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Abstract This work reports the synthesis and electrical characterization of sulfonated
copolymer with flexible carboxylic acid pendants with 1,3,4-oxadiazole unit in the
main polymer structure contrived successfully via nucleophilic displacement polycon-
densation among 2,5-Bis(4-fluorophenyl)-1,3,4-oxadiazole (BFPOx), 4,4’-Bis(4-
hydroxyphenyl) valeric acid (BPV) and Disodium-3,3'-disulfonate-4,4'-
dichlorodiphenylsulfone (S-DCDPS). The molecular structural characterization of the
copolymer was achieved by NMR spectroscopic studies, TGA was performed to verify
the thermal stability, dielectric studies were executed by compressing the copolymer
sample in to tablets and results were discussed.
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Introduction

Aromatic heterocyclic polymers, especially poly(arylene-oxadiazole)s, are best known
to exhibit excellent thermal stability [1-4], this rigid moiety in the polymer structure,
due to the delocalization of 7t-electrons, makes them insoluble in organic solvents and
infusible, and their processing and practical use is very limited [2]. Modification to
poly(1,3,4-oxadiazole)s with flexible ether and sulfone linkages are in practice to
improve solubility and lower the glass transition temperature in beneficial to easy
processing in solution and to adopt them in various technical applications exclusively
in PEMFCs by the introduction of ionic groups laterally to the polymer chain [5-8].
These high performance polymers with oxadiazole moieties due to richness in its
structure and semiconducting properties received considerable attention in many areas
of modern chemistry and physics of hybrid materials owing to the microelecronic
applications as electrochemical sensors. In this sense, many dielectric studies on the
properties of poly(1,3,4-oxadiazole)s have been carried out [9, 10]. There is indeed a
great amount of interest by varying the properties of poly(1,3,4-oxadiazole)s by
inserting flexible mesogenic segments [11—13], furthermore, several ionic transport
materials can be imputed to a polymer backbone in the main chain or as pendant groups
[14-16]. In view of previous studies, we believe it to be very important to design and
synthesize sulfonated copolymer with 1,3,4-oxadiazole unit in the main polymer chain
with flexible carboxylic acid pendants and intended to examine the dielectric properties
and the effect of ionic groups on to the polymer backbone.

In this paper, a one-pot, high temperature polycondensation method was used to
synthesize sulfonated poly(1,3,4-oxadiazole-ether) sulfone copolymer containing flex-
ible sulfone and ether linkages with reactive carboxylic acid pendants to study the effect
of ions on the structure and dielectric properties.

Experimental
Materials

4,4'-Dichlorodiphenyl sulfone (DCDPS), 4,4'-Bis(4-hydroxyphenyl) valeric acid, 4-
fluoro benzoic acid and fuming sulfuric acid (27 % SOj3) were used as received from
Sigma-Aldrich. N-methyl pyrolidinone (NMP) was purchased from Merck was purified
by distillation over phosphorous pentoxide under reduced pressure. Potassium carbon-
ate was purchased from HIMEDIA Chemicals. All other solvents and reagents were
analytical grade quality, purchased from S.D. Fine Chem. Ltd., Mumbai, India and
were used without any further purification. Double distilled water was used throughout
the study.

Instrumentation
The Fourier transform infrared (FT-IR) spectra were recorded by a Thermo Nicolet -
5700, USA spectrometer (diamond window method). The "H & '*C NMR spectra were

recorded on a Bruker Avance 400 MHz spectrometer using tetramethylsilane (TMS) as
an internal standard reference. Thermogravimetric analysis (TGAs) was performed on a
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PerkinElmer Diamond TGA/DTA thermogravimetric analyzer at a heating rate of
10 °C/min in a nitrogen atmosphere.

Synthesis
Monomer synthesis

The monomers 2,5-Bis(4-fluorophenyl)-1,3,4-oxadiazole (BFPOx) and Disodium-3,3'-
disulfonate-4,4'-dichlorodiphenylsulfone (S-DCDPS) was synthesized from previously
described synthetic protocols [17, 18]. NMR ('H, "*C & '°F) spectra of monomers
were presented in Supplementary Material.

2,5-Bis(4-fluorophenyl)-1,3,4-oxadiazole (BFPOx)

Yield: 85 %. MP: 203.2-203.8 °C. '°F NMR (5, DMSO-d): —107.28 (s, 2F, para to
Ox). '"H NMR (5, DMSO-dg): 7.43-7.48 (m, 4H), 8.15-8.18 (m, 4H), '*C NMR (&,
DMSO-dg): 165.38 (F attached to C), 163.28 (2C, Ox), 162.90 (F attached to C),
129.42 & 129.33 (2C, attached to Ox), 119.97 & 119.94 (4C, ortho to Ox), 116.76 &
116.51 (4C, meta to Ox).

FT-IR (diamond window): 1652 (C=N of Ox ring), 1560, 1504, 1422, 1364, 1320,
1214, 1104, 1038, 992, 845, 821, 779, 749, 709 cm .

Mass Spectrum (LCMS): 259.0 (MH");

Elemental Analysis Calcd.: C, 65.12; H, 3.12; F, 14.7; N, 10.85; O, 6.20. Found: C,
65.04; H, 3.01; N, 10.68.

Disodium-3, 3"-disulfonate-4,4'-dichlorodiphenylsulfone (S-DCDPS)

Yield: 70 %. '"H NMR (400 MHz, DMSO-dg) 5 8.32 ppm (d, 2H), 7.82 ppm (dd, 2H),
7.64 ppm (d, 2H); °C NMR (5, DMSO-dq): 138.99, 137.35, 132.83, 129.24, and
127.94.

FT-IR (KBr) 1,021 cm ' (S=0, sulfonic acid, sym.), 1,078 cm™ ' (S=O sulfonic acid,
asym.), 1,164 cm ' (S=0, sulfone).

Mass Spectrum (LCMS): 468.7 (S-DCDPS-Na*);

Elemental Analysis Caled.: C, 27.3; H, 1.15; S, 18.2; Na, 8.72. Found: C, 27.5; H,
1.20; S, 19.1; Na, 9.38.

Copolymer synthesis
Synthesis of sulfonated poly(1,3,4-oxadiazole-ether) sulfone copolymer (DSVPOx)

The synthesis of DSVPOx copolymer with pendant carboxylic acid groups was
achieved from direct copoymerization of oxadiazole activated bis(fluoride)
monomer (BFPOx), Disodium-3,3’-disulfonate-4,4’-dichlorodiphenylsulfone (S-
DCDPS) and 4,4'-Bis(4-hydroxyphenyl) valeric acid (BPV). In a typical reaction,
three necked 100 ml flask was equipped with a mechanical stirrer, Dean-Stark
trap, condenser, and a nitrogen inlet/outlet, was charged with BPV (2.217 g,
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7.74 mmol), monomer BFPOx (1.0 g, 3.87 mmol), monomer S-DCDPS (1.902 g,
3.87 mmol) and potassium carbonate (1.926 g, 13.93 mmol). Then 15 ml N-
Methyl pyrollidine and 10 ml toluene were added to the flask under moisture
free nitrogen, the reaction mixture was heated to 120 °C for 2 h until the toluene
was all condensed in the Dean—Stark trap. Upon dehydration, the reaction
mixture was heated to 180 °C for 10 h, the viscous solution was cooled to
80 °C and poured in to 200 ml Hydrochloric acid (0.05 M) solution. The
precipitated polymer was repeatedly washed with excess of hot deionized water
and dried in vacuum at 60 °C (Yield: 74 %).

Results and discussions
Synthesis and characterizations

The synthetic route for DSVPOx copolymer with pendant carboxylic acid moiety was
depicted in Fig. 1 was achieved via conventional aromatic nucleophilic substitution
polymerization technique from 4,4'-Bis(4-hydroxyphenyl) valeric acid, 2,5-Bis(4-
fluorophenyl)-1,3,4-oxadiazole, and Disodium-3,3'-disulfonate-4,4'-
dichlorodiphenylsulfone (S-DCDPS). The polycondensation was carried out at elevated
temperature in NMP/Toluene azeotrope in presence of anhydrous pulverised potassium
carbonate as catalyst. The inclusion of these in a sequence leading to diversely
substituted sulfonated oxadiazole copolymer will then be delineated by NMR spec-
troscopy. Signal broadening of the "H NMR spectrum of the polymer DSVPOXx was
due to polymerization and is presented in Fig. 2. The peaks in the range 8.27-8.34 ppm
were assigned to the hydrogen atoms adjacent to the sulfonic acid group. The peak at
12.06 ppm was assigned to the hydrogen atoms of carboxylic acid group; aliphatic side
chain signals resonates at 2.49, 1.89-1.98 and 1.51 ppm. Further signal at 174.50 0 in
3C NMR spectra (Fig. 3) confirms the carboxylic acid carbon and two methylene
carbons at 29.91 6 and 36.25 6, peak at 165.43 b was assigned to carbons of oxadiazole
ring.

Thermogravimetric analysis

TGA measurement was performed for DSVPOx and pattern (Fig. 4) showed two
degradation steps with onset decomposition at 170 °C. The initial weight loss step

1. K,CO3, NMP/Toluene

o CH; — 9~ 140 °C - 2h
OO oo OO e 2
N-N = 6 = 2.H
NaO.S 180 °c, 22h
COOH

COOH

SO;H
CH3 7\ 9 /ﬁ\/\
Ot -+~ O£
05 )~ o CHy 0.

HO,S

5

COOH
Fig. 1 Synthetic route to synthesize DSVPOx copolymer
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Fig. 2 "H NMR (DMSO-de) spectrum of DSVPOx copolymer

started at around 170-410 °C was attributed to the desulfonation of sulfonic moities,
where —SO3H was easily exterminated by releasing H,O, SO, and other sulfur oxides,
second degradation step is in the range of 490-610 °C can be accounted for the main
polymeric chain. The degradation in the temperature below 150 °C can be accounted
for the loss of moisture. Broido’s method [19] was employed to determine kinetic and
thermodynamic parameters and results were tabulated in Table 1. Plots of Ln(In(—1/Y))
versus 1/T (where Y is the fraction of the compound undecomposed) were developed
for the decomposition segment. From the plot (Fig. 5) the activation energy (Ea) and
frequency factor (In A) were evaluated. The enthalpy (AH), entropy (AS) and free
energy (AG) have been calculated.

Dielectric measurements

The copolymer DSVPOx was pressed in to pellets of nearly similar thickness and
subjected to the dielectric measurements, Sandwiched polymer sample between two
silver-plated stainless steel electrodes were analyzed by impedance analyzer model
HIOKI 3352-50 HITESTER Version 2.3. Where silver paint (ELTECKS preparation
No. 1228-C) was coated on both flat surfaces of the pressed tablet and the electrical
contacts to the samples were made using the same silver paint to the silver
electrodes. The electrical contacts were checked to verify the ohmic connection.
The measurements were carried out at room temperature in between the S0Hz—
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Fig. 3 '3C NMR (DMSO-dg) spectrum of DSVPOx copolymer

5SMHz frequency range. The capacitance value (C), and ac conductance (G) were
directly obtained from the apparatus. The dielectric constant (€) and ac conductiv-
ity (0a) values are calculated using the relations €' = C,d/€,A and o0, = Gd/A
respectively. Where, ‘d’ is the thickness of the polymer pellet and A’ is the cross-
section area and €, is the permittivity of the free space. All these measurements
were made under dynamic vacuum.

Figure 6 shows the variation of dielectric constant (¢') on log (frequency) at
room temperature. It is clear from the figure that ¢’ decreases with the increase in
frequency. The dielectric constant is associated with the polarization of the
material under the influence of sub-switching ac field [20]. At low frequencies
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the dielectric constant ¢’ for polar materials is due to the contribution of both
deformational polarization (electronic and ionic polarization) and relaxation po-
larization (orientational and interfacial polarization) [21]. When the frequency is
increased, the dipoles will no longer be able to rotate quickly, so that their
oscillations begin to lag behind those of the field. At higher frequency, the dipole
will be completely incapable to follow the applied field and the orientation
polarization notably stopped, so €' decreases at higher frequencies approaching
a constant £’ value due to the interfacial or space charge polarization only [22,
23]. The dielectric loss (tand) was also found to be decreased (Fig. 7) exponen-
tially with increase of frequency up to 90 kHz and attains the constant value due
to interfacial polarization.

The frequency dependence of the ac conductivity for DSVPOx was shown in Fig. 8.
The plot reveals that conductivity increases with increase of frequency is due to
frequent charge motion with in the polymer sample which is supporting the view that
can be explained by hopping-type conduction mechanism [24, 25].

Table 1 Kinetic and thermodynamic parameters of DSVPOx copolymer

Sample Decomposition range (°C) Ea (kJ/mol) In4 AH (kJ/mol) AS kJ/K  AG kJ/mol
DSVPOx 170-410 0.000546 —11.1113  —4.69647 —163.486  92.3573
490-610 0.001777 -9.76614  —6.86559 -160.779  132.796
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Conclusions

Sulfonated poly(1,3,4-oxadiazole-ether) sulfone copolymer with pendant carboxylic
acid groups was synthesized and well characterized by NMR spectroscopic technique.
Further, using Broido’s method, kinetic and thermodynamic parameters were calculated
from thermogravimetric analysis plots. Ac conductivity of DSVPOx was measured as a
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Fig. 7 Variation of loss tangent on log (frequency) for DSVPOx at room temperature
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Fig. 8 Variation of AC conductivity on log (frequency) for DSVPOX at room temperature

function of frequency, with ohmic silver electrodes. The dielectric constant (¢') was
found to decrease with the increase in frequency. The dielectric loss (tand) was also
found to be decreased with the increase in frequency, such behaviours reveals that bulk
DSVPOx sample exists in the form of molecular dipoles and suggests that ionic and
polymer segmental motions are strongly coupled.

Acknowledgments The authors gratefully acknowledge Indian Institute of Science, STIC, and SICART for
providing NMR, TGA measurements. One of the authors S. D. Ganesh would like to acknowledge the funding
support of University Grants Commission for granting the financial assistance in meritorious category scheme.

References

~

. Gomes D, Borges C, Pinto JC (2004) Effects of reaction variables on the reproducibility of the syntheses

of poly-1,3,4-oxadiazole. Polymer 45:4997-5004. doi:10.1016/j. polymer .2004.05.039

. Burkhard S, Bruma M, Brehmer L (1997) Aromatic poly(1, 3, 4-Oxadiazoe)s as advanced materials. Adv

Mater 9:601-613. doi:10.1002/adma.19970090804

. Rode VV, Bondarenko EM, Korshak VV, Rusanov AL, Krongauz ES, Bochvar DA, Stankevich IV

(1968) Thermostability of some isomeric polyoxadiazoles. J Polym Sci A Polym Chem 6:1351-1365. doi:
10.1002/pol.1968.150060526

. Li XC, Holmes AB, Kraft A, Moratti SC, Spencer GCW, Cacialli F, Griiner J, Friend RH (1995) Synthesis

and optoelectronic properties of aromatic oxadiazole polymers. J] Chem Soc Chem Commun 0:2211—
2212. doi:10.1039/C39950002211

. Tosip MD, Bruma M, Ronova I, Szesztay M, M ller P (2003) Compared properties of related aromatic

poly(1,3,4-oxadiazole-amide)s. Eur Polym J 39:2011-2021. doi:10.1016/S0014-3057(03)00131-9

. Chen Y, Hwang SW, Yu YH (2003) Synthesis, characterizations and properties of new copoly(aryl ether)s

with alternate hole- and electron-transporting fluorophores. Polymer 44:3827-3835. doi:10.1016/S0032-
3861(03)00343-4

. Bottino FA, Pasquale GD, Pollicino A (1999) Synthesis and characterization of novel poly(arylene ether)s

containing 1,3,4-oxadiazole units. Macromol Rapid Commun 20:405-409. doi:10.1002/(SICI)1521-
3927(19990801)20:8<405::AID-MARC405>3.0.CO;2-N

@ Springer


http://dx.doi.org/10.1016/j.%20polymer%20.2004.05.039
http://dx.doi.org/10.1002/adma.19970090804
http://dx.doi.org/10.1002/pol.1968.150060526
http://dx.doi.org/10.1039/C39950002211
http://dx.doi.org/10.1016/S0014-3057(03)00131-9
http://dx.doi.org/10.1016/S0032-3861(03)00343-4
http://dx.doi.org/10.1016/S0032-3861(03)00343-4
10.1002/(SICI)1521-3927(19990801)20:8<405::AID-MARC405>3.0.CO;2-N
10.1002/(SICI)1521-3927(19990801)20:8<405::AID-MARC405>3.0.CO;2-N

Int J Plast Technol

8.

10.

1.

13.

15.

16.

18.

19.

20.

21.

22.

23.

24.

25.

Morfopoulou CI, Andreopoulou AK, Daletou MK, Neophytides SG, Kallitsis JK (2013) Cross-linked
high temperature polymer electrolytes through oxadiazole bond formation and their applications in HT
PEM fuel cells. J] Mater Chem A 1:1613-1622. doi:10.1039/C2TA00610C

. Ponce ML, Boaventura M, Gomes D, Mendes A, Madeira LM, Nunes SP (2008) Proton conducting

membranes based on benzimidazole sulfonic acid doped sulfonated poly(oxadiazole—triazole) copolymer
for low humidity operation. Fuel Cells 8:209-216. doi:10.1002/fuce.200800012

Damaceanu MD, Musteata VE, Cristea M, Bruma M (2010) Viscoelastic and dielectric behaviour of thin
films made from siloxane-containing poly(oxadiazole-imide)s. Eur Polym J 46:1049-1062. doi:10.1016/).
eurpolym;j.2010.01.020

Hamciuc C, Hamciuc E, Ipate AM, Okrasa L (2008) Copoly(1,3,4-oxadiazole-ether)s containing
phthalide groups and thin films made therefrom. Polymer 49:681-690. doi:10.1016/j.polymer.2007.12.
028

. Wang H, Ryu JT, Han YS, Kim DH, Choi BD, Kwon Y (2007) Synthesis and optical properties of

copolymers containing carbazole and 1,3,4-oxadiazole groups as blue host matrix and charge transport
materials for polymer light emitting devices. Mol Cryst Liq Cryst 463:285-295. doi:10.1080/
15421400601013445

Mochizuki H, Hasui T, Kawamoto M, Ikeda T, Adachi C, Taniguchi Y, Shirota Y (2003) A novel class of
photo- and electroactive polymers containing oxadiazole and amine moieties in a side chain.
Macromolecules 36:3457-3464. doi:10.1021/ma021406u

. Wen CR, Wang YJ, Wang HC, Sheu HS, Lee GH, Lai CK (2005) Columnar metallomesogens derived

from 1,3,4-oxadiazoles and x-ray crystal structure of dichlorobis[2,5-bis(3,4,5-trimethoxyphenyl)-1,3,4-
oxadiazole]palladium(Il). Chem Mater 17:1646—1654. doi:10.1021/cm0483691

Hsiao SH, Chiou JH (2001) Aromatic poly(1,3,4-oxadiazole)s and poly(amide-1,3,4-oxadiazole)s con-
taining ether sulfone linkages. J Polym Sci A Polym Chem 39:2271-2286. doi:10.1002/pola.1204
More AS, Menon SK, Wadgaonkar PP (2012) New poly(1,3,4-oxadiazole)s bearing pentadecyl side
chains: synthesis and characterization. J Appl Polym Sci 124:1281-1289. doi:10.1002/app.34682

. Zhang Y, Cui Z, Zhao C, Shao K, Li H, Fu T, Na H, Xing W (2009) Synthesis and characterization of

novel sulfonated poly(arylene ether ketone) copolymers with pendant carboxylic acid groups for proton
exchange membranes. J Power Sources 191:253-258. doi:10.1016/j.jpowsour.2009.02.032

Hamciuci C, Hamciuci E, Bruma M, Klapper M, Pakula T, Demeter A (2001) New aromatic polyethers
containing phenylquinoxaline and 1,3,4-oxadiazole rings. Polymer 42:5955-5961. doi:10.1016/S0032-
3861(01)00081-7

Wang F, Hickner M, Ji Q, Harrison W, Mecham J, Zawodzinski TA, McGrath JE (2001) Synthesis of highly
sulfonated poly(arylene ether sulfone) random (statistical) copolymers via direct polymerization. Macromol
Symp 175:387-396. doi:10.1002/1521-3900(200110)175:1<387::AID-MASY387>3.0.CO;2-1

Broido A (1969) A simple, sensitive graphical method of treating thermogravimetric analysis data. J
Polym Sci Part Polym Phys 7:1761-1773. doi:10.1002/pol.1969.160071012

Venkateswarlu P, Laha A, Krupanidhi SB (2005) AC properties of laser ablated La-modified lead titanate
thin films. Thin Solid Films 474:1-9. doi:10.1016/j.ts£.2004.02.101

Macedo ZS, Lente MH, Eiras JA, Hernandes AC (2004) Dielectric and ferroelectric properties of
BiyTi30, ceramics produced by a laser sintering method. J Phys Condens Matter 16:2811-2818. doi:
10.1088/0953-8984/16/16/005

Kurien S, Mathew J, Sebastian S, Potty SN, George KC (2006) Dielectric behavior and ac electrical
conductivity of nanocrystalline nickel aluminate. Mater Chem Phys 98:470-476. doi:10.1016/].
matchemphys.2005.08.080

Anantha PS, Hariharan K (2005) ac conductivity analysis and dielectric relaxation behaviour of NaNOz;—
Al O3 composites. Mater Sci Eng B 121:12-19. doi:10.1016/j.mseb.2004.12.005

Farid AM, Bekheet AE (2000) AC conductivity and dielectric properties of Sb,S; films. Vacuum 59:932—
939. doi:10.1016/S0042-207X(00)00403-6

@ Springer


http://dx.doi.org/10.1039/C2TA00610C
http://dx.doi.org/10.1002/fuce.200800012
http://dx.doi.org/10.1016/j.eurpolymj.2010.01.020
http://dx.doi.org/10.1016/j.eurpolymj.2010.01.020
http://dx.doi.org/10.1016/j.polymer.2007.12.028
http://dx.doi.org/10.1016/j.polymer.2007.12.028
http://dx.doi.org/10.1080/15421400601013445
http://dx.doi.org/10.1080/15421400601013445
http://dx.doi.org/10.1021/ma021406u
http://dx.doi.org/10.1021/cm0483691
http://dx.doi.org/10.1002/pola.1204
http://dx.doi.org/10.1002/app.34682
http://dx.doi.org/10.1016/j.jpowsour.2009.02.032
http://dx.doi.org/10.1016/S0032-3861(01)00081-7
http://dx.doi.org/10.1016/S0032-3861(01)00081-7
10.1002/1521-3900(200110)175:1<387::AID-MASY387>3.0.CO;2-1
http://dx.doi.org/10.1002/pol.1969.160071012
http://dx.doi.org/10.1016/j.tsf.2004.02.101
http://dx.doi.org/10.1088/0953-8984/16/16/005
http://dx.doi.org/10.1016/j.matchemphys.2005.08.080
http://dx.doi.org/10.1016/j.matchemphys.2005.08.080
http://dx.doi.org/10.1016/j.mseb.2004.12.005
http://dx.doi.org/10.1016/S0042-207X(00)00403-6

	Synthesis,...
	Abstract
	Introduction
	Experimental
	Materials
	Instrumentation

	Synthesis
	Monomer synthesis
	2,5-Bis(4-fluorophenyl)-1,3,4-oxadiazole (BFPOx)
	Disodium-3,3′-disulfonate-4,4′-dichlorodiphenylsulfone (S-DCDPS)

	Copolymer synthesis
	Synthesis of sulfonated poly(1,3,4-oxadiazole-ether) sulfone copolymer (DSVPOx)


	Results and discussions
	Synthesis and characterizations
	Thermogravimetric analysis
	Dielectric measurements

	Conclusions
	References


