pH= 8; c) nanorods (8 + 1.5 x 46 + 12 nm), =0.01 M, K2HPOs4 excess ratio =

1.25, C1a=0.027 M, pH=9; d) nanorods (45+1 x 13 +4nm), %7

=5,Cra=0.08 M, pH=09.

=0.01 M, K2HPOu4 excess ratio

3.4.2. XEOL Spectroscopy

Due to high speed and simplicity, XEOL measurements were performed for all LaPOas: Pr3* (1
at.%) powders (Figures 6 and 7) to monitor the development of LaPOu: Pr3* NPs synthesis. To improve
the legibility of XEOL data, the graphs of the spectra were smoothed by averaging the data with a
step of 2 nm.
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Figure 6. XEOL spectra of m-LaPOu: Pr¥* (1 at.%) powders prepared with HTMW method (200 °C, 2

c N
hours) obtained with various synthesis conditions: a) nanofibers (7 — 15 x 30 — 600 nm), LapO P

0.01 M, KoHPOs excess ratio = 1.25, no surfactant (natural pH = 5); b) nanorods with double

distribution of lengths (6.5+1.5x31 +6 &49+9nm), ™" =0.005 M, KzHPOs excess ratio =2,
CL PO, P’
Cra=0.027 M, pH =8; ¢) nanorods (5+1x 18 +4nm), * *"  =0.005M, K:HPOu excess ratio =5,
LaPO, P

Cra=0.027 M, pH = §; d) nanorods (8 £ 1.5 x 46 + 12 nm), =0.01 M, KaHPOs excess ratio =

LaPO, r

1.25, Cra=0.08 M, pH =9; e) nanorods (4.5 +1 x 13 + 4 nm), =0.01 M, K2HPOu+ excess ratio

C 3+
=5, Cra=0.08 M, pH = 9; f) Small faceted nanoparticles (6 + 2 x 10 + 4 nm), LapO,:Pr

K2HPO4 excess ratio = 10, Cra = 0.027 M, pH = 8.

=0.005 M,
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Figure 7. XEOL spectra of m-LaPO4: Pr3+ (1 at.%) powders prepared by HTMW method (200 °C, 2

hours) obtained with same synthesis conditions LaPoPr 0 005 M, K2HPO:s excess ratio =5, Cra =
0.027 M, pH =8), but with different coprecipitation techniques: a)coprecipitation by adding 0.25 mmol
of cations (10 mL solution) to 1.25 mmol anions (15 mL solution) and then diluted with 25 mL of
deionized water; b) coprecipitation by adding 1.25 mmol of anions (10 mL solution) to 0.25 mmol
cations (15 mL solution) and then diluted with 25 mL of deionized water; c) coprecipitation by adding
0.2 mmol of cations (5 mL solution) to 1.25 mmol cations (45 mL solution);d) background spectrum.

The obtained XEOL spectra are dominated by a broad UV band peaking at 257 nm, which is due
to Pr®+ 4£15d! — 3He, °F2 inter-configurational transitions. The observed strong decrease of luminescence
intensity of the UV band towards shorter wavelengths can be related to the low sensitivity of the
silicon detector in high-energy ultraviolet spectral range. For the largest-size NPs synthesized by
standard HTMW method, in addition to the intense UV band, some other 4f15d! — 42 and 4f2 — 4f2
transitions can be clearly observed in the visible range as the structured broad and narrow bands (see
notations in Figure 6). For the smaller NP samples prepared by the modified HTMW method (Figure
6b—f), the narrow lines overlapping the spectra do not correlate with possible 4{2 — 4f2 transitions in
Pr3 and are due to the background noise signal (Figure 7d). In any case, the low signal to noise ratio
of the measured XEOL spectra of NPs prepared with modified HTMW method indicates a rather low
UV luminescence intensity in comparison with unmodified nanofibers.

Similar to CL measurements, the highest XEOL intensity was obtained for LaPOu: Pr* (1 at.%)
particles with the sizes of ~ 7-15 x 30-600 nm synthesized by standard HTMW method (Figure 6a).
For this particular sample, the XEOL spectrum was recorded only for 10 seconds, as the detector was
saturated at higher measurement times. Nevertheless, the recorded spectrum of these nanofibers
(Figure 6a) is approximately 5 times more intense than that of NPs prepared by the modified HTMW

method and recorded for 50 seconds (Figure 6b—f). For the NPs, prepared with modified HTMW
c .

method, the highest-intensity of UV-C XEOL was detected from the samples prepared with ~ “"**"
=0.005 M, Cra =0.027 M, and pH = 8, with an excess ratio of K2HPOs equal to 2 or 5 (respectively,

Figure 6b,c). A further increase in the excess K2HPOx leads to the virtual absence of the UV-C XEOL
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(Figure 6f). A decrease in the concentration of cations during HTMW treatment from 0.01 M to 0.005
M lead to a noticeable increase of the UV-C luminescence intensity (Figure 6d,e).

At the same time, XEOL spectra for NPs obtained by different coprecipitation methods (Figure
7) show that the final spectra are affected by cation concentrations at the coprecipitation stage, while
the direction of coprecipitation does not have a strong effect on the final spectra. Thus, using higher
cation concentrations during the coprecipitation step and subsequent dilution of fresh gel prior to
HTMW treatment results in enhanced UV-C XEOL.

Thus, it has been established that the amount of added NH4OH and excess KeHPOys, as well as
concentration of LaPOs: Pr¥* in the reaction mixture have the greatest influence on the XEOL spectra
of LaPOa: Pr* NPs.

4. Discussion

As shown earlier [14,16,24], the LaPOas: REI NPs have the isoelectric point near pH-neutral
region, while stabilization of LaPOs: REI NPs in aqueous colloids in pH-modified media is explained
by the chemical adsorption of H* or OH- ions on the surface nanocrystals. At the same time, the
adsorption of H+ ions on the surface of LaPOs: REI NPs occurs more efficiently than of OH~. As a
result of the disproportion in the adsorption of pH-determining ions, LaPOa: Pr®* NPs without coating
agents are more stable in acidic than in alkaline environment [14,24]. On the other hand, as has been
shown in many works, the use of surfactants with carboxyl groups makes it possible to decrease the
aggregation probability of NPs in an alkaline medium [25,26,32].

The reaction of chemical surface peptization of non-modified LaPOs NPs as a result of the
adsorption of pH-determining ions in an acidic or alkaline environment can be represented by the
following expressions:

{[LaPO4]m}° + nH* <> {[LaPO4]m'nH*}* (1)
{[LaPO4]m}° + nOH- > {[LaPO4]mnOH-} (2)

When TA-modified particles are dispersed in an acidic or alkaline medium, the hydroxyl end of

the organic molecule can also undergo reversible chemical transformations:
R-COOH? « R-COO- (3)

Thus, for TA-modified NPs placed to an alkaline medium, the total expression of chemical

adsorption and neutralization of the hydroxyl groups with OH- ions can be written as
{[LaPO4]m'yR-COOH}? > {[LaPOs]'nOH-yR — COO-}-n+ 4)

After the adsorption of pH-determining ions, the charged surface of the NP is surrounded by a
solvation aqueous shell, which leads to a decrease in the excess energy of the system. For this case,
the surface of the LaPOs NPs is surrounded by the polar ends of water molecules, opposite in sign to
the surface:

{[LaPO4]m}° + nH* <> {[LaPOs]m-nH*} xH20 5)
{[LaPO4]m'yR-COOH}° > {[LaPO4]m'nOH~yR—COO}-»-xH20 (6)
The results of these reactions are shown in Scheme 1.
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a)pH=7+0.5 b)pH <5
{[LaPO,] -nH'}™ xH,O

2

Scheme 1. Representation of processes on the surface of LaPOs NP in different aqueous media: (a) pH
=7 is near the isoelectric point of m-LaPOs, no charge in the surface, the near polar H2O molecules
(shown by blue circle and red circles) are randomly positioned around NP; (b) pH < 5 is an acidic
environment in which H* ions are adsorbed on the surface of the LaPOs NP, leading to a positive
charge on the surface and polarization of H20 molecules with negative fields around the NP; (c) pH
> 9 is a basic environment in which OH- ions are adsorbed on the surface of the LaPOs+ NP, which
leads to a negative surface charge and polarization of H20 molecules with positive fields around the
NP; (d) pH > 9 with TA-modified LaPOs NP causes the adsorption of OH- ions, as well as
deprotonation of the carboxyl groups of tartaric acid, which leads to a higher total negative charge of
the modified NPs and to a more stable solvate shell due to stronger interactions between NPs surface
and aqueous medium.

As can be seen (Scheme 1), the solvate aqueous shell, as well as the adsorbed tartaric acid
molecules, lead to a decrease in the aggregation probability. However, optical microscopy studies
have shown, that despite the use of a tartaric acid component as capping agent, the product of
modified HTMW synthesis was not individual nanocrystals, but clusters with hydrodynamic radii
up to 100 nm and more. It was shown that the synthesized TA-modified NPs have the narrowest
hydrodynamic radii distributions in a weakly alkaline aqueous medium, which is a consequence of
the adsorption of the tartaric acid compound on the NPs surface. In addition, the resulting particles
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also have good stability in an acidic environment due to the high efficiency of adsorption of H* ions
on the surface of LaPOu: Pr® NPs.

The dense aggregates of TA-modified LaPOs: Pr®* nanocrystals are formed during the synthesis
(coprecipitation, HTMW treatment and cooling of the reaction mixture) and not during storage of the
colloidal solution. The source of the observed NPs clusters with narrow distributions in modified
aqueous media is probably the washing stage (Section 2.1.2). As mentioned earlier, after HTMW
synthesis, a rapidly settling precipitate of crystalline particles is formed, while the colloidal properties
appear after several washing cycles. As a result of the washing process, loose aggregates break up
into smaller aggregates, which leads to transparency and stabilization of the dispersion of NPs. The
double distributions of hydrodynamic radii in different pH are likely due to the different properties
of hard clusters: size, shape, and density; however, this assumption requires further research.

The comparison of obtained data on UV-C luminescence intensities for NPs prepared under
various synthesis conditions and having different sizes and aspect ratios between width and length
of individual nanocrystals are presented in Table 1. It should be mentioned that we cannot make
reliable quantitative analysis of the dependence of NP luminescence intensities on synthesis
conditions (NP morphology) because the procedure of preparing NP powder samples for each
measurement of XEOL or CL spectrum can differ from time to time. For example, the temperature
and duration of the drying procedure can be slightly different, and the time between synthesis and
the measurement also varied in the wide range (from several days to few months) which can induce
some aging effects, e.g.,, NP aggregation. Thus, our qualitative analysis can indicate only some
tendencies in changing the NP luminescence intensity depending on synthesis conditions.

Table 1. The comparison of morphology parameters with XEOL and CL UV-C intensities for LaPOa:
Pr¥ (1 at.%) NPs at room temperature obtained under various synthesis conditions.

Synthesis conditions TEM CL XEOL
Relative Intensit Relative
CatAn C__ ..M Ci,M pH Size, nm Ve ITERSY Intensity,
PO, arb. units .
arb. units
1:1.25 0.01 - 5 7 — 15 x 30 — 600 1 1
1:2 0.005 0.027 8 65+15x%x31+6&49 0.095 0.057
+9
1:5 0.005 0.027 8 5+1x18+4 - 0.049
1:1.25 0.01 0.08 9 8+15x46+12 0.052 0.028
1:5 0.01 0.08 9 45+1x13+4 0.009 0.024
1:10 0.005 0.027 8 6+2x10+4 -
5.8103

An obvious result, which can be seen in the Table 1 is that in general the UV-C luminescence
intensity is higher for larger size NPs. The highest intensity was obtained for NPs with the size of ~
7-15 x 30-600 nm synthesized without surfactants (natural pH = 5), while the intensity is much
weaker for NPs prepared at basic medium (pH =8 -9). As it is commonly accepted the luminescence
intensity of NPs depends on the degree of luminescence quenching in the near-surface defect layer
as well as on the concentration of defects or impurities in the volume of NPs. Thus, an acidic
environment provides a better quality of LaPOs NPs due to a more accessible dissolution-growth
mechanism during the HTMW treatment, while a basic aqueous medium can inhibit the dissolution
of particles and lead to particles with smaller sizes and a larger amount of crystal structural defects
(for example, quenching OH- groups).
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Most of performed synthesis experiments resulted in the production of fiber-like morphology of
LaPOa: Pr¥* NPs (nanorods, nanowires) having different sizes and aspect ratios between width and
length. It is obvious that nanorod have a larger surface-to-volume ratio than rounded NPs with the
same volume, i.e., it is expected that near-surface luminescence quenching is stronger for nanofibers
than for nanospheres of the same particle volume. However, NPs with a size of 6 x 10 nm, i.e., having
a shape close to round, demonstrate a very low intensity of XEOL UV-C luminescence (Figure 6f), as
compared to particles of the similar sizes 4.5 x 13 nm (Figure 6e). Besides that, the results of CL (Figure
5b,c) and XEOL (Figure 6b,d) analysis for samples with comparable lengths but different diameters
(Figure 1b, e) indicate that powders of particles with smaller diameters show better UV-C
luminescence intensities. The different intensities of UV-C radiation from samples with similar size
distributions can be explained by the lower crystallinity of NPs obtained in a more alkaline medium
or with a higher excess of anions.

As a common conclusion from this consideration, it can be assumed that there is no simple direct
dependence of Pr?* UV-C luminescence intensity only on the size of particles but there is some
dependence of luminescence intensity on the synthesis conditions, the optimization of which allows
to increase the intensity of Pr®* UV-C luminescence.

5. Conclusions

The hydrothermal method with microwave (HTMW) heating (200 °C, 2 hours, 2 magnetrons,
2.45 GHz) has been successfully applied for synthesis of colloidal solutions of nanorods of monoclinic
LaPOs doped with Pr?. The influence of synthesis conditions on the intensity of UV-C luminescence
of Pr¥ ions at the inter-configurational 4f'5d' — 4f2 transitions in the resulting NPs was assessed using
electron-beam and X-ray excitation. Measurements of zeta potential showed that the TA-modified
colloids have better stability in basic water media, which can facilitate biofunctionalization of such
NPs in the alkaline pH range. The processes of aggregation of the resulting NPs into clusters under
conditions of strong dilution in solutions of deionized water, or weakly alkaline and acidic aqueous
solutions were studied on single cluster level using the developed highly sensitive laser
ultramicroscope to visualize and to analyze the individual trajectories of the Brownian motion of the
observed clusters. It was shown that the synthesized nanorods form clusters with narrow distribution
and minimal hydrodynamic radii in slightly alkaline or acidic aqueous solutions. The qualitative
analysis of the relationship between the morphology of LaPO4:Pr* NPs and the intensity of their UV-
C luminescence has revealed that there is no direct dependence of Pr3* UV-C intensity on the sizes of
NPs alone, but there is a strong dependence of luminescence intensity on the synthesis conditions. In
particular, the pH level and anion excess ratio must be maintained optimal during synthesis for the
prevention of strong quenching of luminescence. In addition, an increase in scintillation intensity can
be achieved by increasing the cation concentration at the coprecipitation stage and decreasing it
(diluting) at the hydrothermal stage. These synthesis parameters can affect the NP growth
mechanism, resulting in NPs with different sizes (TEM results) and degree of crystallinity (XRD and
high-energy spectroscopy results). Thus, optimization of the HTMW synthesis conditions makes it
possible to influence the conditions of nucleation and crystallization, which in turn significantly
increase the intensity of UV-C luminescence of monoclinic TA-modified LaPOs nanorods doped with
Pr3 ions under high-energy excitation.
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