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The purpose of the work is the synthesis of samples of X-ray luminescent nanodispersed lanthanum phosphate
activated with terbium (LaPOy,:Tb%"), the study of their structural properties and luminescence spectra when excited
by ultraviolet and X-ray radiation, as well as determination of the possibility of their use in nanocomposites with
bioactive glass and colloidal nanosystems. Samples of nanocrystalline lanthanum phosphate were synthesized
composed of LaPOys0.5H;0, of hexagonal syngonium, activated with terbium, their structural properties,
luminescence spectra were studied upon excitation by UV and X-ray radiation, a possibility was shown to use them in
nanocomposites with bioactive sol-gel glass and aqueous colloidal systems. Composites of 60S bioglass with
nanodispersed crystalline LaPO4:Th*" in the dry state and in distilled water medium demonstrated the presence of
luminescence when excited by UV and X-ray radiation. The given data indicate the perspective of nanodispersed
phosphors based on lanthanum phosphate, their composites with bioactive sol-gel glass in colloidal systems, for use
in optopharmacology and photodynamic therapy of diseases localized in bone tissues. In addition, the results of
research can be useful for technical applications, in particular, in the creation of luminescent detectors of high-energy
electromagnetic radiation, development of photo- and optoelectronic devices, etc.
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INTRODUCTION to-reach bone structures, as well as in organs of skull
[10-14].

As known [10-14], for the implementation of
X-ray photodynamic therapy (XRPDT), in
particular, according to the improved method of
PDT using X-ray radiation, a photopharmacological
agent is required based on a non-toxic and
biocompatible nanodispersed phosphor, which is
excited by X-ray radiation and emits visible light
with a wavelength necessary for the effective
operation of the photosensitizer (for example, in the
green, red or infrared range of spectrum).

Our paper [14] reported on the synthesis of
terbium-activated nanocrystalline samples of
lanthanum fluoride of hexagonal syngonium, the

results of studying their structural properties and
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With the development of nanotechnology in the
21st century, the efforts of many researchers are
directed to the creation and introduction into clinical
medicine of the latest effective multifunctional
remedies for targeted delivery and local therapy
with prolonged release of bioactive components
[1-9]. The introduction of the indicated remedies in
the fields of photopharmacology and photodynamic
therapy (PDT) has become a particularly urgent task
using highly effective biocompatible nanosized
X-ray phosphors and photosensitizers with specified
spectral characteristics in the clinical minimally
invasive treatment of malignant tumor formations
localized both in deeply placed soft tissues and hard-
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X-ray luminescence, and showed the possibility of
their use as part of nanocomposites with
magnetically sensitive nanosized drug carriers and
bioactive sol-gel glass. The given data indicate the
promising nature of these nanostructures for
further research with the aim of using them in
optopharmacology and photodynamic therapy of
tumor diseases. In addition, research results can be
useful for technical applications, in particular, in
the creation of luminescent detectors of high-
energy electromagnetic radiation, development of
photo- and optoelectronic devices, efc.

However, for the treatment of diseases
localized in organs of skull and bone tissues, the
most suitable are phosphors based on phosphates
[15], activated by rare earth elements,
characterized by effective X-ray luminescence
with a maximum of 530-560 nm when excited by
highly penetrating “soft” biologically safe X-ray
radiation, which is used in medicine for diagnostic
and therapeutic purposes in the treatment of
oncological diseases of bones and tumors
localized in organs of skull. Phosphates are non-
toxic compounds, biocompatible with bone
tissues, suitable for use in PDT [16-18], which
gives them certain advantages, for example,
compared to fluorides. As part of bioactive
ceramics, they are widely used in the treatment of
various bone diseases. The use of phosphate in the
research of this work is mainly due to its biosafety
when interacting with bone tissues.

Therefore, the aim of this work was to
synthesize samples of X-ray luminescent
nanodispersed lanthanum phosphate activated
with terbium (LaPOsTb*"), to study their
structural properties and luminescence spectra
upon excitation by ultraviolet (UV) and X-ray
radiation, to determine the possibility of their use
as part of nanocomposites with bioactive glass
and colloidal nanosystems.

EXPERIMENTAL PART

Research materials and methods. The
synthesis of samples of nanodispersed phosphors
LaPO4:Tb*" was carried out by coprecipitation
from salt solutions. The following precursors
were used: La(NOs);-6H,O, TbCls-6H,0,
NH4H,PO4. All used reagents were qualified as
“chemically pure”. Deionized water or methanol
were used as a solvent.

Synthesis of LaPO4:Tb*" was performed at
room temperature. La*" and Tb’" salts in molar
ratios of 3:1.1 were successively dissolved in
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100 mL of deionized water (methanol). It was
taken: 0.13 g of La(NO3);-6H>O (3.0 mmol),
0.041 g of TbCl; (1.1 mmol), 0.049 g of
NH4H>PO4 (4.1 mmol) per 100 mL of solution. A
solution of PO,* ions was added dropwise to the
mixture of salts, with constant stirring, for 2 h, in
the ratio of La** : PO4*" as 3 : 4.1 (mmol). A finely
dispersed white precipitate is formed. The product
was centrifuged, washed three times with
deionized water (methanol) and dried at room
temperature. The used load of reagents ensured
the composition of the synthesized samples
corresponding to the formula La,Tb;PO4, x =0.8.

X-ray diffractograms of the samples were
recorded on a DRON-4-07 diffractometer (NVO
Burevisnyk, St. Petersburg, Russia) in filtered
CuK, radiation with the Bragg-Brentano shooting
geometry in the angular range of 10-80 degrees
with a step of 0.05 degrees and exposure at point
1 5. Phase identification was carried out using the
X-ray database PDF-2. The average crystal size
was determined according to the Scherrer
equation.

Excitation of luminescence of the samples by
UV rays was carried out by radiation of a
DRSH-500 lamp, passed through a MidOpt
BP324 UV filter.

The X-ray source of a powder diffractometer
ARXD of Proto firm (CukK, radiation,
2 = 154056 A) was used to excite X-ray
luminescence of the experimental samples. X-ray
luminescence spectra were measured using an
Ocean Optics USB2000 spectrometer and
OmniDriverCSharpDemo software. The analysis
of the luminescence spectra was carried out by
fitting certain areas of the spectra in accordance
with the measured peaks by a Gaussian curve.

A fragment of the laboratory installation for
studying of X-ray luminescence of synthesized
samples is shown in Fig. 1. To excite
luminescence, X-ray radiation from source / was
directed at test sample 2, placed on holder 3, at an
angle of 40° during all the time of measuring
spectra (~300 s). The samples were irradiated
under the following operating parameters of the
X-ray source: U = 30 kV; [ = 20 mA. X-ray
luminescence spectra were measured with the
following parameters: integration time of 10 s,
averaging 30 times. The spectra were measured
using the inserted into a diffractometer
FC-UV-400-2 optical fiber with a collimator
nozzle 4. The distance from the particles of the
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dispersed sample to the collimator was about
30 mm.

The X-ray luminescence was studied for a dry
nanodispersed sample of LaPO4:Tb**, a drop of

distilled water, and a drop of a colloidal solution
of  LaPOsTb’'/H,O  with ~ LaPO4Tb

concentration of 2.5 wt. %, placed on the surface
of holder 3 (Fig. 1).

Fig. 1. Fragment of a laboratory installation for X-ray luminescence research of synthesized samples. / — X-ray
source, 2 — sample, 3 — sample holder, 4 — optical fiber with a collimator nozzle

The size and shape of NPs were determined by
electron microscopy using a transmission electron
microscope (TEM) JEOL 1200 EX (Japan). The
samples were prepared in the form of dispersions in
deionized water, the drops were lowered onto a
carbon-coated copper grid (EM Resolutions Ltd)
and dried at room temperature for 12 h.

Samples were investigated by scanning
electron microscopy (SEM) using a device
JSM-6060 LA (JEOL, Japan).

The synthesis of sol-gel bioglass (BG 60S)
was carried out according to the method [14]. 60S
glass has a composition (mol. %): 60 % SiO,
36 % Ca0, 4 % P,0s. During its synthesis by the
sol-gel method, the following precursors were
used: tetraethyl orthosilicate (TEOS) (C,Hs0)4S1,
triethyl phosphate (TEP) (C,HsO);PO, ethanol
C,HsOH, calcium nitrate tetrahydrate
(Ca(NO3)24H,0), 59 % solution of nitric acid
(HNOs3) (all reagents of the “chemically pure”
qualification (Merck Schuchardtohg (Germany)).
The mass ratios of precursors for the synthesis of
60S BG were: (C:Hs0)4Si : (C,Hs0);PO
(Ca(NO3)2'4H20) . HzO . CszOH =8.59:1:5.85
: 9 : 3. To obtain sol-gel glass, first TEOS, TEP,
and ethanol are poured in the above proportions,
mixed on a magnetic stirrer for 30 min, and then
treated with ultrasound for 5 min. For hydrolysis
and obtaining of a sol, nitric acid is added, the

ISSN 2079-1704. CPTS 2022. V. 13. N 4

427

mixture is mingled again with the aid of a
laboratory magnetic stirrer for 30 min, and treated
again with ultrasound for 5 min. Separately an
aqueous solution of calcium nitrate is prepared,
mixing on a magnetic stirrer for at least 10 min.
Then the solution of calcium nitrate is added to
the sol, mixed on a magnetic stirrer for at least
40 min, sonicated for 5 min, and to complete the
polycondensation processes, the sol is kept for
24 h at room temperature, and then warmed up in
a closed container in a dry oven for 24 hours at
60 °C. The resulting gel is kept for at least 48 h at
120 °C, and then heated slowly (at least 4 h) to
900 °C and calcined at this temperature for 2 h.
To obtain X-ray luminescent sol-gel glass, the
method [14] was modified: after passing through
TEOS and TEP hydration process, with constant
stirring, a previously synthesized X-ray phosphor
(LaPO4:Tb*") was added, and the mixture was
treated with ultrasound for 5 min. All other stages
of the synthesis were carried out similarly to [14].
The amount of X-ray phosphor was ~1.5% (wt.)
of the produced X-ray luminescent sol-gel glass.
Results and discussion. X-ray diffraction
patterns of the reaction products La(NOs); and
NH4H>POj4 in 2 medium of water and methanol at
20 °C are shown in Fig. 2 a, curves I, 2,
respectively. The phase composition of the
obtained products and their average size depend
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on the conditions of their synthesis. Thus, crystals
of LaP0O40.5H,O phase were obtained in an
aqueous medium, the average size of which was
24 nm (JCPDS 46-1439, 84-600). Crystals of
LaPO4 phase with the average size of 23 nm
(JCPDS 84-600) were obtained in methanol.
X-ray diffraction patterns of a typical
LaPO4:Tb*" sample synthesized in water medium
at 20 °C are shown in Fig. 2 5. According to
X-ray diffraction data, the synthesized terbium-
activated lanthanum phosphate sample contains a
single phase of LaPO40.5H,O of hexagonal
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syngonium with an average crystal size of 10 nm
and a specific surface area of ~ 130 m*/g. It should
be noted that the average crystal size of
LaPO4:Tb*" samples can be controlled to a certain
extent by changing the physicochemical
parameters of the synthesis.

Fig. 3 shows TEM (a) and SEM (b) images of
synthesized nanocrystalline LaPO4:Tb** samples,
size scale of 20 nm (@) and 1 um (b), respectively.
It can be seen that the synthesized nanocrystalline
samples of lanthanum phosphate are prone to
aggregation.
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Fig. 2. X-ray diffractograms of typical reaction products La(NO3); and NH4H,PO4 at 20 °C: a — in water (/) and
methanol (2); b — a sample of LaPO4:Tb?" synthesized in aquaous medium

Fig. 3. TEM (a) and SEM (b) images of typical LaPO4:Tb*" samples. Size scale: 20 nm (a); 1 pm (b)

Fig. 4 shows the luminescence of a sample of
nanodispersed LaPO4:Tb*" in the state of an
aqueous colloidal solution with a concentration of
2.5 wt. % upon excitation by UV radiation
(365 nm). Fig. 4 b shows the UV-luminescence
spectrum of the sample when diluted in distilled
water at a concentration of 0.5 mg/mL (curve 7).
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Curve 2 corresponds to the luminescence
spectrum of LaPOs; sample at a dilution of
0.05 mg/mL. It can be seen that the spectrum
contains 4 main bands with maxima at 488; 541.8;
585.2; 622 nm, which can be associated with the
corresponding electronic transitions involving the
energy levels of Tb*" ions in LaPO4 band gap.
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Fig. 5 shows a typical X-ray luminescence
spectrum of nanodispersed LaPO4:Tb*" samples.
It can be seen that 4 characteristic X-ray
luminescence bands are observed in the spectrum,
the position of their maxima correlates with the

Fig. 4.

corresponding bands upon excitation by UV
radiation. This may indicate, in particular, that the
mechanisms of UV and X-ray luminescence are
close.
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a — Luminescence of a sample of nanodispersed LaPO4:Tb*" in the state of an aqueous colloidal solution with

a concentration of 2.5 wt. % upon excitation by UV radiation (365 nm); b — UV-luminescence spectrum of
the sample when diluted in water at epy concentration of 0.5 mg/mL (curve /). Curve 2 — at a dilution of

0.05 mg/mL. T~ 300 K
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Fig. 5. Typical X-ray luminescence spectra of nanodispersed LaPO4:Tb*" samples. T ~ 300 K

It should be noted that the optical spectra of
Tb** ions in various dielectric matrices are
currently well studied [10, 11, 19, 20]. In
particular, it has been shown that the position of
maximum of the luminescence bands of terbium-
activated phosphors depends significantly on the
chemical composition and structural properties of
the matrix material, the way and conditions of
excitation, efc. [21-23]. Thus, when exciting
aqueous suspensions of LaPO4:Tb*" nanocrystals
by UV radiation, the luminescence bands
characteristic of Tb*" ions are observed in the
visible area (Fig. 4 b). Due to the high values of
the absorption coefficient of UV radiation, in this
case, the surface area of LaPO4:Tb** nanocrystals
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is excited. X-ray radiation is characterized by
significantly higher values of quantum energy and
depth of penetration into a substance of matrix.
Therefore, its interaction with the substance is
accompanied by the intensive formation of
dynamic and residual defects in the crystal
structure of the matrix medium (LaPO4
nanocrystals), which can, to a great extent, cause
certain changes in the position of maxima of
bands of X-ray luminescence spectra (Fig. 5).
Samples of nanostructured composites based
on 60S bioglass and Tb**-activated lanthanum
phosphate were synthesized. Dry samples of
60S:(LaPO4:Tb*") NC (insertions in Fig. 6 a, b)
and their aqueous suspensions demonstrated the
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presence of luminescence when excited by UV
radiation.

Fig. 6 a, b show the X-ray luminescence
spectra of  nanostructured composites
60S:(LaPO4:Tb*") synthesized at 700 (insertion in
Fig. 6 a) and 900 °C (insertion in Fig. 6 b),
respectively. The presence of a band with a
maximum at 545.1 nm may indicate that the
X-ray luminescence may be related to the energy
levels of Tb*" activator. According to
experimental data, an increase in the temperature
of synthesis of 60S:(LaPO4:Tb’") composite to
900 °C contributes to the growth and
redistribution of X-ray luminescence intensity of
the composite in the bands of 545.1 and 488 nm.

Fig. 7 shows the X-ray Iluminescence
spectrum of a typical colloidal solution based on
distilled water and synthesized LaPO:Tb**
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Fig. 6.
synthesized at: a — 700 and b — 900 °C

700+

I, arb.un.

545.1 nm

nanocrystals. The good coincidence of the shape
of X-ray luminescence spectra and their maxima
for 60S:(LaPO4Tb*") NC (Fig. 6) and
LaPO4:Tb*" nanocrystals in the aqueous colloidal
system LaPO4:Tb**/H,O (Fig. 7) indicates that in
both cases the X-ray luminescence mechanism
can be explained by the presence of the same
center - the Tb** ion in LaPO,4 matrix. We should
also note that the use of liquid media containing
X-ray luminescent LaPO4:Tb*" nanocrystals have
a perspective for the creation of new types of
drugs with remotely controlled properties.

The given data indicate the potential of
research into nanodispersed phosphors based on
lanthanum phosphate, their composites with
bioactive glass and colloidal systems, for use in
optopharmacology and photodynamic therapy of
bone tissue diseases.
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UV luminescence (in insertions) and X-ray luminescence spectra of samples of 60S:(LaPO4:Tb3*) composites
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Fig. 7. Typical X-ray luminescence spectra of a colloidal solution: / — LaPOsTb*/H,O with LaPO4:Tb**
concentration of 2.5 mass %; 2 — distilled water. 7~ 300 K
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distilled water medium demonstrated the presence
of luminescence when excited by UV and X-ray

CONCLUSIONS radiation. The given data indicate the potential of
nanocrystalline phosphors based on lanthanum
Samples of nanocrystalline lanthanum phosphate, their composites with bioactive sol-gel
phosphate composed of LaPO4-0.5H,O, of glass and colloidal systems, for use in
hexagonal syngonium, activated with terbium optopharmacology and photodynamic therapy of
were synthesized, their structural properties, diseases localized in bone tissues. In addition,
luminescence spectra upon excitation by UV and research results can be useful for technical
X-ray radiation were studied, a possibility was applications, in particular, in the creation of
shown to use them in nanocomposites with luminescent detectors of high-energy
bioactive sol-gel glass and colloidal systems. electromagnetic radiation, development of photo-
Composites of 60S bioglass with nanodispersed and optoelectronic devices, efc.

crystalline LaPO4:Tb** in the dry state and in
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Mema pobomu — cummes 3pasKié pPeHM2EHOTOMIHECYEHMHO20 HAHOOUCNEPCHO20 (ochamy nanmay,
axmueosanozo mepbiem (LaPO4:Th*), suguenns ixuix cmpykmypnux énacmusocmeii i cneKmpie nominecyenyii npu
30Y0dicenni yrbmpapionemosum ma peHmeeHiBCbKUM BUNPOMIHIOBAHHAM, d MAKONC BCMAHOGIEHHS MONICIUBOCHI]
IXHbO2O BUKOPUCMAHHA 8 CKAOT HAHOKOMNO3UMIG 3 OI0AKMUBHUM CKILOM i KOTOIOHUX HAHOCUCTHEM.

Cunme306ano 3paszku HaHOKpucmaniunoeo gocpamy ranmany cxiady LaPO40.5H,0, eexcazonanbHoi cuneoHi,
aKmueosani mepoOiem, GUEUEHO IXHI CMPYKMYPHI 61ACMU80CMi, Cnekmpu JiomMiHecyenyii npu 30y0acenni Y@- ma
PEHMEEHIBCOKUM ~ BUNPOMIHIOBAHHAM, NOKA3AHO MOJICIUBICMb BUKOPUCMAHHA 6 CKIA0i HAHOKOMNO3UMIE 3
0I0aKMUBHUM 30b-2€lb  CKIOM, B00HUX KOoI0IOHUX cucmem. Komnosumu oOiockia 60S 3 Hamooucnepchum
kpucmaniunum LaPO.Th>" 6 cyxomy cmami ma cepedosuwyi Oucmuibo8aHoi 600U OeMOHCMPYEATU HASAGHICMb
mominecyenyii. npu 30yooicenni Y- ma penmeeniecokum sunpominiosanuam. Hasedeni oami ceiouams npo
HepPCneKmuUBHIiCmy HAHOOUCHEPCHUX TIOMIHOOPI6 Ha OCHOSI hochamy nanmany, iXHix KOMno3umie 3 OIOAKMUBHUM
307Ib-2€/lb CKIOM, Y KOJLOIOHUX cucmemax, OJis 6UKOPUCMAHHS 6 Onmogapmakono2ii ma ¢omoounamiuniic mepanii
3aX60pI06AHb, NOKANI308AHUX ) KicmKkosux mkauuuax. Kpim mozo, pe3ynbmamu 00CHiONCEHb MOXCYMb Oymu
KOpUCHUMY O  MEXHIYHUX  3ACMOCY8AHb,  30KpeMd, Npu  CMEOPEHHI  JIOMIHECYEHMHUX — OemeKmopis
BUCOKOCHEP2EMUYHO20 eNEeKMPOMACHIMHO20 SUNPOMIHIOBAHHS, PO3POOKAX (POmMOo- ma OnmMoereKmpoHHUX NPuladie
moujo.

Knrouosi cnosa: ocpam nawmany, HamoOucnepcHi Kpucmanu, axmueéayis, mepoOil, 0OIl0aKmugHe CKIo,
HAHOKOMNO3UMU, KOAOIOHI HAHOCUCIEMU, PeHM2eHOIIOMIHeCYeHYis
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