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FEATURES OF SYNTHESIS OF FLUORIDE NANOCRYSTALS
IN ORGANIC AND INORGANIC SOLVENTS AT HIGH PRESSURE
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Annotation: By the method of thermal decomposition of trifluoroacetates of rare-earth elements and
sodium in organic and inorganic solvents (water, decanoic and oleic acids, 1-octadecene, as well as
in a mixture of these solvents) at a pressure of 50-250 atm. NaYF4:Yb*3 Er*3, YF3:Yb*3 Er*® fluoride
nanocrystals with intense photoluminescence in up- and down-conversion at pumping by IR radiation
with wavelength near 980 nm were synthesized. The obtained nanocrystals introduced into
fluoropolymer matrix can be used to create various integrated-optical devices, in particular,
waveguide amplifiers of optical radiation and waveguide lasers with distributed feedback.
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conversion.

Introduction

Fluoride nanocrystals NaYFs4, NaLuFs, YFs, LaFs etc., doped with rare-earth elements Yb, Er,
Tm, Gd, Ce [1-6] find wide applications in medicine [6, 7] and in engineering [8-13]. Usually, the
synthesis of such nanocrystals is carried out by thermal decomposition of rare-earth elements
trifluoroacetates and sodium in a mixture of oleic acid and 1-octadecene at a temperature of 300-350
°C and atmospheric pressure and is accompanied by the formation of an organic shell on the surface
of nanoparticles. Since oxidation of oleic acid and 1-octadecene can occur at such temperatures, as
well as the formation of a shell of nanocrystals from “cross-linked” organic material, which thickness
is difficult to control, it is important to develop methods for the formation of nanoparticles with a
given thickness of the organic shell or without it at all. In this report, the features of synthesis of
NaYF4:Yb*™ Ert® and YFs:Yb*3,Er*® fluoride nanocrystals in water and organic solvents (decanoic
acid, oleic acid, 1-octadecene), as well as in a mixture of water and these solvents at temperature
300-350°C and pressure 50-250 atm are investigated. The possibility of forming NaYF4:Yb*3,Er3,
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YF3:Yb*™ Ert® nanocrystals possessing intense photoluminescence (PL) in both up- and down-

conversion when pumped by IR radiation with a wavelength near 980 nm has been demonstrated.

1. Experimental part
Commercial reagents were used for the synthesis of fluoride crystals NaYFa:Yb*™ Ert3,
YF3:Yb*3,Er3: yttrium, ytterbium, erbium oxides, sodium carbonate, oleic acid 90%, 1-octadecene
90% (Sigma-Aldrich) and trifluoroacetic acid 99% (PanReac). Oxides and sodium carbonate were
used to prepare trifluoroacetates (TFA) Na, Y, Yb and Er according to the procedure described in
studies [13, 14].

Synthesis of fluoride nanocrystals in water

The TFA mixture with the ratio of elements Na:Y:Yb:Er = 1.00:0.78:0.20:0.02 was dissolved
in water and placed in a stainless steel reactor with a volume of 12 ml. The reactor was hermetically
sealed with a lid with copper gaskets and heated at a rate of 15 deg/min to a temperature of
300-350 °C, while the pressure in the reactor increased to 50-250 atm (depending on the filling
volume of the reactor). As the temperature of the reaction mixture reached 240-250 °C, TFA began
to decompose [1, 2], which led to the formation of nuclei and the beginning of the growth of fluoride
nanocrystals. The duration of the reaction after reaching the target temperature varied from 60 min to
several hours. After the end of synthesis, the reactor was cooled to room temperature, the lid was

opened and the solution with the formed nanoparticles was extracted.

Synthesis of fluoride nanocrystals in a mixture of oleic acid and 1-octadecene

Synthesis of fluoride nanocrystals doped with rare-earth elements in a mixture of oleic acid
and 1-octadecene, taken in the ratio 1 : 1, was carried out in a similar manner at the same temperatures,
but slightly lower pressure (up to 100 atm.).

Figure 1 shows the PL spectra of nanocrystals synthesized in water as well as in a mixture of
oleic acid and 1-octadecene at 330°C. The characteristic up-conversion PL peaks in Figures 1a and
1b near 405, 521, 539, and 651 nm, which appear when pumped by IR laser irradiation with a
wavelength of 980+5 nm, are due to the energy structure of the rare-earth ions Er®* in the fluoride
crystals, specifically the transitions 2Hoz ® *lisz, 2Hiwz ® *lisi, *Sz2 ® *lis2 and *Fez ® *l1s, see
inset in Figure 1a. The intense down-conversion PL band near 1530 nm in Figures 1b and 1g is due
to the *l1az ® “*l1sp2 transitions in Er®* ions. Note that the mixture of initial rare-earth element TFAs
does not luminesce in the up-conversion under IR illumination, so the appearance of PL during the

reaction indicates the formation of nanocrystals.
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Figure 1. Up- (a, ¢) and down-conversion (b, d) PL spectra of fluoride nanocrystals
synthesized in water (a, b) and in a mixture of oleic acid and 1-octadecene (c, d) at 330°C.
The inset to Figure 1a shows a simplified energy level system of ytterbium and erbium.
Bold arrows pointing downward show the radiative transitions.

From comparing the curves presented in Figures 1a and 1b with those of Figures 1c and 1d, it
can be concluded that the PL spectra of fluoride nanocrystals synthesized in water and in a mixture

of oleic acid and 1-octadecene are identical.

2. Structural diagnostics of synthesized crystals

Structural diagnostics of the obtained fluoride nanocrystals was carried out on a Rigaku
Miniflex600 X-ray diffractometer (Cu, I = 1.54184 A) in the range of incidence angles 2q = 5-70 deg.
The diffractograms of the particle powders are presented in Figure 2. From the analysis of the
diffractogram shown in Figure 2a, it follows that the particles synthesized in water contain
nanocrystals of b-NaYF4:Yb,Er, which are in the hexagonal b-phase (sharp diffraction peaks at
20 =17.0, 29.8, 30.7, 34.6, 39.5, 43.4, 46.3, 53.0 and 53.6 deg [13, 4] correspond to this phase). In
addition, YF3:Yb,Er crystals of orthorhombic structure are present in the powder, see the peaks at
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20 = 23.9, 24.5, 25.9, 27.8, 31.0, 36.0, 36.0, 37.2, 38.6, 40.9, 43.9, 45.5, 47.0, 47.6 and 49.1 deg
[5, 15].

The particles synthesized in the mixture of oleic acid and 1-octadecene (Figure 2b) are mainly
represented by o-NaYFa:Yb,Er nanocrystals (cubic o phase of the crystal lattice), which is
characterized by diffraction peaks at angles 20 = 27. 9, 32.3, 32.3, 46.5, 55.1, 57.8, and 67.8 deg, with
a small inclusion of b-NaYF4:Yb,Er particles (hexagonal b-phase). The nanocrystals b-NaYF4:Yb,Er
correspond to diffraction peaks at 20 = 17.0, 29.8, 30.7, 39.5, 43.4, 53.1 and 53.6 deg [13, 14].
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Figure 2. Diffractogram of nanoparticle powders synthesized at 330°C in water (a)
and in a mixture of oleic acid and 1-octadecene (b).
g is the angle of incidence of the X-ray beam on the sample.

3. b-NaYF4:Yb* Er*3 particle size measurement

The average diameter <D> of the synthesized particles was measured using UV optical
microscopy [14]. Figure 3 shows photographs of the nanocrystals synthesized in oleic acid and
1-octadecene solution, obtained with a LUMAM IUUV-1 optical luminescence microscope in
transmitted light at 405 nm, as well as in their up-conversion PL at the same wavelength. As can be
seen in Figure 3a, four distinct objects with diameters D ranging from 400 to 600 nm are observed in
the field of view. These objects luminesce in the up-conversion at a wavelength of 405 nm when
pumped with 980 £ 5 nm IR light (see Figure 3b). This confirms that the observed particles are

NaYF4:Yb*3,Er*® nanocrystals.
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Figure 3. Photographs of NaYF4:Yb*3,Er*3 nanocrystals synthesized in oleic acid and 1-octadecene
solution at 330 °C. Photographs were obtained on a LUMAM IUUV-1 optical microscope at
405 nm in transmitted light (a) and in photoluminescence light (b)
when pumped by IR radiation at 980 + 5 nm.

Figure 4 shows photographs of nanoparticles synthesized in water, obtained in the same modes
on a LUMAM IUUV-1 microscope. It can be seen that synthesis in water leads to the formation of

both individual nanoparticles with diameter D = 400 - 600 nm and their agglomerates.

Figure 4. Photographs of NaYF4:Yb,Er, YF3:Yb,Er, fluoride crystals synthesized in water at 330°C
and 150 atm pressure. Photographs were obtained on the optical microscope LUMAM IUUV-1 at a
wavelength of 405 nm in transmitted light (a, ¢) and in photoluminescence in up-conversion (b, d)

under pumping IR radiation of 980 + 5 nm.

4. Results and discussion
The synthesis of fluoride nanocrystals from trifluoroacetates of rare-earth elements and
sodium in decanoic acid and in a mixture of water with oleic acid and 1-octadecene was also carried
out. The synthesis temperature was varied between 300-350 °C and the maximum pressure was

150 atm. In all cases, the formation of nanoparticles exhibiting photoluminescence in both up- and
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down-conversion was observed. We believe that using solutions with different molar ratio of water
and organic solvents for synthesis, it is possible to form fluoride nanocrystals possessing different
thickness of organic shell.

Conclusion

The possibility of synthesis of fluoride nanocrystals NaYFa:Yb,Er, YF3:Yb,Er from
trifluoroacetates of rare-earth elements and sodium in water at temperature 300-350 °C and pressure
50-250° atm has been demonstrated. This approach allows to obtain nanoparticles without organic
shell. Synthesis of fluoride nanocrystals in a mixture of water with oleic acid and 1-octadecene opens
the possibility to form nanocrystals with different thickness of the organic shell. The produced
nanocrystals have intense photoluminescence in up-and down-conversion during pumping with
infrared radiation of 980 = 5 nm and can be used for creating various active devices for integrated

optics, for example waveguide amplifiers and lasers with distributed feedback.
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