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This paper presents results on investigation of characteristics of plastic scintillators
that contain carboxylates of aliphatic-aromatic acid with different neutral ligands as
Gd-containing compounds. The peculiarities of these compounds synthesis were shown. The
compounds thermal stability and solubility in styrene were investigated. Optimal condi-
tions for Gd-containing polystyrene-based scintillators obtaining were developed.

HpeHCTaBJIeHI)I pe3yabTaThbl I/ICCJIEHOB&HI/II'?I XapaKTepPpUCTUK IIJaCTMAaCCOBBIX CIIUHTUJIIIATO-
POB, KOTOpPLI€ B KadeCTBe raaonuHfo’Icogepmame COGHI/IHGHI/Iﬁ comepixar Kap6OKCI/IJIaTI)I
JKUPHOAPOMaATHYECKUX KHUCJIOT C PasiinuHBIMHU HeIU/ITpa.TII)HI)IMI/I JUTAHIAMM. ITokasaHbl oco-
OeHHOCTH CHUHTEe3a dTUX COEHI/IHEHI/IfI, HWCCHEeNOBAHBI UX TEpPMHUUYECKad yCTOIU/I‘{I/IBOCTI) 1 pacTBO-
PHUMOCTEL B CTHPOJIE, 8 TaKKe pa3p360TaHI)I ONITUMAaJIbLHBIE YCJOBUA IMOJYYUEHUA I‘aHOJII/IHI/Iﬁ
coepHamux COUHTUJAJIATOPOB Ha OCHOBE IIOJIHMCTHUPOJIA.
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IlpexcraBieno pesyabTaTH OCHiIKeHb XAPAKTEPUCTUK IIJIACTMACOBUX CIUMHTHUJISATOPIB,
AK1 B aK0CTi ragoaiHiiBMIIIyIOUXX CIOJYK MicTATh KAPOOKCHJIATH KUPHOAPOMATUUYHUX KIIC-
JOT 3 PiBHMMH HeWTpaJbHMMH Jirangamu. [lokasaHo 0cOOJIMBOCTI CHHTE3y MHHUX CIOIYK,
IOocJaimyKeHo iX TepMmiumy criifikicTes i posumHHiCTE y cTUPONiI, a TAKOX PO3POOJEHO OITU-
MaJIbHI YMOBU OJepP:KaHHS IMaIoJiHINBMIN[yIOUNX CIMHTHUJIATOPIB HAa OCHOBI moJicTupoiay.
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1. Introduction

Plastic scintillators (PS) containing
heavy metals can be used in scintillation
technique for neutrons detection. Obviously,
gadolinium isotopes with high cross section
of thermal neutron capture are the most
promising in this field of research (15°Gd
capture cross section is 6.1-10% barn, 157Gd
— 2.6:10° barn). It is possible to put them
in a polymer matrix in the form of inor-
ganic or organic compounds. Gadolinium ni-
trates and chlorides are usually used as in-
organic compounds, but application of inor-
ganic salts is limited due to their poor
solubility in organic solvents. Therefore,
for obtaining scintillator with metal-con-
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taining inorganic salts, emulsifiers or sur-
factants with hydrophilic and hydropho-
bic groups must be added in the system.
The main characteristics of scintillators
based on metal nitrates are unstable over
time. [-Diketonate complexes, various
crown ethers and carboxylates are used as
organic compounds. All compounds except
carboxylates have intense color, which lim-
its their use in this area. Salts of carboxylic
acids (carboxylates) are the most preferred
metal-containing additives due to their high
solubility and stability. It should be noted
that metal carboxylates are widely used in
many areas of human activity. Metal ions
and organic ligands combining in one mole-
cule can purposefully change the composi-
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tion and structure of coordination com-
pounds. This opens up opportunities of
using them for molecular materials with a
wide range of optical, magnetic, electrical,
and other functional properties.

Our research of aliphatic acids (carboxy-
lates) derivatives inserted into polystyrene
matrix has showed that such compounds are
displaced from polystyrene during polymeri-
zation. Gadolinium stearate solution in sty-
rene (whose solubility is 50.4 g/1) is dis-
tinctly separated into 2 layers during the
attempt of polymerization. Aliphatic acid
derivatives of more simple structure, as
well as derivatives of aromatic acids did not
dissolve in styrene.

We could not find publications describ-
ing the insertion of gadolinium-containing
compounds of aliphatic-aromatic carboxy-
late acids into a polymer matrix.

Attention should be paid to the advan-
tages of aliphatic-aromatic carboxylic acids
because these compounds: are salt-forming
reagents, which excludes the possibility of
allogenic anions (Cl- and NO3-, etec.) enter-
ing into the organic phase, the anions can
greatly reduce the light output of the scin-
tillator;

Moreover, carboxylic acids which have
aromatic and aliphatic fragments in their
structure promote dissolution of carboxy-
lates in styrene and other organic solvents.

There are reasons of carboxylates — acid
derivatives, having aliphatic and aromatic
fragments in their structure, being selected
as promising targets for the present study.
Aliphatic-aromatic acids are very similar to
fatty acids by their chemical properties, but
the presence of aromatic fragment allows to
dissolve their derivatives in aromatic com-
pounds, such as benzene, toluene, styrene.
It is also valuable that these compounds are
able to maintain stability, not only in the
monomer solution but in the polymer too,
although they have their own peculiarities.
Thus, gadolinium carboxylates are inclined
to polymerization by carboxylate COO~
groups, which act as bridging ligands. Upon
synthesis of the carboxylates, due to their
high coordination numbers, the complexes
are formed. They contain water molecules in
the structure, which can lead to hydrolysis
of these compounds. Therefore, such neutral
ligands must be inserted in gadolinium com-
plex hydrate. The ligands would supersede
the water molecules and fully saturate the
coordination sphere of gadolinium.

The problem of gadolinium-containing PS
obtaining is discussed in a relatively small
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Table 1. Solubility of gadolinium phenyl-
carboxylates with different quantity of
methylene groups in the initial acid mole-

cule
Gadolinium phenylcarboxy- | Solubility of Gd
lates hydrate in styrene, wt.%
Gd(OOC(CH,)CgHg)3-2H,0 0.28
Gd(OOC(CH,),CgH5)3-2H,0 0.52
Gd(OOC(CH,)3CgH5)52H,0 2.43
Gd(OOC(CH,),CgH5)52H,0 3.46

number of papers. Usually, gadolinium com-
pounds are added to the triple scintillating
compositions containing fluorescent polymer
and two fluorescent organic additives (acti-
vator and shifter).

For example, authors of [5] described
gadolinium containing polystyrene-based
scintillator NE120, which was additionally
loaded by gadolinium acetylacetonate
(Acac)3Gd with 0.1-0.2 wt. % by Gd. Light
yield of PS with these amounts of gadolin-
ium, is 42-15 % relative to NE120 without
gadolinium.

The better parameters has polystyrene-
based PS with gadolinium nitrate complex
and tributyl phosphate or polyvinyl, ob-
tained by low-temperature polymerization
(57°C) [6, 7]. Light yield of this PS, with
0.25 and 1.9 wt. % of gadolinium is 72 %
and 41 %, respectively, of compared to
metal-free scintillator.

In [8] for gadolinium containing scintil-
lators, a gadolinium nitrate Gd(NO3); com-
plex compound is used with hexamethyl-
phosphoramide as a neutral ligand. The
light yield of the polymethylmethacrylate
(PMMA)-based PS with 3.0 wt. % gadolin-
ium concentration is 51 % relative to PS
that does not contain this element.

Our results [9, 10] are show that the use
of phenyl carboxylate complexes for gad-
olinium-containing PS obtaining is more
promising in comparison with other com-
pounds of this metal.

In the present work, a number of com-
plexes of gadolinium phenylecarboxylates
have been synthesized with different num-
bers of methylene fragments in the molecule
of the parent acid and with different neu-
tral ligands (Table 1).

2. Experimental

Synthesis of gadolinium carboxylates was
carried out according to our method [11], by
the reaction of freshly prepared gadolinium
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hydroxide with the appropriate acid in dry
toluene at 75—-85° with simultaneous re-
moval of water released as the result of the
reaction. The reaction mixture was cooled
and the resulting gadolinium carboxylate is
precipitated by hexane, then washed by iso-
propyl alcohol and dried in air.

Gadolinium complexes with neutral li-
gands were prepared by gadolinium car-
boxylate reaction with the appropriate
quantity of selected organophosphate com-
pound in dry benzene followed by three sol-
vent distillations in the vacuum.

Structure of the synthesized compounds
was confirmed by IR spectroscopy using
Fourier infrared spectrometer SPECTRUM
ONE (Perkin Elmer).

Thermal stability of the complexes was
investigated by Metler-TA 3000 (Switzer-
land) thermoanalytical system.

Measuring of the PS samples light yield
was performed on a scintillation spectrome-
ter in the "CAMAC" standard. Spectromet-
ric tract consisted of a photomultiplier
Hamamatzu R1306 and charge-to-digital
converter type LeCroy 2249A. Excitation of
the samples was carried out by 0.975 MeV
energy electrons from Bi—-207 source
equipped by a collimator. Pulse height dis-
tribution was recorded by a photomultiplier
tube (PMT) with 50 Ohm anode load. The
light yield value of the samples was deter-
mined by the maximum of photopeak corre-
sponding to electrons with E, = 0.975 MeV.
The PS relative light yield n(C) was meas-
ured relative to that of PS with the same
composition but without gadolinium.

3. Results and discussion

Investigations of phenyl gadolinium car-
boxylates solubility in styrene were per-
formed for gadolinium complex hydrate
with 1-4 CH, groups in the ligand. Table 1
presents the experimental results of com-
plexes solubility in styrene, which increases

with increasing length of the aliphatic chain
in the ligand complex.

Table 2 shows the values of the com-
plexes solubility and dipole moments of or-
ganophosphorus compounds that are part of
the gadolinium complexes as neutral li-
gands. As it can be seen from the table,
triphenylphosphine oxide (TPPO) provides
the highest solubility of the complex due to
very large dipole moment (4.51 D) compared
to other neutral ligands and due to presence
of three aromatic rings in its structure,
which have a high affinity to the polystyrene
matrix. As follows from the table, the best
solubility in styrene has gadolinium 5-phenyl
pentanate with triphenylphosphine oxide
Gd(OOC(CH,)4CgH5)3-2TPPO, which was the
crucial factor for its use as a gadolinium-
containing compound in the PS.

Detailed analysis of IR spectra was made
for 4-phenylbutyric acid and its derivatives.

The spectra of 4-phenylbutyric acid are
compared with gadolinium carboxylate hy-
from it, which is the starting material for
preparation of the complexes with neutral
Comparison of the IR spectra of free 4-
phenylbutyric acid and its corresponding
complex showed that under transition from
the acid to the complex a split is occur (in
the case of Gd(Ill) complexes) and shift of
the absorption bands v(C =0)/v,,(COO™) to
the low-frequency region (Table 3) is ob-
served. A wide band of 3368 ecm™! (v (OH)
is observed in the IR spectrum of the initial
metal salt Gd(OOC(CH,)3CgH5)5-2H,O (Fig.
1), which corresponds to the presence of the
bound water molecules of the initial car-
boxylate. Bands corresponding to v (OH)
and § (H,O) are not observed in the IR spec-
2). This means that resulting complexes
with neutral ligands are water free. Analy-

Table 2. Gadolinium phenylcarboxylates solubility in styrene with different neutral ligands and

dipole moments of the neutral ligands

Complex Dipole moment Solubility, wt. %
NL, D of the complex of the Gd
Gd(OOC(CH2)3CBH5)3-2TPP""' 2.87 8.4 1.01
Gd(OOC(CH2)3C6H5)3-2TPB"”""’ 3.0 25.0 2.8
Gd(OOC(CH2)3C6H5)3-2TPPO"'!'""'""" 4.51 42.7 4.98
Gd(OOC(CH,),CgH5)52TPPO 4.51 50.0 5.16

*TPP — triphenyl phosphate; ““TBP — tributyl phosphate; ““*“TPPO — triphenylphosphine oxide.
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Fig. 1. IR spectrum of gadolinium phenyl butanate
hydrate complex Gd(OOC(CH,)3CgHs)s-2H,0.

sis of positions of the absorption bands of
asymmetric vibrations of the carboxyl
groups (v,, (COO7)) in the spectra of aro-
matic carboxylates is practically impossible be-
cause vibration absorption bands of aromatic
rings belonging to the ligands and (v, (COO"))
overlap in 1500-620 cm™! region. Absorption
is shifted in the low-frequency region by
6.6 cm~1 compared to its position in the
spectrum of uncoordinated neutral ligand.
Absorption band v (P =0) of the free neu-
tral ligand is also absent in the spectrum of
complexes which indicates that the complex
Gd(OOC(CH,)3CgH5)3-2TPPO does not con-
tain impurities of the free neutral ligand.
Only wvalence oscillations of P=0 are
shifted in IR spectra, their position 3§
(R—CgHs5) being practically unchanged. Shift of
the band v (P = O) confirmed the formation of
different-ligand complexes. Table 3 shows the
main absorption bands (ecm 1) in the spectra of
4-phenylbutyric acid and gadolinium com-
Gd(OOC(CH,)3CgH5)3-2TPPO.

The comparison of frequencies in the IR
spectra was carried out in accordance with
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Fig. 2. IR-spectrum of the gadolinium
phenylbutanate complex with triphenyl-

phosphine oxide Gd(OOC(CH,);CgH5)52TPPO.

the literature data [13, 14]. Thus, the data
of IR-spectroscopy for the obtained com-
plexes correspond to their attributed compo-
sitions.

It should be noted that our researches of
the determination of water molecules by the
Fischer method showed the presence of
2 water molecules in the hydrated com-
plexes. Determination of water showed the
presence of 0.2 % water molecules in
Gd(OOC(CH,)3CgHg)3-2TPPO compound which
can be attributed to adsorbed water on the
compound surface.

We have investigated thermal stability
of the studied compounds to select the opti-
mum conditions of polymerization on the
example of gadolinium phenylbutirate in
argon atmosphere. Derivatogram in Fig. 3
shows that the complex is stable up to 75°C
temperature, and the fact that the complex
with neutral ligands does not contain water
molecules.

To select of the optimal conditions of
gadolinium-containing scintillators obtain-
ing we chosed the cross-linking agent-4,4’-
diphenyl-bis(methylene-2-methacrylate)

Table 3. Main absorption bands (cm™1) of 4-phenylbutyric acid complexes
Gd(OOC(CH,)3CgH5)3-2H,0 and Gd(OOC(CH,)3CgHg)3-2TPPO in the IR spectra
Compound v,(COO™ V(C-H) v(P=0) —CH,— v(OH)
)/v(C=0)
CgH5(CH,)3"COOH 1692.7 3062.7 1408.6; 3421.2
1438.2;
1454.3
Gd(OOC(CH,)3CeHs)5-2H,0 1544.5 2922.1 1433.7 3368.2
Gd(OOC(CH,)3CeHz)32TPPO 1436.5; 1557.3 3058.3 1183.1
TPPO 3951 1192
Functional materials, 20, 4, 2013 497
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Fig. 3. Thermal stability of the gadolinium
complexes. 1 — Gd(PhB);2H,0; 2 —
Gd(PhB)5-2TPPO.

(DPDMA). This enabled reducing tempera-
ture of the polymerization and forming a
cross-linked structure, which allowed dis-
tributing the gadolinium complex through-
out the volume of the scintillator.

Using the cross-linking agent DPDMA
has two reasons.

At first, DPDMA has high reactivity
and, as our researches showed, combined
with a polymerization initiator 2,2’-azodii-
zobutironitril (AIBN) reduces the polymeri-
zation temperature to 60°C of the resin
composition and reduces the duration of the
process of polymerization to 48 h. Secondly,
it significantly lowers the possibility of oxi-
dation and staining of the polymer, result-
ing in clear, colorless PS with high scintil-
lation efficiency (SE) and with high content
of gadolinium compared to known ana-
logues.

In addition, cross-linked polymers have
improved thermal and mechanical proper-
ties, which greatly facilitate the process of
mechanical treatment and improve the sur-
face quality of the finished PS.

As a result of our research it was found
that for optimal rate of scintillation mix-
ture polymerization at 60°C temperature,
the content of the cross-linking agent
(DPDMA) and the initiator (AIBN) must be
in the range of 0.5 to 2 wt. % for DPDMA
and 0.02 to 1 wt.% for AIBN. Changing the
content of these ingredients leads to a small
change in the total time of the polymeriza-
tion process in this range, and has little
influence on the scintillation characteristics
of the finished PS.

As it known, the introduction of the
cross-linking agent to styrene leads to modi-
fication of the polymer structure. Scintilla-
tor samples of linear and cross-linked gad-
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Fig. 4. TM curves of linear (curve 1) and

cross-linked gadolinium containing (curve 2)

polystyrene scintillators. Concentration of Gd

and DPDMA was 1 wt. % working load-
9 kgf/cm?.

olinium containing polystyrene were investi-
gated by thermomechanical analysis by Hop-
pler consistometer, which enabled determin-
ing the temperature of aggregates phase
transition. Thermo-mechanical curves of the
cross-linked and linear gadolinium-contain-
ing polystyrene scintillators are compared
in Fig. 4. The thermo-mechanical curve for
linear polystyrene (1) reflects the glass (I),
highly elastic (II) and viscous flow (III)
physical states. The glass transition and
fluidity temperatures are equal, respec-
tively, to 80°C and 150°C.

Area of highly elastic deformation on the
thermo-mechanical curve for the gadolinium
containing cross-linked polystyrene scintil-
lator (Fig. 4, curve 2) indicates formation
of the cross-linked structure with the glass
transition temperature of 110 °C.

We also studied using Vickers method
the microhardness of the samples of amor-
phous and cross-linked gadolinium-contain-
ing polystyrene. Microhardness of the sam-
ples of gadolinium containing cross-linked
scintillator is 218 MPa. Hardness and
strength of the material are increased in
comparison with microhardness of the lin-
ear polystyrene scintillator (210 MPa).

4. Conclusions

So, in the framework of this work gad-
olinium carboxylates fatty aromatic acids
containing from 1 to 4 methylene groups,
and their complexes with different neutral
ligands were synthesized and investigated.
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