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ABSTRACT

Purpose of the study. In this work, we have investigated the mechanism of structure formation of GdF,:Tb*(15 %) nanocrystals
synthesized by solvothermal synthesis in the temperature range from RT to 200 °C with a step of 50 °C.

Materials and methods. Nanocrystals of GdF,:Tb**(15 %) were synthesized by the solvothermal method using a high-pressure
reactor (autoclave) designed for temperatures up to 250 °C. The structure, size and morphology were determined by transmis-
sion electron microscopy (TEM), the type of crystal lattice and the size of crystallites of nanoparticles were studied by X-ray
diffraction (XRD), hydrodynamic size of nanoparticles, particle size distribution, {-potential, agglomeration of nanoparticles in
colloidal solutions were determined by dynamic light scattering (DLS), the chemical composition of the nanocrystals surface
was studied by Fourier-transform infra-red spectroscopy (FT-IR), the nanoparticles ability to absorb UV radiation was analyzed
by UV-visible spectroscopy (UV-vis) and X-ray excited optical luminescence (XEOL).

Results. With an increase in the temperature of the synthesis reaction, a structural change in the crystallites phase occurs from
hexagonal to orthorhombic. At low temperatures, agglomerated particles consisting of hexagonal nanocrystals are formed,
while at a temperature higher than the boiling point of the solvent, monodisperse rhombic-shaped nanoparticles with orthor-
hombic phase are formed. At mild temperatures, agglomerated particles with different morphology and with mixed hexagonal
and orthorhombic phases are formed. Based on the analysis of X-ray spectrum, it was found that the size of GdF_:Tb*(15 %)
nanocrystals varies from 10 to 50 nm for different synthesis temperature conditions (T = RT, 50 °C, 100 °C, 150 °C, 200 °C).
The hydrodynamic size of nanoparticles decreases with increasing synthesis temperature. All GdF,:Tb**(15 %) nanocrystals
obtained at different temperatures are transparent to visible light and absorb UV radiation. Absorption in the UV region increases
with an increase in the size of particle crystallites. Upon X-ray irradiation of the colloidal GdF,:Tb*(15 %) solution, X-ray excited
optical luminescence spectra showed emission peaks at 490 nm, 543 nm, 585 nm and 620 nm.

Conclusion. The mechanism of structure formation of rhombic-shaped GdF,:Tb**(15 %) nanocrystals has been investigated.
These monodisperse rhombic-shaped nanoparticles can be used for X-ray induced photodynamic therapy (X-PDT) of super-
ficial, solid and deep-seated tumors.
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3.1.6. OHKonorus, nyyesas Tepanus

OPUT'MHAJIbHAA CTATbA

COJTbBOTEPMA/NbHbIV CUHTE3 HAHOYACTHL GDF,:TB* POMBUYECKOM GOPMbI
ANS BUOMEANLIMHCKUX MPUMEHEHUN

E. A. Kyuma®™, 0. E. MonoxeHues, WU. A. MankuH, A. H. bynrakos, 1. A Pygb, A. B. Conpgartos

MexgyHapogHblii uccnefoBaTenbCKNil UHCTUTYT MHTENEKTyaNbHbIX MaTepuanoB lOxHoro dhefgepanbHOro yHuBepcuTeTa, r. PoctoB-Ha-[loHy,
Poccuiickas ®egepauus
B ekuchma@sfedu.ru

PE3IOME

Llenb nccneposanus. MiccnefosaTh MexaHnam hopmupoBaHna HaHokpucTannos GdF,:Tb**(15 %), nonyyeHHbIXx MeTofoM
CO/IbBOTEPMUYECKOrO CUHTE3a B MHTEpBane TeMmnepaTtyp OT KOMHaTHoM TemnepaTypbl fo 200 °C ¢ warom 50 °C.
Matepuanbi u meTogbl. HaHokpucTannbl GdF,: Tb*(15 %) 6611 CUHTE3NPOBAHbI CONbBOTEPMAsbHBIM METOIOM C MOMOLLbIO
peakTopa BbICOKOrO faB/ieHuUs (aBTOKJIaB) pacCUMTaHHOro Ha Temnepatypy fo 250 °C. CTpyKTypy, pasmep u mopdonoruto
HaHoYacTWL UccneoBanv MeToA0M NPOCBEYMBatOLLEeN 31eKTPOHHOM MUKpockonuu (M3M), TUR KpUCTanIMYecKow peLleTku
¥ pas3mep KpUCTa/IMTOB HAHOYACTUL, ONPEeAENsiiu METOAOM PEHTIEHOBCKO Andpakumm (POA), ruapoguHaMmuyeckuin pasmep
HaHoYacTwWL, rpaHyIOMeTPUYECKMIA COCTaB, {-NMOTeHLMan, arnoMepaLuio HaHOYaCTUL, B KOJIJIOMAHBIX PacTBOpPax onpeaensnm
METOLOM AMHaMMYecKoro paccesHus ceeTa ([PC), XMMUYeCKuit cocTaB NOBEPXHOCTU HAHOKPUCTaJIOB U3y4Yanu METOAOM
UHdpakpacHoii cnekTpockonuu (UK-crnekTpockonus), CNoCO6HOCTb HAHOYACTML, norowats Y®O-usnyyeHue aHanmavnposasm
MEeTOA0M CNEKTPOCKOMNWUM B BUAMMOW 1 YP-06nacTsix CnekTpa v peHTreHOBCKON ONTUYECKON NIOMUHECLIEHLINN.
Pesynbtatbl. C noBbiLlLeHneM TemnepaTypbl peakLmmn CUHTe3a NPOUCXOAMT CTPYKTYPHOE N3MeHeHwe hasbl KpUCTaNnToB C rek-
caroHasibHOW Ha OpTOPOMGUYECKYHO. NP HU3KMX TeMMepaTypax CoNbBOTEPManbHOIO CUHTE3a 06PasyOTCA arfloMepUpOBaHHbIe
YacTuLbl, COCTOSALLME U3 FreKcaroHasibHbIX HAaHOKPUCTaI0B, MPY TeMMnepaType Bbille TeMMepaTypbl KUMEHNA pacTBOpUTENS —
MOHOAMCMNEPCHbIE HAHOYACTULbI pPOM6UYecKo popMbl ¢ opTopoMbUuYeckoit hasoit. MNpu yMepeHHbIX TemrepaTypax o6pasy-
OTCS arfioMepupoBaHHble YacTULbl PasMyHON MOPHONOrMM CO CMELLAHHOW reKcaroHasibHoM M opTopoM6uyeckon hasamu.
Ha ocHOBaHWW aHanM3a PeHTreHOBCKNX CNEKTPOB YCTAHOBIEHO, YTO pa3Mep HaHokpucTannos GdF_:Tb*(15 %) MeHsieTcs ana
pasHbIX TeMMepaTypHbIX ycnoBuit cuHTesa (T = KT, 50 °C, 100 °C, 150 °C, 200 °C) ot 10 fo 50 HM. TMapoAaNHaMMYecKmii pasmep
HaHOYaCTUL| YMeHbLLIAETCA NPY YBENUYEHNM TeMnepaTypbl CUHTe3bl. Bce HaHokpucTanbl GdF,:Tb*(15 %) nonyyeHHble npu pas-
HbIX TemMnepaTypax Npo3payHbl A4S BUAUMOro CBeTa U nornoLatoT YO-nusnyyerue. MNornoweHne B YO o6nactu ysenuymaetcs
npu yBeNMYeHUM paaMmepa KpUCTananToB Yactul,. CneKTpbl ONTUYECKON JIFOMUHECLEHLIMM C BO36YXAEHMEM PEHTFEHOBCKUM
nsnydyenmem (XEOL) nokasanu nuku nsnyyeHus B BUAUMOM AManasoHe Ha AnuHax BoaH 490 HM, 543 HM, 585 HM 1 620 HM.
3akniouenne. ViccnenosaH MexaHnsm hopmmposaHus HaHokpucTannose GdF,: Th3*(15 %) pom6uyeckoit popmbl. MoHoguc-
nepcHble HaHoyacTuubl GAF3: Th3+(15 %) poM60BUAHOM HOPMbI MOTYT HaTU MPUMeEHEeHWe A1 PeHTreHOMHAYLIMPOBAHHOM
tboTognHamuyeckon Tepanuu (OT) NOBEPXHOCTHbIX, @ TakKXXe 06bEMHBIX U FyGOKONEXaLLMX ONyXoe.

KnioueBble cnoBa: CobBOTEPMabHbIii cuHTes, GdF,, NernpoBaHHbiii Tb, CUMHTUANSALMOHHbIE HaHOYaCTULbI, 6UOMeM-
LMHCKOoe npumMeHeHue, ®T, PeHTreHoBCcKas ®AT
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BACKGROUND

Currently, photodynamic therapy (PDT) [1] and
X-ray-induced PDT are modern therapeutic methods
for the treatment of superficial, as well as volumetric
and deep-lying tumors [2; 3]. A key role in the thera-
peutic effect of PDT is played by a photosensitizer,
which selectively accumulates in the tumor tissue
and, when irradiated with visible or near-infrared ra-
diation of a certain wavelength, generates the forma-
tion of reactive oxygen species (ROS), which, in turn,
kill cancer cells. For the X-ray-induced PDT (R-PDT)
method, it is necessary to use scintillation nanopar-
ticles that will effectively convert X-ray radiation into
visible or near-infrared light with a certain wavelength
to excite a photosensitizer [4; 5].

Gadolinium (IIl) fluoride is a multifunctional mate-
rial with effective luminescence, excellent magnetic
properties and low phonon energy, high chemical and
thermal stability. Gadolinium fluoride nanoparticles
doped with rare earth elements (Tb, Eu, etc.) can be
used as effective converters for the R-PDT method
and effectively convert X-rays into visible light with
a certain wavelength. The large atomic number of
gadolinium makes it possible to effectively absorb
X-rays, so gadolinium fluoride nanoparticles can be
used as a contrast agent for CT imaging. In addition,
GdF, nanoparticles can be used in MRI due to their
paramagnetic properties. When irradiated with both
UV radiation and X-rays, GdF, nanoparticles doped
with Tb3* have strong green emission with a maxi-
mum at 545 nm and less intense satellite peaks at
~490, 585 and 620 nm due to electronic transitions
from the excited state of °D, to ’F, (J = 6—3) of the
ground states of the Th®* ion [6].

Gadolinium trifluoride nanoparticles were obtained
by several synthesis methods, including co-depo-
sition [7], hydrothermal synthesis [6], solvothermal
synthesis [8], microwave synthesis [10]. For example,
Zhang et al. synthesized GdF,:Eu*" nanoluminophores
with a hexagonal or orthorhombic structure at room
temperature using the chemical co-deposition meth-
od [7]. The structure and morphology of GdF :Eu®*
nanoluminophores were controlled using various
fluorine precursors. Hexagonal GdF :Eu®*" nanocrys-
tals were formed using NaBF, as a fluoride precursor,
whereas orthorhombic GdF_:Eu®* nanocrystals were
obtained using a NaF or NH4F fluoride precursor. It
has also been experimentally established that hex-

agonal GdF:Eu** nanoluminophores emit significant-
ly stronger Eu3+ luminescence than orthorhombic
ones. Samantha et al. A simple microwave method
was reported for the synthesis of stable Eu®*-doped
GdF, nanocrystals with a hexagonal phase functional-
ized with polyvinylpyrrolidone at higher temperatures
(up to 220 °C), achieved by adjusting the viscosity
of solvents, as well as using KF as a source of flu-
orine [8]. Both the morphology and the size of GdF,
nanocrystals can also be varied by adjusting the re-
action conditions. Wang et al. various monodisperse
colloidal nanocrystals GdF3: Yb, Er with increased
frequency with different shapes, sizes and alloying
impurities were synthesized using microwave synthe-
sis [10]. In addition to highly monodisperse spheri-
cal particles, they prepared monodisperse slices of
rhombic shape, showing a tendency to self-assemble
into stacks. Sui et al. [9] reported the behavior of the
orthorhombic REF, phase at high pressure (RE = Sm
to Lu and Y). Pressure-induced GdF, phase transitions
were studied at room temperature. It is established
that the pressure range of the phase transition from
the orthorhombic to the hexagonal phase is 5.5-9.3
GPa for GdF3.

In this paper, the mechanism of formation of
GdF,:Tb*(15 %) nanocrystals synthesized by sol-
vothermic synthesis in the temperature range from
room temperature to 200 °C. The physicochemical
properties were studied by transmission electron
microscopy (TEM), X-ray diffraction (XRD), dynamic
light scattering (DRS), infrared spectroscopy, spec-
troscopy in the visible and UV spectral regions and
X-ray optical luminescence.

MATERIALS AND METHODS

Gadolinium nitrate hexahydrate Gd (NO,),6H,0
(99.9 %) and terbium chloride hexahydrate TbCl.-6H,0
(99.9 %), ammonium fluoride NH,F (98 %) were pur-
chased from Alfa Aesar (Haverhill, Massachusetts,
USA). Ethylene glycol was purchased from Sigma-
Aldrich (Burlington, Massachusetts, USA). All chem-
icals were used without additional purification.

The physicochemical characteristics of
GdF,:Tb*(15 %) nanocrystals (T = RT, 50 °C, 100 °C,
150 °C, 200 °C) were determined by the following
experimental methods. The size, shape and morphol-
ogy were studied using TEM on a Tecnai G2 Spirit
BioTWIN device (FEI, USA). The type of crystal lattice
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and the average size of nanoparticle crystallites were
determined by XRD on a D2 PHASER diffractometer
(Bruker Corp., Germany). The hydrodynamic size of
nanoparticles, granulometric composition, -poten-
tial, and agglomeration of nanoparticles in colloidal
solutions were determined by DRS on a NANO-Flex
particle size analyzer (MicroTrac GmbH, Germany)
and STABINO (ParticleMetrix, USA). The quantitative
and qualitative chemical composition and concen-
tration of alloying elements were evaluated using
a two-dimensional microrentgenofluorescence (XFA)
spectrometer M4 Tornado (Bruker Corp., Germany).
The surface chemistry was studied using infrared
Fourier spectroscopy (FTIR) on a Vertex 70 spec-
trometer (Bruker Corp., Germany). Emission spec-
tra (XEOL) of nanomaterial powders and colloidal
aqueous solutions were studied using a RAP-90U
X-ray tube with a protective casing and a Shimadzu
UV-2600 dual-beam spectrophotometer (Shimadzu,
Japan).

GdF,:Tb* nanocrystals synthesis

GdF,:Tb3 nanocrystals (15 %) were obtained
by the solvothermal synthesis method. To obtain
160-200 mg of GdF,:Tb% nanocrystal powder
(15 %), it is necessary to: dissolve 0.85 mmol
Gd (NO,),H,0 (m = 0.384 g) and 0.15 mmol Tb-
CI3:C2:6H20 (m = 0.056 g) in 10 ml of ethylene
glycol (EG) in a beaker at room temperature. For
better dissolution of chemical reagents, ultrasonic
dispersants can be used. After mechanical stirring
for about 1 hour, add 3 mmol NH4F (m =0.1111
g), previously dissolved in 10 ml of ethylene gly-
col (EG), drop by drop. During the reaction, the
previously transparent solution becomes cloudy
and white due to the deposition of doped gado-
linium fluoride. Further, the resulting solution was
subjected to heat treatment in a Teflon autoclave
in the temperature range from RT to 200 °C with
intensive stirring for 24 hours. The final product
was washed three times with distilled water using
centrifugation. After the last centrifugation, the
white nanocrystals were dried in a drying cabinet
at 60 °C. The obtained nanocrystals were denoted
respectively GdF, GdF:Tb* (15 %) (T = RT, 50 °C,
100 °C, 150 °C, 200 °C). Colloidal aqueous solu-
tions of GdF,:Th®* nanocrystals were prepared by
dispersing nanocrystals in bidistilled water using
an ultrasonic disperser.

42

RESEARCH RESULTS AND DISCUSSION

We have studied the mechanism of formation of
GdF:Tb* (15 %) nanocrystals (T = RT, 50 °C, 100 °C,
150 °C, 200 °C) obtained by the solvothermal syn-
thesis method in the temperature range fromRT to
200 °C in increments of 50 °C. The solvothermal
method is a chemical reaction occurring in a sol-
vent at a temperature above the boiling point of the
solvent (usually < 250 °C) in a sealed reactor. Eth-
ylene glycol with a boiling point of 197 °C was used
as a solvent. By varying the synthesis parameters:
temperature and reaction time, this method makes
it possible to obtain nanocrystals with size control,
morphology and a high level of crystallinity.

Figure T1a shows diffractograms in the range of
22°-32° degrees of nanocrystals obtained during
synthesis at various reaction temperatures (T = RT,
50 °C, 100 °C, 150 °C, 200 °C) for 24 hours. It is es-
tablished that with an increase in the temperature of
the synthesis reaction, the structure of nanocrystals
undergoes a structural change from the hexagonal to
the orthorhombic phase. At a synthesis temperature
of 50 °C, a purely hexagonal structure is observed,
and at a temperature of 200 °C a pure orthorhombic
structure with no secondary phases is already ob-
served. At moderate temperatures, a mixed phase
of hexagonal and orthorhombic phases is observed.
Figure 1b shows diffractograms of nanocrystals of
hexagonal and orthorhombic phases. The position
of the peaks and their intensity correspond exactly
to the diffractograms of orthorhombic GdF, (ICSD
chart 00-012-0788) and hexagonal SmF3 (ICDS chart
PDF No. 01-072-01439). No additional peaks of any
secondary phases were detected.

Based on the Scherrer equation, reflex broadening
was used to estimate the average size of crystal-
lites. The average size of crystallites in GdF:Tb3*
nanocrystals (15 %) varies from 10 nm to 50 nm for
different synthesis reaction temperatures: from room
temperature (RT), 50 °C, 100 °C, 150 °C, 200 °C. X-ray
fluorescence analysis (XFA) confirmed the chemi-
cal composition of Th/Gd (15 %) for all synthesized
nanocrystals, which indicates good solubility of rare
earth element salts in the process of solvothermal
synthesis. According to the data of dynamic light
scattering in colloidal solutions of nanocrystals,
the hydrodynamic radius of nanoparticles gradually
decreases from 220 + 200 nm for RT, 174 + 90 nm
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—— GdF;:Tb(15%) 200°C, orthorhombic phase (*) —— GdF,:Tb(15%) 200°C, orthorhombic phase
—— GdF;:Tb(15%) 50°C, hexagonal phase

—— GdF,:Tb(15%) 50°C, hexagonal phase

- =
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Intensity, rel. unit
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Fig. 1. a) GdF,:Tb* diffractograms of nanocrystals (15 %) (T = RT, 50 °C, 100 °C, 150 °C, 200 °C); b) GdF:Tb* diffractograms (15 %)
(T = 50 °C) of hexagonal phase and GdF,:Tb* (15 %) (T = 200 °C) orthorhombic phase.

Fig. 2. a) GdF,:Tb* nanocrystals TEM-imaging (15 %) (RT); b) hexagonal phase GdF,.Tb** nanocrystals TEM-imaging (15 %) (50°C);
c) GdF,:Tb* nanocrystals TEM-imaging (15 %) (100°C); d) GdF,:Tb** rhombic shape with orthorhombic phase nanocrystals TEM-imaging
(15 %) (150°C).
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for 50 °C, 150 + 116 nm for 100 °C, 57 + 39 nm for
150 °C, to 48 + 32 nm for 200 °C. The decrease in the
hydrodynamic radius is associated with the recrys-
tallization of nanocrystallites during heat treatment
during synthesis and the reduction of the interparticle
space in agglomerated particles.

Figure 2 shows TEM images of nanocrystals ob-
tained at various synthesis temperatures (RT 50 °C,
100 °C, 150 °C). Figure 2a shows agglomerated par-
ticles of various morphologies synthesized at room
temperature (RT) with an average size of 150-180
nm, consisting of small orthorhombic phase nanopar-
ticles up to 10 nm in size. There are also large ag-
glomerated particles consisting of hexagonal parti-
cles up to 50 nm in size, with well-defined faces and

1
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good crystallinity. Figure 2b shows large agglom-
erated particles up to 500 nm in size in the form of
“flowers" consisting of hexagonal phase crystallites.
The crystallites have a hexagonal shape and a size of
30-50 nm. Figure 2b shows agglomerated nanopar-
ticles obtained at a reaction temperature of 100 °C
in the form of "flowers" and rhombic and spindle-
shaped particles. In these types of agglomerated
nanoparticles, regions with higher and lower densities
are noticeable. A higher temperature is required for
the formation of rhombic nanoparticles with good
crystallinity. The image also contains agglomerat-
ed nanoparticles up to 200 nm in size, rectangular
and spindle-shaped, consisting of small crystallites
up to 10 nm in size. Figure 2g shows nanoparticles
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obtained at a reaction temperature of 200 °C in the
form of rhombic nanoparticles.

Figure 3a shows the absorption spectra in the IR
range of GdF,:Tb® nanocrystals (15 %) (T = RT 50 °C,
100 °C, 150 °C, 200 °C). Wide peaks in the region of
1600-1650 cm™ and 650-950 cm™ are associated
with bending and vibrational modes of adsorbed
water molecules on the surface of nanocrystals [5].
The valence and deformation vibrations C = O are
at 1665 and 1436 cm™. The band at 610 cm™ can be
attributed to vibrations of the gadolinium fluoride
lattice, which confirms the formation of gadolinium
fluoride nanocrystals. Peaks ~1412 and 1444 cm’
refer to methylene scissor and valence vibrations of
C-0-C EG. UV-visible spectra of GdF,:Tb* nanocrys-
tals (15 %) (T = RT, 50 °C, 100 °C, 150 °C, 200 °C) are
shown in Figure 3b. All the obtained nanocrystals are
transparent to visible light and absorb UV radiation.
The absorption in the UV region increases with the
increase in the size of the crystallites of the particles.
Figure 3b shows optical luminescence spectra with
XEOL of GdF_:Tb* nanocrystals (15 %) (T = RT, 50 °C,
100 °C, 150 °C, 200 °C). Fluorescence emission can
be excited by both UV light and X-ray radiation, which
gives the same typical Th® emission profile. Strong
green glow of scintillation nanocomposites PEG@
GdF,:Tb* (15 %) with a main peak at 545 nm and

three satellite peaks at 490, 585 and 620 nm is due
to electronic transitions from the excited state of
5D4 to the ground states of Th** F ions (J = 6-3).
Figure 3g shows a comparison of the spectrum of
XEOL nanoparticles PEG@GAF,:Tb* (15 %) excited
by X-ray radiation (35 kV, 16 mA), and the absorption
spectrum of the bengal pink photosensitizer (BP).

CONCLUSION

In this paper, the mechanism of formation of
GdF,:Tb®* (15 %) nanocrystals obtained by solvother-
mal synthesis in the temperature range from RT to
200 °C. At low temperatures, agglomerated particles
consisting of hexagonal nanocrystals are formed, and
at temperatures above the boiling point of the solvent,
monodisperse rhombic nanocrystals with an orthor-
hombic phase are formed. At moderate temperatures,
agglomerated particles of various morphologies
with mixed hexagonal and orthorhombic phases are
formed. Under X-ray irradiation of a GdF,:Tb** (15 %)
colloidal solution, optical luminescence spectra with
XEOL showed radiation peaks at 490 nm, 543 nm,
585 nm and 620 nm. Monodisperse nanocrystals of
rhombic shape can be used for X-ray induced pho-
todynamic therapy (X-PDT) of surface, volume and
deep-lying tumors.
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