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Polystyrene compositions containing GdF; nanoparticles stabilized by ammonium di-
hexadecyldithiophosphate and fatty aromatic phosphonic acid (CgHs—(CH,),—PO(OH),,
n=1, 2, 3) were obtained. It was shown that the nanoparticles surface modification by
fatty aromatic phosphonic acids with high physical-chemical affinity to polystyrene sig-
nificantly improves the nanoparticles dispersibility in polymer. The plastic scintillators
with content of GdF; nanoparticles to 5 wt. % without significant loss of the light yield
were obtained.

IlonyJeHBl IOMMCTUPOJBHBIE KOMIIOSUIIMY, COLEPIRALINE HAHOYACTHILI DTOPHULA T'aLOJU-
HUA, CTa0UIN3UPOBAHHBIE AUTCKCAAeIUIAnTHODOCHATOM aMMOHUA U KUPHO-aPOMATHYECKON
docorosoii kucaoroit (CgHz—(CH,),—PO(OH),, n =1, 2, 3). Ilokasano, 4TO HCIOJB30BAHHE
B KauyecTBe MOAU(MHUKATOPA IOBEPXHOCTH MKUPHO-aPOMATHYECKUX (POCPOHOBBIX KHUCIOT, 00sa-
IAIAX BBICOKUM (PUSHKO-XMMHYECKHM CPOJCTBOM K IIOJHCTHUPOJY, NPUBOZUT K CYILECT-
BEHHOMY YJYYIIEHUIO AUCIEPTUPYEMOCTH HAHOYACTHUI, B IIOJAUMepe. IIoaydeHbl ILIacTMacco-
BBIE CIMHTWIIATOPH ¢ cofmepixanumeM Hanouactun GdF; mo 5 mace % Ges cymecTBeHHOM
TIOTEPU CBETOBOT'O BBHIXOJA.

IInacTMacOBUH CIHUHTHAATOP, 30aradeHdil TagOdiHINBMiCHUMH HAHOYACTHHKAME.
0.B.Csudao, 10.0.I'ypranenro, I1.M . mypin.

OTpUMaHO TOJiCTUPOJbHI KOMIIO3UILil, IO MiCTATH HAHOYACTKU (GTOPUAY TafoJiHito,
ctabinizoBani murekcagermianuriopochaToMm aMoHio Ta KUPHO-apOMATUUHOIO (PochOHOBOIO
kucaororo (CgHs—(CH,),—PO(OH),, n =1, 2, 8). Iloxkasano, 10 BHKOPHCTAHHA B HKOCTI
mMoau(ikaTopa HOBEPXHI KUPHO-apoMaTUYHUX (POCHOHOBUX KICJOT, IO BOJOIiIOTh BUCOKOIO
Gisuko-xiMmiuHOI0 cHOpiZHEHiCTIO A0 HOJCTHPOJY, HPU3BOAUTH MO iCTOTHOrO IIOJIIIIIEHHS
JUCIIePryBaHHA HAHOYACTHHOK y IoJaimMepi. OmepiKaHo IIacTMacoBl COMHTUAATOPHA 3 BMicTOM
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HanouacTuHOK GdF5 mo 5.0 mac % 6es icrorHOi BTpaTH CBiTNIOBOrO BHXOAY.

1. Introduction

Gd-loaded organic scintillators are effec-
tive materials for registration of thermal
neutrons, solar and atmospheric neutrino.
Among organic scintillators the plastic scin-
tillators take a special place due to follow-
ing reasons: ease of use, a relatively high
scintillations efficiency, low response time,
possibility of composition modification, low
toxicity and high fire safety [1, 2].
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For many experiments in high energy
physics, particularly for neutrino registra-
tion, the plastic scintillators are required
with several percent’s level of gadolinium
ions content of general mass of polymer.
Gadolinium inorganic salts [3, 4], the com-
plexes of gadolinium compounds [5, 6] and
gadolinium carboxylates [7, 8] well soluble
in an initial monomer are usually used as
additives. But, as a rule, the plastic scintil-
lators obtained in such a way are not stable
in time, dyed, are not contained a sufficient
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amount of gadolinium, and have a consider-
ably low light yield. In recent years differ-
ent methods are developed for synthesis of
hydrophobic nanoparticles of lanthanide
compounds (fluorides, oxides) which can be
dispersed in non-polar organic environments
[9-14]. It provides a possibility to get Gd-
loaded polymer composites by the method of
bulk polymerization when the nanoparticles
inserted directly in a monomer before po-
lymerization process.

Requirement of enriched by gadolinium
plastic scintillators is constantly growing.
Therefore, development of nanoparticles
surfaces modification methods, which pro-
vide the maximum increase of Gd-nanopar-
ticles dispersion in a polymeric base of the
plastic scintillator with maintenance its
scintillations properties, is an important
technological goal.

This work is devoted to development of
methods of Gd-containing nanoparticles sur-
faces modification that favor increasing
their dispersibility in the polymer environ-
ment in order to obtain gadolinium-enriched
plastic scintillators. The main criterion for
efficiency of the nanocrystals introduction
is the saving of the composite scintillator
light yield at the maximum content of GdFj
nanoparticles.

2. Experimental

In our study we used the following re-
agents: benzyl chloride (Sigma-Aldrich,
99.0 %), 2-phenylethyl bromide (Sigma-
Aldrich, 98.0 %), 3-phenylpropyl bromide
(Sigma-Aldrich, 98.0 %), 1l-hexadecanol
(Merck, for syntheses), phosphorus pen-
tasulphide (Merck, 98.0 %), dichlo-
romethane (Merck, for liquid chromatogra-
phy), hexane (Ukraine, 95.0 %), methanol
(Ukraine, 99.0 %), Gd(NO3)3:6H,0O (Sigma-
Aldrich, 99.9 %), sodium fluoride (Ukraine,
99.0 %), styrene monomer (Ukraine,
99.0 %, distillation), toluene (Ukraine,
99.0 %), isopropanol (Ukraine, >97.0 %),
triethylamine (Ukraine, >99.0 %), ammonia
solution (Ukraine, 25.0 %), 2,2’-azobis(2-
methylpropionitrile) (Sigma-Aldrich, 98.0 %),
1,4-bis(5-phenyloxazol-2-yl) benzene (Aldrich,
98.0 %), p-terphenyl (Merck, 98.0 %).

Obtained substances were investigated by
IR spectroscopy using a Fourier IR Spectro-
photometer SPECTRUM ONE (Perkin Elmer).

Confirmation of the structure of synthe-
sized phosphonic acids was carried out by
NMR spectroscopy. 'TH NMR spectrums were
recorded on VARIAN Mercury VX-200

Functional materials, 21, 4, 2014

(200 MHz) spectrometer in dimethyl sulfox-
ide (DMSOg) solution (internal standard —
tetramethylsilane).

Light yield of polystyrene scintillators
was measured by a scintillation spectrome-
ter. It consisted of Hamamatsu R1307
photomultiplier and a charge-digit conver-
tor LeCroi 2249A. Radionuclide Bi—207 was
used as an electron source.

Morphology of the nanoparticles powders
was characterized with a translucent elec-
tron microscope EM-125 (Selmi, Ukraine).

Ammonium dihexadecyldithiophosphate
was synthesized according to the method de-
scribed in [15]. According to the method,
P,Sg and 1-hexadecanol were heated at 75°C
for 8 h. The resulting suspension was
cooled to the room temperature, then dis-
solved in dichloromethane and filtered. The
solvent was distilled, the residue added into
hexane, and ammonia was bubbled through
the solution. The resulting precipitate was
filtered and dried to the room temperature
(M.p. 112-115°C).

Fatty aromatic phosphonic acid of gen-
eral formula (CgHs—(CH,),,—PO(OH), (n = 1-
3) was prepared by alkylation of triethyl
phosphite corresponding to phenylalkyl hal-
ide (the Michaelis-Arbuzov reaction) fol-
lowed by hydrolysis of the resulting ester
(Scheme 1).

The general method of CgHz—(CH,),—
PO(OH),, (n =1-3) obtaining is as follow.
P(OEt); (80.0 mmol) and CgHgz—(CH,),—Hal
(10.0 mmol) were refluxed for 16 h, after
excess of triethyl phosphite was distilled

+ POEt; —— »
Hal - 2EtHa
n
0
. B/OB + 2HCI
NOEt - 2EtHal
n

o)
S li_OH
OH

n

n=1-3

Scheme 1. Synthesis of fatty aromatic phos-
phonic acid CgHz—(CH,),—PO(OH),, (n = 1-38).

415



O.V.Svidlo et al. / Plastic scintillator enriched ...

and 200.0 ml of 20 % aqueous HCI solution
was added to resulting ether, heated to re-
flux and held for 24 h. After that the solu-
tion was cooled to the room temperature,
the resulting solid was filtered and purified
by recrystallization.

Phenylmethyl phosphonic acid. The
product was purified by recrystallization
from a mixture of hexane/acetone
(1:4).Yield was 70.0 %, it was white pow-
der, m.p. = 172-174°C. Elemental analysis
was the following: calculated for C;HgPO3: C,
48.85; H, 5.27; O, 27.89; P, 18.00; found: C,
48.80; H, 5.23; O, 27.87; P, 18.06. 'TH NMR
(200 MHz, DMSO-dg): 6 7.34-7.08 (m, 5H,
CgHs), 2.92 (d, J =21.4 Hz, 2H, POH),
2.49 (dd, J = 5.8, 4.0 Hz, 2H, CH,).

2-Phenylethyl phosphonic acid. The
product was purified by recrystallization
from a mixture of hexane/methanol (1:4).
Yield was 63.0 %, it was white powder,
m.p. = 146-147°C. Elemental analysis was
the following: calculated for CgH{{POj3: C,
51.62; H, 5.96; O, 25.79; P, 16.64; found:
C, 51.57; H, 6.06; O, 25.72; P, 16.58. H
NMR (200 MHz, DMSO-dg): & 7.47-6.99
(m, 5H, CgHs), 2.74 (d, J = 8.1 Hz, 2H, CH,),
2.569-2.39 (m, 2H, POH), 1.82 (d, J = 17.5 Hz,
2H, CH,).

3-Phenylprophyl phosphonic acid. The
product was purified by recrystallization
from H,O. Yield was 52.0 %, it was white
powder, m.p. = 124-125°C. Elemental
analysis was the following: calculated for
CgH 3PO5: C, 54.00; H, 6.55; O, 23.98; P,
15.47; found: C, 53.92; H, 6.50; O, 24.00;
P, 15.52. TH NMR (200 MHz, DMSO-dg): §
7.44-6.97 (m, b5H, CgHs), 2.61 (¢, J =
7.4 Hz, 2H, CH,), 2.54-2.84 (m, 2H, POH),
1.74 (d, J = 8.9 Hz, 2H, CHp), 1.57-1.27
(m, 2H, CH,).

The GdF3; nanoparticles were obtained by
method of chemical precipitation in the
presence of ammonium dihexadecyldithio-
posphate in methanol/water. There the solu-
tion of ammonium dihexadecyldithio-
phoshate (0.95 mmol) and NaF (3.0 mmol)
in methanol/water was heated to homogeni-
zation. Solution  of  Gd(NOgz)3-6H,0
(1.33 mmol) in water was added dropwise
and then cooled to the room temperature.
The precipitate was separated by centrifuga-
tion and washed subsequently with water
and methanol. The particles were further
purified by dispersing in dichloromethane
and precipitating by addition of iso-
propanol. After separation by centrifuga-
tion, the particles were dried on P,Og in
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Fig. 1. TEM pictures of GdF; nanoparticles
stabilized by ammonium dihexadecyldithio-
phosphate.

vacuum for 48 h. Obtained GdF; nanoparti-
cles, can be dispersed in non polar solvent
such as toluene, dichloromethane and sty-
rene.

The nanoparticles of GdF; containing
fatty aromatic phosphonic acid were pre-
pared by mixing GdF3 nanoparticles modi-
fied by ammonium dihexadecyldithiophos-
phate with corresponding fatty aromatic
phosphonic acid and triethylamine in dichlo-
romethane during twenty-four hours and
the following precipitating them by iso-
propanol.

Polymeric compositions were obtained by
radical bulk polymerization of styrene with
the dispersed nanoparticles using 2,2"-azo-
bis(2-methylpropionitrile) initiator (0.4 wt.
% of the monomer) at 65°C during for
72 h.

3. Results and discussion

Introduction of surfactant (a surface
modifier) in the synthesis process is an ef-
fective method of regulating the size of the
nanoparticles formed and it substantially
reduces tendency of the nanoparticles ag-
gregation in the non-polar medium. Phos-
phor and thiophosphoric acids and their de-
rivatives containing in their structures the
long hydrocarbon radicals are widely used
as surfactants. Their presence ensures the
dispersibility of the nanoparticles in organic
solvents. Furthermore, phosphoric and thio-
phosphoric acids, and their derivatives have
high affinity to the surface of inorganic
nanoparticles, due to formation of chemical
bonds with cationic sites on the surface of
the inorganic particles [16].

To obtain the inorganic nanoparticles ca-
pable of dispersing in toluene a compound
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Fig. 2. IR spectra of ammonium di-
hexadecyldithiophosphate (a) and GdF,
nanoparticles stabilized by ammonium di-
hexadecyldithiophosphate (b).

of 0O,0-dialkyldithiophosphate type was
used as a surfactant in the studies [10-13,
17]. Therefore to obtain the GdF; nanopar-
ticles dispersion in styrene we synthesized
GdF; nanoparticles with surface modified
by ammonium dihexadecyldithiophosphate.

As can be seen in Fig. 1, the obtained
nanoparticles have about 1-5 nm size, and
they are uniformly distributed across the
substrate.

IR spectra of ammonium di-
hexadecyldithioposhate and surface modi-
fied GdF3; nanoparticles with ammonium di-
hexadecyldithiophosphate are shown in
Fig. 2. The both spectra are characterized
by a sequence of intensive bands, which po-
sition practically does not depend on the
surfactant state. As authors of [18] men-
tion, 1470 cm™! (Fig. 2a) and 1468 cm™!
(Fig. 2b) bands correspond to deformation
vibrations of C—H groups. The bands at
2917 em™! and 2850 cml (Fig. 2a),
2924 ecm™! and 2851 em™! (Fig. 2b) corre-
spond to the stretching vibrations of C-H
groups and the band of low intensity at
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Fig. 3. IR spectra of phenylmethyl phos-
phonic acid (a) and GdF; nanoparticles stabi-
lized by ammonium dihexadecyldithiophos-
phate and phenylmethyl phosphonic acid (b).

720 ecm™! (Fig. 2a,b) — to the pendulum vi-
brations of (-CH,) group [19].

Bands, characterizing vibrations of
(P-O-C, at 1064 cm 1 (Fig. 82a and
1022 em™! (Fig. 2b), — P=S at 688 em!

(Fig. 2a) and 663 cm™! (Fig. 2b) (relative
intensity decreases in the adsorbed state),
displaced toward the low frequency for ad-
sorbed surfactant, which determined, pre-
sumably, by influence of coordination of
dithiophosphate-ion with the ions of gad-
olinium on the GdFj; nanoparticles surface.

The obtained GdF3 nanoparticles were
used for preparation of sols in styrene
monomer with 0.2, 0.3, 0.5, 0.7, 1.0, 1.5
and 2.0 wt.% concentrations of the
nanoparticles with further polymerization.
It was founded, that when the content of
additives is greater than 0.5 wt. % after
polymerization the polymer samples lose
their transparency. This demonstrates that,
despite the ability of GdF3 nanoparticles
stabilized by ammonium dihexadecyldithio-
phosphate produce highly concentrated form
of dispersion in the monomer, in the poly-
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Fig. 4. IR spectra of 2-phenylethyl phos-
phonic acid (a) and GdF; nanoparticles stabi-
lized by ammonium dihexadecyldithiophos-
phate and 2-phenylethyl phosphonic acid (b).

mer they are only slightly dispersed. Dis-
persibility of the nanoparticles in the poly-
meric volume can be increased by using an
additional component which has a strong
chemical affinity to the polymer. Arene are
compatible with polystyrene due to similar-
ity of the molecular structure. Fatty aro-
matic phosphonic acids derivatives of gen-
eral formula (CgHs—(CH,),—PO(OH),, (n =1,
2, 3) are selected as such compounds be-
cause they contain phenylalkyl group simi-
lar to the structure of polystyrene monomer
unit. Moreover, as indicated above, phos-
phonic acid has high affinity to the surface
of inorganic nanoparticles, conditioned by
formation of chemical bonds with cationic
centers on surface inorganic particles.
Preparation of GdF; nanoparticles modi-
fied by fatty aromatic phosphonic acid by
its direct introduction during the synthesis
was impossible, because in this case precipi-
tate of gadolinium phosphonate is appar-
ently formed. Therefore we used the method
of ligands exchange [20,21], in which di-
hexadecyldithiophosphate-ion adsorbed on
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Fig. 5. IR spectra of 3-phenylpropyl phos-
phonic acid (a) and GdF; nanoparticles stabi-
lized by ammonium dihexadecyldithiophos-
phate and 3-phenylpropyl phosphonic acid (b).

GdF3 surface is partly substituted by the
phosphonic-ion.

The content of Gd in compositions of the
nanoparticles before and after ligands ex-
change was determined by the complexomet-
ric titration method [22]. It was found that
in compositions of GdF5 stabilized by ammo-
nium dihexadecyldithiophosphate a mass
fraction of Gd was 15+1 %, in composition
of GdF; containing phenylmethyl phos-

phonic acid — 18+0.7 %, in composition of
GdF3 containing 2-phenylethyl phosphonic
acid — 1940.3 % and in composition of
GdF3; containing 8-phenylprophyl phos-

phonic acid — 1940.1 %.

IR spectrum of a phenylmethyl phos-
phonic acid is shown Fig. 3a. The bands
at 1605 cm~1, 1495 ecm™! and 1458 em™!
correspond to the stretching vibrations of
—C=C- groups. The band at 3050 cm ! cor-
responds to the stretching vibrations of C-H
aromatic groups and the bands of high in-
tensity at 784 ecm™1 and 694 em™! corre-
spond to the non-planar deformation vibra-

Functional materials, 21, 4, 2014
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tions of five adjacent hydrogen atoms in
benzene ring [23]. According to authors of
[28], the band of weak intensity at
1266 cm™! is characteristic of the stretch-
ing vibrations of —-P=0O group [19, 23].
Probably, 997 em ! and 980 cm™! bands
correspond to the vibrations of —P-O(H)
group [24]. The bands specific for phenyl-
methyl phosphonic, the bands -C=C-
(8002 em 1), -P=0 (1260 cm™1), —P-O(H)
(963 cm™1) are present in the IR spectra of the
nanoparticles modified by phenylmethyl phos-
phonic acid (Fig. 38b). Relative intensity of the
bands decreases in the adsorbed state [25].

The bands observed in IR spectra of 2-
phenylethyl phosphonic acid (Fig. 4a) are
related to the stretching vibrations of aro-
matic groups C-H (8002 cm~1l), —-C=C-
(1603, 1490, 1458 cm_l), C-H groups mono-
substituted benzene ring (744 and 703 cm™1),
—P=0 (1238 ecm™!) and —P-O(H) (951 cm™11).
The bands specific for 2-phenylethyl phos-
phonic, the bands —C=C- (3068 c¢cm™1), -P=0
(1229 em 1), —P-O(H) (919 em 1) are pre-
sent in the IR spectra of the nanoparticles
modified by 2-phenylethyl phosphonic acid
(Fig. 4b).

IR spectrum of 38-phenylpropyl phos-
phonic acid (Fig. 5a) contains bands of aro-
matic groups C-H (8070 cm™1), -C=C-
(1605, 1497 and 1456 cm~1), C-H groups of
mono-substituted benzene ring (751 and
700 cm™1), —-P=0O (1250-1180 ecm™!) [23]
and —P-O(H) (952 cm™1). The bands specific
for 3-phenylpropyl phosphonic bands —C—H-
(8034 em 1), -P=0 (1224 cm™1) and —P-O(H)
(948 cm™1) are present in the IR spectra of
nanoparticles modified by 3-phenylpropyl
phosphonic acid (Fig. 5b).

It was found that surface modification of
GdF3 nanoparticles by fatty aromatic phos-
phonic acid component having a high affin-
ity to polystyrene matrix significantly im-
proves their dispersibility in styrene. It al-
lows to obtain the transparent material with
high content of the nanoparticles (3, 4, 5,
7 wt. %). Thus on the basis of GdFjz
nanoparticles modified by phenylmethyl
phosphonic acid we obtained the transparent
polystyrene composite containing to 3.0 wt. %
of the mnanoparticles. Basing on GdFj
nanoparticles modified by 2-phenylethyl
phosphonic acid — it was obtained the
composite containing to to 5.0 wt. % and
basing on GdF; nanoparticles modified by
3-phenylpropyl phosphonic acid — the com-
posite with up to 7.0 wt. % of the nanopar-
ticles. Apparently, the elongation of ali-
phatic moiety in the molecule of fatty aro-
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Fig. 6. Relative light yield of Gd-activated
scintillators vs. nanoparticles content: 1 —
GdF3; nanoparticles stabilized by ammonium
dihexadecyldithiophosphate; 2 — GdF,
nanoparticles stabilized by ammonium di-
hexadecyldithiophosphate and phenylmethyl
phosphonic acid; 3 — GdF; nanoparticles sta-
bilized by ammonium dihexadecyldithiophos-
phate and 2-phenylethyl phosphonic acid;
4 — GdF3 nanoparticles stabilized by ammo-
nium dihexadecyldithiophosphate and 3-
phenylpropyl phosphonic acid.

matic  phosphonic acid (CgHg—(CH,),—
PO(OH),, n =1, 2, 3) also improves disper-
sibility of the nanoparticles modified with
such surfactants in polystyrene.

On the basis of polystyrene — GdFj
nanoparticles composites, plastic scintilla-
tors were obtained, which contain 0.02 wt. %
of 1,4-bis(5-phenyloxazol-2-yl) benzene
(POPOP), 2.0 wt % of p-terphenyl and
nanoparticles (0, 0.2, 0.3, 0.5, 1.0, 1,5, 2.0,
3.0, 4.0, 5.0, 6.0, 7.0 wt %). The main cri-
terion of efficiency of the nanoparticles in-
sertion was the maximum content of the
nanoparticles in the plastic scintillator,
while maintaining its light yield at 90 %.

Dependence of relative light yield of the
plastic scintillators on GdF; nanoparticles
concentration is presented in Fig. 6. As it
seen in Fig. 6, the light yield for scintilla-
tors containing GdF; nanoparticles stabi-
lized only by ammonium dihexadecyldithio-
phosphate rapidly decreases with increase of
the nanoparticles content in the polymer. At
the same time decreasing the relative light
yield below 90 % of the plastic scintillators
with GdF3 nanoparticles modified by phos-
phOIlj.C acid CGHS—(CH2)n—PO(OH)2, (n= 1,
2, 3) occurs only when the concentration of
the nanoparticles is greater than 2, 3 and
5 wt. % for n =1, 2 and 3, respectively.

These results allow to suggest that fur-
ther increase of the number of methylene
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units in the molecule of fatty aromatic
phosphonic acid (CgHs—(CH5),—PO(OH),, n =
1-3) will lead to an improvement in the
nanoparticles dispersibility in the polymer.
It will allow to obtain the plastic scintilla-
tors with high content of gadolinium with-
out significant loss of the light yield.

4. Conclusions

In spite of the ability of GdF5; nanoparti-
cles stabilized by ammonium di-
hexadecyldithiophosphate to form the trans-
parent highly concentrated dispersion in the
monomer, their dispersion in polystyrene is
rather low (up to 0.5 wt. %). Using a com-
ponent which has high physical-chemical af-
finity to polystyrene (fatty aromatic phos-
phOIliC acid CGHS_(CHZ)I’]_PO(OH)Z’ n = 1_3)
as a modifier of GdF5 surface allowed to
introduce 5.0 wt % of the nanoparticles in
the composite scintillator maintaining the
light yield at 90 % level relative to the
standard plastic scintillator.
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