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Results are presented on properties of new synthesized Gd-carboxylates with unsatu-
rated bonds. Gd-containing polystyrene oligomer and plastic scintillators based thereon
were obtained using these compounds. The chemical structure of the synthesized com-
pounds was characterized by the IR spectroscopy. Thermographic properties of new com-
plexes were investigated. It is shown that thermal stability of the gadolinium complexes
significantly increases with introduction of the unsaturated moiety into their structure
and reaches at about 300°C. The solubility of these structures remains practically un-
changed with respect to complexes that do not contain unsaturated bonds. The light output
of the obtained Gd-loaded material (plastic scintillators) is kept sufficiently high and
reaches 78 % with respect to the unloaded sample.

Keywords: Gd-loaded plastic scintillators, gadolinium carboxylate, complex, oligomer,
light yield.

IIpencTaBieHb Pe3yJaLTATLI MCCIEAOBAHUII CBOMCTB HOBLIX CHHTE3NPOBAHHBIX KapOOKCH-
JIATOB TAJOJUHUSA, CTPYKTYPa KOTOPEIX COMEP:KUT HelpeneJbHbll pparmenTt. C MCHOabL30BA-
HUeM OTHUX COeIUHEHUHN IMIOoJydYeH TaTOJUHUNACOAEePIKAINA HOIUCTUPOJLHLIM OJHUrOMep u
IIJIaCTMACCOBLIE CIUHTUIAATOPLI. CTpoeHne KapOOKCHJIATOB MMOATBEPIKAeHO AamHLIMu WK-
cnekTpockonun. HMceaenoBannsl TepMorpaduuecKre CBOMCTBA HOBLIX KOMILIEKcoB. IlokasaHo,
YTO ¢ BBeJeHHeM Helpeae/LHOT0 (PparMeHnTa TepMuUYecKas yCTOMUMBOCTL 3HAUUTENLHO MOBLI-
maercsa u gocruraer 300°C. PacTBOpHUMOCTE TAKMX CTPYKTYP OCTAETCA IIPAKTUYECKMH HEU3-
MEHHOII II0 OTHOIIEHHIO K KOMILJIeKCAM, He COAep:KAaIl[MM Helpele/bHBIX cBAseill. CBeToBOI
BBIXOJ ILIACTMACCOBBIX CIUHTUJIISTOPOB COXPAHAETCH TOCTATOUHO BBICOKUM U IOCTUCAET
78 % 10 OTHOIIIEHUIO K HE3arpy:KeHHOMY o0pasiy.

3mimani kapOoKcHIATH TafoJdiHiIO, [0 MiCTATH, HEHACHUYEHUH (parMeHT B IJIaCTMACO-
Bux cuuHTmiaaropax. O.C.Benvmoxcna, A.I.Bedpur, II.M JKnypin, [J.C.Capponos, A.I' JJopo-
WeHKo.

ITpexcraBieHo pesysbTaTH IOCIHiAMKEHb BJACTHBOCTEl HOBUX CHUHTE30BAHUX KapOOKCH-
JaTiB ragoJiHio, CTPYKTypa AKMX MicTUTh HeHacuueHuili pparmedT. 3 BUKOPUCTAHHAM IUX
CIIOJIYK OTPUMAHO TaJoJiHiNBMIiIIyrOunii HOJICTUPOJBHUU oJiroMep i mIacTMACOBL CHMHTU-
agaTopu. 1x OyzoBy miarsepmxeno mamumu lU-cuexrtpockomii. Hocuigsxeno repmorpadiumi
BJIACTHUBOCTI HOBMX KoMmimiekciB. IloxasaHo, 10 3 BBEJeHHAM HeEHACUUYEHOro (parmeHTa
TepMiuHa cTifikicTh 8Haumo migBunryetbesa i gocarae 300°C. CeiTaoBuit BUXig maacTMacoBUX
CIIMHTAIAATOPIB 30epiracTea AOCTATHLO BHCOKUM 1 gocarae 78 % y Bigmomienmi mo HesaBaH-
TAKEeHOTO 3PasKy.
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1. Introduction

Carboxylate derivatives of rare earths
elements (REE) occupy a special place
among the metal-containing monomers, in
particular, compounds of unsaturated car-
boxylic acids [1]. These compounds contain
a double bond that can be opened for polym-
erization and a metal ion that is chemically
bonded with organic part of the molecule.

Up till now, the study of polymerization
processes of such monomers have been in-
tensively developed because of substantial
practical value of the resulting products
and their compositions.

Plastic scintillators (PS) containing
heavy metals can be used for registration of
various types of radiation [2]. Previously,
we reported the synthesis and uses of car-
boxylates of aliphatic-aromatic acids as gad-
olinium-containing compounds [3, 4]. These
compounds, which are highly soluble in sty-
rene, allowed us to obtain polymers with
satisfactory properties. Such carboxylates
exist in the form of solid solutions. It was
of interest to us to synthesize and introduce
into a polystyrene base unsaturated com-
pounds of gadolinium. This would provide
an opportunity to get more stable chemi-
cally bounded gadolinium-containing poly-
mers.

A detailed analysis of the synthesis
methods of unsaturated metal carboxylates
is done in [1].

It should be noted that we attempted to
synthesize gadolinium methacrylate and in-
troduce it into polystyrene. But we could
not achieve the desired results, because this
substance was high-melting (>300°C) and
practically insoluble in polystyrene. There-
fore, there was an idea of synthesizing such
a structure that would include a well-known
aliphatic-aromatic moiety and a residue of
unsaturated acids. This could provide a
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Scheme 2. Ry=—(CH,)C=CH,, R,=—C¢H,~CH=CH,,.
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good solubility for the complex that would
be chemically bonded with the polymer, and
the styrene oligomer complex would act as a
"seeding agent” in the polymerization proc-
ess of styrene.

2. Experimental

There is a wide variety of synthesis
methods of mixed metal salts [5]. The paper
[6] presents a synthesis of the mixed gad-
olinium salt where the methacrylate ligand
is gradually replaced by propionic or is-
obutyric acids fragments. The method of
synthesis of Gd-carboxylate starting from a
metal alkoxide and mixtures of methacrylic
and isobutyric acids is also described there.
The nature of the metal alkoxide and the
molar ratio of organic acid and alkoxide are
the main factors that allow efficient control
of the structure and size of the formed
molecules.

Syntheses of heterometallic carboxylates
containing ions of rare earth elements are
widely represented in [7—10].

Synthesis of Gd-carboxylates that we are
interested in was carried out under anhy-
drous solvent using the authors’ technique
[11].

The first step is to obtain a base gadolin-
ium salt of the corresponding acid. A
freshly prepared gadolinium hydroxide re-
acted with equimolecular amount of 4-
phenylbutyric or 4-phenylvaleric acid in dry
toluene (Scheme 1).

In the second step of obtaining the Gd
complex including aliphatic-aromatic 1li-
gands of unsaturated acid, the formed base
salt reacts with methacrylic or 4-vinylben-
zoic acids (Scheme 2).

In the third step the mixed salt was re-
acted with a neutral ligand — triphenyl-
phosphine oxide (TPPQO) [12]. These mole-
cules always require saturation of the gad-

2

R4,R3
0 o
0\ /
— R27R1H< Gd-—-1H,0
0
2 2

275



E.SVelmozhnaya et al. /| Mixed-ligand complexes of ...

Table 1. Attribution of IR main peaks of acids, their basic salts of gadolinium, mixed gadolinium
salts and their complexes with a neutral ligand, and Gd-containing polystyrene oligomer

No Compound v, em™!
v,(CO0-)/ | C=0 | C-O | C-H |-CH,~| OH |C=CH,| P=0 |P-C¢Hs
v,{(COO-) Phenyl
ring
1 | HOOC™(CH,);CeHs - 1693|1293 | 1603 | 1409 | 3421 | - - -
3063 | 1438
1454
2 | HOOC(CH,), C¢Hs - 1692|1312 | 1604 | 1438 | 3421 | - - -
3062 | 1454
3 | HOOC—(CH,)C=CH, - 1738|1320 | 2621 | 1462 | 9630 | 1630 | - -
2735
4 | HOOC-C4Hg-CH=CH, - 1674|1318 | 1508 | - | 918 | 1674 | - -
1560 1416
1603 2917
5 Gd(OOC(R,)),0OH 1456 ~ 1308 | 2924 | 1436 | 3435 | - - -
1542 3026
3061
6 Gd(OOC(R,)),0OH 1457 ~ 1308 2925 | 1440 | 3436 | - - -
1543 3025
3062
7 |Gd(OOC(R)),(OOC(R,)| 1416 ~ |1308| 2922 | 1434 | 8420 | 1640 | - -
H,4 1546
8 |Gd(OOC(R,)),(O0C(Ry)| 1456 ~ |1814| 2924 | 1430 | 3438 | 1639 | - -
2H,0 1542
9 |GA(OOC(R)),(OOC(Ry))| 1455 ~ |1312] 3058 | 1480 | - | 1640 | 1186 | 1437
2TPPO 1541 2921
10 |GJ(OOC(R,),(O0C(R,))| 1488 | — | — | 2951 | 1488 | - | 1636 | 1180 | 1438
2TPPO 1543 2919
11 |Gd(OOC(R,),(00C(R,)| 1408 ~ | — | 2017 | 1430 | 3280 | 1670 | - -
2H,0 541 3024
12 |Gd(OOC(R)),(O0C(R,)| 1487 | — |1308 | 1588 ~ | 1669 | 1182 | 1437
2TPPO 1541 2916
3051
13 |[GA(OOC(R,),(OOC(Ry))| 1455 ~ [1812] 3058 | 1430 | - ~ | 1186 | 1487
2TPPOIPS 1541 2921
14 TPPO - ~ | - | 8051|1590 | - ~ | 1192 | 1488
1483

R,=CgH5(CH,)3—; R,=CgHg(CH,),—; R3=CH,=C(CH

olinium coordination sphere, so water mole-
cules are always present there. This leads to
poor quality of the polymer. In the above
reaction, the water molecules are replaced
by a well-proven neutral ligand. This com-
pound has good complexing properties, its
introduction has a favorable effect on the

R,4R;
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0
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Scheme 3.
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complexes solubility (solubility of complexes
with TPPO increases by 3 times compared
with hydrocomplexes).

Synthesis of oligomer
[GA(OOC(CH,)3CgH5)o(OOC(CH3)CCH,)2TPPOIPS
was carried out according to the method
described in [13] by the Scheme 3.

R,R;
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Table 2. Solubility of gadolinium compounds in toluene

No. Compound

Solubility, wt. %
by complex

by gadolinium

Gd(OOC(CH,),CqHs)52TPPO
Gd(OOC(CH,),CqHg)s2TPPO

Ot = W N =

GA(OOC(CH,);CqHg)o(OOC(CH,)CCH,)2TPPO
Gd(OOC(CH,),CqHs),(OOC(CH,)CCH,)2TPPO
[GA(OOC(CH,),CqHs)o(OOC(CH,)CCH,)2TPPOIPS 16 1.5

42.70 5.57
50.0 6.53
42.50 5.90
50.07 6.32

3. Results and discussion

The structure of the synthesized com-
pounds was confirmed by the IR spectros-
copy; the spectra were recorded on a Spec-
trum One (Perkin Elmer) Fourier transform
IR spectrometer. Table 1 presents the main
absorption bands (cm™1) in the IR spectra of
methacrylate acid, 4-vinylbenzoic acid, 4-
phenylbutyric acid, 5-phenylvaleric acid,
their basic salts (Scheme 1), mixed salts of
hydro complexes (Scheme 2), mixed salts of
complexes with a neutral ligand (Scheme 3),
TPPO, polystyrene Gd-containing oligomer
(Scheme 4). The assignment of frequencies
in the IR spectra was carried out in accord-
ance with the published data [14, 15]. IR
spectroscopy data for the complexes ob-
tained by us correspond to the assumed
compositions.

IR-spectra of acids were compared with
basic salts derived from them, which were
the starting product for the synthesis of
Gd-carboxylates. Also, IR-spectrum of Gd-
carboxylates having in their structure two
molecules of water were compared with an-
hydrous Gd-carboxylates containing TPPO
as a neutral ligand.

Comparison of the IR spectra of the free
acids and their corresponding complexes
showed that the absorption bands of
v(C=0)/v,, (COO™) are splited and shifted
to the low-frequency region at transition
from the acid to the Gd-complex (Table 1).

In the IR spectrum of the starting metal
salts containing water molecules as a neu-
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@ﬁo Gd- O'P%?

2 2

Scheme 4.

Functional materials, 22, 2, 2015

300 —
250 -

200 -
=)
1S

£ 150

100 -

50 -

0 100 200 300 400 500 T,C

Fig. TGA of the gadolinium complex
Gd(OOC(CH,);CgH5),(OOC(CHZ)CCH,)2TPPO.

tral ligand (compounds number 7, 8, 11 in
Table 1) a broad band is observed in the
region 3420, 3438, 3280 cm™! (v (OH)),
which corresponds to the coordinated water
molecules in the starting Gd-carboxylates.

The FT-IR spectrum of Gd complexes
with TPPO shows the absence of the typical
broad absorbtion band of -OH groups
(V(OH)) and water molecules (3(H,0)). The
result also indicates that the synthesized Gd
complexes do not contain any coordonated
water molecules.

The absorption band v (P=0) of Gd-com-
plexes with TPPO is shifted towards lower
wave number of 6—10 cm ™! compared with
its position in the spectrum of free neutral
ligand.

The absorption band v (P=0) of the free
neutral ligand is absent in the spectra of

o 2,
@ﬂ}b P

[©)
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Table 3. Relative light yield n(C) of PS samples with different content of gadolinium

No. Compound n(Q), Mass fraction of Gd, % The composition of PS 2.0
PS % PPO+0.1 POPOP+0.03 AIBN in
0.3 [ 0.5| 08 |1.0 1.5
1 Gd(OOC(CH,);CgH5), 95 88 82 78 | 75 Polystyrene
(OOC(CH;)CCH,)2TPPO
Light
2 Gd(OOC(CH,);CgH5), yield | 93 86 83 82 78 | Copolymer of polystyrene and
(OOC(CH4)CCH,)2TPPO polymethylmethacrylate
3 [Gd(OOC(CH,);CgH5), 93 81 75 70 - Polystyrene
(OOC(CH3)CCH,)2TPPOIPS

the Gd complexes that contain it, which in-
dicates that they do not contain impurities
of free neutral ligand. In the FT-IR spec-
trum, only stretching vibrations of the P=0
group are shifted, while the location of the
absorption band & (P-CgHg) remains practi-
cally unchanged. The shift of the absorption
band of v (P=0) confirmed the formation of
ternary complexes.

The presence of the double bond in the
complexes is confirmed by characteristic
bands in the region at 1686-1670 cm™1.

The stretching vibration band of the car-
bonyl group in 4-vinylbenzoic acid, mani-
fested at 1674 cm™1, disappears upon com-
plexation, with two new bands at 1541 and
1437 ecm™1 appearing instead in
Gd(OOC(CH,)3CgH5),(00C(CgH4)CH=CH,)
2TPPO complex. These bands correspond to
antisymmetric and symmetric vibrations of
the COO~ group in which both oxygen
atoms become equivalent.

Among of the reliable parameter for esti-
mation of stability of REE complexes are
their thermographic characteristics. The
thermal properties of the Gd-complexes
were investigated by thermogravimetric
analysics (TGA) on a Mettler TA 3000
(Switzerland) thermoanalytical system. Pre-
viously [3] we presented information about
the thermal stability of the Gd complex
with phenylbutyric acid containing two
molecules TPPO as a neutral ligand. The
thermal stability of this compound was in
the temperature range 75-80°C. Figure 1
shows the TGA curve of mixed-ligand gad-
olinium complex containing unsaturated
bond. Analysis of the TGA diagram of the
mixed-ligand gadolinium complex showed
that it is resistant to heating to ~300°C.
Further heating leads to its decomposition
which is complete at 500-600°C. The final
decomposition product is Gd,O3. The oli-
gomer complex with styrene
[Gd(OOC(CH5)3CgHg)(OOC(CH3)CCH,)2TP-
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PO]PS has the same characteristic of ther-
mal stability. These results indicate that
gadolinium compounds have high resis-
tance to temperatures during polymeriza-
tion, which could provide an opportunity to
obtain PS of higher quality.

The obtained results on the solubility of
Gd(PhB);2TPPO and Gd(PhV);2TPPO com-
plexes, their mixed salts and Gd-containing
polystyrene oligomer in toluene is presented
in Table 2.

As can be seen from Table 2, the solubil-
ity of synthesized compounds remains al-
most unchanged relative to the compounds
that do not contain vinyl groups. As for the
oligomer, its solubility is not high due to
its polymer structure.

Gd-loaded PS were produced by the bulk
polimerization. The preparation of plastic
scintillator enriched in gadolinium was
characterized by the following features: in
addition to Gd-containing compounds, acti-
vator 2,5-diphenyloxazole (PPQO), wave-
length shifter 1,4-bis[2-(5-phenyloxa-
zolyl)]benzene (POPOP) and polymerization
initiator 2,2’-azodiisobutyronitrile (AIBN)
also entered into the composition of PS.

Plastic stintillators were obtained with
application of these compounds in various
polymer matrices, both on the base of poly-
styrene and a copolymer of polystyrene with
polymethylmethacrylate (molar ratio of co-
monomers was 60:40, respectively).

Measurements of the light yield of the
PS samples were carried out according to
the procedure described in [4]. The relative
light yield of PS n(C) was measured with
respect to PS of the same composition but
with zero content of Gd. The results of
measurements of the relative light yield
N(C) of new PS samples using obtained
mixed-ligand complexes of gadolinium car-
boxylates and Gd-containing polystyrene oli-
gomer are shown in Table 3.

Functional materials, 22, 2, 2015
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The increase of gadolinium concentration
in all sample series leads to a natural de-
crease of light yield. The highest light yield
of the scintillator with the maximum gad-
olinium concentration is 78 % for PS No.2
(Table 3).

As a result of our work, gadolinium-con-
taining PS with satisfactory scintillation
characteristics have been produced. They
can be used for dosimetry, for creation of
neutron-sensitive detectors, as well as for
experiments in high-energy physics.

4. Conclusions

Thus, new Gd-containing complexes with
unsaturated bonds in constituent molecules
were synthesized. Their structure, thermal
stability and chemical solubility were stud-
ied by IR spectroscopy. It is shown that
thermal stability of the complexes increases
with introduction of such fragments in the
structure of the compound. The spectral and
scintillation properties of the new materials
were investigated. Introduction of the ob-
tained complexes both in polystyrene and
copolymer bases has allowed us to produce
PS containing 1.5 wt.%  of gadolinium,
with its light yield up to 78 %. The use of
Gd-containing oligomer in polystyrene ma-
trix has enabled us to produce 1 wt.% Gd-
loaded PS with its light yield as high as
70 % with respect to the unloaded one.

Functional materials, 22, 2, 2015
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