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INTRODUCTION

Due to the strong paramagnetic nature of gadolinium, Gd-based materials
are commonly used in medicine as a magnetic resonance contrast agent and
in other areas [1,2]. However, the use of some commercial chelated
gadolinium contrast agents on patients with kidney problems was restricted
by the World Health Organization back in 2009. It is because Gd** ions are
highly toxic and, even in chelated form, there still is a risk of Gd** release
into an organism [3,4]. While MRI is a powerful technique used for medical
diagnosis, still new ways of improving imaging are needed. To improve the
quality of the MRI, materials are being developed and are already being used
to obtain T1 and T2 MRI together, as single-mode MRI does not always
provide sufficient image quality. Multimodal materials suitable for
bioimaging and MRI are also being developed. One such way is to combine
the MRI with Luminescence measurements. Even now the development of
materials suitable for multimodal imaging is being pursued. However, this is
quite a difficult task, as materials that are used for medical purposes must fit
extremely strict criteria. It is very important that materials used in medicine
are non-toxic and biocompatible. While Gd** ions are known to be toxic to
humans, some leeching was observed in the Gd-based complex compounds
used as MRI contrast agents. GAPO. nanoparticles are non-toxic because
Gd** ions are much less likely to be released into the human body [5].
Additionally, lanthanoids are suitable for the doping of GdPO4 nanoparticles.
Doping by europium particularly results in emission at ~577 nm, ~590 nm,
~615 nm, ~650, and ~700 nm wavelengths and when considering the interest
of the compounds for bioimaging it is quite desirable, since part of the
emission, in this case, exist in a so-called first biological window, and is
absorbed by the tissue to a much lesser extent [6]. Thus, Eu-doped GdPO,
nanoparticles attract a lot of attention as an efficient single-phase multimodal
nanoprobe with both luminescent and magnetic properties [7,8].

However, while europium is quite commonly used as a dopant in the
preparation of various compounds as it exhibits excellent luminescence
properties, even when it is introduced even at small concentrations, further
optimization, and investigation are required. This is due to the fact that if the
concentration of light emitting dopant introduced into the crystal structure is
too large concentration quenching is often observed. In the case of europium,
this boundary can change drastically depending on the initial host matrix. In
the case of single-crystalline scintillator Ca,MgSi,O;, the optimal
concentration of doped Eu** is 10% for the most intensive
photoluminescence and scintillation properties [9] and for LiCaAlF¢:Eu



single crystals optimal doping concentration of Eu*" ion is 2% - 2.5% range
[10]. Meanwhile, the most intense luminescence for magnetic dipole
transition (°Dy — ’F;) of Eu®*" doped GdPOs nanoparticles which were
prepared by ethylene glycol route and subsequently heated is obtained at a
concentration range of 5-7% of Eu** [11]. Furthermore, irrespective of the
crystalline environment, the Eu*" ion usually emits red light under UV
excitation, however, there have been reports that in certain situations weak
emission bands can also be obtained in the green and sometimes blue range
[12-15]. It should be also noted that the intensity of luminescence also
depends on the particle size and the length-to-width ratio, particle shape, and
crystalline structure [16,17]. Additionally, particle shape is also important
for potential practical applications. Recently, urchin-like GAPO4-H>O:5Eu’**
nanoparticles have been shown to penetration capability A549 lung cancer
cells, exhibiting luminescence [18]. Even the scientists put efforts to
determine the optimal concentration of Eu** for GAPO4 samples, it is still an
area of interest should be solved.

As mentioned before the crystal structure and particle morphology of the
host lattice are very important to obtain high intensity luminescence.
Recently it has been reported that 5% Eu*" doped GdPO4 nanoparticles with
monoclinic crystalline structures have better luminescence properties as
compared to nanoparticles with hexagonal or nanowires with monoclinic and
hexagonal crystal structures [19]. Eu** doped GdPO, samples synthesized in
a water medium all exhibited hexagonal crystalline structure which is
stabilized by the incorporation of crystalline water, while the synthesis in an
anhydrous medium yielded GdPO4 nanoparticle with a monoclinic structure
due to the absence of water. Samples synthesized in the anhydrous medium
showed a more intense luminescence, which may have resulted from the
difference in the crystal lattice. If the Eu?" doped GdPO4 nanoparticle with a
hexagonal crystal structure is heated above 700 °C degrees, water is
removed, and the crystal structure changes to monoclinic resulting in
increased luminescence intensity. However, in this case not only the crystal
structure is changed but most likely also the crystallinity and the size of the
particles of the samples, as such it is difficult to attribute the improvement of
luminescence properties to one of these phenomena, as they all can affect it
[20]. Furthermore, in most cases it is not desirable to anneal the samples, as
it leads to particle size growth and the preparation in anhydrous mediums
can be complicated, as such over ways of changing the crystal structure are
needed. It is known that lanthanum phosphate can be obtained in two
crystalline structures: a hydrated hexagonal rhabdophane type and a
monoclinic monazite-type [21]. The monazite-type Eu’*, Tb3'co-doped
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LaPO4-nH>0 nanorods demonstrate higher photoluminescent efficiency than
the LaPOsnH,O rhabdophane-type nanorods co-doped with the same
amount of Eu’, Tb3" [22]. It is known that the most common GdPO4
nanoparticles are the hydrates meanwhile LaPO4 are more commonly found
in anhydrate. Stabilizing monoclinic anhydrate of GdPO4 by La** ions could
lead to the improvement of the luminescent properties of phosphor in
general.

Taking all this into account, in the present research we investigate the
optimal concentration of Eu** resulting in more intensive emission of the
samples and Gd** ions as well as attempt to stabilize the monoclinic
monazite type structure by means of La** doping and analyze their effects on
crystal structure, luminescence properties, and cytotoxicity.

The aim is to develop an anhydrous of lanthanide phosphate with
magnetic properties that can be used for multimodal imaging.

The tasks of this research are the following:

- to determinate and investigate the optimal Eu** concentration;

- to control the size of nanoparticles and to investigate nano parts' size

effect on luminescence;

- to carry out the synthesis of Eu**-doped GdPOs nanoparticles to

obtain the desired crystal structure;

- to characterize the crystal structure, luminescence properties,

magnetic behavior, toxicity of the synthesized particles.

Various characterization techniques, such as X-ray diffraction,
spectroscopy, and magnetic measurements, have been employed in this
research. We have analyzed the effect of particle size, length-to-width ratio,
shape, and crystalline structure on the luminescence properties of the
nanoparticles. We have explored controlling these particle characteristics to
enhance the performance of the nanoparticles for bioimaging applications.
The cytotoxicity of the Eu**-doped GdPO4 nanoparticles has been evaluated
to ensure their biocompatibility and non-toxicity. This analysis is crucial for
determining the suitability of the nanoparticles for biomedical applications.

Overall, the research has aimed to contribute to the development of
lanthanide phosphate nanoparticles with optimized luminescent and
magnetic properties for use in multimodal bioimaging, while also
considering their crystal structure, particle morphology, and potential
cytotoxicity.
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Novelty and originality of the work:

The novelty of this research is that the optimal amount of Eu** for GdPO4
nanoparticles synthesized by the hydrothermal method was determined to
obtain maximum luminescence emission intensity. It was also demonstrated
for the first time that the size of nanoparticles of Gdo ssEuo.1sPO4-H,O can be
controlled by varying the filling volume of the hydrothermal reactor. For the
first time, by hydrothermal synthesis, without using additional processing of
the material after synthesis (heating), it was obtained single-phase
monoclinic  crystal  structure  of  LagsGdo24PO4:15%Eu  and
Lag75Gdo.1PO4:15%Eu.

Statement for defense:
- In order to achieve the best luminescence properties of nanoparticles
of gadolinium phosphate, the amount of doped Eu** is 15%.
- The size of the Eu*" doped GaPO, nanoparticles depends on the
filling volume of the hydrothermal reactor.
- During synthesis in a hydrothermal reactor, the PO4* precursor
affects the final product, its crystalline structure and morphology.
The particles synthesized in this work have both magnetic and
luminescent properties and are non-toxic, so have the potential to be used for
multimodal imagining.
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1. LITERATURE REVIEW
1.1. Crystal structures of materials

Before starting the discussion about the structure of the material studied
in this research, the basics should be remembered. We often find symmetry
in the environment around us. Consideration of symmetry often simplifies
complex matters, including problems related to molecular structure. In the
sense of mathematical symmetry, a molecule has symmetry if it has two or
more orientations in space that are inseparable, and the criteria for evaluating
them are based on symmetry elements and symmetry operations. The
symmetry of a molecule can be point, axis, or mirror plane, when the
molecule is moved about a point, axis, or plane to a position that is
indistinguishable from its original position. When we analyze the symmetry
elements of a molecule, usually we will find more than one symmetry
element, (axis of symmetry, plane of symmetry) the set of these symmetry
elements is called a symmetry group or point group. Symmetry groups can
be divided. The point groups with a large number of characteristic symmetry
elements are groups with very high symmetry. Groups with low symmetry
are that possess only one or two symmetry elements. When we have a
molecule that has symmetry only the n-fold axis of rotation, such groups are
called: groups with an n-Jold rotationaf axis, C,. If, in addition to the C, axis,
there is a horizontal plane perpendicular to that axes, the molecule is said to
have Cnn symmetry. .If the molecule has an nC, axis perpendicular to the
principal axis (C,), and then they are classified as dihedral groups. there are
no mirror planes, then the molecule belongs to group D. If there is a mirror
plane perpendicular to the main axis results in the Dy, groups [23,24].

Crystal symmetry is not only the symmetry of individual point groups of
the molecules that make up the crystals, but also the translational symmetry
of these molecules in the crystal. In the simplest case, if we took a repeating
row of identical points, and we would consider the point to be a lattice
points, it could be called a one-dimensional crystal. Likewise, in a three-
dimensional crystal, a stacked array of unit cells, the repeating units of the
system display translational symmetry. In crystallography the most
straightforward array of points from which a crystal can be created is called
a unit cell. There are a total of seven basic shapes of unit cells. They all
consist of parallelepipeds with six side-parallel pairs. Crystal systems, based
on their characteristic symmetry and relationships between the unit cell
edges and angles of the crystal, are divided into: triclinic, monoclinic,
orthorhombic, tetragonal, trigonal, hexagonal, cubic. Space lattices (Bravais
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lattices) are assigned to these crystal systems: P (primitive), 1 (body-
centered), F (face-centered), C (face-centered in one set of faces), and R
(rhombohedron). A total of fourteen Bravio cells are possible [24,25].

1.1.1. Crystal structure of rare-earth orthophosphates

The rare earth phosphate minerals, which have a general formula of
REPO4-nH,0, belong to four different structural types, mainly depending on
their hydration level and the atomic mass of the included rare earth elements
(i.e. light or heavy RE) [26]. Among them, monazite LnPO, (hexagonal,
P2i/n), typically crystallizing with Ln = La-Tb [23], is probably the most
widespread in nature and therefore well-documented. Monazite is one of the
main ores used for lanthanide extraction and naturally contains high amounts
of uranium and thorium (up to 15% by mass), mostly due to substitutions
with divalent elements such as calcium [27]. For heavy rare earth elements,
i.e. Ln=Gd-Lu, as well as yttrium and scandium, the anhydrous LnPO, phase
adopts a zircon-type structure (tetragonal, I41/amd) [28], forming xenotime.
The latter often coexists with monazite in granitic and metamorphic rocks
[29]. On the other hand, minerals with hydrated counterparts are not
commonly found in nature. Rhabdophane LnPO4-0.667H,O (monoclinic,
C2) [30], which is a hydrated form of rare-earth phosphate, is mostly found
in the upper part of the earth's crust and is less stable than monazite [30].
Therefore, rhabdophane is frequently present in bauxite, laterites, and
hydrothermal systems as one of the main carriers of light rare-earth
elements, while monazite dominates in silicic rocks that are magmatic and
metamorphic in origin [31]. Churchite, with the ideal formula YPO4:2H,0
(monoclinic, isostructural to gypsum), is most commonly reported to contain
heavy rare-earth elements like dysprosium and erbium. It is found in
association with limonite deposits and laterites [32].

The crystal structure of rare-earth orthophosphates varies depending on
the size of the rare earth element and the temperature and pressure
conditions during synthesis. Generally, REPOs; compounds adopt a
tetragonal crystal structure with the space group ls1/ame, which belongs to the
zircon structure type.

In the crystal structure, each rare earth ion is coordinated to eight oxygen
atoms, forming a distorted cube-like structure known as a rare earth oxide
polyhedron. Each phosphate ion (PO4*) is tetrahedrally coordinated to four
oxygen atoms, with each oxygen atom shared with a neighboring
tetrahedron, forming a three-dimensional network. The rare earth oxide
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polyhedra and PO4*" tetrahedra share oxygen atoms, linking together to form
the overall crystal structure.

The specific arrangement of the rare earth oxide polyhedra and PO4*
tetrahedra in the crystal structure depends on the size of the rare earth
element. Larger rare earth ions, such as cerium and yttrium, tend to form
more distorted polyhedra, resulting in a lower symmetry crystal structure.

Rare-earth orthophosphates have a variety of properties, including high
thermal stability, chemical resistance, and luminescent behavior, which
make them useful in a range of applications, such as in solid-state lighting,
phosphors, and catalysts. The crystal structure of these materials is important
for understanding their properties and potential applications. Rare earth
phosphates constitute a class of inorganic compounds containing a rare earth
element (e.g., cerium, neodymium, or europium) along with phosphorus (P)
and oxygen (O). The structural and property variations of rare earth
phosphates arise from the specific rare earth element and synthesis
conditions. Orthophosphates composed of PO, tetrahedra, manifest as
natural apatites and monazites. Lanthanoid phosphates serve as excellent
host matrices for other lanthanoid ions, facilitating the creation of diverse
luminescent colors [33]. These phosphates possess favorable matrix
characteristics, including low synthesis temperatures, high luminescence
efficiency, economical raw materials, and robust stability [34]. Lanthanoid
orthophosphates, marked by distinct electronic, magnetic, and optical
properties mainly attributed to the lanthanoid element [35], exhibit four
crystal structures: hexagonal, tetragonal, orthorhombic, and monoclinic.
Their chemical formula is expressed as LnPO4-nH,O, where n = 0-3, and
Ln3" represents the lanthanoid ion [36]. While the oxidation state of
lanthanoid elements generally stands at +3, selected lanthanides, like Sm,
Eu, Tm, and Yb, can be reduced to +2, and others, such as Ce, Pr, Nd, Tb,
and Dy, can be oxidized to +4. The novel hexagonal structure of lanthanide
phosphates constitutes a low-temperature phase that can transition to a
monoclinic phase at higher temperatures, whereas the tetragonal phase
maintains its structure after heating to 900 °C. pH adjustments in the
synthesis medium allow control over this phase transition. Lanthanoid
orthophosphates, characterized by minimal water solubility and high thermal
stability [37], have their structure influenced by the ionic radius of the
lanthanoids. For instance, ionic radii pertinent to this study include 1.160 A
(lanthanum), 1.066 A (europium), and 1.053 A (gadolinium) [38]. The
crystal structure of pure lanthanoid orthophosphates experiences changes as
the ionic radius of Ln decreases, resulting in a hexagonal structure for
lanthanoids from La to Dy following hydrothermal treatment, and a
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tetragonal structure for lanthanoids from Ho to Lu and Y. Heat treatment at
high temperatures (900 °C) can transform synthesized hexagonal crystal
structure orthophosphates of lanthanides into products characterized by a
monoclinic crystal structure [37,39].

1.1.2. Structure of GaPO, doped with rare earth metals

Lanthanide orthophosphates exist in five polymorphic form namely,
monazite (monoclinic structure), xenotime (tetragonal structure),
rhabdophane  (hexagonal structure), churchite (monoclinic) and
orthorhombic symmetries. [40], It is known that only Gd and Lu with Y can
be obtained, crystallized in all four crystalline phases, depending on various
conditions [41,42].

The crystal structure of GdPOj is in the monoclinic space group P2i/n,
with a single Gd** ion and one PO4* anion in the asymmetric unit. The
phosphate anion is tetrahedrally coordinated without any significant
distortion, while the Gd*" ion is nine-coordinate and best described as a
severely distorted mono-capped square antiprism. The arrangement of
polyhedra in the crystal structure is complex but can be described as chains
of alternating PO4** and GdOy polyhedra, which are parallel to the [100]
direction in the standard P2;/n setting. These chains are cross-linked via
bridging oxygen atoms between the Gd*" ions, resulting in each Gd*" being
coordinated to seven PO4* tetrahedra, with five of them vertex-sharing and
the remaining two edge-sharing. Additionally, each Gd** ion shares common
edges with six neighboring Gd** cations [43].

(b) .

Fig. 1.(a)The crystal structure of GdPOsas viewed along the [010]
direction; (b) the secondary coordination sphere of the Gd** ion in GdPOs.
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Each ion is coordinated to seven PO, tetrahedra and has six edge-sharing
interactions with neighboring Gd** ions. Green: Gd; red: O; light grey: P.
Green struts represent the bond between Gd*" ions and the capping oxygen
atoms of the MCSAP, all other covalent bonds are shown in grey [43].

The rhabdophane phase is attributed a hexagonal structure with a space
group of P6622, but later it was revised to be trigonal P3,21. However, in the
literature and reference books, GdPO, with the P3;21 space group is
assigned and referred to as a hexagonal crystal structure. In this structure,
each Gd*' ion is bonded to 8 oxygen atoms of a phosphate group, forming
GdOs polyhedrons. These polyhedrons share their edges with four other
GdOs polyhedrons and two PO,** tetrahedrons, creating a building block.
The trigonal rhabdophane structure consists of infinite chains of these
building blocks and phosphate tetrahedrons that are connected together along
the ¢ axis, forming zeolitic channels that also run along the c axis. These
channels are known to contain crystalline water.

The crystal structures of churchite materials (REPO4:2H,0; RE = Gd to
Lu) were determined through powder X-ray diffraction after being
synthesized through a low-temperature precipitation route. The results
showed that churchite materials crystallize in the monoclinic crystal system
(space group C2/c). The enthalpies of formation of churchite-type
REPO42H,0O (RE = Gd to Yb) were found to be more negative than their
anhydrous counterparts, which have a xenotime structure. This suggests that
the formation of churchite is more exothermic than xenotime. However, due
to the presence of water molecules, the churchite materials are likely to have
a more negative entropy of formation, resulting in a less negative Gibbs free
energy of formation than the xenotime structure. This implies that churchite
materials are expected to be stable at lower temperatures. For GdPO4 and
GdPO4'nH,O materials, which could adopt different crystal structures,
monazite was found to have the most negative Gibbs free energy of
formation from oxides. This suggests that monazite is the most stable among
the discussed structures, with the following order of stability : Gd-churchite
< Gd-rhabdophane < Gd-xenotime < Gd-monazite [42].

The crystal structure of GaPO4 doped with rare earth metals depends on
the specific dopant and its concentration. In general, the dopant ions will
substitute for Ga** ions in the GaPO; crystal lattice, introducing defects or
distortions in the crystal structure. When Eu*" ions are doped into GaPOs,
the crystal structure the unit cell parameters and angles may change slightly.
The Eu’" ions occupy substitutional sites in the crystal lattice, replacing
some of the Ga** ions. The Eu’" ions have a slightly larger ionic radius (1.07
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A) than the Ga** ions (1.06 A) [38], which can cause local distortions in the
crystal lattice around the dopant ion.

The GdPO, can exist in various crystal structures, including hexagonal,
tetragonal, and monoclinic, depending on synthesis factors such as solution
acidity, solvent, and/or annealing temperature. The transformation of
hexagonal GdPO,4 nanorods to monoclinic or obtaining monoclinic GdPO4
nanoparticles has considerable attention due to the strong correlation
between the optical properties of GdPOs:Eu*" and the symmetry around
Eu’" and crystal structure [44].

The incorporation of rare earth metals into GdPO4 can modify the
properties of the material, such as its optical and magnetic properties. For
example, rare earth-doped GdPOj4 can exhibit luminescent behavior, making
it useful in applications such as phosphors, solid-state lighting, and optical
devices [45-48]. The crystal structure of GdPO4 doped with rare earth metals
is important for understanding how these materials interact with light and
other substances and for optimizing their performance in various
applications. The specific crystal structure of GdPO4 doped with rare earth
metals will depend on the specific dopant and its concentration, as well as
the synthesis conditions and post-treatment methods used to prepare the
material [49-52].

Overall, the crystal structure and chemical stability of GdPO4s make it a
versatile platform for doping with a range of elements, including rare earth
metals, and tailoring its properties for various applications. It should be
noted that the luminescence properties of Eu*"-doped GdPO, depend on the
crystal structure. Studies have shown that the emission intensity of Eu’'-
doped GdPOs with a monoclinic crystal structure is significantly higher
compared to that of Eu**-doped GdPO4 with a hexagonal crystal structure
[46,53,54]. Therefore, to obtain the best luminescent properties of Eu’'-
doped GdPOs, the synthesis of pure-phase monoclinic crystal structure
nanoparticles is the primary objective.

1.2. Synthesizes methods of lanthanide orthophosphate nanoparticles
1.2.1.Sol-Gel synthesis methods

Sol-gel synthesis is a versatile method used to produce inorganic
materials, including nanoparticles, with controlled composition, size, and
morphology. The sol-gel process involves the conversion of a solution or
"sol" of metal-organic compounds or metal salts into a gel-like state by a
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hydrolysis and condensation reaction. The resulting gel can then be dried
and calcined to form a solid material, including nanoparticles.

The sol-gel synthesis method involves several steps, preparation of
precursor solution: In first step, metal-organic compounds or metal salts are
dissolved in a solvent, typically an alcohol or water, to form a solution. The
precursor solution is usually stabilized with a weak acid or base to prevent
premature hydrolysis. In the second step, hydrolysis is carried out. The
precursor solution is slowly mixed with a hydrolyzing agent, typically water
or an acid or a base, to initiate the hydrolysis reaction. The hydrolysis
reaction causes the metal-organic compounds or metal salts to form metal-
oxygen bonds, resulting in the formation of a colloidal solution or "sol." As
the hydrolysis reaction continues, the sol gradually transforms into a three-
dimensional network or "gel" of metal-oxygen clusters. The gelation process
can be influenced by several factors, such as pH, temperature, and the
concentration of the precursor solution and hydrolyzing agent. After
gelation, the resulting gel is left to age for several hours or days to allow
further condensation and solidification of the metal-oxygen clusters. Drying
and calcination are carried out in the last stage of synthesis. The aged gel is
dried to remove the solvent and then calcined at high temperatures to remove
any remaining organic components and form a solid material [55,56].
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Fig. 2. Schematic illustration for the synthesis process of diboride powders
via sol-gel method [57].
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Sol-gel synthesis has several advantages for nanoparticle synthesis. The
sol-gel method allows for precise control over the composition of the
nanoparticles by adjusting the precursor solution composition and
concentration. The sol-gel method can produce nanoparticles with controlled
size and morphology by adjusting reaction parameters such as the
concentration of precursor solution. The influence of the concentration of
reactants on the morphology and size of lanthanum phosphate (LaPOj)
nanoparticles was examined and reported. The changes in nanoparticle shape
were explained by the mechanism of spherical diffusion growth. It was
observed that decreasing the reactant concentration, from high (100 mol/m?)
to very low (0.125 mol/m?), resulted in a gradual transformation of
nanoparticle morphology from long nanorods to nanospheres [58]. This
synthesis method is also applicable for synthesizing doped nanoparticles.
Previous reports have shown that the resulting LaPQOj crystallizes in a single-
phase monoclinic structure with rod-shaped nanoparticles of approximately
50 nm in length. The doping of europium ions into the monoclinic LaPO4
crystal lattice was found to be highly effective using the same method.
Additionally, these synthesis methods are simple, cost-effective, and can be
easily extended to other rare earth phosphates [59]. Although the successful
synthesis of nanoparticles by the sol-gel method and the ability to control the
morphology of the particles are reported, the resulting particles are
agglomerated and exhibit a large size dispersion [58—61]. It is worth noting
that the reaction time is comparatively extended, and the use of organic
solvents could pose risks to human health.

1.2.2. Sonochemical synthesis methods

Sonochemistry, which involves the use of high-frequency sound waves,
has emerged as an effective method for synthesizing nanomaterials due to its
ability to induce a range of physical and chemical phenomena such as
cavitation, acoustic streaming, and high shear stress. Here are the general
steps involved in sonochemical synthesis of lanthanide orthophosphate
nanoparticles [62].
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Preparing a precursor solution, lanthanide and phosphate precursors (e.g.
lanthanide nitrate and ammonium phosphate) are dissolved in a suitable
solvent (e.g. water or ethanol) to form a clear solution. Sonochemical
treatment, the precursor solution is subjected to ultrasonic irradiation using a
high-frequency transducer, typically at a frequency of 20-100 kHz. The
ultrasonic waves generate cavitation bubbles in the solution, which collapse
to create high temperatures and pressures at the bubble-liquid interface,
leading to rapid nucleation and growth of nanoparticles. After the
sonochemical treatment, the solution is aged at room temperature for several
hours to allow the nanoparticles to grow and stabilize. The nanoparticles are
then washed with a solvent (e.g. water or ethanol) to remove any unreacted
precursors or impurities. Finally, the nanoparticles are dried and calcined at
high temperatures (e.g. 700-1000 °C) to remove any residual solvent and to
stabilize the crystal structure of the nanoparticles [62,64—66].

The sonochemical process, a simple technique that can be carried out
under ambient conditions, has been proven to be effective for obtaining
novel materials and preparing nanomaterials with unique morphologies and
unusual properties [65]. This process involves the propagation of pressure
waves that generate bubbles in a liquid medium through formation, growth,
and implosive collapse. These bubbles create localized hotspots with
extreme conditions such as high temperatures (>5000 K), pressures (>20
MPa), and cooling rates (10'° Ks!) during acoustic cavitation. As a result,
sonication provides an ideal environment for the preparation of
nanomaterials. This method offers several advantages, including rapid
reaction rates, controllable reaction conditions, and the ability to produce
materials with uniform shapes, narrow size distributions, and high purities.
Uniform nanoparticles of various lanthanide orthophosphates (LnPOs),
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including La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, and Ho, have been
successfully synthesized using a simple and efficient method involving
ultrasonic irradiation of inorganic salt aqueous solution without the need for
surfactants or templates. This synthesis process is fast, facile, and conducted
under ambient conditions [64,66].

Sonochemical synthesis has several advantages over conventional
synthesis methods, such as lower reaction times, reduced energy
consumption, and improved control over particle size and morphology.
However, the method requires specialized equipment and careful
optimization of reaction parameters such as precursor concentration,
sonication time and intensity, and aging time to achieve optimal results.

1.2.3.Co-precipitation synthesis methods

As one of the most classical wet chemical synthetic method, co-
precipitation refers to the simultaneous precipitation process of several ions,
with the formation of target nanosized compounds. Despite the easy
operation, particular attention should be paid to the precipitation rate
difference of various ions. To address the problem, coordinating surfactants
and/or cosolvents are usually added into the reaction system to mediate the
synchronicity of coprecipitation process. Co-precipitation synthesis can be
performed in aqueous solution and organic solution. It is important to note
that nanoparticles synthesized through co-precipitation in aqueous solution
often exhibit relatively low crystallinity [67]. Subsequent heat treatment is
commonly required to enhance the crystallinity of the final products. Co-
precipitation synthesis is a versatile and widely used method for the
preparation of various types of nanoparticles. The method involves
simultaneous precipitation of two or more metal ions in the presence of a
precipitating agent, usually a base such as sodium hydroxide or ammonium
hydroxide. The process can be performed under various conditions, such as
temperature, pH, and stirring rate, which can affect the properties of the
resulting nanoparticles [68].

21



STEP 1 STEP 2

change in the temperature
mixing/stirring and/or pH (addition NaOH) ___

precursor solution + plant Precursor/plant

Hydroxide precipitation
extract solution

filtration or centrifugation,
washing and drying

STEP 4 STEP 3
calcination (air or o0 ®
vacuum) .
P 'YX L/

0®e 0o

Hydroxide

Oxide nanostructures powder

Fig. 4. Schematic diagram of the co-precipitation method [69].

The co-precipitation synthesis method contains several steps. The first
step is preparation of precursor solutions. The metal salts are dissolved in a
solvent to form a precursor solution. The solvent used can be water or an
organic solvent, depending on the solubility of the metal salts. The second
step is an addition of precipitating agent. The precipitating agent is added to
the precursor solution under controlled conditions such as temperature, pH,
and stirring rate. The addition of the precipitating agent induces the
formation of a gel-like precipitate. After that the aging is the following step.
The precipitate is aged at a certain temperature to allow for the formation of
nanoparticles. Then aashing and drying are needed. The nanoparticles are
washed with a suitable solvent to remove any impurities and dried at a low
temperature. Finally the synthesis ends by calcination process. The dried
nanoparticles are calcined at a high temperature to remove any residual
impurities and to induce the desired phase transformation.

The co-precipitation method can produce nanoparticles with various
sizes, shapes, and compositions. The size and morphology of the
nanoparticles can be controlled by adjusting the reaction parameters such as
temperature, pH, and stirring rate. The composition of the nanoparticles can
be controlled by adjusting the ratio of the metal salts in the precursor
solution. Was reported the nanoparticles of neodymium orthophosphate
(NdPO4) were synthesized using a straightforward wet coprecipitation
method. The nanoparticles of neodymium orthophosphate (NdPO4) obtained
in this study were found to belong to the monoclinic phase of the monazite
structure, with lattice parameters of a = 0.673(4) nm, b = 0.695(7) nm, ¢ =
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0.641(6) nm, and B = 103°68'". The crystallite size was determined to be 30.8
nm. Particle size analysis confirmed that the synthesized material was in the
nanoscale range. Electron microscopic studies revealed that the particles
were spherical in shape with a grain size of 92 nm. Elemental analysis using
energy dispersive X-ray analysis (EDAX) confirmed the presence of major
elements in the synthesized composition. Thermal analysis showed two
decomposition stages of NdPOs, corresponding to endothermic peaks,
indicating the removal of water molecules and the transformation from an
amorphous to crystalline phase. The structural transition from a hexagonal to
monoclinic phase occurred above 800 °C [70]. The co-precipitation method
has several advantages over other nanoparticle synthesis methods. First, it is
a simple and low-cost method that can be easily scaled up for large-scale
production. Second, it can produce nanoparticles with high purity, which is
important for many applications. Third, it allows for precise control over the
composition, size, and morphology of the nanoparticles. Fourth, it can
produce nanoparticles with a narrow size distribution, which is important for
many applications that require uniform particle size. Disadvantages of this
method include its inapplicability to wuncharged species, potential
precipitation of trace impurities with the product, time-consuming nature,
challenges in achieving batch-to-batch reproducibility, and limitations when
reactants exhibit significant differences in precipitation rates [62].

1.2.4.Microwave-assisted hydrothermal synthesis methods

Microwave radiation is not located in the most energetic region of the
electromagnetic spectrum, but rather falls between radio frequencies and
infrared (IR) radiation, with frequencies ranging from approximately 300
MHz (0.3 GHz) to 300 GHz. Most commercial devices operate at a standard
frequency of 2.45 GHz [71]. The corresponding wavelengths of microwave
radiation, ranging from 1 meter to 1 centimeter, indicate that microwaves do
not interact with matter at the atomic or molecular levels [72]. The existence
of electromagnetic waves was predicted by Maxwell's equations formulated
in 1873, but experimental verification was not achieved until much later, in
the 1880s, by Heinrich Hertz, who was able to produce and detect
microwave radiation (around 1 GHz) using a rudimentary generator [71].
The use of microwave-assisted methods for material synthesis started in the
1950s, but widespread acceptance has been gained mainly in the last two
decades. In this method, microwave radiations directly transfer energy to
materials by heating the movable electric charges using electromagnetic
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radiation (EMR) [68,73,74]. This conversion of electromagnetic energy to
thermal energy results in temperature increases ranging from 100 to 200 °C,
using frequencies between 1 and 2.5 GHz [75,76]. One of the advantages of
this method is the shorter reaction time, allowing for the completion of time-
consuming reactions within a few minutes. Additionally, this method is
capable of producing nanoparticles with narrow size distributions and small
particle sizes [68]. The microwave hydrothermal method is a relatively new
approach developed in recent years for powder preparation. It utilizes
microwaves for heating, following the principles of the hydrothermal
method, but it differs from traditional hydrothermal synthesis. The
microwave hydrothermal method combines the advantages of microwaves
and water heat, acting as a hybrid of the hydrothermal and microwave
methods. Unlike the conventional hydrothermal method, which relies on
conduction for heating, the microwave hydrothermal heating method utilizes
microwaves to heat the sample. This allows for uniform heating throughout
the sample, even at greater depths, without the limitations of heat conduction
and temperature differences. As a result, the reaction speed is significantly
improved. [77].

The microwave-assisted hydrothermal synthesis process can be described
in several steps. Preparation of precursor solutions is the first step. The metal
salts are dissolved in a suitable solvent to form a precursor solution. The
solvent used can be water or an organic solvent, depending on the solubility
of the metal salts. Mixing the precursor solutions is the second step. The
precursor solutions are mixed together under controlled conditions such as
temperature and stirring rate. Then the microwave irradiation is applied. The
mixture is then placed in a microwave reactor and irradiated under controlled
conditions. Microwave radiation causes the solvent to heat up rapidly, which
enhances the reactivity of the precursors. After that the hHydrothermal
treatment is needed. After the irradiation step, the mixture is subjected to
hydrothermal treatment under controlled conditions of temperature and
pressure. Hydrothermal processing promotes the formation of nanoparticles
and also helps to control the size, shape, and crystallinity of the
nanoparticles. Washing and drying finish the process of the synthesis. The
nanoparticles are washed with a suitable solvent to remove any impurities
and dried at a low temperature. In some cases, calcination is performed at a
high temperature to remove any residual impurities and to induce the desired
phase transformation [78].
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Fig. 5. Schematic diagram of microwave-hydrothermal synthesis for
preparation of AgzPO4/LaPO4 composites [79].

However, it is reported that the hexagonal structured (Gd, Eu)PO4 urchin-
like hollow spheres and cubic Ag:POs, monoclinic LaPO,s samples were
successfully synthesized are synthesized by a simple microwave method in
the absence of any templates or surfactants in the reaction system, and the
effects of subsequent calcination on the structure [79,80]. Calcination can be
used to change the crystal structure, for examples-synthesized La;.
xIbxPO4-nH,0 nanorods as rhabdophane-type structure and of the calcined
La;xTbsPO4 as monazite-type structure. Both the samples of rhabdophane-
type and monazite-type structures nanorods are well- shaped, contain no
linear or planar defects, and have high morpho- logical uniformity [81].

The study showed that Rhabdophane-type Eu?*, Tb*"-codoped
LaPO4nH>O single-crystal nanorods with different compositions were
produced by hydrothermal synthesis using microwaves. The thermal stability
of the nanorods was not affected by the Eu**, Tb3* codoping, as they formed
substitutional solid solutions where Eu*" and Tb*'replaced La’" in the crystal
lattice. Additionally, monazite-type Eu*", Tb*" codoped LaPO, single-crystal
nanorods were obtained by calcining the rhabdophane-type counterparts at
moderate temperature in air, and they were found to be thermally stable [22].

Compared to the traditional hydrothermal method, the microwave
hydrothermal method offers several advantages. It exhibits a rapid heating
speed, facilitates sensitive reactions, and ensures a uniformly heated system.
This enables the rapid synthesis of nanoparticles with a narrow particle size
distribution and uniform morphology. Consequently, the microwave

25



hydrothermal method is well-suited for reactions with high temperature
differences and long reaction times. It can efficiently prepare samples that
require extended reaction times or are sensitive to temperature differences. It
can be used to synthesize a wide range of nanoparticles, including metal
oxides, sulfides, and hydroxides.The primary drawback is that the method
requires special equipment. And quick heating of the reaction mixture lead
to a rapid buildup of solvent vapor pressure, which poses a higher risk of
explosion and potential equipment damage [73,82,83].

1.2.5. Solvothermal and hydrothermal synthesis methods

Solvothermal synthesis is a method of synthesizing nanoparticles using a
organic solvent under high pressure and high temperature. The method
involves dissolving precursors in a solvent and heating the mixture under
high pressure and temperature to induce the formation of nanoparticles. The
solvent used can be an organic solvent, depending on the solubility of the
precursors. Meanwhile hydrothermal synthesis is a method of synthesizing
nanoparticles or bulk materials under high pressure and high temperature
conditions in an aqueous solution.

The synthesis process is carried out by the few steps. The recursor
solutions are prepared first. The metal salts are dissolved in a suitable
solvent to form a precursor solution. The solvent used can be water or an
organic solvent, depending on the solubility of the metal salts. The the
reaction mixture is prepared. The precursor solutions are mixed together
under controlled conditions such as temperature and stirring rate. The pH
value of the solution can be modified, depending on the synthesis conditions,
by adding acid or alkali to the prepared solution. Excipients can also be used.
With the assistant of PVP synthesized rod-like GdPO4Er**/Yb*" pure
hexagonal phase through a hydrothermal process [12], or tartaric acid can be
used as a coordinating/capping agent for synthesizing GdPO.;nH,O
nanoparticles [84]. Heating under high pressure is the third step. The mixture
is then transferred to a hydrothermal reactor, which is typically made of
stainless steel and is capable of withstanding high pressure and temperature.
The reactor can also have a Teflon liner which is inert to chemical effects.
The reaction vessel is sealed and when heated under high pressure, usually
above the boiling point of the solvent. The high pressure and temperature
create a supercritical state of the solvent, which enhances the reactivity of
the precursors. The mixture is subjected to solvothermal/hydrothermal
treatment under controlled conditions of temperature and pressure.
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Solvothermal/hydrothermal processing promotes the formation of
nanoparticles and also helps to control the size, shape, and crystallinity of
the nanoparticles. The synthesis process is finished by washing and drying.
After the solvothermal/hydrothermal treatment, the reactor is cooled to room
temperature and the nanoparticles are washed with a suitable solvent to
remove any impurities and dried at a low temperature. The dried
nanoparticles can be calcined at a high temperature to remove residual
impurities and induce the desired phase transformation.

It was reported that the synthesis of lanthanide phosphates LnPOy crystals
was achieved using a simple hydrothermal process [85]. The crystal structure
of the synthesized LnPO4 depends on the ionic radius of the lanthanide ions,
with hexagonal or tetragonal structures observed. Hexagonal LnPOj4 (La, Ce,
Pr, Nd, Sm, Eu, Gd, Tb, and Dy) samples show a wire-like morphology,
while tetragonal LnPO4 (Ho, Er, Tm, Yb, Lu, Y) samples consist of
irregularly shaped particles. The hexagonal structured (La-Tb)POs
nanowires/nanorods undergo a transition to monoclinic monazite upon
calcination, while retaining their morphology. Similarly, hexagonal DyPO4
nanowires transform to tetragonal DyPO4 nanowires after calcination. The
as-synthesized LnPO, products consist mainly of nanowires/nanorods with
diameters of 5-120 nm and lengths ranging from several hundreds of
nanometers to several micrometers [37].

This is a useful method for synthesizing nanoparticles that can be used in
biological and in biomedicine applications. By carefully selecting solvents
and adjusting various factors such as temperature, pressure, pH, aging time,
concentration of reactants, and reaction time, it is possible to create
nanoparticles with specific sizes, shapes, and surface characteristics [84].
The successful synthesis was performed of monoclinic LaPO4 and hexagonal
LaPO,-1.5H,0 nanocrystals with Eu** doping using a hydrothermal method
demonstrates that the structure and shape of these nanocrystals are highly
dependent on the pH and temperature of the growth solution. In other words,
these factors play a critical role in determining the final structure and
morphology of the LaPO4 nanocrystals [36]. This method is particularly
effective at creating very uniform nanoparticles without the need for post-
annealing treatments, even at relatively low temperatures. Many different
types of materials have been prepared using this method, including single
crystals, nano particals, zeolites, oxides, doped metals, selenides, and
sulphides. As a result, this method has become popular among researchers as
an alternative to traditional methods.

The Solvothermal/hydrothermal method can produce nanoparticles with
various sizes, shapes, and compositions. The size and morphology of the
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nanoparticles can be controlled by changing and choosing the
aforementioned synthesis conditions. The composition of the nanoparticles
can be controlled by adjusting the ratio of the metal salts in the precursor
solution. By adjusting the pH and molar ratio of gadolinium and phosphate,
the size and shape of GdPO4 nanoparticles can be manipulated. When the pH
of the reaction medium was increased from 4 to 11, the width of GdPO4
nanoparticles decreased from 93 to 23 nm, and the length decreased from
635 to 99 nm. Similarly, when the molar ratio of Gd to P was changed from
1:7.5 to 1:50, the width increased from 19 to 60 nm, and the length
decreased from 154 to 128 nm. Interestingly, the size and distribution of
Eu’*-doped nanoparticles remained relatively unchanged, regardless of the
concentration of Eu’* [86].

The successful preparation of  various GdPO4:5%Eu**
micro/nanomaterials with different crystal structures and morphologies using
a one-step solvothermal method. The materials were synthesized using only
gadolinium and phosphoric acid sources and ethanol as solvents without any
surfactants or templates. The ratio of phosphoric acid to gadolinium sources

was adjusted to regulate the morphology of the products, resulting in the
formation of seven different shapes. Monoclinic crystal structures: square,
pillow, star, carambola shape and hexagonal crystal structures: hollow
cylinder, drum ,jujube shape [87].

[ 2 by i [ um T ) A )
Fig. 6. SEM images of the GdPO4:5%Eu*" samples synthesized with
different volume-mass ratios of H3PO4 to RE(NO3)3;-6H,O: (A) 2, (B) 8, (C)
16, (D) 24, (E) 32, (F) 40 and (G) 48 mL/g [87].

In summary, solvothermal/hydrothermal synthesis are methods used to
create nanoparticles by dissolving precursors in a solvent and subjecting
them to high pressure and temperature. This method has several advantages
over other nanoparticle synthesis methods. First, it can produce nanoparticles
with high purity and crystallinity, which is important for many applications.
Second, it allows for precise control over the size, morphology, and
composition of the nanoparticles. Third, it can produce nanoparticles with a
narrow size distribution, which is important for many applications that
require uniform particle size. Fourth, it can be used to synthesize a wide
range of nanoparticles. The solvothermal/hydrothermal process promotes the
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formation of nanoparticles and allows for the production of uniform particles
without the need for post-annealing treatments. For my work, I chose the
solvothermal/hydrothermal method to synthesize doped GdPO,
nanoparticles. This method provides high purity and crystallinity, precise
control over particle characteristics, and the ability to create nanoparticles
with a narrow size distribution. Although the conditions for the synthesis of
doped GdPO, synthesized in this work are still not perfected and fully
investigated. Currently, there are a number of publications with works aimed
at improving the synthesis method of GdPO4 nanoparticles. It is a versatile
approach that has been successfully applied to various materials, including
single  crystals, oxides, zeolites, and doped metals. The
solvothermal/hydrothermal method is particularly useful in biological and
biomedical applications due to its ability to create nanoparticles with specific
sizes, shapes, and surface characteristics. These benefits make it a popular
choice among researchers as an alternative to traditional synthesis
methods.The hydrothermal synthesis method is an effective and versatile
method for the preparation of nanoparticles with controlled size,
composition, and morphology.

1.3. Basic of luminescence

Luminescence is a phenomenon in which a material emits light after
being stimulated by an external energy source. The energy source can be a
variety of different types, including heat, light, or electricity. When the
material absorbs energy, its electrons become excited and move to higher
energy levels. When the electrons return to their original energy level, they
emit the excess energy as light [88].

Fluorescence is a type of luminescence that occurs when a material
absorbs energy from a light source and then emits that energy as light almost
immediately. This type of luminescence is widely used in various
applications, including in fluorescent lighting, medical imaging, and
materials science. For example, fluorescent dyes are often used in biological
imaging applications to visualize specific molecules or structures within
cells [89].

Phosphorescence is similar to fluorescence, but the emission of light
occurs over a longer period of time. In this case, the excited electrons remain
in their higher energy state for a longer period before emitting the excess
energy as light. This type of luminescence is often observed in materials
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such as glow-in-the-dark materials, which continue to emit light after the
external energy source is removed [90].

Chemiluminescence is another type of luminescence that occurs as a
result of a chemical reaction. This type of luminescence is commonly used in
analytical chemistry, particularly in the detection of trace amounts of
substances. For example, luminol is a chemical compound that emits light
when it reacts with certain substances, such as blood. This property is used
in forensic science to detect blood at crime scenes [91].

Luminescence is a fascinating phenomenon that is widely used in a
variety of scientific and technological applications. Its ability to convert
energy from one form to another and emit light has led to many innovative
developments, and it continues to be an important area of research in
materials science, chemistry, and physics [92].

1.3.1.Luminecences propertys of lanthanide orthophosphate

Rare earth phosphates, also known as LnPQOs, are characterized by low
solubility, high thermal stability, high refractive index, and a high
concentration of luminescent centers in Eu®* etc. ions. These properties make
LnPOs materials attractive for research and have led to extensive
investigation [37]. Europium ions (Eu’") doped in phosphors exhibit
excellent red luminescence in various host lattices. They serve as active
luminescence centers due to their abundant transitions, the narrow orange
emission at around 594 nm (°Dy — ’F;) and red emission at about 690 nm
(°*Do — 'F4) falling into the human tissue transparency windows [6,13].
Under UV excitation, Eu** ions are well-known for acting as red-emitting
activators through their Dy — ’F; (J = 0, 1, 2, 3, 4) transitions [93-95].
Additionally, higher excited states such as D, (green), °D- (green, blue), and
D3 (blue) can also produce emissions when Eu®" ions are situated in a
suitable host material with low photon energy. This suggests the potential for
generating white light emission by doping the appropriate amount of Eu®*
into a specific material. However, there is a scarcity of studies that
specifically focus on achieving white light emission using phosphors doped
solely with Eu*" ions [96-99]. The luminescent properties of lanthanide
orthophosphates are a result of the unique electronic structure of the
lanthanide ions. Lanthanide ions have partially filled 4f orbitals, which are
shielded from the surrounding environment by the filled 5s and 5p orbitals.
The 4f orbitals are thus relatively unperturbed by the chemical environment,
and the transitions between the 4f energy levels give rise to the characteristic
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sharp and narrow emission bands in the visible and near-infrared regions of
the electromagnetic spectrum [100]. Trivalent lanthanide ions, which have a
gradual filling of the 4f orbitals from 4f° (for La’") to 4f'* (for Lu**) have
interesting photoluminescence properties and emit light in different colors
depending on the type of ion. For example, Eu*" emits red light [93], Tb**
emits green light [101], Sm** emits orange light [102], and Tm** emits blue
light [103]. Some lanthanide ions also show near-infrared luminescence,
such as Yb3" [104], Nd3* [105], and Er** [106]. Gd** emits in the ultraviolet
region [107]. When discussing the light emission by lanthanide ions, the
term "luminescence" is often used instead of "fluorescence" or
"phosphorescence." This is because fluorescence and phosphorescence are
used to describe light emission by organic molecules and incorporate
information about the emission mechanism. In the case of lanthanides, the
emission is due to transitions within the 4f shell, which are
intraconfigurational f-f transitions. The partially filled 4f shell of lanthanide
ions is well-shielded from its environment by the closed 5s? and 5p° shells.
This means that the ligands in the first and second coordination sphere have
only a limited effect on the electronic configurations of trivalent lanthanide
ions. This shielding is responsible for the specific properties of lanthanide
luminescence, particularly for the narrow-band emission and long lifetimes
of the excited states [108]. However, Ce*" is a special case because it emits
intense broadband emission due to allowed f-d transitions. The position of
the emission maximum strongly depends on the ligand environment of the
Ce*" ion. Different types of luminescence are defined depending on the
method of excitation, including photoluminescence (emission after
excitation by irradiation with electromagnetic radiation),
electroluminescence (emission by recombination of electrons and holes
under the influence of an electric field), chemiluminescence (nonthermal
production of light by a chemical reaction), or triboluminescence (emission
observed by applying mechanical stress to crystals or by fracture of crystals)
[108,109].

The luminescence of lanthanide orthophosphates can be enhanced by a
variety of factors, including the crystal structure, particle size, morphology,
and surface chemistry of the nanoparticles [21,110,111]. The monazite-type
nanorods with the same Eu’', Tb’'-codoping content have a greater
efficiency in photoluminescence compared to the rhabdophane-type
nanorods. The Lago7999Eu0.02Tboo000iPOs nanorods exhibit the highest
photoluminescence emission. It was observed that in  Lagggggo-
«EuxTbo 00001 PO4, energy transfer from Tb*" to Eu’" does not occur, and a
minimum content of 1 mol% Tb3" is required for an efficient energy transfer
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in the codoped systems [22]. For example, the luminescence of lanthanide
orthophosphates can be increased by reducing the particle size, which can
lead to increased surface area and improved energy transfer between the
lanthanide ions [94]. Similarly, doping the lanthanide orthophosphate with
other elements can also enhance the luminescence properties by introducing
additional energy transfer pathways.

Lanthanide orthophosphates can exhibit several different types of
luminescence, including fluorescence, phosphorescence, and upconversion
luminescence. Fluorescence is the emission of light when an excited electron
relaxes back to its ground state, while phosphorescence is a type of delayed
fluorescence in which the excited electron relaxes back to its ground state
over a longer period of time. Upconversion luminescence is a process in
which multiple low-energy photons are absorbed and converted into a single
high-energy photon [112]. This phenomenon occurs in lanthanide-doped
materials and is useful in applications such as solar cells and bioimaging
[113,114].

The long luminescence lifetime of lanthanide orthophosphates, typically
ranging from microseconds to milliseconds, is another important property
that makes them useful in various applications. The long lifetime allows for
time-resolved imaging and reduces background fluorescence, leading to
improved imaging contrast. Additionally, the luminescence of lanthanide
orthophosphates is often resistant to photobleaching, making them attractive
alternatives to organic dyes in biological imaging applications [115].

In summary, the luminescent properties of lanthanide orthophosphates are
a result of the unique electronic structure of the lanthanide ions and can be
enhanced by controlling the crystal structure, particle size, morphology, and
surface chemistry of the nanoparticles. These materials have a range of
applications in fields such as lighting, optical devices, and biomedical
imaging.

1.3.2.Luminescent application of lanthanide orthophosphate

Lanthanide orthophosphate nanoparticles can exhibit enhanced
luminescence and tunable emission wavelengths, making them useful for a
variety of optical applications such as sensors, lighting, and display
technologies [37,116]. Lanthanide orthophosphate nanoparticles have
potential for use in biomedical applications such as drug delivery, imaging,
and cancer therapy due to their biocompatibility, low toxicity, and ability to
target specific cells or tissues [67,117,118]. Lanthanide-doped phosphors are
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widely used in solid-state lighting applications due to their high efficiency,
color tunability, and long lifetime. For example, cerium-doped yttrium
aluminum garnet (YAG:Ce) is used in white LEDs [119], while terbium-
doped aluminum oxide (Tb*":AlLOs) is used in green LEDs [120].
Lanthanide-doped phosphors are also used in fluorescent lamps to improve
their color rendering index and reduce energy consumption [121], recently,
scientists are working to produce micro LEDs. Therefore, it is difficult to
overestimate the influence of lanthanoid luminescence on the development
of lighting [100,122]. Lanthanide orthophosphates have a wide range of
applications in various fields, including lighting, optical devices, catalysis,
and biomedical imaging. Lanthanide orthophosphates also have potential
applications in optical devices, such as waveguides, optical amplifiers, and
lasers. For example, YbPO4 nano-cylinders can be used as gain media in
fiber amplifiers and lasers [123]. There are methods developed that involve
synthesizing nanoparticles of ALOs:Er** or AIPO4Yb**/Er*". These
nanoparticles are then integrated into silica preforms and subsequently
drawn into fibers [124,125]. Comparing fibers with identical Opto-
geometrical parameters, it has been demonstrated that the nanoparticle-based
fibers consistently outperform standard fibers in terms of amplification
factor [126], laser efficiency [127], and resistance to ionizing radiation
[128]. Lanthanide-doped waveguides are also being investigated for their
potential applications in optical communication and sensing [129,130].

It is important to note that alloyed lanthanide orthophosphates
significantly broaden the range of applications. Scientists have the
opportunity to combine different lanthanide elements, thereby extracting
unique properties of the synthesized materials and applying them in various
relevant fields. For instance, doping GdPO, with Er’", Yb*", and Eu®
enables the development of materials with dual excitation and dual emission
nano phosphors. These phosphors exhibit broad UV and IR excitation,
making them suitable for potential utilization in solar spectrum conversion
and bioimaging applications [131]. The studies demonstrate that it is
possible to generate white light using a single matrix containing three
distinct luminescent centers. Tunable white light photoluminescence can be
achieved from a single-phase phosphor of GdPO,4 codoped with Tm**, Tb**,
and Eu*" [132]. Lanthanides possess unique properties due to their 4f
electrons. The 4f orbitals can contain up to seven unpaired electrons that
have strong angular momentum, leading to effective spin-orbit coupling and
significant paramagnetic properties, with the exception of La** and Lu**. The
magnetic moments, magnetic susceptibilities, and electronic relaxation time
of Ln3" are determined by their 4f electron configurations, which vary
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significantly along the series [133,134]. The symmetric electron ground state
of Gd** results in weak spin-orbit coupling, leading to a long electronic
relaxation time. In contrast, the asymmetric electron ground states of Tb3",
Dy*", Ho**, and Er*" result in a short electronic relaxation time but larger
magnetic moments and magnetic susceptibilities. Furthermore, lanthanides
are appealing for optical applications due to their large quantum numbers (n
=4, 1 = 3), which provide them with rich spectroscopic terms [135]. While
intraconfigurational transitions are typically forbidden for Ln**, the inclusion
of eigenstates permits partially allowed intraconfigurational transitions,
granting favorable optical properties to Ln’* activated materials. These
properties include exceptional photostability, significant Stokes/anti-Stokes
shifts, extended Iluminescent lifetimes, and precise-band emissions
[100,108].

Nanorods of gadolinium orthophosphate co-doped with light-emitting
lanthanide ions were synthesized through a hydrothermal method. These
nanorods exhibited efficient downconversion luminescence from Ce/Tb or
Eu*" doping, and upconversion luminescence from Yb/Er co-doping. This
provides an optical modality for the nanoprobes. GAPO4:1%Er**, 10 %Yb*",
5%Eu’" nanorods show strong orange-red emission under both UV and NIR
light, and are used to fabricate luminescent security ink for anti-
counterfeiting applications. These security patterns are white in color under
day light, but exhibit orange-red color under UV and/or NIR light, and are
stable under light, humidity, and temperature without degradation of color
intensity. The GdPO4:1%Er*", 10 %Yb**, 5%Eu’*" nanorods are considered to
have potential for anti-counterfeiting with high security features [50].

1.3.3.Envirnomental application of lanthanide orthophosphate

The safe disposal of nuclear waste is a significant concern for the nuclear
industry and the general public. Geological repositories are considered the
most viable option for the long-term disposal of nuclear waste, as they
provide a natural barrier to isolate the waste from the biosphere. The
multiple barrier approach involves storing the nuclear waste in canisters
made of materials that can withstand corrosion and degradation over long
periods of time, which are then placed in a geological repository that
provides a barrier against the release of radioactive material. REPO4 are
considered promising materials for nuclear waste immobilization [136].

However, even with the multiple barrier approach, the possibility of a
failed canister situation still exists. In such a scenario, groundwater present
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near the repository may penetrate the waste containment system and
eventually come in contact with the nuclear waste material. This could lead
to the release of radioactive elements and contamination of the surrounding
environment. Therefore, it is crucial to assess the durability of the materials
used in the waste containment system to ensure that they can effectively
contain the nuclear waste. Rare-earth phosphate materials, such as monazite,
xenotime, and rhabdophane, have been proposed as potential host matrices
for the immobilization of actinides. Actinides are highly radioactive
elements, such as uranium and plutonium, that are present in nuclear waste.
Monazite and xenotime are abundant rare-earth minerals that contain varying
amounts of actinides incorporated within their crystal structure. These
minerals are proposed as a potential host matrix for the immobilization of
actinides because of their low solubility, high thermal stability, and chemical
durability. Rhabdophane, on the other hand, is a hydrous rare-earth mineral
that forms on the surface of chemically altered monazite mineral and is
proposed to act as a protective barrier by preventing the release of actinides
to the biosphere. To assess the chemical durability of rare-earth phosphate
materials, this study conducted leaching experiments on monazite-type,
xenotime-type, and rhabdophane-type materials. The materials were exposed
to deionized water for a period of seven months, and the concentration of the
leached elements in the water solution was determined using inductively
coupled plasma mass spectrometry (ICP-MS). The results showed that the
leaching rates of the rare-earth phosphate materials were low, indicating
their chemical durability. Analysis showed that the long-range and local
structures of monazite-, xenotime-, and rhabdophane-type materials remain
unaffected after exposure to water for seven months. In conclusion, the study
suggests that rare-earth phosphates, specifically LaPOs, YbPO., and
GdPO4.H>O, are suitable for use in nuclear waste storage systems. These
materials show excellent chemical durability and can effectively contain
actinides, which are present in nuclear waste. The results of this study
contribute to the ongoing efforts to develop safe and effective methods for
the disposal of nuclear waste [137,138].

Lanthanide orthophosphates can be used as heterogeneous catalysts in
various chemical reactions, such as the conversion of alcohols to aldehydes,
dehydration of alcohols, and selective oxidation of alcohols. The unique
chemical properties of lanthanide ions, such as their Lewis acid-base
character and redox properties make them effective catalysts in these
reactions. Rod-shaped nanocrystalline lanthanum phosphate with an average
length of 40 nm, synthesized using a room-temperature aqueous sol-gel
process, ammonia temperature-programmed desorption measurements
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indicate that the density of Lewis acid sites in this material is four times
higher than in any previously reported lanthanum phosphate. The sample has
demonstrated catalytic activity as a Lewis-acid catalyst in an acetal-
formation reaction, achieving a yield of 85% [139]. As well as photocatalyst
energy gaps of AgisPOs and LaPO. containing in the AgzPO4/LaPOs
composites without high temperature calcination were 2.37 eV and 4.23 eV,
respectively. Their photocatalytic efficiency in degrading treatment of
methyl orange was the highest of 94.0% within 20 min and 95.7% within 60
min controlled by Schottky interface, energy gap, specific surface area, pH
of solution, dye concentration and cata- lytic content [79].

1.3.4.Magentic apllciations of lanthanide orthophosphate.

Lanthanides are also of interest because of their magnetic properties and
their potential applications the magnetic properties of lanthanide ions have
certain advantages that differ from those of other types of magnetic carriers,
such as transition metal ions and organic radicals. Lanthanide ions have both
large spin and orbital moments due to the internal nature of their valence f
orbitals. However, unlike transition metal ions, all paramagnetic lanthanide
ions except for Gd(IIl) and Eu(Il) with f7 electron configuration have
orbitally degenerate ground states that are split by spin-orbit coupling and
ligand field effects. Because of this, the magnetic properties of lanthanide-
containing materials are heavily influenced by the large spin-orbit coupling
and orbital magnetic moment contribution. However, studying the magnetic
properties of lanthanides is difficult because their unpaired f electrons are
highly contracted and energetically shielded by outer 5d and 6s shells. As a
result, the direct magnetic interaction between 4{7-4f electrons is weak, and
the coupling constant J is normally smaller than 1 cm™'. Unlike in rare-earth
intermetallic compounds, where the magnetic interaction is mediated by the
spin polarized 4f localized electrons and conduction -electrons, in
lanthanides, the magnetic interaction is mediated by the spin polarized 5d
and 6s valence electrons. The 4f7 exchange field can be treated as a kind of
contact effect that only exerts its influence on the orbitals centered on the Gd
atom. This local character of the 4f7 exchange field can be treated by a
simple perturbative molecular orbital model and accounts for the
perturbation of the 4f7 cores exerting on electrons that reside in molecular
orbitals with 5d and 6s characters [133].

Lanthanide orthophosphates are being investigated for their potential
applications as contrast agents in biomedical imaging techniques, such as
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magnetic resonance imaging (MRI) and fluorescence imaging [5,140]. The
long luminescence lifetime and narrow emission bands of lanthanide-doped
nanoparticles make them attractive candidates for imaging applications,
especially in biological systems. Syntheses were performed of
GdPO4:5%Eu’+ micro/nanoparticles using solvothermal synthesis. The study
aimed to explore the effects of crystal structure and morphology on the
luminescence and MRI tracing properties of gadolinium phosphate in the
same synthetic system. The researchers found that by adjusting the ratio of
H;POs4 to Gd(NOs);-6H,O, they could control the shape of the
micro/nanoparticles formed, resulting in square-, pillow-, star-, carambola-,
hollow cylinder-, drum- and jujube-shaped particles. Of all the shapes
synthesized, the carambola-shaped GdPO4:5%Eu’" particles showed the best
luminescence and MRI tracer performance. The carambola-shaped particles
had a strong emission peak at 596 nm, showed orange-red emission in the
CIE chromaticity diagram, and had a lifetime of 3.713 ms (trave) and color
coordinates of (0.6138, 0.3856). The MRI monitoring of the carambola-
shaped particles had a relaxation rate (r1) of 0.7709 mM™' s™!, which was
similar to the 61.5% higher r1 value compared to the lower preparation of
square GdPO4:5%Eu*". The study also explored the mechanism of
morphology formation and analyzed the factors influencing the fluorescence
and MRI tracer performance. The researchers suggested that the factors
influencing the properties of the micro/nanoparticles could be a combination
of morphology, size, crystal structure, crystal growth orientation,
crystallinity, and specific surface area, with only the main influencing
factors differing. The research has potential applications in the field of MRI
tracing of implantable materials [87,141].

Hollow GdPO4:Eu™ microspheres are claimed to be suitable for drug
delivery. GdPO4:Eu* hollow microspheres, which are approximately 1 to 1.5
pum in diameter, emit light in response to excitation at 245 nm, displaying
emission bands from the D0 / F; (J = 1, 2, 3 and 4) transitions of Eu®".
These microspheres were tested for drug release properties using
doxorubicin hydrochloride (DOX) release test, and for biocompatibility
using the standard 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay. The results of both tests suggest that hexagonal
GdPO4:Eu’" hollow microspheres have a sustained drug release property,
indicating their strong potential for use in the biomedical field [142]. Later
studies explored the drug loading and release properties of GdPO4
nanoparticles with and without Eu’* doping, using a simple electrochemical
protocol in an in-vitro environment. The electrochemical method for drug
loading and releasing was validated and compared with UV-vis
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spectroscopy. The nanoparticles were found to have good luminescent and
magnetic properties, with spherical mesoporous structures. The high loading
capacity and encapsulation efficiency were observed when the anti-fever
drug, acetaminophen, was loaded onto the nanoparticles. A smooth and
spontaneous release was observed at a moderate high temperature and low
pH, without any sign of burst release. These nanoparticles may be suitable
for targeting and specific drug release in response to pH and temperature,
making them a potential drug carrier for in-vivo applications[143].

The unique properties of lanthanide orthophosphates make them
promising materials for a wide range of applications in various fields.
Further research and development in this area are likely to uncover new and
exciting applications for these materials in the future.
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2. EXPERIMENTAL PART
2.1. Chemicals and Reagents
2.1.1. Materials used for the synthesis

The following materials were used for the synthesis of phosphates
Gd(NO3)3-6H20 (99.9%, Glentham), Eu(NO3)3-6H>O (99.9%, Alfa Aesar),
La(NO3);-6H,O (99,9%, Alfa Aesar), tartaric acid CsHeOs (99.5%,
Eurochemicals), ammonium dihydrogen phosphate NH4H,PO4 (99 %,
Eurochemicals), diammonium hydrogen phosphate (NH4):HPO4 (99 %,
Eurochemicals) citric acid CsHsO7 (99,5% Eurochemicals).and concentrated
HNO; (65.0%, Sigma-Aldrich).

2.1.2.Control material of the cytotoxicity study

The negative control was high-density polyethylene film (NC). Positive
control was 0.1% zinc containing polyurethane film (RM-A) and 0.25% zinc
dibutyldithiocarbamate containing polyurethane film (RM-B). Three types of
films for control were purchased at the Food and Drug Safety Center
(Hatano Research Institute, Ochiai 729-5, Hadanoshi, Kanagawa 257,
Japan).

The mouse fibroblast-like cell line L1929 (RCB2619) was obtained from
RIKEN Cell Bank. The culture medium was MEM (Minimum Essential
Medium Eagle, SIGMA-ALDRICH) medium with 10% FBS (Fetal Bovine
Serum Qualified One Shot, gibco) and 1% Penicillin-Streptomycin Solution
(Wako).

2.2. Synthesis and Processing
2.2.1. Synthesis and Processing of GdPO4:15%Eu samples

15% of Gd was replaced by Eu, resulting GdogsEuo.1sPO4-H2O formula of
the desired compound. In each synthesis, the number of precursors was
calculated in order to obtain 0.1 g of product, meaning Gd(NO;3)3;-6H,O —
0.1526 g, Eu(NOs);-6H,O — 0.0266 g, C4HsOs — 0.4575 g, NH4H,PO4 —
0.1785 g were weighed accordingly. The tartaric acid was added 3 : 1 ratio
to all cations on purpose to get Gd-tartaric acid and Eu-tartaric acid complex,
meanwhile cations and phosphate ratio 1 : 10 was kept. All materials were
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dissolved separately in distilled water and left under stirring for 30 min. at
50 °C. The amount of distillate water was selected according to the desired
total amount of solution (10 mL, 20 mL, 30 mL, 40 mL, 50 mL, 60 mL).
Gd(NOs3)3-6H,0, Eu(NO3)3-6H,0 and C4HeOs solutions were mixed and left
under stirring for 30 min. at 50 °C in order for Gd-tartaric acid complex to
form. Afterwards, NH4H>PO4 solution was added drop by drop to the freshly
prepared solution of cations and left under stirring for 30 minutes at 50 °C.
Finally, the pH value was adjusted to 1 by adding HNO; solution.

The hydrothermal syntheses were performed in Berghof High-pressure
reactor BR with 100 mL Teflon vessel, using BTC-3000 temperature
controller, BMH Heating jacket and IKA RH Digital mixer. The reaction
mixture was poured into a Teflon vessel autoclave, which was then sealed
and placed into a hydrothermal reactor. The pressure in the reactor was
increased to 4 bars with compressed air. The temperature was slowly
increased to 180 °C and maintained throughout the syntheses for 18 h.

The obtained mixture was centrifuged at 7000 rpm and washed with
distilled water. This procedure was repeated four times, and two times this
procedure was repeated using C;HsOH for washing. The precipitate was left
to dry in the air at 70 °C.

2.2.2. Synthesis and Processing of Gdi-xEuxPO4 and Gdi-
xLaxPO4:15%Eu samples

Firstly, required amounts of gadolinium, lanthanum, and europium
nitrates are dissolved in 5 mL of distilled water for about 0.5 mmol of the
final product (around 0.1 grams). Then a 10 mL solution of citric acid,
containing double the moles of citric acid as compared to the metals, is
added to the europium and gadolinium solution, and stirred for 10 minutes.
Then a 5 mL water solution of ammonium dihydrogen phosphate or
diammonium hydrogen phosphate is added slowly. Then the solution is
diluted to the desired volume (25 mL). And the final mixture is stirred for 30
minutes. Then the solution is transferred to the Teflon lined autoclave and
left inside a furnace at 180 °C temperature for 18 hours. The obtained
powders are centrifuged (7000 rpm 10 minutes) and washed with deionized
water and ethanol 3 times. Then dried at 70 °C for 24 h and characterized.
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2.2.3.Preparation of the extract and cytotoxicity test

Samples were sterilized with ethylene oxide gas (EOG). 1 mL of medium
was added to 0.2 g of samples and extracted for 24 hours at 37 °C in a 5%
CO; incubator. The extract was diluted with medium to obtain 75%, 50%,
25%, 12.5% and 6.25 % diluted extract medium.

The negative and positive control materials were sterilized by high-
pressure steam at 121 °C for 15 minutes, respectively. 1 mL of the medium
was added to 0.1 g of control material, and extraction was performed in the
same way as the samples described above. Each extract of the positive
control was diluted with medium to obtain 75%, 50%, 25%, 12.5%, and
6.25% diluted extract medium. The extract of the negative control was not
diluted meaning used as it was.

2.2.4.Cytotoxicity test

Monolayer-grown 1.929 cells were detached by trypsinization, and a cell
suspension of 1 x 105 cells/ mL was prepared using the medium. This cell
suspension was seeded into each well of 96-well cell culture plates at 0.1 mL
/well and incubated for 24 h at 37 °C in a 5% CO; incubator.

MTT solution (Nacalai Tesque) was added to 0.01 mL /well and
incubated for 2 h at 37 °C in a 5% CO; incubator, allowing MTT to be
reduced to formazan. Then, 0.1 mL /well of the solubilized solution (Nacalai
Tesque) was added and the formazan was dissolved by incubation at 37 °C
for 24 hours in a sealed plate seal. No remaining MTT crystals were
confirmed by optical microscope and the absorbance at 570 nm was
measured by a microplate reader (ChroMate, Awareness Technology,
Inc(USA)). The reference wavelength was set at 650 nm.

2.3. Characterization Techniques

X-ray diffraction (XRD) analysis was performed using a Rigaku
MiniFlex II. The source of the diffractometer radiation was Ni-filtered Cu
Kal. Measurements were performed in the 10-80° 20 range at room
temperature. A glass sample holder was used on which the sample was
placed.

The Hitachi SU-70 scanning electron microscope (SEM) was used for
particles morphology and size analyses. The sample was diluted with
ethanol, and one drop of the prepared mixture was applied to a carbon film.
Then the SEM sample holder with the sample was dried by blowing with a
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stream of dry air. The microscope was adjusted, and the appropriate
magnification was selected. After that, the image was recorded. An open-
access program, Fiji, was used for image analysis.

The Edinburgh Instruments FLS980 spectrometer was used to investigate
the luminescent properties. The spectrometer is equipped with double
excitation and emission monochromators, 450 W Xe arc lamp, a cooled (—20
°C) single-photon counting photomultiplier (Hamamatsu R928) and lens
optics for powder samples. For excitation and emission measurements, the
step size was 0.5 nm, and the dwell time was 0.2 s. Excitation spectra were
measured in the range from 250 to 585 nm. Emission spectra were measured
in the range from 450 to 800 nm. The photoluminescence emission spectra
were corrected by the correction file obtained from a tungsten incandescent
lamp, certified by NPL (National Physics Laboratory, UK). Excitation
wavelengths of 393.0 nm were selected, while the emission was monitored at
591 nm.

BET Surface area analyser TriStar II 3020, Micromeritics was used for
surface area and porosity analysis. The surface areas were determinate by the
Brunauer, Emmet, and Teller (BET) method. The pore sizes were
determinate by Barrett, Joyner, and Halenda (BJH) method.

The cytotoxicity test was conducted three times, and the cell viability (%)
was calculated by the following equation.

Viability (%) = 100 x [Absorbance of the extract] / [Absorbance of the
blank]

The magnetization of samples was recorded using vibrating sample
magnetometer consisting of the lock-in amplifier SR510 (Stanford Research
Systems), the gauss/teslameter FH-54 (Magnet Physics) and the laboratory
magnet supplied by the power source SM 330-AR-22 (Delta Elektronika).
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3. RESULTS AND DISCUSSIONS

3.1. Investigation of the optimal europium concentration in Gd;-
xEuxPO4'H20

In this work, the hydrothermal synthesis method was chosen because it
ensures high purity and crystallinity, precise control of particle
characteristics, and the possibility of creating nanoparticles with a narrow
size distribution. The hydrothermal method is particularly useful in
biomedicine because it can create nanoparticles of specific sizes, shapes, and
surface properties. The principle scheme of the synthesis is presented in
Fig. 7.

Gd(NO ) 6H.0
Eu(NO ) -6H.0 NHH:PO,

CHD

Gd(NO),GHO cuo Eu(NOhSHO "10 _*-'; 3

30 min. EU'C 30 min, 50 °c 30 min. 50 °C

GdPO4:15%Eu

Fig. 7. Schematic diagram of hydrotermal synthesis

In order to determine the optimal amount of doped Eu** for the highest
luminescence emission of nanoparticles of gadolinium phosphate, a series of
syntheses varying the amount of Eu*" from 1% to 20% was performed. To
investigate the phase composition as well as the crystal structure of the
synthesized compounds, X-ray diffraction (XRD) analysis was used. XRD
patterns are represented in Figure 8. All the peaks present in the given
diffraction patterns correspond well and are attributed to the hexagonal
crystal structure of the GAPO4-H»O (space group P3,21 (#152), PDF ICDD
00-039-0232). There is no indication of any secondary phases as no non
ascribed reflections appear in the diffraction patterns even 20% of europium
doping. This indicates that all europium has been successfully introduced
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into the hexagonal gadolinium phosphate structure. It is worthy to note that
even when 20% of gadolinium is replaced by europium there is no clear
evidence of peak shift, this may be due to the similarity of gadolinium and
europium ionic radii. According to the literature data, gadolinium and
europium ionic radii are 1.06 A and 1.07 A respectively [38]. Note, the
sample containing 5% of Eu*" demonstrates offset resulting probably by the
sample preparation. However, there is a clear difference observed between
the different patterns presented in Figure 8. First of all, for the samples
containing from 5 to 15 percent of europium the background in the range of
5-35° 20 degree exhibit a quite high intensity. It indicates quite poor
crystallinity resulting in the formation of the amorphous phase. An increase
in the background noise is also possible due to the small amount of sample
placed on an amorphous glass sample holder.
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Fig. 8. XRD of Gd;xPO4:Euy-H,O containing different content of europium.

Additionally, to support the XRD data and characterize the morphology
of particles SEM technique has been used. The obtained results are displayed
in Figure 9. From the given images it can be clearly seen that independently
of europium content the particles form in the shape of an elongated rod, that

44



then aggregate into larger clusters. The concentration of Eu*" in the sample
does not affect the particle shape. Using Fiji software, particle lengths and
widths were measured from SEM images. The particle length and width
distribution results are shown in Table 1. The measured average particle
sizes are similar in all samples. The size of the particles slightly varies
therefore it can be said that the Eu** concentration does not dramatically
affect the particle size formed.

500 nm

‘ ’ 44 Ofﬁ 0.5 um 0.5 pm » 0.5 pm e 0.5 L:m
Fig. 9. SEM images of Gdi«POs:Eus-H,O synthesized by hydrothermal
method: A)x =0.01,B) x=0.05,C)x=0.1,D) x=0.15and E) x =0.2.

Table 1. The average particle length and width of Gd;«\PO4:Euy-H-O.

Sample Length, Standart Width, Standart  Length

nm deviation, nm deviation, to width

nm nm ratio

1% of Eu** 118 37 19 7 6.3
5% of Eu’* 108 48 21 7 53
10% of Eu* 94 20 17 7 5.4
15% of Eu** 88 22 18 5 5.0
20% of Eu** 123 66 22 7 5.5

The emission spectra of the synthesized powders are given in Figure 10.
The emission spectra were recorded under 392.5 nm excitation. Red colour
phosphors contain all *Dy — ’F; transitions that are characteristic for the
Eu3Jr iOIlZ 5D0 s 7Fo, 5Do — 7F1, 5D0 — 7F2, 5D() — 7F3, and 5Do — 7F4. The
most intensive characteristic peaks are observed at ~577 nm, ~590 nm, ~615
nm, ~650 nm, and ~690 nm, and are ascribed to the aforementioned
transitions. The Dy — ’F4 transitions are the most dominant. Note, that the
intensity of emission gradually increases with increasing the content of
europium from 1 to 15 mol%. However, upon reaching 20% the emission
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intensity decreases. The maximum point of europium concentration is
reached, and the concentration quenching is observed, causing the lower
intensity of Gdoso Euo20PO4-H,O sample emission as compared to the Gdo s
Euo.1sPO4-H,O sample. All the mentioned results allow us to determine that
from the presented compounds, a sample doped with 15% of europium
shows the most promise and will for further measurements and analysis
samples doped with such Eu** content 1 be used.
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Fig. 10. Emission spectra of Gd;«PO4:Eux-H>O containing different
content of europium.

In order to investigate the behaviour of the samples in a more realistic
setting luminescence properties of sample demonstrating the most intensive
emission have been tested in different solutions. The samples were prepared
by mixing Gdoss Euo.1sPO4-H,O with water in proportions of 1 mg-10 mL or
with Dulbecco’s Modified Eagle Medium (DMEM) in proportions of 0.5
mg-3 mL. The resulting emission spectra are given in Figure 11. The clear
signal of europium emission is observed in water meanwhile, the emission of
europium is overshadowed by the autofluorescence of the DMEM solution
clearly indicating that in order to use synthesized particles for bioimaging
luminescence should be further improved.
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Fig. 11. Emission spectra of GdPO4:15%Eu samples in DMEM and water
solution.

3.2. Investigation of the dependence of the GdossEuo.1sPOsH2O
nanoparticle size on the reactor volume

Since it is very important to be able to obtain nanoparticles of the desired
size, sintezys were performed by changing the by changing the volume of
filling the hydrothermal reactor with water. X-ray diffraction studies were
performed to investigate all synthesized samples phase composition and
purity. Regardless of the synthesis conditions, XRD analysis of all samples
showed that a uniform phase composition was obtained. The XRD patterns
of GdossEuo.1sPO4-H,O samples corresponds to reference data of hexagonal
Gadolinium Phosphate Hydrate (space group P3121 (152), cell parameters of
reference compound a=6.9055 A ¢=6.3257 A, cell volume 261.2300 A3;
PDF ICDD 00-039-0232). Based on this database, it has obtained a pure
rhabdophane-type phase. A small shift of all peaks toward smaller 26° values
is observed in all samples. This is due to the fact that Gd** ions (1.06 A)
have been replaced by slightly larger Eu** ions (1.07 A) [38], resulting in a
shift that follows the Bragg’s Law . In some cases, it is seen an increase in
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the background. The increase in background in samples that have been
synthesized under pH =1 and V=10 mL, V=20 mL, V =30 mL conditions
is due to the formation of smaller particle sizes under different synthesis
conditions. The particle size will be discussed in detail in the section of SEM
data. With the formation of larger particles, the intensity of the peaks
increases and the noise of the background decreases (Figure 12).
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Fig. 12. XRD patterns of Gdo gsEuo.1sPO4-H>O samples were synthesized
using different amounts of solvent (H,O) in the hydrothermal autoclave
reactor.

SEM study was performed to investigate the morphology of the
synthesized particles. The synthesized particles are in the form of a rod, but
under a different selected total volume of solvent, the size and length of
particles are controlled (Figure 13). Using Fiji software, particle lengths and
widths were measured from SEM images by choosing random 100 particles.
The particle length and width distribution results are shown in histograms
Figure 14. In the histograms, it is observed that if the smallest volume V =
10 mL is used for the synthesis, the smallest particles are obtained: the
length varies from 50 nm to 450 nm and the width from 30 nm to 110 nm.
Doubling the volume V = 20 mL increases the particle length dramatically
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from 500 nm to 1800 nm and the width from 20 nm to 180 nm. This can be
explained by the fact that increasing the volume decreases the solution
concentration, and it is known that the higher the concentration of the
solution, the lower the energy barrier for nucleation [144]. This means that
crystals nucleate faster, and more particles are obtained but smaller. Further
increase in volume V = 30 mL and the corresponding decrease in solution

concentration results in slightly shorter 200 nm—1100 nm but larger diameter
10 nm—400 nm particles. The particles synthesized at higher volumes V =40
mL, V=50 mL, and V = 60 mL of solution are obtained in not regular sizes
resulting in both fine particles and large ones.

Fig. 13. SEM images of GdossEuo.1sPO4-H>O synthesized using different
amount of solvent (H,O) in reactor of hydrothermal autoclave: (A) V = 10
mL, (B) V=20mL, (C) V=30mL, (D) V=40 mL, (E) V=50mL, (F) V

=60 mL.
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Fig. 14. Histograms of nanorods length and width of GdPO4+H>O were
synthesized using different amounts of solvent (H>O) in the hydrothermal
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autoclave reactor.
The luminescent properties of all samples synthesized under different

conditions were studied (Figure 15 and 16). All GdosgsEug.isPO4-H,O
samples were pure white, so the samples should have low or no absorption in
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the visible spectrum range. The Excitation spectra were recorded in the
range from 250 nm to 585 nm upon emission wavelength Aem = 591 nm. The
excitation spectra consist of the part of broadband at higher energy (from
250 nm to 270 nm) range. This is due to charge transfer and results from the
electron transfer from O* to Eu". Narrow peaks at the 275 nm and 310 nm
range are assigned to 3S — ¢I; and S — °P; transitions of Gd** ions. The
presence of Gd** excitation lines in excitation spectra monitored for Eu*" ion
proves the occurring Gd** — Eu’" energy transfer. The remaining excitation
peaks are assigned to the Eu’* ion. The peaks at 362 nm are assigned to the
transitions of ’Fg — °Ds. In the range from 370 nm to 390 nm, a group of
several peaks is visible, which is assigned to the "Fp — L5 and "Fg —
5Gaas6 transitions. The most intense peak at 394 nm is attributed to
transition "Fo — 5Le¢. The small peaks at 465 nm and 527 nm are assigned to
the transitions of 'Fo — D, "Fo— Dy, respectively.
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Fig. 15. Excitation spectra of GdossEuo.1sPO4-H>O samples synthesized
under different amounts of solvent (H,O).

Performing emission spectrum measurements, all samples of
GdossEuo.1sPOs-H,O were excited under wavelength Aex = 393 nm. The
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emission spectrum shows that the radiation received is in the red colour
range. The emission spectral peaks at ~577 nm, ~590 nm, ~615 nm, ~650
nm and ~690 nm attributed to Dy — "Fo, Dy — "F1, Dy — F», Dy — F3,
and Dy — "F4 respectively. It should be noted that the peak at 577 nm is
minimal. Nevertheless, it indicates the emission is permitted as a dipolar
electric transition for local Cs, C, or C,y sites. The peak of maximum
intensity is observed at 690 nm. This is typical for Eu®" doped
orthophosphates [145]. Moreover, it is described in the literature that if the
europium emission ratio of Dy — F, / Dy — ’F is less than or equal to one
when there is a high symmetry environment, and conversely, the lower the
symmetry, the higher the ratio is [25]. Calculations of the relative intensities
of emission ratio were performed, and the result is presented in Table 2. The
symmetry of the investigated all synthesized samples is high. Calculations of
relative integral intensities Dy — "F4 emissions (680-709 nm) compared to
emission intensity in the range of 520 nm—750 nm was also performed. The
result is presented in Table 2. The transition Dy — ’F4 is dominant, and
around 40% of the emissions fall in the 680—709 nm band that falls within
the bandwidth of the human body transmits light.
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Fig. 16. Emission spectra of GdossEug.1sPO4-H,O samples synthesized
under different amounts of solvent (H,O).
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Table 2 Relative integral intensities of 5Dy — ’F, / "Dy — ’F; emission
line and ’Dy — "F4 emission line expressed in percent of total emission.

Sample Do = "F» /3D — "F, SDy— "F4/ total emission
V=10mL 1.0 40.6
V=20mL 1.0 40.6
V=30mL 0.9 38.3
V=40 mL 0.8 40.3
V=50mL 0.8 384
V=60mL 0.9 38.3

Table 3 Measured length, width, standart deviation and length to width
ratio of nanoparticles prepared at different filling volumes.

Sample Length, Standart Width, Standart Length to

nm deviation, nm deviation, width

nm nm ratio

V=10mL 194 71 58 14 33
V=20mL 835 268 103 28 8.1
V=30mL 455 157 178 64 2.6
V=40 mL 658 276 224 104 2.9
V=50mL 1121 381 207 89 54
V =60 mL 865 349 124 85 7.0

Note, the sample synthesized at volume V = 40 mL demonstrates the
highest emission. After calculating the average particle length and width
values for all samples, it was obtained that the width of the particles
synthesized at volume V =40 mL is the largest 223 nm. Moreover, the mean
particle length and width ratios for all samples synthesized under different
conditions were also calculated. The lowest values of the ratio (Table 3) (2.6
and 2.9, respectively) were obtained for samples synthesized at volume V
=30 mL and volume V = 40 mL, indicating the luminescent centers of the
particles in these samples are more in bulk than on the surface. As it is
known, typically, the largest bulk crystals have the highest intensity of
emission.

For these reasons, even the ratio of the sample synthesized at volume V =
30 mL is smaller (2.6) indicating more luminescent centers in the bulk
compared to the sample synthesized at volume V = 50 mL (5.4) though the
size of the particles themselves are noticeably larger (Figure 13 C and E and
Figure 14) of the sample synthesized at volume V = 50 mL causing almost
the same intensity of the emission of both samples. Concluding, there is a
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competition between the particle size (length) and the length on width ratio
but probably the width is the most important factor. The particles of the
sample synthesized at V = 40 demonstrate the optimal size and the best ratio
value of investigated samples resulting in the most intensive emission.

3.3. Effect of doping by lanthanum on structure and luminescence
properties of Gdg ss.yLayPO4:15%Eu

To further improve the Iuminescence properties, samples were
additionally doped with lanthanum in hopes of stabilizing the monoclinic
structure. Three different La doped samples were prepared to contain 25%,
50%, and 75% of lanthanum. The diffraction patterns for the obtained
samples are displayed in Figure 17.
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Fig. 17. XRD of Gdoss.yLayPO4:15%Eu containing different content of
lanthanum

From the given XRD results some of the synthesized compounds are not
a single phase and contain a mixture of two different crystal structures
(Figure 17). The Gdo,Lag75Euo15sPOs sample contains two-phase
composition with monoclinic (PDF ICDD 00-084-0600) and hexagonal
(PDF ICCD 00-039-0232) crystal structures. By decreasing La and
increasing the amount of Gd in the sample accordingly, we still have a two-
phase system. In the GdossLaosEuoi1sPOs sample, at 21°, 27°, and 34° 20
values, additional, small peaks are visible that correspond to the monoclinic
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crystalline system. With a decrease in the amount of La to 25% for the
Gdo.sLag2sEug.1sPOs sample, no additional peaks of the hexagonal crystal
system were found, as such indicating a formation of a single-phase material.
The width of the peaks does not change. This suggests that the size of
crystallite size is not affected by lanthanum doping.

The SEM images are given in Figure 18 show particles adhering to larger
derivatives. Individual particles can also be found in certain places. The size
of adhering and detached particles was measured using Fiji software.
Particle’s average size of GdosLao25PO04:15%Eu, Gdo3sLagsPO4:15%Eu, and
Gdo3sLaosPO4:15%Eu is 115 nm, 92 nm, and 122 nm, respectively.
Individual particles all show a nanorod shape.

500 nm
Fig. 18 SEM  images of  GdogsyLayPO4:15%Eu: A)
Gd0_5La0_25PO4Z 15%Eu, B) Gdo,35Lao.5PO4:15%Eu, C) Gdo,lLa0_75PO4115%Eu.

The luminescent properties of Gdoss.yLayPOs:15%FEu samples were also
studied. The Excitation spectra were recorded in the range from 250 nm to
500 nm at emission wavelength Aem = 587 nm (Figure 19). The excitation
spectra consist of a broad band at higher energy up to 270 nm. This is due to
charge transfer from between O* to Eu’* ions. Peaks observed at ~275 nm
and ~298 nm are assigned to S, — ¢li152, and 8S7, — °Pj transitions of the
Gd** ion. For the sample with the lowest Gd content
(Gdo.1Lag75sP04:15%Eu), the peak at ~275 nm is not observed due to the high
intensity of the peak of electron transfer from O to Eu®*. The presence of
Gd** excitation lines in excitation spectra monitored for Eu*" ion proves the
occurring Gd*" — Eu’" energy transfer. The remaining excitation peaks are
assigned to the Eu*" ion. The peaks at ~318 nm, are assigned to the ’Fy —
SH; transitions. In the range from ~360 nm to ~400 nm, a group of several
peaks is visible which are assigned to the ’Fo — D4 and "Fy — 3Gy, 'Fy —
5Gy; SL; transitions, respectively. The most intense peak at ~393 nm is
attributed 'Fo — 5L transition. The small peaks at ~415 nm and ~463 nm is
assigned to the ’Fy — °Dj, ’Fy — °D; transitions.
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Fig. 19. Excitation spectra of Gdo.ss.yLa,PO4:15%Eu.

The emission spectra were also recorded for all samples Gdi.
yLayPO4:15%Eu in the range from 450 nm to 800 nm. The compounds were
excited with 393 nm wavelength light and the results are shown in Figure 20.
Based on the emission spectra data, the resulting emitted light is in the
orange to red range. The emission spectral peaks at ~577 nm, ~590 nm, ~615
nm, ~650 nm and ~690 nm attributed to 5])0 — 7F0, 5])() — 7F1, 5])() — 7F2,
Dy — ’F3, and °Dy — "F4 transitions respectively. At 577 nm we see a very
intensity peak. At 690 nm we observed the peak of maximum intensity. This
is typical for Eu** doped orthophosphates [145].
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Fig. 20. Emission spectra of Gdo.gs.yLayPO4:15%Eu.

To determine the surface area of the compounds Nitrogen adsorption
measurements by the Brunauer, Emmet, and Teller (BET) method were
performed. The resulting N, adsorption-desorption isotherms for all Gdgss-
yLayPO4:15%FEu samples have the same shape and can be assigned to one
group (Figure 21). According to the IUPAC classification Isotherms of all
samples are classified as type IV (a). At higher pressure values H1-type of
hysteresis loops are observed [147]. Based on the descriptions of this type of
isotherms, it can be stated that the sample contains mesoporous.
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Fig. 21. Nitrogen adsorption-desorption isotherms of Gdy.ss.
yLa,PO4:15%Eu samples.

The pore size distribution of all GdossyLayPO4:15%FEu samples is shown
in Figure 22. The measurements were performed by the BJH method. All
samples show a wide mesopore size distribution. GdgsLag2sP04:15%FEu and
Gdo 35sLagsPO4:15%Eu samples exhibit a size distribution ranging from 2 nm
to 50 nm, meanwhile, the mesopores with sizes 12 nm and 15 nm,
respectively, are dominant. Gdo.1Lao75PO4:15%Eu sample demonstrates an
even wider size distribution of the mesopores (from 2 nm to 80 nm), and the
dominant contribution of mesopores with a size of 19 nm. Note, that pores
above 50 nm are classified as macropores [148], but the amount of such
pores is not significant. Probably these pores are not formed on the particle
itself, but in the gaps between their aggregates.
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Fig. 22. The Pore width of Gdoss.,Lay,PO4:15%Eu samples.

3.4. Biological evaluation of GdgssyLayPO4:15%Eu samples

Cytotoxicity testing is required for the use of nanomaterials for bio-
imaging and cell labelling, as only non-toxic substances may be used.
Analysis was performed on GdossyLayPO4:15%Eu samples to assess cell
viability depending on extract concentration.

Figure 23 shows that cell viability decreased with increasing extract
concentration in all samples. In particular, the degree of decrease in
Gdo.sLao25sP04:15%Eu was more remarkable than in the other two samples.
The cell viability of the three control samples was RM-A < RM-B < NC,
which was consistent with the trend of cytotoxicity of the control samples,
and this evaluation was judged to be appropriate. For further evaluation, an
approximate curve was drawn by logistic regression [149], and the extract
concentration at which the cell viability was 50% (IC50) was converted and
compared. The IC50 of Gdo.1Lag75sP04:15%Eu, Gdo3sLagsPO4:15%Eu, and
NC exceeded 100% of the extract dilution. On the other hand, the IC50 of
GdosLag2sP04:15%Eu, RM-A and RM-B were 97.4%, 27.3%, and 51.1%,
respectively. This means that the cytotoxicity of the three samples was lower
than that of RM-B, which exhibited weak cytotoxicity. In particular,
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Gdo.1Lap75P04:15%Eu, and  GdossLaosPO4:15%Eu  showed  similar
cytocompatibility to NC when evaluated using IC50.
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Fig. 23. Cell viability against extract: (A) samples, (B) controls

Figure 24 shows the optical microscopic images of all samples in 100%
extract. In RM-A and RM-B, spherical cells were observed, and cells were
not adherent to the wells. While, in the three samples and NC, L929 cells
were observed to be elongated into a spindle shape with a size of about 100
um, and the cells were adherent to the wells. These images are consistent
with typical L.929 responses to cytotoxicity [150]. This suggests that the
three samples were less cytotoxic.

:100pm

Fig. 24. Optical microscopy images of L929 cells with 100% extract of
each sample
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These cytotoxicity studies indicate that the synthesized and tested the
Gdo.1Lap 7sP0O4:15%FEu and, Gdo3sLagsPO4:15%Eu, samples are non-toxic
and the GdosLao2sPO4:15%Eu sample is slightly toxic.

3.5. Investigation of synthesis conditions of monoclinic structure Gd.ss.
yLayPO4:15%Eu and study of luminescent properties

In order to synthesize the monoclinic structure of Gdoss.yLayPO4:15%Eu,
it was decided to find out the conditions for the synthesis of LaPO4:1%Eu.
For economic reasons, it was decided to dope LaPO, with 1 percent of Eu?".
First of all, it was aimed to clarify the influence of PO4* ion precursor and
synthesis temperature on LaPO4:1%Eu structure. XRD was performed in
order to determine the crystal structure of the LaPO4:Eu synthesized in the
hydrothermal reactor, and to assess the purity of the phase. If diammonium
hydrogen phosphate (NH4);HPO,) is used as a precursor of PO4> ions, in
Figure 25 we see that at different synthesis temperatures two different crystal
structures of LaPO4:1%Eu are formed.
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(NH4):HPO4, at different temperatures.
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Analyzing the diffractograms and comparing the obtained data with the
reference in database, we can see that, at a synthesis temperature higher than
or equal to 160 °C, peaks and their relative intensities of experiemental XRD
data agree with the standard data of the monoclinic LaPO, structure (PDF
ICCD 96-153-0457). The single-phase LaPO4:1%Eu with a monoclinic
crystal structure is formed. At a lower synthesis temperature, 140 °C and
lower, the peaks atributed to monoclinic phase is still dominant, nevertheless
a observable peak at 14.4° characteristic of the hexagonal crystal structure of
LaPO4 (PDF ICCD 00-075-1881) and the peak at 28.6° degrees is
asymmetric and is broadened towards higher 20 values, this can be explained
by the same hexagonal structure of the peak at 29.1°. Therefore, it can be
said that a two-phase crystal structure is formed, the hexagonal and
monoclinic crystal structure of LaPOs. Meanwhile, at room temperature a
low crystlallinity pure hexagonal phase is obtained. It should also be noted
that the synthesis performed at room temperature can not be called the
synthesis performed in a hydrothermal rector, it should be called the
LaPO4:1%Eu obtained by the precipitation method.

A wide band at a range from 10° to 20° is also observed. The origin of it
could be atributed to the amorphousness of the synthesized material itself or
the influence of the amorphus glass tray on which the research material was
placed. Since all materials were prepared in the same way during the XRD
analisis, we can see in the diffractograms that the band from 10° to 20°
disappears when the synthesis temperature is higher than 180 °C. Thus, it is
the influence of the amorphousness of the material itself. To conclude, even
120 °C temperature is high enough to obtain the dominant monoclinic
LaPO4:1%Eu phase dominant, but the pure monoclinic crystal structure
phase is obtained only at 180 °C and higher temperatures if diammonium
hydrogen phosphate ((NH4):HPOs) is used as a precursor of PO4* ions.

A series of syntheses was also performed in a hydrothermal reactor using
ammonium dihydrogen phosphate (NH4H>POs) as a precursor of PO4> ions.

The diffractograms of the XRD analysis are presented in the Figure 26. In
the diffractograms, we can see that only at the synthesis temperature of 200
°C, single-phase of LaPO4:1%Eu with a monoclinic crystal structure is
obtained. There are no additional peaks in this diffractogram. At a synthesis
temperature lower then 200 °C a low intensity peak corresponding to of the
hexagonal crystal structure of LaPO4 (PDF ICCD 00-075-1881) is visible at
14.4° and we also see the asymmetry of the peak at 29.1°. At the synthesis
temperature of 140 °C, peak at 14.4° becomes more prominent and peak at
29.1° starts to separate Therefore, it can be stated that two-phase
LaPO4:1%Eu is obtained at a lower synthesis temperature than 200 °C. As
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well as in the previous synthesized LaPO4:1%Eu series, a wide peak at 10°
to 20° is present at 180 °C and lower temperatures, which could be the
amorphousness of the synthesized material itself.

Thus, comparing the diffractograms of the first series synthesis when
diammonium hydrogen phosphate was used as the PO4*- ion precursor and
the second one when ammonium dihydrogen phosphate was used as the
POs*ion precursor, it is concluded that the ion precursor affects the
temperature under the pure monoclinic crystal structure final product of the
synthesized LaPO4:1%Eu is formeds. Using (NH4)>HPO4, the pure
monoclinic phase is formed at a lower temperature of 180 °C, while using
NH4H>PO4, the pure monoclinic phase is formed only at the synthesis
temperature of 200 °C, the hexagonal phase impurity is clearly visible at
lower temperatures.
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Fig. 26. XRD patterns of LaPO4:1%FEu samples were synthesized using
NH4H,PO; at different temperature.

SEM analysis of all synthesized LaPQO4:1%Eu samples was also
performed to evaluate the morphology of the formed particles shown in
Figure 27 A and 27 B. In both cases, the particles obtained by LaPO4:1%Eu
synthesized at room temperature are of irregular indefinite shape and
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unequal size, similar to spherical particles. By increasing the synthesis
temperature, the shape of the particle becomes similar to nanorods. For
synthesis using (NH4),HPOy as a precursor for PO4*, the shape and size of
the particles are more uniform compared to the particles synthesized at the
same temperature when NH4H,POy, is used. The particle size measurements
of the synthesized samples are presented in Tables 4 and 5. At synthesis
temperatures above 160 °C, when the particles become similar to nanorods,
the particle is longer when ammonium dihydrogen phosphate is used for
synthesis. At the synthesis temperature of 200 °C, the average of the
particle's length is 2652 nm and width is 609nm, which is more than twice as
large as using diammonium phosphate.

Fig. 27 A. SEM images of LaPO4:1%Eu samples were synthesized using
(NH4):HPO4 at different temperature.

Fig. 27 B. SEM images of LaPO4:1%Eu samples were synthesized using
NH4H,PO, at different temperature.
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Table 4 Measured particle size of LaPO4:1%Eu samples were
synthesized using (NH4)2HPO4 at different temperature.

Sample Length, Standart Width, Standart Length to

nm deviation, nm deviation, width
nm nm ratio

t =room
temp. 740 202 385 62 1.9
t=120°C 1508 1005 88 33 17.1
t=140°C 286 83 36 7 7.9
t=160 °C 486 89 77 20 6.3
t=180°C 737 921 76 20 9.7
t=190°C 1162 223 179 48 6.5
t=200 °C 1227 143 224 92 5.5

Table 5 Measured particle size of LaPO4:1%Eu samples were
synthesized using NH4H,PO, at different temperature.

Sample Length, Standart Width, Standart Length to

nm deviation, nm deviation, width
nm nm ratio

t =room
temp. 525 99 319 27 1.6
t=140°C 271 57 65 15 4.2
t=160 °C 826 253 205 86 4.0
t=180°C 800 379 59 29 13.6
t=190 °C 1324 235 210 59 6.3
t=200 °C 2652 728 609 218 4.4

Based on these synthesis and analysis results, it was decided to choose
diammonium hydrogen phosphate (NH4),HPOy as a precursor of PO4* ions
for further synthesis and to perform hydrothermal synthesis at 180 °C in
order to synthesize the monoclinic crystal structure particals. A series of
LayGd,«PO4:1%Eu synthesis was performed where x = 1; 0,75; 0,5; 0,25, 0.
The results of XRD analysis are presented in Figure 28. From the
diffractogram we can see that the crystal structure of the material obtained at
x=0,5; 0,25, 0 is hexagonal because it corresponds to reference data of
hexagonal Gadolinium Phosphate Hydrate (PDF ICDD 00-039-0232).
However, the diffractograms of Lao.75Gdo24PO4s:1%Eu and LaPO4:1%Eu
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correspond to reference data of monoclinic Lanthanum Phosphate (PDF
ICDD 96-153-0457).

A faint increase of the intensity of the the background line at a range
from 10° to 20° is present if x = 0.50 and 0.25 indicating the amorphousness
of the synthesized material itself or the influence of the amorphous glass tray
on which the research material was place. Since the annealing temperature of
all samples is constant, it is difficult to conclude the phase elementary
composition or samlpe preparation gives this affect.
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Fig. 28. XRD of LaGdi«PO4:1%Eu containing different content of
lanthanum

The materials obtained during these syntheses were also examined by
SEM. The obtained SEM images of LaxGd.\PO4:1%Eu reflect the
morphology of the particles when the synthesis temperature is 180 °C. As
can be seen, the shape and size of the synthesized particles change
depending on the composition of the products. The structure of sintered
LaPO4:1%Eu (Figure 29 A) particles have similar shape, which could be
called nanorods, the average particle length is 727 nm and the average width
is 80 nm. The shape of the particles of Lag75Gdo24PO4:1%Eu (Figure 29 B)
can be called a precursor of nanorods, but these particles are much shorter
than the previously mentioned pure lanthanum phosphate particles, and the
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average particle length is 216 nm and the average width is 58 nm. When
gadolinium is present in the synthesized phosphate as much or more than
lanthanum, it can be seen that the particles lose their nanorods shape and
become irregular, unevenly sized, cohesive polygons, which can no longer
be called nanoparticles, but microstructures with a size of up to 5 pm are
obtained, as can be seen in Figure 29 D where the average particle length is
2.7 um and 28E — 1.6 pm.

A B

Fig. 29. SEM images of La,Gdi«PO4:1% x =1 (A); 0.75 (B); 0.5 (C);
0.25 (D); 0 (E).

The investigation in chapter 3.1. has shown that GdPO4 exhibits the best
luminescence properties if the sample is doped by 15% of Eu®*. Therefore,
after evaluating the previously described synthesis and analysis results, when
Lao75Gdo24P04:1%Eu single phase with a monoclinic crystal structure is
obtained, it was decided to increase from 1% of Eu** to 15% percent by
replacing La or Gd. An XRD study was performed to evaluate the sample's
crystal structure phase composition and purity. XRD analysis of both
samples have shown that a uniform phase composition was obtained and is
shown on Figure 30. The XRD patterns of samples correspond to reference
data of monoclinic Lantanium Phosphate (PDF ICDD 96-153-0457). Based
on this database, it has been obtained a pure monoclinic phase.
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SEM analysis was conducted to investigate morphology and particle size
of the materials obtained by hydrothermal syntheses. Nanoparticles in the
shape of nanorods were synthesized in both samples. However, the particles'
lengths and thicknesses were not uniform in either sample, with some
particles adhering to one another (Figure 31). In the La75Gdo.1PO4:15%Eu
sample (A), the particles formed were slightly shorter and thicker compared
to the Lage1Gdo24P04:15%Eu sample (B). Lag75Gdo.1PO4:15%Eu particles
range in length varies from 45 nm to 150 nm. Tere are a very few smaller
size particles. The particle thickness ranges from 13 nm to 35 nm without
measuring agglomerated particles. The synthesized particles of sample B
have a measured length in the range of 120 nm to 250 nm and a thickness
from 10 nm to 40 nm. From these measurements, we can see that the
particles formed in sample A are slightly shorter compared to the particles in
sample B, but slightly thicker.
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Fig. 31. SEM images of  Lage1Gdy24P0O4:15%Eu and
Lao.75Gdo.1PO4:15%Eu.

The luminescent characteristics of Lage1Gdo24PO4:15%Eu  and
Lag.75Gdo.1PO4:15%Eu samples were examined and shown in Figure. 32 and
33. As the samples appeared pure white, they were expected to exhibit
minimal or no absorption within the visible spectrum. The excitation spectra
were recorded from 250 nm to 585 nm, with an emission wavelength of Aem
= 591 nm. The excitation spectra demonstrated a broadband at higher energy
(ranging from 250 nm to 270 nm) attributable to charge transfer, resulting
from electron transfer from O to Eu**. The 3S;» — °P; transitions of the
Gd*" ion was assigned to the narrow peaks at ~298 nm. The presence of
these Gd** excitation lines in the excitation spectra monitored for Eu** ion
indicated Gd** — Eu’" energy transfer. The remaining excitation peaks were
attributed to the Eu** ion. The peaks at ~318 nm was associated with the "F
— SH; transitions, while a cluster of several peaks was visible in the range of
370 nm to 390 nm, ascribed to the 'Fo —>D4and "Fy — Gy, 'Fo — °Gy; °L;
transitions. The most intense peak at 393 nm was related to the transition ’F
— 5Le. The small peaks at ~415 nm, ~463 nm, and ~527 nm was assigned to
the transitions of "Fo — D3, "Fo — °D», and "Fo — Dy, respectively.
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Fig. 32. Excitation spectra of Laos1Gdo24PO4:15%Eu  and
Lag.75Gdo.1PO4:15%Eu.

The luminescence properties of  LagsGdo24PO4:15%Eu  and
Lao75Gdo.1PO4:15%Eu samples were investigated by exciting them with a
wavelength of 393 nm and measuring their emission spectra (Figure 33). The
emitted radiation was found to be in the orange-red colour range, and the
emission peaks were attributed to various transitions between different
energy levels of the Eu*" ion. The emission spectral peaks at ~577 nm, ~590
nm, ~615 nm, ~650 nm and ~690 nm attributed to Dy — "Fo, *Do — F1, °Do
— "F,, Dy — 'F3, and Dy — ’Fj4 transitions, respectively. The peak at 577
nm was the smallest, it indicated the emission as a dipolar electric transition
for local Cs, C, or C,y sites. The peak with the highest intensity was observed
at 690 nm, which is typical for Eu’" doped orthophosphates [145]. As
expected, and aimed for, the emission intensity of Lag75Gdo1PO4:15%Eu is
significantly higher and reaches 5.5%10° counts compared to the previously
synthesized and discussed samples with a hexagonal crystal system, where
the maximum of emission intensity is 2.5%10° counts.
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Fig. 33. Emission spectra of Laos1Gdo24PO4:15%Eu  and
Lao.75Gdo_1PO4115%Eu.

Magnetization dependence on applied magnetic field strength is shown in
Figure 34. For paramagnets the magnetization is proportional to applied
magnetic field strength M=yH where volume magnetic susceptibility y
according to Curie-Weiss law is

_ N ey
X = Em (Eq.1.)

N is number of paramagnetic atoms per volume, kz is the Boltzmann
constant, and @ is Weiss constant. The effective magnetic moment of
paramagnetic atom where J is the angular momentum quantum number and
us is the Bohr magneton. Though for the main state of Eu*" J = 0, the first
excited state is close to it at room temperature, so Eu*" also contributes to the
paramagnetism of the samples. However, the effective magnetic moment is
larger for Gd*" ion with J = 7/2 and g-factor g = 2. Although magnetic
susceptibility also depends on the Weiss constant and some deviations from
Curie-Weiss law are possible, since the GdPOs magnetic ordering
temperature Ty = 225 K [2] is quite close to room temperature, the
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susceptibility differences for samples can mainly be explained by different
amounts of Gd**.
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Fig. 34. Dependence of magnetization on magnetic field strength at room
temperature.

All three investigated samples exhibited paramagnetic properties and can
potentially be used as contrast in magnetic resonance imaging (MRI).
However, based on the luminescence measurements of the samples,
Lao.61Gdo24P0O4:15%Eu monoclinic nanorods have the highest emission
intensity and can potentially be used for multimodal imaging combining
magnetic resonance imaging (MRI) and luminescence measurements.
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CONCLUSIONS

Due to a similar ionic radius, gadolinium is replaced by europium
even up to 20% without significant effect on the hexagonal crystal
structure. Furthermore, the Eu** concentration does not dramatically
affect the particle size formed, but, contrary to what has been
reported so far, the emission is most intense if the amount of Eu’" is
15%. If the amount of europium is exceeded the concentration
quenching begins.

The size of GdossEuo.1sPO4-H,O nanoparticles can be adjusted by
changing the filling of the hydrothermal reactor with different
amounts of solvent (water). The obtained particles were characterized
by a rod-like morphology, and their size was effectively controlled.
The size and the ratio of length and width affect the luminescence
properties of nanorods. In this way, the desired luminescent
properties can be adjusted by selecting the filling of the reactor
volume. The intensity of GdossEuo.1sPOs H.O samples emission
increases if more Eu is in the bulk of nanorods. Under our
investigation, the optimal size and ratio of width and length particles
were obtained for the sample synthesized at volume V =40 mL.

The choice of the precursor of PO4* ions significantly influenced
LaPO4:1%Eu crystal structure. (NH4).HPO4 precursor led to distinct
crystal structures at lower temperatures compared to NH4sH;POs,.

A higher amount of lanthanum in the LayGdi«PO4:1%Eu compound
leads to the formation of a monoclinic phase.

Increasing Eu®" content to 15% in Lage1Gdo24PO4:15%Eu and
Lag75Gdo.1PO4:15%Eu samples exhibited enhanced luminescence
emission. Emission spectra demonstrated distinct peaks
corresponding to Eu" transitions, with superior emission intensity
observed in Lag75Gdo.1PO4:15%Eu samples compared to hexagonal
counterparts.

Magnetization studies indicated paramagnetic behavior in
synthesized samples, influenced by both Eu** and Gd** ions.
Lao.61Gdo24P04:15%Eu monoclinic nanorods are paramagnetic and
have the highest luminescence emission intensity and can potentially
be used for multimodal imaging by combining magnetic resonance
imaging (MRI) and luminescence measurements.
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SUMMARY IN LITHUANIAN
IVADAS

Dél stiprios gadolinio paramagnetinés prigimties Gd pagrindu
pagamintos medziagos dazniausiai naudojamos medicinoje kaip magnetinio
rezonanso tyrimo (MRT) kontrastiné medziaga. Taciau dar 2009 m. pasaulio
sveikatos organizacija apribojo kai kuriy komerciniy chelatiniy gadolinio
kontrastiniy medziagy naudojima pacientams, turintiems inksty problemy.
Taip yra, nes Gd*" jonai yra labai toksiSki. Net ir gadolinio junginiai chelaty
pavidalu kelia Gd*" i$siskyrimo j organizmg rizika. Nors MRT yra galingas
medicininés diagnostikos metodas, vis dar reikia naujy biidy pagerinti
vaizdavima. Vienmodé MRT ne visada uztikrina pakankama vaizdo kokybe,
todél siekiant pagerinti MRT kokybe, kuriamos ir naudojamos medZziagos,
kurios leidzia kartu gauti T1 ir T2 MRT vaizdus. Taip pat kuriamos
multimodalinés medziagos, tinkamos biovaizdavimui ir MRT. Tai gana
nelengva uzduotis, nes medicinos reikméms naudojamos medziagos turi
atitikti itin grieztus kriterijus. Labai svarbu, kad medicinoje naudojamos
medziagos biity netoksisSkos ir biologiskai suderinamos. Daznai stebimas
toksisky Gd** jony patekimas j organizmg, kai naudojami gadolinio pagrindu
pagaminti kompleksiniai junginiai kaip MRT kontrastinés medZziagos.

GdPOj4 nanodalelés yra netoksiskos, nes Gd** jonai daug re¢iau patenka j
zmogaus organizma. Be to, lantanoidai yra tinkami GdPO. nanodaleliy
legiravimui. Junginiai, legiruoti europiu, pasizymi ~ 577 nm, ~ 590 nm, ~
615 nm, ~ 650 ir ~ 700 nm bangos ilgio emisija. Atsizvelgiant j junginiy
poreikj biovaizdavimui, tai yra gana patrauklu, nes dalis emisijos (700 nm ir
didesnio bangos ilgio) patenka ] taip vadinamg pirmajj biologinj langg ir yra
daug maziau absorbuojama audiniy. Taigi, Eu®" legiruotos GdPO,
nanodalelés pritraukia daug démesio kaip potencialus efektyvus vienfazis
multimodalinis nanozondas, pasiZymintis ir liuminescencinémis, ir
magnetinémis savybémis.

Nors europis gana daznai naudojamas ruoSiant jvairius oranzinés—
raudonos spalvos liuminescencinémis savybémis pasiZzymincius junginius,
taciau legiruojant net ir mazomis Eu’* koncentracijomis, reikalingas tolesnis
optimizavimas ir tyrimas, nes jei | kristaly struktiira patenka per didelé
liuminesceniniy centry koncentracija, stebimas koncentracinis gesinimas.
Europio atveju §i riba gali smarkiai kisti, priklausomai nuo junginio
matricos. Siekiant uZztikrinti geriausias fotoliuminescencijos ir scintiliacijos
savybes, vienkristalinio scintiliatoriaus Ca,MgSi,O7; atveju optimali
legiruoto Eu*" koncentracija yra 10%, o LiCaAlFs:Eu monokristalams
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optimali Eu** jony koncentracija yra 2-2,5%. Tuo tarpu GdPO4 nanodaleliy
legiruoty Eu®*, kurios buvo sintetintos etilenglikolyje ir véliau kaitinamos,
intensyviausia emisija yra kai Eu** koncentracija yra 5-7%. Reikia pazyméti,
kad liuminescencijos intensyvumas priklauso ne tik nuo medziagos
kristalinés struktiiros, bet ir nuo daleliy dydzio, ilgio ir plo¢io santykio,
daleliy formos ir sintezés temperatiiros. Nepriklausomai nuo kristalinés
aplinkos, Eu®" jonai paprastai skleidZia raudong $viesa, kai suzadinami UV
spinduliuote. Tam tikrais atvejais silpnos emisijos juostos taip pat gali biti
zalios, o kartais ir mélynos spalvos diapazone. Svarbu ne tik emisija, bet ir
daleliy forma, kuri turi jtakos praktiniam pritaikymui. Pastaruoju metu buvo
pademonstruota, kad j ,,ezius* panasios GdPO4-H,O:5Eu*" nanodalelés, gali
prasiskverbti j plauciy vézio AS549 Iasteles ir dél savo liuminescenciniy
savybiy gali biti naudojamos biovaizdavimui. Nors mokslinéje literatiiroje
gana placiai aptariami GdPOjs junginiai, taiau tai vis dar daug démesio ir
atsakymy reikalaujantis tyrimy objektas.

Kaip minéta anksciau, kristalinés gardelés struktiira ir daleliy morfologija
yra labai svarbiis, norint gauti didelio intensyvumo liuminescencija.
Pastaruoju metu mokslingje literatiiroje galima rasti publikacijy, kuriose
monoklininés kristalinés struktiros GdPO4 nanodalelés, legiruotos 5% Eu’”,
pasizymi geresnémis liuminescencinémis savybémis, palyginus su
heksagoninés kristalinés struktiiros nanodalelémis. Vandens terpéje
susintetinti GdPOs méginiai, legiruoti Eu*’, gaunami heksagoninés
kristalinés struktiiros. Juos kaitinant vir§ 700 °C temperatiiroje, vanduo
pasalinamas, struktiira persitvarko i§ heksagoninés j monoklining. Taciau
Siuo atveju pasikeicia ne tik kristaliné struktiira, bet grei¢iausiai ir méginiy
kristaliSkumas bei daleliy dydis, todé¢l vienam i$ $iy reiskiniy sunku priskirti
liuminescenciniy savybiy pageréjima, nes jie visi gali tam turéti jtakos.
Méginiai, susintetinti bevandenéje terpéje iSkart gaunami monoklininés
struktiiros, taCiau tai reikalauja pakankamai auks$tos temperatiiros, o tai
apsunkina gauti nanodaleles.

leskoma kity budy, kaip gauti norimos kristalinés struktiiros junginius.
Pavyzdziui, lantano fosfata galima gauti dviejy kristaliniy struktiry
pavidalu: hidratuoto heksagoninio rabdofano tipo ir monoklininio monazito
tipo. LaPO4 nH,0 legiruoto Eu**, Tb*" monazito tipo nanostypeliai pasizymi
didesniu fotoliuminescenciniu efektyvumu nei LaPO4-nH,O legiruoto tokiu
pat kiekiu Eu**, Tb’" rabdofano tipo nanostypeliai. Yra Zinoma, kad
labiausiai paplitusios GdPOs nanodalelés yra hidratai, tuo tarpu LaPOs
nanodalelés dazniau gaunamos bevandenés net ir i§ vandeninés terpés be
papildomo atkaitinimo. GdPO4 monoklininio anhidrato stabilizavimas La**

88



jonais galéty pagerinti fosforo liuminescencines savybes, lyginant su
hidratuota junginio forma.

Atsizvelgdami | visa tai, Sioje disertacijoje tiriama optimali Eu’"
koncentracija, lemianti intensyvesne méginiy emisijg. Taip pat tiriamas
poveikis  kristalinei  struktfirai, liuminescencinéms  savybéms ir
citotoksiskumui palaipsniui kei¢iant Gd** jonus La*" jonais.

Tikslas — susintetinti magnetiniy savybiy turin¢ius lantanoidy fosfaty
bevandenius junginius, kurie potencialiai galéty biiti naudojami
multimodaliniam vaizdavimui.

Sio tyrimo uzdaviniai yra $ie:

- nustatyti ir iStirti optimalig Eu** koncentracija;

- iStirti, kaip keiciant sintezés sglygas keiCiasi susintetinty nanodaleliy

dydis ir jy liuminescencinés savybés;

- susintetinti norimos kristalinés struktiiros Eu** legiruoty GdPO4

nanodaleles;

- istirti sintetinty daleliy kristaling struktiirg, liuminescencines ir

magnetines savybes, toksiSkuma

Tyrime naudojami jvairlis junginiy apibidinimo metodai, tokie kaip
rentgeno spinduliy difrakcija, spektroskopija ir magnetiniai matavimai.
Analizuojama daleliy dydzio, ilgio ir plocio santykio, formos ir kristalinés
strukttiiros jtaka nanodaleliy liuminescencinéms savybéms. [vertinamas
GdPO4 nanodaleliy, legiruoty Eu’*, citotoksiSkumas, siekiant uztikrinti jy
biologinj suderinamuma. Si analizé yra labai svarbi nustatant nanodaleliy
tinkamuma biomedicinos reikméms. Apskritai tyrimu siekiama prisidéti prie
lantanido fosfato nanodaleliy, su optimizuotomis liuminescencinémis ir
magnetinémis savybémis, skirty naudoti multimodaliniam biologiniam
vaizdavimui, kiirimo.

Darbo naujumas ir originalumas:

Pirmg karta GdPO4 nanodaleléms susintetintoms hidroterminiu metodu,
nustatytas optimalus Eu** kiekis maksimaliai liuminescencijai gauti. Taip pat
pirmg kartag buvo jrodyta, kad GdossEuo,1sPOs-H,O nanodaleliy dydis gali
buti reguliuojamas keiciant hidroterminio reaktoriaus uzpildymo turj. Pirma
kartag hidroterminés sintezés biuidu, nenaudojant papildomo medziagos
apdorojimo po sintezés (kaitinimo), gautos LaggiGdo24PO4:15%Eu ir
Lao75Gdo,1PO4:15%Eu  vienfazés monoklininés kristalinés  strukttiros
nanodalelés.

Ginamieji teiginiai:

- Gadolinio fosfato nanodaleliy intensyviausia emisija pasiekiama, kai
legiruoto Eu’* kiekis yra 15%.
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- Eu*" legiruoty GaPO, nanodaleliy dydis priklauso nuo hidroterminio
reaktoriaus uzpildymo.

- PO4* pirmtakas hidroterminés sintezés metu daro jtakg galutiniam
produktui, jo kristalinei struktiirai ir morfologijai.

- Siame darbe susintetintos dalelés pasizymi magnetinémis  ir
liuminescencinémis savybémis, yra netoksiskos, todél gali biiti naudojamos
multimodaliniam vaizdavimui.

EKSPERIMENTO METODIKA

Visi milteliy pavidalo junginiai buvo sintetinti hidroterminiu metodu.
Principiné sintezés schema pateikta 1 pav.

Gd(NO),-6H,0

Eu(NO;):'6H,0 Q H0 NH.HzPO,

H:Q0 Mo ]|
H0

Gd(NO)y6H,0  C4HiOs  Eu(NOa)y'6H,0

Lil-
[ od odF oc

30 min. 50 °C 30 min. 50 °C 30 min. 50 °C

GdPO4:15%Eu

1 pav. Principiné sintezés schema.

Gauti méginiai buvo tiriami skenuojanciu elektrony mikroskopu (SEM),
atlikta rentgeno spinduliy difrakcijos analizé (XRD), tirtos liuminescencinés
savybeés, atliktas Gdo ss-yLa,PO4:15%Eu méginiy citotoksiSkumo ir pavirSiaus
ploto ir pory dydzio tyrimas bei magnetinés savybés.

REZULTATAI IR JU APTARIMAS
1. Optimalios europio koncentracijos Gd;xEuxPO4-H>O tyrimas

Siame darbe pasirinktas hidroterminés sintezés metodas, nes jis uztikrina
aukstg produkto grynumg ir kristaliSkuma, tikslig daleliy charakteristiky
kontrole ir galimybe sukurti siauro dydzio pasiskirstymo nanodaleles.
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Hidroterminis metodas yra ypa¢ naudingas biomedicinoje, nes ji panaudojant
galima sukurti specifiniy dydziy, formy ir pavirSiaus savybiy nanodaleles.

Siekiant nustatyti optimaly Eu’" kiekj legiruojant gadolinio fosfata, buvo
atlikta serija sinteziy, keiCiant Eu** kiekj nuo 1% iki 20%. Norint iStirti
susintetinty junginiy fazing sudétj ir kristaling struktiirg, buvo naudojama
rentgeno spinduliy difrakcijos (XRD) analizé. Rentgeno spinduliy
difraktogramos pavaizduotos 2 paveiksle. Visos pateiktose difraktogramose
esancios smailiy padétys gerai atitinka duomeny bazéje esancio standarto
smailiy padétis, tad yra priskiriamos heksagoninei GdPO4-H,O kristalinei
struktiirai (erdviné grupé P3121 (#152), PDF ICDD 00-039-0232). Net esant
20% europio néra jokiy antriniy faziy poZymiy, rentgeno spinduliy
difraktogramose neatsiranda nepriskirty smailiy. Tai rodo, kad visas europis
buvo sékmingai jterptas j heksagoning gadolinio fosfato struktiirg. Verta
pazyméti, kad net 20% gadolinio pakeitus europiu, néra aiskiy smailiy
poslinkio, tai gali buti dél gadolinio ir europio jony spinduliy panaSumo.
Literatiros duomenimis, gadolinio ir europio jony spinduliai yra atitinkamai
1,06 A ir 1,07 A. Méginiui, kuriame yra 5% Eu?, matomas poslinkis,
tikétina gautas dél méginio paruoSimo. Taciau yra aiskus smailiy padéciy
skirtumas tarp skirtingy difraktogramy, pateikty 2 paveiksle. Visy pirma,
méginiams, kuriuose yra nuo 5 iki 15 procenty europio, fonas ties 5-35° 20
laipsnio diapazone pasizymi didesniu intensyvumu nei kituose méginiuose.
Fono intensyvumo skirtumus gali lemti nevienodas méginio paruoSimas
matavimo metu, méginio amorfiskumas.
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Tarpplok&tuminis atstumas (&)
8,8 4,4 3,0 2,3 1,8 1,5 1,3

Intensyvumas (s.v.)

260 ()
2 pav. Gd;xPO4:Eux-H,O, turinCio skirtingg europio kiekj, Rentgeno
spinduliy difraktogramos.

Siekiant papildyti XRD duomenis ir apibtidinti daleliy morfologija, buvo
atlikta skenuojancio elektrony mikroskopo (SEM) vaizdy analizé. Gauti
rezultatai pateikti 3 paveiksle. I pateikty vaizdy matyti, kad nepriklausomai
nuo europio kiekio dalelés susidaro pailgos lazdelés formos, kurios véliau
agreguojasi | didesnes grupes. Eu** koncentracija méginyje neturi jtakos
daleliy formai. IS SEM vaizdy naudojant Fiji programing¢ jranga, buvo
iSmatuoti daleliy ilgis ir plotis. Daleliy ilgio ir plo¢io pasiskirstymo rezultatai
pateikti 1 lenteléje. ISmatuoti vidutiniai daleliy dydziai visuose méginiuose
yra panaSiis. Galima teigti, kad Eu®" koncentracija neturi didelés jtakos
susidaranciy daleliy dydziui.
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3 0.5 pm » 0.5 pm . »
3 pav. Gdi«PO4:Eus-H,O, susintetinto hidroterminiu metodu, SEM
vaizdai: A) x = 0,20, B) x=0,15, C)x =0,1, D) x = 0,05 ir E) x = 0,01

1 lentelé Vidutinis daleliy ilgis ir plotis

. Standartinis . Standartinis Ilgio ir
. . Ilgis, . Plotis, . ..
Méginys nuokrypis, nuokrypis, plocio
nm nm .
nm nm  santykis
20% Eu** 123 66 22 7 5,5
15% Eu** 88 22 18 5 5,0
10% Eu** 94 20 17 7 5,4
5% Eu’* 108 48 21 7 53
1% Eu®* 118 37 19 7 6,3

Sintetinty milteliy emisijos spektrai pateikti 4 paveiksle. Emisijos
spektrai  matuoti esant 392,5 nm suzadinimui. Raudonos spalvos
luminoforuose yra visi Eu** jonui budingi Dy — ’F; peréjimai: Dy — ’F,
Dy — 7F1, Dy — 7F2, Do — F3 ir °Dy — 'Fa. Intensyviausios
charakteringos smailés stebimos ties ~ 577 nm, ~ 590 nm, ~ 615 nm, ~ 650
nm ir ~ 690 nm ir yra priskiriamos anks¢iau minétiems atitinkamiems
peréjimams. Labiausiai dominuojantys yra 5Dy — ’Fs elektrony peréjimai.
Emisijos intensyvumas palaipsniui didé¢ja, kai europio kiekis didéja nuo 1 iki
15 mol%. Taciau kai europio procentiné dalis pasickia 20 mol%, emisijos
intensyvumas sumazéja. VirSijama optimali europio koncentracija, tad
stebimas koncentracinis gesimas, dél kurio Gdoso Euo20POs4 H2O méginio
emisijos intensyvumas yra mazesnis nei Gdoss Eug,1sPOs-H,O méginyje. Visi
minéti rezultatai leidzia daryti iSvada, kad i§ pateikty junginiy 15% europiu
legiruotas méginys yra perspektyviausias ir tokiu Eu* kiekiu legiruoti
méginiai bus naudojami tolesniems tyrimams ir analizei.
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4 pav. Gd,«PO4:Eux-H,O junginiy, legiruoty skirtingais europio kiekiais,
emisijos spektrai.

Siekiant iStirti méginiy elgseng tikroviskesnéje aplinkoje, meéginys
pasizymejgs intensyviausia emisija buvo iSbandytas jvairiuose tirpaluose.
Meéginiai buvo paruosti maiSant Gdoss Euo,1sPO4 H>O su vandeniu santykiu
1 mg-10 ml arba su Dulbecco modifikuota Eagle terpe (DMEM) santykiu
0,5 mg su 3 ml. Gauti emisijos spektrai pateikti 5 paveiksle. Europio
emisijos signalas stebimas vandenyje, o DMEM tirpalo autofluorescencija
uzgozia europio emisija. Norint naudoti susintetintas daleles biovaizdavimui,
liuminescencija turéty biiti pagerinta.

94



— GdPO,:15% Eu, DMEM A, =392,5nm
— GdPO,:15% Eu, Vanduo

Santykinis intensyvumas

T T T T T

I
750 800

I ] | I

500 550 600 650 700
Bangos ilgis (nm)

5 pav. GdPO4:15%Eu emisijos spektrai DMEM ir vandens tirpale.

2. GdogEuo,15PO4-H,0 nanodaleliy dydzio priklausomybés nuo
reaktoriaus tiirio uzpildymo tyrimas

Kadangi yra labai svarbu turéti galimybe gauti norimo dydzio
nanodaleles, buvo keiiamas hidroterminio reaktoriaus uzpildymas.
Gautiems méginiams pirmiausiai buvo atlikti Rentgeno spinduliy difrakcijos
tyrimai. Visy méginiy nepriklausomai nuo sintezés salygy, XRD analizé
pademonstravo, kad buvo gauti gryni vienfaziai  méginiai.
Gdoss5Euo,1sPO4-HO méginiy XRD difraktogramos (6 pav.) atitinka
heksagoninio gadolinio fosfato hidrato standarto duomenis (erdviné grupé
P3121 (152), etaloninio junginio gardelés parametrai a = 6,9055 A ¢ =
6,3257 A; PDF ADD30061. 00-039-0232). Kai kuriais atvejais pastebimas
fono padidéjimas. Fono padidéjimas méginiuose, kurie buvo susintetinti kai
V =10 ml, V =20 ml, V = 30 ml salygomis, atsiranda dé¢l mazesniy daleliy
susidarymo esant skirtingomis sintezés salygomis. Daleliy dydis bus
iSsamiau aptartas SEM duomeny analizés metu. Susidarius didesnéms
daleléms, didéja smailiy intensyvumas, mazéja fonas.
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6 pav. GdogsEuo,1sPOs-H,O méginiy, susintetinty naudojant skirtingus
tirpiklio (H»O) kiekius hidroterminio autoklavo reaktoriuje, Rentgeno
spinduliy difraktogramos.

Siekiant iStirti susintetinty daleliy morfologija buvo atliktas SEM
tyrimas. Visos susintetintos dalelés yra lazdelés formos, ir daleliy dydis gali
btti kontroliuojamas keic¢iant tirpiklio kiekj (7 pav.). Daleliy ilgis ir plotis
buvo iSmatuoti naudojant Fiji programing jranga, pasirinkus atsitiktines 100
daleliy. Daleliy ilgio ir plocio pasiskirstymo rezultatai pateikti histogramose
8 paveiksle. Histogramose matome, kad sintezei panaudojus maziausig turj
V = 10 ml, gaunamos maziausios dalelés: ilgis svyruoja nuo 50 nm iki 450
nm, plotis nuo 30 nm iki 110 nm. Dvigubai padidinus tiirj V = 20 ml, daleliy
ilgis smarkiai padidéja nuo 500 nm iki 1800 nm, o plotis — nuo 20 nm iki
180 nm. Tai galima paaiskinti tuo, kad didinant tiirj tirpalo koncentracija
mazéja. Yra zinoma, kad kuo didesné tirpalo koncentracija, tuo mazesnis
energijos barjeras branduoliy susidarymui. Tai reiskia, kad kristalai greiciau
formuojasi branduoliais ir gaunama daugiau daleliy, bet mazesniy. Toliau
didéjant turiui V = 30 ml ir atitinkamai mazéjant tirpalo koncentracijai,
susidaro Siek tiek trumpesnés 200 nm—1100 nm, bet didesnio skersmens
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10 nm—400 nm dalelés. Dalelés, susintetintos esant didesniam tirpalo tiiriui
(V=40 ml, V=50 mlir V =60 ml), gaunamos nevienodo dydzio, smulkios
ir didelés daleles.

7 pav. GdogsEuo,1sPO4-H,O meginiy, susintetinty naudojant skirtingus
tirpiklio (H2O) kiekius hidroterminio autoklavo reaktoriuje, SEM vaizdai:
(A)V=10ml, (B) V=20 ml, (C) V=30ml, (D) V=40 ml, (E) V=50 ml,
(F) V=60 ml.

0 V=10ml | 4 V=20ml | 4 V=30ml | a0 V=40 ml | 40. V=50ml |40 V=60ml
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8 pav. GdossEuo,1sPO4s-H,O nanolazdeliy, susintetinty naudojant
skirtingus tirpiklio (H>O) kiekius hidroterminio autoklavo reaktoriuje, ilgio
ir ploCio histogramos.

IStirtos  visy  skirtingomis  sglygomis  susintetinty = méginiy
liuminescencinés savybés (9 ir 10 pav.). Visi GdogsEuo,15POs-H>O méginiai
buvo balti, todél méginiai turéty turéti maza absorbcija matomo spektro
diapazone. Suzadinimo spektrai buvo matuoti nuo 250 nm iki 585 nm
diapazone, kai emisijos bangos ilgis Aem = 591 nm. Didesnés energijos (nuo
250 nm iki 270 nm) diapazone matoma plati juosta. Taip yra dél kruvio
pernasos — energijos perdavimo i§ O* j Eu®". Siauros smailés 275 nm ir 310
nm diapazone priskiriamos Gd** jony S — °I; ir 8S — ©P; peréjimams.
Suzadinant Eu*" emisijai budinga smailg, stebimos Gd** suzadinimo smailés,
taigi vyksta energijos pernasa i§ Gd** | Eu** jonus. Likusios suzadinimo
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smailés priskiriamos Eu** jonui. Smailés ties 362 nm priskiriamos "Fo — D4
per¢jimams. Diapazone nuo 370 nm iki 390 nm matoma keliy smailiy grupe,
kuri priskiriama "Fo —°L7s ir 'Fg — 3Gya4s6 peréjimams. Intensyviausia
smailé ties 394 nm priskiriama peréjimui ’Fy — °Ls. Mazos smailés ties 465
nm ir 527 nm priskiriamos atitinkamai ’Fo — 3D ir ’Fg — °D; peréjimams.
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9 pav. GdossEu,isPOs-H,O méginiy, susintetinty naudojant skirtingus
tirpiklio (H,O) kiekius, suzadinimo spektrai.

Atliekant emisijos spektro matavimus, visi GdogsEuo,1sPO4-H,O méginiai
buvo suzadinti A = 393 nm. Emisijos spektras rodo, kad gaunama
spinduliuoté yra oranzinés ir raudonos spalvos diapazone. Emisijos spektro
smailés yra ties ~ 577 nm, ~ 590 nm, ~ 615 nm, ~ 650 nm ir ~ 690 nm,
atitinkamai priskiriamos Dy — "Fo, Do — "F1, °Dg — "F», Dy — "F3, ir Do
— F4 peréjimams. DidZiausio intensyvumo smailé stebima ties 690 nm. Tai
budinga Eu®" legiruotiems ortofosfatams. Literatiiroje apraSyta, kad jei
europio emisijos santykis "Dy — "F» / Dy — ’F; yra maZesnis arba lygus
vienetui, tuomet yra aukstos simetrijos aplinka, ir atvirk§c¢iai, kuo mazesné
simetrija, tuo didesnis santykis. Atlikti emisijy intensyvumo santykio
skaiCiavimai, kuriy rezultatai pateikti 2 lenteléje. Duomenys patvirtina, kad
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susintetinti méginiai pasizymi auksta simetrija. Taip pat apskaiciuota, kokia
dalj emisijos sudaro Dy — F4 (680-709 nm) elektrony Suoliai lyginant su

visu emisijos ruozu (520-750 nm). Rezultatai taip pat pateikiami 2 lenteléje.
Per¢jimas Dy — F4 yra dominuojantis, o apie 40% emisijos patenka j 680—
709 nm juosta, kuri patenka j zmogaus kiino pralaidumo juosta.
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10 pav. GdogsEuo,15PO4+-H2O méginiy, susintetinty naudojant skirtingus

tirpiklio (H.O) kiekius, emisijos spektrai.

2 lentelé Dy — F, / ’Dy — ’F; emisijos smailés ir *Dy — ’F4 emisijos

dalis procentais visame emisijos spektre.

Meéginys Do — 'F2 /°Do— 'F, SDo— "F4/ bendra emisija
V=10 ml 1,0 40,6
V=20 ml 1,0 40,6
V =30 ml 0,9 38,3
V =40 ml 0,8 40,3
V =50 ml 0,8 38,4
V =60 ml 0,9 38,3
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3 lentelé ISmatuotas nanodaleliy ilgio, plocio ir ilgio bei plocio santykis.

Standartinis . Standartinis Ilgio ir
.. , ) Plotis, } L.
Meéginys nuokrypis, nuokrypis, plocio
nm nm .
nm nm  santykis
V=10ml 194 71 58 14 33
V =20ml 835 268 103 28 8.1
V=30ml 455 157 178 64 2.6
V=40 ml 658 276 224 104 2.9
V=50ml 1121 381 207 89 5.4
V =60 ml 865 349 124 85 7.0

Meginys, susintetintas, kai tiris V = 40 ml, pasiZzymi intensyviausia
emisija. ApskaiCiavus visy méginiy vidutines daleliy ilgio ir ploCio reikSmes,
gauta, kad turyje V = 40 ml susintetinty daleliy plotis yra didziausias
223 nm. Be to, taip pat buvo apskaiciuoti vidutiniai daleliy ilgio ir plocio
santykiai visiems méginiams, susintetintiems skirtingomis salygomis.
Maziausios santykio reik§més (3 lentelé) (atitinkamai 2,6 ir 2,9) gautos
méginiams, susintetintiems, kai taris V = 30 ml ir turis V = 40 ml, o tai rodo,
kad $iy meéginiy daleliy liuminescenciniai centrai yra labiau tiiryje nei
pavirsiuje lyginant su kitais méginiais.

Méginiy, susintetinty, kai tiiris V = 30 ml ir V = 50 ml, emisijos
intensyvumas yra beveik toks pat, nors skiriasi daleliy dydis ir ilgio bei
plocio santykis. Apibendrinant galima teigti, kad yra, tarsi, konkurencija tarp
daleliy dydzio (ilgio) ir ilgio ir plocio santykio, taciau, tikétina, plotis yra
svarbiausias veiksnys. Meéginio, susintetinto V = 40 ml, dalelés
demonstruoja optimaly tiriamy méginiy dydj ir geriausig santykio verte, dél
kurios susidaro intensyviausia emisija.

3. Legiravimo lantanu poveikis Gdoss.yLay,PO4:15%Eu struktiirai ir
liuminescencinéms savybéms

Siekiant dar labiau pagerinti liuminescencines savybes, méginiai buvo
papildomai legiruoti lantanu, tikintis stabilizuoti monoklining struktiirg.
Buvo paruosti trys skirtingi La legiruoti méginiai, kuriuose buty 25%, 50% ir
75% lantano. Gauty méginiy difraktogramos pavaizduotos 11 paveiksle.
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20 ()
11 pav. GdossyLayPO4:15%Eu meéginiy, kuriuose yra skirtingas lantano
kiekis, rentgeno spinduliy difraktogramos.

IS pateikty rentgeno spinduliy difraktogramy rezultaty matome, kad kai
kurie susintetinti junginiai néra vienfaziai, o dviejy skirtingy kristaliniy faziy
misinys. Gdo,1Lag 7sEu0,15sPO4 méginys yra dviejy monoklininés (PDF ICDD
00-084-0600) ir heksagoninés (PDF ICCD 00-039-0232) faziy miSinys.
Sumazinus La ir atitinkamai padidinus Gd kiekj méginyje, vis tiek turime
dvifazj junginj. GdossLaosEuo1sPOs méginyje, ties 21°, 27° ir 34° 20
reik§mémis, matomos papildomos mazos smailés, atitinkancios monoklining
kristaling struktirg. SumaZzéjus La kiekiui iki 25% GdoeLao2sEuo.1sPOs4
méginyje, papildomy smailiy neidentifikuota. Tai rodo vienfazés
heksagonininés kristalinés fazés susidaryma. Smailiy plotis nesikeicia. Tai
rodo, kad lantano jvedimas neturi jtakos kristality dydziui. SEM vaizdai
pateikti 12 paveiksle. Matomos daleliy sanglaudos. Tam tikrose vietose taip
pat galima rasti atskiry pavieniy daleliy. Sulipusiy ir atsiskyrusiy daleliy
dydis buvo matuojamas naudojant Fiji programing jranga. Vidutinis daleliy
dydiS Gd0,5La0,25PO4Z 1 S%Eu, Gd0,35La0,5PO4Z 1 S%Eu il‘
Gdo3sLagsPO4:15%FEu yra atitinkamai 115 nm, 92 nm ir 122 nm. Visos
atskiros dalelés yra nanostrypelio formos.
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500 nm 500 nm 500 nm

12 pav. (A) Gdo,ﬁLao,25PO4315%Eu, (B) Gdo,35La0,5P04:15%Eu, (C)
Gdo,1Lag,75PO4:15%Eu méginiy SEM vaizdai.

Taip pat buvo tiriamos Gdogs.yLay,PO4:15%Eu méginiy liuminescencinés
savybés. Suzadinimo spektrai buvo matuoti diapazone nuo 250 nm iki 500
nm, kai emisijos bangos ilgis Aem = 587 nm (13 pav.). Suzadinimo spektruose
yra plati juosta didesnés energijos srityje iki 270 nm. Taip yra dél kriivio
pernasos i§ O* j Eu** jonus. Smailés, stebimos ties ~275 nm ir ~298 nm,
priskiriamos Gd** jono 3S7, — °Ij1 ir 8S7, — °P; peréjimams. Méginio su
maziausiu Gd kiekiu (Gdo,iLa75P04:15%FEu) suzadinimo spektre smailés
ties ~275 nm nesimato dél intensyvios elektrony pernasos i§ O* j Eu®*. Gd**
suzadinimo smailiy buvimas suZadinimo spektruose, stebimuose Eu** jonui,
jrodo vykstantj Gd** — Eu" energijos perdavima. Likusios suzadinimo
smailés priskiriamos Eu*" jonui. Smailés ties ~ 318 nm priskiriamos 'Fy —
H; peréjimams. Diapazone nuo ~360 nm iki ~400 nm matoma keliy smailiy
grupé, kuri priskirta "Fg — 3Dy ir 'Fg — 3Gy, 'Fo — °Gy; °L; peréjimams,
atitinkamai. Intensyviausia smailé ties ~393 nm priskiriama Fop — °Lg
peréjimui. Mazos smailés ties ~ 415 nm ir ~ 463 nm priskiriamos ’Fy — °Ds,
"Fy — °D; peréjimams.

102



3,0

Ay, =587nm — Gd, La,,.Eu, PO,
e ,—‘:' Gd, 55k, 5Eu, 1sPO,
o 2,5- &
= TQ Gd, ,La, 75Eu, ,sPO,
E 2,0 -
("]
=
©
5 15+
L)
0
£
=1 1 ,0 1 ”
A o
= T
Q o
E 0,5 = o
A
O=O N T T T T T T ' T ;
250 300 350 400 450 500

Bangos ilgis (nm)
13 pav. Gdozss.yLa,PO4:15%Eu suzadinimo spektrai.

Taip pat buvo matuoti visy GdiyLa,PO4s15%FEu méginiy emisijos
spektrai nuo 450 nm iki 800 nm. Junginiai buvo suzadinti 393 nm bangos
ilgio Sviesa, o oranzinés-raudonos spalvos emisijos rezultatai pateikti
14 paveiksle. Emisijos spektro smailés ties ~ 577 nm, ~ 590 nm, ~ 615 nm, ~
650 nm ir ~ 690 nm atitinkamai priskiriamos Dy — "Fo, *Dg — "Fy, Do —
"F,, SDg — F; ir Dy —'F4 elektrony peréjimams. Ties 577 nm matome labai
intensyvig smailg. Esant 690 nm, stebime didziausio intensyvumo smailg.
Tai badinga Eu®" legiruotiems ortofosfatams.
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14 pav. Gdoss-yLa,PO4:15%Eu méginiy emisijos spektrai.

4. Gdogs-yLayPO4:15%Fu méginiy biologinio suderinamumo jvertinimas

Citotoksiskumo bandymai reikalingi, nes naudojant nanomedZziagas
biologiniam vaizdavimui ir Igsteliy zenklinimui, gali buti naudojamos tik
netoksiskos medziagos. Buvo atliktas lgsteliy gyvybingumo tyrimas, siekiant
jvertinti, kokj poveikj Igsteléms daro GdogsyLayPO4:15%Eu méginiy
ekstraktai.

15 paveiksle pademonstruota, kad visuose méginiuose lasteliy
gyvybingumas sumazejo did¢jant ekstrakto koncentracijai.
Gdo.sLao25P04:15%FEu méginyje gyvybingumo sumazéjimas buvo ryskesnis
nei kituose dviejuose méginiuose. Trijy kontroliniy méginiy Igsteliy
gyvybingumas buvo RM-A (toksiskas)<< RM-B (maziau toksiskas) < NC
(netoksiskas), o tai atitiko kontroliniy méginiy citotoksiSkumo tendencija,
todél buvo nuspresta, kad Sis  jvertinimas yra  tinkamas.
Gdo,1Lag7sP04:15%Eu ir GdossLagsPO4:15%Eu  pademonstravo panasy
citologinj suderinamumg su NC, jvertinus naudojamg IC50. Kita vertus,
GdocLag2sP04:15%Eu, 1IC50, RM-A ir RM-B buvo atitinkamai 97,4%,
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273% ir 51,1%. Tai reiskia, kad trijy méginiy citotoksiskumas buvo
mazesnis nei RM-B, kurio citotoksiskumas buvo silpnas.

(A) B)
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15 pav. Lasteliy gyvybingumas: (A) méginiai, (B) kontrolé

16 paveiksle pavaizduoti visy 100% ekstrakto méginiy vaizdai gauti
optiniu mikroskopu. RM-A ir RM-B kontroliniuose méginiuose buvo
matomos sferos formos lgstelés, 1astelés nebuvo prilipusios prie Sulinéliy. O
trijuose méginiuose ir NC netoksiSkame kontroliniame méginyje matome,
kad 1929 lastelés (peliy fibroblasy lastelés) yra pailgos verpstés formos,
kuriy dydis buvo apie 100 pm, o lastelés prilipusios prie 3ulinéliy. Sie
vaizdai atitinka tipiSkg L929 atsaka j citotoksiSkumg. Tai rodo, kad trys
méginiai buvo maziau citotoksiski.

0.1L80.75sEUp 1sP Oy

5

:100um

16 pav. 1929 lasteliy optinés mikroskopijos vaizdai su 100% kiekvieno
méginio ekstraktu.
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Sie citotoksiskumo tyrimai rodo, kad susintetinti ir isbandyti
Gdo,1Lao7sPO4:15%Eu ir GdossLaosPO4:15%Eu méginiai yra netoksiSki, o
GdosLao2sP04:15%Eu meéginys yra Siek tiek toksiskas.

5. Monoklininés strukttirosGdo ss.yLa,PO4:15%Eu sintezés salygy ir
liuminescenciniy savybiy tyrimas

Norint susintetinti monoklininés struktiiros Gdo ss.yLayPO4:15%FEu, buvo
nuspresta  iSsiaiSkinti  LaPO4:1%Eu  sintezés salygas. Ekonominiais
sumetimais nuspresta LaPOy legiruoti 1 procentu Eu’*. Visy pirma, buvo
siekiama iSsiaiSkinti PO4* jony pirmtaky ir sintezés temperatiiros jtaka
LaPO4:1%Eu strukturai. Siekiant nustatyti hidroterminiame reaktoriuje
susintetinto LaPO4:Eu kristaling struktiirg ir jvertinti fazés grynumg buvo
atlikta XRD analizé. Kai diamonio vandenilio fosfatas (NH4);HPO,)
naudojamas kaip PO4* jony pirmtakas, 17 paveiksle matome, kad esant
skirtingoms sintezés temperatiroms susidaro dvi LaPO4:1%Eu kristalinés
struktiiros.
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17 pav. LaPO4:1%Eu méginiy, sintetinty naudojant (NH4);HPOj4 ir esant
skirtingomis sintezés temperatiiromis, difraktogramos.
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Analizuojant difraktogramas ir palyginus gautus duomenis su duomeny
baze, matome, kad esant aukStesnei arba lygiai 160 °C sintezés temperatiirai
eksperimentiniy XRD duomeny smailés ir jy santykinis intensyvumas
sutampa su duomeny bazés standartiniais monoklininés struktiiros LaPO4
smailémis. (PDF ICCD 96-153-0457). Susidaro monoklininés kristalinés
struktiiros vienfazis LaPO4:1%Eu. Esant Zemesnei sintezés temperatiirai,
140 °C ir zemesnei, monoklininei fazei priskiriamos smailés vis dar
dominuoja, taCiau yra stebimos smailés ties 14,4°, biidingos heksagoninei
LaPOy kristalinei struktiirai (PDF ICCD 00-075-1881). Smailé esanti ties
28,6° kampu yra asimetriska ir iSsiplecia link aukStesniy 20 verciy, tai
galima paaiskinti heksagoninés struktiiros smaile esancia ties 29,1° kampu.
Todél galima teigti, kad susidaro dvifazé heksagoniné ir monoklininé LaPO,
kristaliné struktiira. Tuo tarpu kambario temperatiiroje gaunama mazo
kristaliSkumo gryna heksagoniné fazé. Pazymétina ir tai, kad kambario
temperatiiroje atlickama sintezé negali biiti vadinama sinteze, atlickama
hidroterminiame rektoriuje, ja reikéty vadinti nusodinimo reakcija.

Taip pat matoma plati juosta nuo 10° iki 20°. Jos kilmée gali buti siejama
su pacios susintetintos medziagos amorfiSkumu arba amorfinio stiklo
padéklo jtaka, ant kurio buvo dedama tiriamoji medziaga. Kadangi atliekant
XRD analize¢ visos medziagos buvo paruostos vienodai, difraktogramose
matome, kad juosta nuo 10° iki 20° iSnyksta, kai sintezés temperatiira yra
auks$tesné nei 180 °C. Todél labiau tikétina, kad tai pacios medziagos
amorfiskumo jtaka. Apibendrinant galima teigti, kad net 120 °C temperatiira
yra pakankama, kad biity gauta dominuojanti kristaliné monoklininé
LaPO4:1%Eu fazé, taciau gryna monoklininés kristalinés strukttiros fazé
gaunama tik esant 180 °C ir aukStesnéms temperatiroms, kai naudojamas
diamonio vandenilio fosfatas ((NH4),HPO,) kaip PO4* jony pirmtakas.

Taip pat buvo atlickamos sintezés hidroterminiame reaktoriuje, naudojant
amonio-divandenilio fosfatg (NH4H,PO4) kaip PO.* jony pirmtakg. XRD
analizés difraktogramos pateiktos 18 paveiksle. Difraktogramose matome,
kad tik esant 200 °C sintezés temperatiirai gaunamas vienfazis monoklininés
kristalinés struktiros LaPOs:1%Eu. Sioje difraktogramoje papildomy
smailiy néra. Esant Zemesnei nei 200 °C sintezés temperatirai mazo
intensyvumo smailé, atitinkanti heksagoning LaPQOs kristaling struktiira
(PDF ICCD 00-075-1881), matoma ties 14,4°, taip pat matome smailés
asimetrija ties 29,1°.

Taigi, lyginant pirmosios serijos sintezés difraktogramas, kai diamonio
vandenilio fosfatas buvo naudojamas kaip PO4* jono pirmtakas, ir antrosios,
kai amonio-divandenilio fosfatas buvo naudojamas kaip PO4* jono
pirmtakas, daroma iSvada, kad jony pirmtakas veikia temperatirg kuriai
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esant susidaro grynas monoklininés kristalinés struktiiros galutinis
susintetinto LaPO4:1%Eu produktas. Naudojant (NH4);HPOs4 gryna
monoklininé fazé susidaro Zemesnéje 180 °C temperatiiroje, o naudojant
NH4H>PO4 gryna monoklininé fazé susidaro tik esant 200 °C sintezés
temperatiirai, heksagoninés fazés priemaiSa aiSkiai matoma Zemesnéje
temperatiiroje.
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18 pav. LaPO4:1%Eu méginiy, sintetinty naudojant NH4H,PO4 ir esant
skirtingomis sintezés temperatiiromis, difraktogramos.

Remiantis $iais sintezés ir analizés rezultatais, nuspresta tolesnei sintezei
pasirinkti diamonio vandenilio fosfata (NH4),HPO4 kaip PO4* jony pirmtakg
ir atlikti hidroterming sintez¢ 180 °C temperatiiroje, siekiant susintetinti
monoklininés kristalinés struktiiros dalelés. Buvo atlikta LayGdxPO4:1%Eu
sinteziy serija, kur x = 1; 0,75; 0,5; 0,25; 0. XRD analizés rezultatai pateikti
19 paveiksle. I§ difraktogramy matome, kad méginiy kai x=0,5; 0,25, 0
smailés atitinka heksagoninio gadolinio fosfato hidrato standarto (PDF
ICDD 00-039-0232) duomenis. Taciau Lag75Gdo24PO4:1%Eu  ir
LaPO4:1%Eu difraktogramos atitinka monoklininio lantano fosfato standarto
(PDF ICDD 96-153-0457) duomenis.
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Nezymus fono linijos intensyvumo padidéjimas diapazone nuo 10° iki
20°, kai x = 0,50 ir 0,25 rodo pacios susintetintos medziagos amorfiskuma
arba amorfinio stiklo padéklo, ant kurio buvo tiriama medziaga, jtaka.
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19 pav. La,Gd«PO4:1%Eu méginiy difraktogramos

Siy sinteziy metu gautos medziagos taip pat buvo istirtos SEM. Kaip
matyti, susintetinty daleliy forma ir dydis kinta priklausomai nuo sudéties.
LaPO4:1%Eu (20 (A) pav.) daleliy struktira yra gana vienoda, primenanti
nanolazdeles, vidutinis daleliy ilgis 727 nm, o vidutinis plotis 80 nm.
Lao 75Gdo24P04:1%Eu (20 (B) pav.) dalelés yra daug trumpesnés uz anksciau
minétas gryno lantano fosfato daleles, o vidutinis daleliy ilgis yra 216 nm, o
vidutinis plotis yra 58 nm. Kai susintetintame fosfate gadolinio yra tiek pat
arba daugiau nei lantano, dalelés praranda savo nanostrypeliy formg ir tampa
netaisyklingais, nevienodo dydzio, vientisais daugiakampiais, kuriy jau
nebegalima vadinti nanodalelémis. Mikrostruktiiros, kuriy dydis siekia iki
5 um, SEM vaizdas pateiktas 20 (D) paveiksle, kur vidutinis daleliy ilgis yra
2,7 um, 0 21E — 1,6 um.
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20 pav. La,Gd1xPO4:1% x = 1 (A); 0.75 (B); 0.5 (C); 0.25 (D); 0 (E);
meéginiy SEM vaizdai.

Remiantis 1 skyriuje atlikty tyrimy duomenimis, GdPO4 emisija yra
intensyviausia kai méginys yra legiruotas 15% Eu’*. Ir jvertinus anks¢iau
apraSytus sintezés ir analizés rezultatus, kai gaunamas vienfazis,
monoklininés kristalinés struktiros Lag75Gdo24PO4:1%Eu, buvo nuspresta
nuo 1% Eu®" padidinti iki 15%, pakei¢iant La arba Gd jonus. Buvo atlikti
XRD tyrimai, siekiant jvertinti méginio kristalinés struktiiros fazing sudeétj ir
grynuma. Abiejy méginiy XRD difraktogramos pateiktos 21 paveiksle.
Analizé pademonstravo, kad buvo gauti vienfaziai junginiai, nes méginiy
difraktogramos atitinka monoklininio lantano fosfato (PDF ICDD 96-153-
0457) duomentis.

110



TarpploksStuminis atstumas (A)

8,8 4,4 3,0 2,3 1,8 1,5 1,3 1,2
e T T T T T T

; La, ,Gd, PO, 15%Eu
Y

(1]

£

S L L LA B L I R,
S La, ,,Gd,,PO,15%E
g I LaPO, PDF [96-153-0457]
c

O
€ T QT ey

70 80

-
o

60
26 (°)
21 pav. Laoe1Gdo24P04:15%Eu and Lag75Gdo,1PO4:15%Eu méginiy
difraktogramos

Siekiant istirti hidroterminés sintezés buidu gauty medziagy morfologija ir
daleliy dydj buvo atlikta SEM analizé. Abiem atvejais susintetintos
nanolazdeliy formos nanodalelés. Taciau né viename méginyje daleliy ilgis
ir storis nebuvo vienodi, kai kurios dalelés aglameravosi viena prie kitos (22
pav.). Lao75Gdo,1PO4:15%Eu méginyje (A) susidariusios dalelés buvo Siek
tiek trumpesnés ir storesnés, palyginus su Lage1Gdo24PO4:15%FEu méginiu
(B). Lag75Gdo,1PO4:15%Eu daleliy ilgis svyruoja nuo 45 nm iki 150 nm.
Daleliy storis svyruoja nuo 13 nm iki 35 nm, nematuojant aglomeruoty
daleliy. Susintetinty B méginio daleliy ilgis yra nuo 120 nm iki 250 nm, o
storis — nuo 10 nm iki 40 nm. I$ Siy matavimy matome, kad A méginyje
susidariusios dalelés yra Siek tiek trumpesnés, palyginus su B méginio
dalelémis, bet Siek tiek storesnés.
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22 pav. Lao,mGdo,24PO4: 1 S%Eu ir La0,75Gd0,1PO4: 1 S%Eu SEM vaizdai.

Istirtos L80,61Gd0,24P04315%Eu ir Lao,75Gd0,1PO4215%Eu méginiq
liuminescencinés savybés, pateiktos 23 ir 24 paveiksluose. Kadangi méginiai
baltos spalvos, tikimasi, kad jie turi minimalig absorbcija matomos Sviesos
spektre. Suzadinimo spektrai buvo matuojami nuo 250 nm iki 585 nm, kai
emisijos bangos ilgis Aem = 591 nm. Suzadinimo spektre matoma plati juosta,
esanti nuo 250 nm iki 270 nm. Ji priskiriama kriivio pernaSai, atsirandanciai
dél elektrony peréjimo i§ O* | Eu®". Smailés ties ~298 nm priskirtos Gd**
jono 3S7, — 6P; elektrony peréjimams. Siy Gd** suzadinimo smailiy
buvimas suzadinimo spektruose, rodo Gd** — Eu®' energijos pernasa.
Likusios suzadinimo smailés buvo priskirtos Eu*" jonams. Smailés ties ~318
nm susijusios su 'Fo — °Hj peréjimais, o 370 nm — 390 nm diapazone
matomas keliy smailiy klasteris, priskirtas ’Fo —°D4, 'Fo — Gy, "Fo — Gy,
SL; peréjimams. Intensyviausia smailé ties 393 nm susijusi su 'Fo — L
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per¢jimu. Mazos smailés ties ~ 415 nm, ~ 463 nm ir ~ 527 nm buvo
priskirtos atitinkamai ’Fo — 5Ds, "Fg— 3D,, ir "Fy — 3D peréjimams.
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23 pav. Lage1Gdo24PO4:15%FEu ir Lag75Gdo1PO4:15%FEu suzadinimo
spektrai.

LaQ,élGd0,24PO4i 1 S%Eu ir Lao,75Gd0,1PO4Z 15 %Eu méginiq
liuminescencinés savybés buvo tiriamos juos suzadinant 393 nm bangos
ilgiu ir iSmatuojant jy emisijos spektrus. Nustatyta, kad skleidziama
spinduliuoté yra oranzinés-raudonos spalvos diapazone, o emisijos smailés
buvo priskirtos jvairiems peréjimams tarp skirtingy Eu* jono energetiniy
lygmeny. Emisijos spektro smailés ties ~ 577 nm, ~ 590 nm, ~ 615 nm, ~
650 nm ir ~ 690 nm priskiriamos atitinkamai Dy — "Fo, *Dg — "Fy, Do —
"F,, Dy — F3 ir Dy — ’F4 peréjimams. Kaip ir buvo tikétasi ir siekiama,
Lao75Gdo,1PO4:15%Eu emisijos intensyvumas yra zymiai didesnis ir siekia
5,5x10° signaly skaiCiy, palyginti su anksCiau susintetintais ir aptartais
méginiais su heksagonine kristaline struktiira, kur emisijos intensyvumo
maksimumas yra 2,5%10° signaly.
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24 pav. LageiGdosPO4:15%Eu  ir Lag75Gdo, 1 PO4:15%Eu  emisijos
spektrai.

Imagnetinimo priklausomybé nuo taikomo magnetinio lauko stiprumo
pateikta 25 paveiksle. Paramagnetiky jmagnetinimas yra proporcingas
taikomo magnetinio lauko stiprumui M=yH, kur tiirio magnetinis jautrumas
pagal Curie-Weiss désnj yra:

_ N Ky
X =3k Tr0 (Ilygt)

N yra paramagnetiniy atomy skaiCius tiryje, kpz yra Boltzmanno
konstanta, o @ yra Veiso konstanta. Paramagnetinio atomo efektyvusis
magnetinis momentas, kur J yra kampinio momento kvantinis skaicius, o uz
yra Boro magnetonas. Nors pagrindinés biisenos Eu®** J = 0, pirmoji
suzadinta biisena yra artima jai kambario temperaturoje, todél Eu** taip pat
prisideda prie méginiy paramagnetizmo. Taciau efektyvusis magnetinis
momentas yra didesnis Gd** jonui, kai J = 7/2 ir faktorius g = 2. Nors
magnetinis jautrumas taip pat priklauso nuo Weisso konstantos ir galimi tam
tikri nukrypimai nuo Curie-Weiss désnio, kadangi GdPO; magnetinés
tvarkos temperatiira 7y = 225 K yra gana artima kambario temperattrai.
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Méginiy jautrumo skirtumus daugiausia galima paaiskinti skirtingu Gd**
kiekiu.

0,4 -

i H, kOe

LaO,?SGdO, 1 EUO, 15
La Gdo’2 4Eu

0,61 0,15

- Gdo,gsEuo‘15PO4

PO,
PO,
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25 pav. Imagnetinimo priklausomybé nuo magnetinio lauko stiprio
kambario temperatiiroje.

Visi trys tirti méginiai pasizyméjo paramagnetinémis savybeémis. Ir gali
buti potencialiai naudojami kaip kontrastas magnetinio rezonanso
tomografija (MRT) tyrimuose. Taciau remiantis méginiy liuminescencijos
matavimus Lags1Gdo24PO4:15%Eu monoklininiai nanolazdelés pasizymi
didziausiu emisijos intensyvumu ir gali biiti potencialiai naudojami
multimodaliniam vaizdavimui, derinant magnetinio rezonanso tomografijg
(MRT) ir liuminescencijos matavimus.
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ISVADOS

D¢l panaSaus joninio spindulio gadolinis net iki 20% pakeic¢iamas
europiu be reikSmingo poveikio heksagoninei kristalinei struktiirai.
Be to, europio koncentracija neturi didelés jtakos susidariusiy daleliy
dydziui, taiau, skirtingai nei buvo pranesta mokslingje literatiiroje
iki Siol, emisija yra intensyviausia, jei Eu** kiekis yra 15%. VirSijus
europio kiekj, prasideda koncentracinis gesinimas.
GdossEu0,1sPO4-H,O nanodaleliy dydis gali buti reguliuojamas
keic¢iant hidroterminio reaktoriaus uZzpildyma skirtingu kiekiu
tirpiklio (vandens). Gautos dalelés pasizyméjo strypelio formos
morfologija, o jy dydis efektyviai kontroliuojamas.

Nanostrypeliy liuminescencinéms savybéms turi jtakos daleliy
dydis, ir ilgio bei plocio santykis. Tokiu biidu, pasirenkant
reaktoriaus  tirio  uzpildymg, galima reguliuoti  norimas
liuminescencines savybes. GdogsEuo,1sPOs-H,O méginiy emisijos
intensyvumas didé¢ja, kai yra daugiau europio jony nanodalelés
tiiryje. Tyrimo metu buvo gautas optimalus dydis ir ploc¢io bei ilgio
daleliy santykis susintetintam méginiui, kai turis V =40 ml.

PO4* jony pirmtako pasirinkimas reik§mingai paveiké LaPO4:1%Eu
kristaling  struktiirg. (NH4);HPO; pirmtakas Iémé skirtingas
kristalines struktliras Zemesnéje temperatiroje, palyginus su
NH4H>PO,.

Didesnis lantano kiekis LayGdi«xPO4:1%FEu junginyje lemia
monoklininés fazes susidaryma.

Padidinus Eu® kiekj iki 15% Lag1Gdo24PO4:15%Eu ir
Lao,75Gdo,1PO4:15%Eu méginiuose, pasireisSke sustiprinta
liuminescencija. Emisijos spektrai pademonstravo ryskias smailes,
atitinkanc¢ias Eu’" elektrony peréjimus, o Lao75Gdo,1PO4:15%Eu
méginiuose stebimas didesnis emisijos intensyvumas, lyginant su
heksagoninés kristalinés struktiiros analogais.

Imagnetinimo tyrimai pademonstravo paramagnetinj susintetinty
méginiy elgesi, veikiama tiek Eu** tieck Gd** jony.
Lag61Gdo24P0O4:15%Eu  monoklininés nanolazdelés  pasizymi
paramagnetinémis savybémis ir didziausiu emisijos intensyvumu,
todél gali biti potencialiai naudojamos multimodaliniam
vaizdavimui, derinant magnetinio rezonanso tomografija (MRT) ir
liuminescencijos matavimus.
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