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Polymeric polystyrene-based composites containing GdF; nanoparticles stabilized by
ammonium dihexadecyldithioposhate and B-styrylphosphonic acid were obtained by radical
bulk polymerization. Use of a component B-styrylphosphonic acid, capable of copolymeriz-
ing with styrene, as a modifier of GdF; surface allows to increase substantially the content
of GdF; nanoparticles in polystyrene plastic scintillator without changing its scintillations
properties.

MeTomoM paguKanbHON TOJMMEPU3AIH CTUPOJa B OJ0KEe TMONYyUeHBI TOJUMEPHBIE KOM-
TOBUTHI, COMEPsKAIllie HAHOYACTHUIBI (PTOPUAA TaJOJUHUA, CTAOMIM3UPOBAHHLIE AWUTEKCaTe-
nungutuodocharom aMmmorusa u P-crupuadocdonosoit KueaoToi. Moguduraa TOBEPXHOC-
T HAHOYACTUL [-cTUPUIPOCHOHOBON KUCIOTOM, CIIOCOGHON K COMOJUMMEPHU3ALUU CO CTUPO-
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JOM, IIO3BOJAET CYIIECTBEHHO IIOBBICHUTH COJEPHKAHHNE HaAHOYACTHUL, B IIOJHCTHPOJBHOM
IIJIaCTMACCOBOM CHHHTHUJJIJIATOPE C COXPaHEHHEM €r0o CHUHTHJIJIALMNOHHBIX CBOICTE.

1.Introduction

Organic scintillators with gadolinium ad-
ditives are widely used for various physical
tasks, related to neutron or neutrino regis-
tration. A special place among them is occu-
pied by plastic scintillators, because they
can be of virtually unlimited size, and can
have a relatively high scintillations effi-
ciency, low response time and possibility of
composition modification. Plastic scintilla-
tors with a several percent’s level of gad-
olinium ions content from general mass of
polymer are necessary for many experi-
ments in high energy physies, especially for
neutrino registration.

However, inserting large concentrations
of gadolinium compounds in a polymer, as a
rule, leads to considerable loss of a scintil-
lator light yield. As gadolinium additives
most researchers use compounds well sol-
uble in an initial monomer: gadolinium ace-
tylacetonate [1], GA(NO3);-TBP complex [2,
3], complex of gadolinium compounds with
hexametyltriamide of phosphoric acid [4, 5],
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gadolinium isopropylate [6] and carboxy-
lates [7, 8]. But plastic scintillators ob-
tained in such a way do not contain suffi-
cient amount of gadolinium, not stable in
time and have considerably low light yield
comparing to samples without additives.

A number of methods is recently worked
out for synthesis of hydrophobic nanoparti-
cles of lanthanide compounds (fluoride, ox-
ides), which are high dispersible in nonpolar
organic environments [9-15]. It allows in-
serting Gd-nanoparticles to a polymeric base
of a plastic scintillator by the in situ
method of polymerization, when nanoparti-
cles are inserted directly in a monomer be-
fore polymerization.

So, developing methods of nanoparticles
surfaces modification, which provide the
maximum dispersion of Gd-nanoparticles in
a polystyrene base of a plastic scintillator
without disturbing its scintillations proper-
ties, is the question of the hour of plastic
scintillators technology.
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2. Experimental

In our study we used following reagents:
1-hexadecanol (Merck, for syntheses,
95.0 %), phosphorus pentasulphide (Fluka
AG, 798.0 %), dichloromethane (for liquid
chromatography, Merck, >99.9 %), hexane
(Sigma-Aldrich, 95.0 %), methanol (Sigma-
Aldrich, 99.8 %), Gdy,Oj; (Sigma-Aldrich,
99.9 %), nitric acid (Ukraine, 59.3 %), so-
dium fluoride (Ukraine, 99.5 %), styrene
monomer (Aldrich, 99.0 %, distillation),
phosphorus pentachloride (Sigma-Aldrich,
95.0 %), toluene (Merck, 99.0 %), iso-
propanocl (Aldrich, 299.7 %), benzoyl perox-
ide (recrystallization from methanol/chloro-

form), triethylamine (Sigma-Aldrich,
299.0 %), ammonia solution (Ukraine,
25.0 %).

Gadolinium nitrate Gd(NO3)5-6H,O was
obtained by dissolving gadolinium oxide in
nitric acid with further elimination of ni-
tric acid and solvent. After that, gadolin-
ium nitrate was purified by recrystalliza-
tion from water and was dried in a vacuum
by sodium hydroxide for 2 days.

Ammonium dihexadecyldithiophosphate
was synthesized according to the method de-
seribed in [9]. This P,Sg is dissolved in
1-hexadecanol by heating, the suspension
was transferred in hexane and ammonia was
bubbled through this solution. The resulting
precipitate was separated by filtration,
washed by hexane, and dried (M.p. 112-
115°C).

The GdF3; nanoparticles were obtained by
precipitation in the presence of ammonium
in a dihexadecyldithiophosphate metha-
nol/water. The solution of ammonium di-
hexadecyldithiophosphate and NaF in
methanol/water was heated to homogeniza-
tion. A solution of Gd(NOj3)3:6H,O in water
was added dropwise and then cooled to room
temperature. The precipitate was separated
by centrifugation and was washed sub-
sequently with water and methanol. The
particles were further purified by dispers-
ing in dichloromethane and precipitating by
the addition of isopropanol. After separa-
tion by centrifugation, the particles were
dried on P,Og in a vacuum for 24 h. Ob-
tained GdF3 nanoparticles, can be dispersed
in non polar solvent such as toluene, dichlo-
romethane, and styrene.

B-Styrylphosphonic acid was synthesized
according to the method described in [16].
To PClg; suspended in benzene the styrene
was added under cooling and interfusion.
After the crystalline adduct was hydrolyzed
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Fig. 1. TEM pictures of GdF; nanoparticles
stabilized by ammonium dihexadecyldithio-
phosphate.

with H,O under cooling. The resulting pre-
cipitate was filtered and dried in air (M.p.
140-142°C).

The GdF3; nanoparticles modified by
B-styrylphosphonic acid were prepared by
mixing GdF3 nanoparticles with ammonium
dihexadecyldithiophosphate with B-styryl-
phosphonic acid and triethylamine in a di-
chloromethane during twenty-four hours
and precipitating them by of isopropanol.

Polymeric compositions were synthesized
by radical bulk polymerization a dispersions
nanoparticles in styrene using of benzoyl
peroxides (0.5 wt. % of the monomer) as
the initiator at 80°C during 3th twenty-four
hours.

The got matters were studied by means
of IR spectroscopy using a SPECTRUM ONE
(Perkin Elmer) Fourier IR Spectrophotome-
ter.

Light yield of polystyrene scintillators
was measured by a scintillation spectrome-
ter. The spectrometric section of the spec-
trometer consisted of Hamamatsu R1307
photomultiplier and a charge-digit conver-
tor LeCrou 2249A. Samples excitation was
made by 0.975 MeV electrons from a Bi-207
source with a collimator.

The morphology of nanoparticles dusts
was studied by means of translucent elec-
tron microscope EM-125 (Selmi, Ukraine).

3. Results and discussion

Recently authors of [17] used ammonium
dihexadecyldithiophosphate as the surfac-
tant for the polystyrene-platinum composi-
tions obtaining. This allowed to insert up to
8 wt. % of Pt in polystyrene. Therefore to
obtain the GdF3; nanoparticles dispersion in
styrene we synthesized GdF; nanoparticles
with surface modified by ammonium di-
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Fig. 2. IR spectra of GdF;(a), ammonium dihexadecyldithiophosphate (b) and GdF; nanoparticles
stabilized by ammonium dihexadecyldithiophosphate (c).
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Fig. 8. IR spectra of B-styrylphosphonic acid (a) and GdF; nanoparticles stabilized by ammonium
dihexadecyldithiophosphate (b) and B-styrylphosphonic acid.

hexadecyldithiophosphate according to the
method described in [183]. The surface modi-
fier protects the particles at the synthesis
stage against aggregation in organic nonpo-
lar solvents, controls the growth and size of
the particles.

TEM picture of GdF; nanoparticles stabi-
lized ammonium dihexadecyldithiophosphate
is shown in Fig. 1. It follows from the fig-
ure that nanoparticles, as a rule, have a size
of 1-5 nm. IR spectra as ammonium di-
hexadecyldithiophosphate (Fig. 2) and sur-
face modified GdF5; nanoparticles with am-
monium dihexadecyldithiophosphate
(Fig. 3), are characterized by a sequence of
intensive bands, which position practically
does not depend on the surfactant state. As
authors of [18] mention, 1470 ecm™! (Fig.
2b) and 1468 cm™! (Fig. 2¢) bands corre-
spond to the deformation vibrations of C—H
groups. Bands at 2917 em ™1 and 2850 cm™!
(Fig. 2b), 2924 cm ! and 2851 em™! (Fig.
2¢) correspond to the stretching vibrations
of C—H groups and the band of low intensity
at 720 em~1 (Fig. 2b,c) — to the pendulum
vibrations of (-CH,) group [19].
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Bands, characterizing vibrations of (P)-
O-C, 1064 ecm™! (Fig. 2b) and 1022 cm™!
(Fig. 2¢), -P=S 688 cm! (Fig.2b) and
663 cm~1 (Fig. 2c, relative intensity de-
creases in the adsorbed state), displaced to-
ward low frequency for adsorbed surfactant,
that determined, presumably, by influence
on IR spectra the co-ordination of dithio-
phosphate-ion with the ions of gadolinium
on the surface of GdF; nanoparticles. It
should be noted, that 1385 em™! and
1378 ecm~! bands (Fig. 2a and 2¢) indicate a
presence of several nitrate-ions adsorbed on
the surface of GdF3, which is determined by
the synthesis conditions.

Colloidal solution of obtained nanoparti-
cles in styrene with 0.2, 0.5, 1.0 mass. %
concentration of nanoparticles in a mono-
mer, was used for further polymerization.
It was founded, that after polymerization
polymers samples lose their transparency,
which indicates the aggregation and even
sedimentation of nanoparticles. This aggre-
gating can be reduced by using an addi-
tional component able to polymerization,
which will provide an aggregation stability
of nanoparticles due to formation of cova-
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Fig. 4. Relative light yield of Gd-activated
scintillators vs. nanoparticles content: 1 —
GdF; nanoparticles stabilized by ammonium
dihexadecyldithiophosphate, 2 — GdF,
nanoparticles stabilized by ammonium di-

Relative light yield

hexadecyldithiophosphate and B-styrylphos-
phonic acid.

lent bonds with the polystyrene molecules and
thus fix nanoparticle in the polymer bulk.

As such a component, we used B-styryl-
phosphonic acid which can be copolymerized
with styrene [20]. At the same time, this
monomer is not polymerizing along. This
allows to use no inhibitors of polymeriza-
tion during the synthesis of nanoparticles.
Moreover, phosphonic acid has high affinity
to the surface of inorganic nanoparticles,
conditioned by formation of chemical bonds
with cationic centers on surface inorganic
particles [21].

Inserting of B-styrylphosphonic acid dur-
ing the synthesis of GdF3 nanoparticles ap-
peared to be impossible presumably, due to
sediment of phosphonate gadolinium forming.
Therefore we used a method of ligands ex-
change, in which dihexadecyldithiophosphate-
ion adsorbed on the GdF; surface is partly
substituted by B-styrylphosphonic-ion.

The content of Gd in compositions of
nanoparticles before and after exchange li-
gands was determined by the complexomet-
ric titration method [22]. It is founded that
in compositions of GdFg3, stabilized by am-
monium dihexadecyldithiophosphate, a mass
fraction of Gd is 30+1 %, and in composi-
tion of GdFj3, containing B-styrylphosphonic
acid — 4410.7 % . Increase of Gd content in
compositions, containing [-styrylphosphonic
acid, is presumably due to much smaller
mass of aromatic ligand as compared to ali-
phatic surfactant.

According to [23, 24] bands, observed in
IR spectra of B-styrylphosphonic acid, re-
lates to vibrations aromatic groups -C=C-
(1450, 1492, 1576, 1611 cm™1), -P=0
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(1124-1241 em™1), -P-O(H) (957-999 cm™1)
(Fig. 8a). As bands specific for B-styryl-
phosphonic: aromatic -C=C- (8055 cm™1)

(Fig. 3b), -P=0 (1266 cm™), -P-O-
(948 em™1) and bands specific for di-
hexadecyldithiophosphate: -C-H- (2972,

2930 cm™1) (Fig. 3b) are present in IR spec-
tra of nanoparticles.

Inserting of P-styrylphosphonic acid in
the nanoparticles material, notably im-
proves their disperse in styrene and sub-
stantially increases transparency of poly-
mer. It allows to get very transparent mate-
rial with high content of nanoparticles (3,
5, 7, 10, 15 wt %).

On the basis of polystyrene — GdF;
nanoparticles composites plastic scintilla-
tors were obtained, containing 0.02 wt % of
1,4-bis(5-phenyloxazol-2-yl) benzene (POPOP),
2 wt % of p-terphenyl and nanoparticles (O,
0.2, 0.5, 1, 3, 5, 7, 10, 15 wt. %). Their
light yield was defined. As it seen in Fig. 4,
the light yield of scintillators containing
GdF3; nanoparticles and stabilized only by
ammonium dihexadecyldithiophosphate, rap-
idly decreases with an increase of the
nanoparticles content in polymer, while de-
creasing of light yield of scintillators with
GdF3 nanoparticles, containing B-styrylphos-
phonic acid, is observed from the 5 wt. % of
the nanoparticles.

4. Conclusions

Thus, in spite of stability in styrene dis-
persions of GdF3 nanoparticles stabilized by
ammonium dihexadecyldithiophosphate, the
polymerization of such colloidal solution re-
sults in visible nanoparticles aggregating
starting from 0.5 wt. %. Use of the polym-
erizing component (B-styrylphosphonic acid)
as a modifier of GdF3 surface allowed to
enter 7 wt. % of the nanoparticles and to
maintain light yield at 90 % level relative
to the standard scintillator, that is possible
only in the case of high transparence of the
polymeric material.
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van

B.E.Ivanov, Us-

IloniMepHUT KOMIIO3UT HA OCHOBi IMOJIICTHPOJY,
0 MICTUTh HAHOYACTHHKH (PTOPMAY TraaoJiHii0

0.10.Cumnik, O.B.Céudno, II.M./Kmypin

MeTogom pamukaabHOI ImodimMepuaaliii crupoay B 6J0mi oTpuMaH] moJiMepHi KOMIO3UTH,
010 MicTATL HAaHOUACTHHKU (GTOpPHUAY ragoJiniro, crabimisopani murexcagemuaguriodocharom
amMoHio Ta B-crupuadocdorHoBow KuciaoTow. Morudikamia moeepxHi HAHOYACTUHOK [3-cTU-
puiihochOHOBOIO KICJIOTON, 3JATHOI0 OO0 comoJiMepusarnii 3i cTupoJsioM, IO3BOJIAE iCTOTHO
HiABUIIMTH BMICT HAHOYACTUHOK Y IIOJiCTHPOJLHOMY ILIACTMACOBOMY CHHUHTUJSATOPL 3i 306e-
PeKeHHAM HMOro CHUMHTHUJIAIIAHUX BJIaCTHUBOCTEM.
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