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Abstract

Sulfur, asa mineral element, plays an important role in the synthesis of organic compounds and polymer
chemistry. Due to its reactivity, it produces a wide range of compounds with specific functional groups
that have diverse physical and chemical properties. Polythioesters are a group of polymers with a sulfur-
containing functional group that, unlike polyesters, has been less studied.

Polythioesters usually have high melting points and thermal stability, and low solubility in organic
solvents.However, the reaction temperature, type of monomers, and polymerization methods affect the
specific properties of the product. Various methods for synthesizing these polymers have been
mentioned in the literature, but the use of succinic anhydride monomer has been investigated for the
first time in this study for the synthesis of poly(ethylene thiosuccinate) (PETS) as polythioester in the
presence of 1,2-ethanedithiol monomer without the presence of a catalyst. Identification of the polymer
by FT-IR, tHNMR and EDAX analyses confirm its successful synthesis. Also, the melting point and
glass transition temperature of the polymer by DSC analysis are 142 and 88, respectively. FE-SEM
images show amorphous morphology for the polymer. Cyclic voltammetry (CV), galvanostatic
charge-discharge (GCD), and electrochemical impedance spectroscopy (EIS) techniques were
investigated for neat PETS and its nanocomposite with multi-walled carbon nanotubes and nickel(IT)
cobalt hexacyanoferrate (PETS/MWCNT + 5% Ni2CoHCF).

1.Introduction

The thioester bond is a common functional group, especially
in biological molecules, that has interesting properties and
serves as a key component in biological systems. Unlike
thioesters, esters are stabilized by resonance structures. The
non-bonding pair of electrons on the oxygen atom attached to
the carbonyl group resonates with the double bond electrons of
the carbonyl group, forming a partial double bond that
prevents rotation about the C-O single bond [1]. A similar
resonance structure can be considered for thioesters, however,
this resonance structure does not have much effect on the
stability of thioesters because the overlap of the sulfur p3
orbitals with the carbon p2 orbitals is weak. Therefore,
thioesters are very electrophilic and are more susceptible to
attack by nucleophiles [2]. This makes them excellent acyl
transfer agents, which nature has exploited. As acetyl-CoA
acts as an acetylating reagent in the metabolism of cellular
components such as peptides, fatty acids, terpenes, porphyrins,
and lipids. In addition, the thiolate and thiol anions are good
leaving groups due to their high polarizability and low degree
of dipole [3]. The replacement of sulfur atoms with oxygen
atoms in the polymer chain of polythioesters enhances their
electrical, mechanical, optical, and thermal characteristics, in
addition to their chemical resistance [4]. The chemical
synthesis of polythioesters was first reported in 1951.
However, the relatively complex and inefficient processes that

require toxic and very expensive reagents are not suitable for
commercialization [5]. In general, the synthesis of
polythioesters is carried out by 1) addition polymerization of
dithiol acids to non conjugatediolefins, 2) condensation
reactions of dithiols with diacids or their derivatives such as
diacid chlorides [6], 3) addition polymerization of bicyclic
thioethers (e.g., tyranes) with active diacid derivatives [7], 4)
ring-opening polymerization [8], and 5) microbial synthesis
[9-11]. The first studies on the synthesis of polythioesters,
carried out in the 1950s, were carried out using aliphatic
dithiols and aliphatic or aromatic dichloroacids without
solvent or with benzene solvent in the presence of pyridine.
The low intrinsic viscosity of the obtained polymers indicates
that only polymers with low molecular weight are synthesized.
Polymerization using aromatic and aliphatic-aromatic dithiols
carried out in the presence of NaOH as a hydrochloride
acceptor gives high molecular weight polythioesters [12].
Ring-opening polymerization is another method for the
synthesis of polythioesters, which uses specific monomers and
was first performed in 1968 by Wise and Overberger [13-14].
The general reaction mechanism in this method is carried out
in the presence of cationic and anionic initiators.

In this research, poly(ethylene thiosuccinate) (PETS) was
synthesized with succinic anhydride and 1,2-ethanedithiol
monomers and its structure was investigated by various
methods such as FT-IR and *HNMR and thermal analysis of
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the polymer by differential scanning calorimetry (DSC). Also,
the morphology of the polymer was investigated by FE-SEM
analysis.

2.1 Materials succinic anhydride, 1,2-ethanedithiol,
triethylamine and N,N- dimethylformamide were purchased
from Merck and used without any further purification.

2.2 . Preparation of poly(ethylene thiosuccinate)
(PETS)

An appropriate molar amount of succinic anhydride was
completely dissolved in dry DMF solvent. Then, 1,2-
ethanedithiol was added to the reaction mixture at a molar ratio
of 1:1 with succinic anhydride monomer and stirred under an
argon atmosphere at room temperature. The reaction mixture
was then heated to 80 °C in an oil bath under stirring and argon
gas for 24 h until it turned from colorless to yellow. After that,
the reaction temperature was increased to 100 °C and the
reaction was continued for a certain period of time under the
same previous conditions. Then a white precipitate was
formed, which was separated by filtration and washed several
times with distilled water, then dried in a vacuum oven at 60 °C
for 12 hours. The reaction yield was 60%.

3- Results and Discussions

The FT-IR spectrum of PETS polymer is shown in Fig. 1. The
absorption bands appearing in the range of 3031-2922 cm™ are
attributed to the stretching vibrations of aliphatic C-H bonds.
The broad absorption band in the range of 2400 cm™ to 3435
cm is related to the stretching vibrations of the O-H bond in
the possible carboxylic acid present in the polymer chain. The
absorption bands due to the stretching vibrations of the S-H
bonds remaining at the ends of the PETS chains are observed
at 2552 cm* and 2680 cm*. The absorption band at 1687 cm-
L is assigned to the stretching vibrations of the C=0 bonds in
the thioester groups. The bands appearing at 1367 cm™ and
1406 cm are assigned to the bending vibrations of the C-S
bonds in the —S-CH2- and —S-CO- groups. The stretching
vibrations of the C-C bonds are observed at 1247-1128 cm™.

-S-H

O-H 2552-2680

< 604
@ 60 2400-3435
f =
g -C-H
£ 404 2922-3031 cc
2 1128-1247
<
[= 1367-1406
204
c=0
04 1687

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig. 1. The FTIR spectrum of PETS

Fig. 2. shows the THNMR spectrum of the PETS polymer. This
spectrum was taken in CDCI3 solvent. The triplet peak
appearing at 2.2 ppm chemical shift is due to the protons of (a)
-S- CH2- and the triplet peak at 1.5 ppm is due to the protons

8t Int. Symposium on Materials for Energy Storage and Conversion

of (b) -CO-CH2- carbon. The peak corresponding to the -S-H
proton appeared at 1.2 ppm. The peak at 7.25 ppm is related to
the deuterated protons in chloroform. Due to the small number
of acidic functional groups in the polymer, the probability of
the appearance of the absorption peak corresponding to the
acidic proton was very low and did not appear.
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Fig. 2. 1H NMR spectrum of PETSpolymer

Differential scanning calorimetry (DSC) is a method for
studying polymers in which important information about the
glass transition temperature, melting point, and crystallization
temperature is obtained by heating and cooling the material.
Fig. 3. shows the graph of the DSC analysis of the PETS
polymer. The results obtained are summarized in Table 1. The
analysis was performed at a scan rate of 5 °C/min under a
nitrogen atmosphere.
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Fig. 3. DSC thermogram of PETS polymer
Table 1
Data extracted from DSC thermograms of PET DTC
Tm (°C) Melting temperature 142
AHm (J. g1 Enthalpy of melting 86
o Crystallization
Te (0 temperature 87
AH: (J. g1 Enthalpy of crystallization -47
T, (°C) Glass transition 88

temperature
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Fig. 4. shows FE-SEM images of PETS polymer at 5 and 10
um scales. The images show an amorphous structure and
morphology without distinct particles for the polymer.

Fig. 4. FE-SEM image of PETS at the scale of 5 and 10 um.

The EDAX spectrum of the polymer is shown in Fig. 5.
According to the EDAX spectrum, the presence of C, O, and
S atoms confirms the successful synthesis of the polymer.
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Fig. 5. EDAX spectrum of PETDTC

Electrochemical measurements

The electrochemical behavior of polymer nanocomposite with
multiwall nanotubes at a ratio of 1:1 and the addition of 5%
synthesized nickel(IT)cobalt hexacyanoferrate Ni2CoHCF [15]
nanoparticles was investigated using cyclic voltammetry
(CV), galvanostatic  charge-discharge (GCD), and
electrochemical impedance spectroscopy (EIS) techniques.
Electrochemical behavior of nanocomposite in three-electrode
system was used in 0.5 M sodium sulfate as electrolyte.
Saturated calomel electrode (SCE) was used as reference
electrode and a platinum sheet (1 cm x cm ?) was used as
auxiliary electrode. 10% Nafion solution in isopropanol was
used as electrode material binder. Fully dispersed electrode
material was coated on glassy carbon as working electrode
with area of 0.1256 cm 2 in amount of 10 pl. After the solvent
evaporated, electrochemical analyses were performed. Fig. 6.
shows the CV curves of neat PETS polymer and its
nanocomposite at different scan rates from 10-80 mV.s * .
According to the curves, the current density increases with
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increasing scan rate and the shape of the curves does not
change, indicating the good performance of these electrodes at
high scan rates. The CV curve of the PETS in Fig. 6A-6B
shows an ideal quasi-rectangular shape, which can be
attributed to the non-Faradic charge storage mechanism at the
interface between the electrode and the electrolyte. In the
presence of Ni2CoHCF nanoparticles (Fig. 6B), in addition to
improving the current density, oxidation and reduction peaks
related to the Fe'""" redox reaction appeared at a potential of
near 400 mV. Fig. 6C-6D shows the charge-discharge curves
of the electrodes at different current densities.
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Fig. 6. CV curve of A) PETS B) PETS/MWCNT
composite(1:1)+5% Ni2CoHCF . Charge/discharge curve of
D) PETS E) PETS/IMWCNT composite(1:1)+5% Ni2CoHCF .

The general shape of these graphs at different current densities
confirms the good behavior of the supercapacitor material over
a wide current range in sodium sulfate electrolyte. The charge-
discharge curves for the PETS electrode are approximately
symmetrical triangle-shaped, indicating the reversibility of the
discharge process for the electrode. The nonlinear of the curve
for the nanocomposite (Fig. 6D) is related to the Faradaic
reactions of the Ni2CoHCF nanoparticles. The long discharge
time of the electrode with the nanocomposites compared to the
neat polymer electrode indicates its high specific capacity,
which is mainly due to the synergistic effects of the Ni.CoHCF
nanoparticles and the carbon nanotubes. Electrochemical
impedance spectroscopy technique is used to study the
capacitive behavior of electrodes. Charge transfer resistance
(Ret) is a parameter obtained by this method and its low value
indicates easier charge transfer process in these electrodes. The
Nyquist curves for the prepared electrodes are shown in Fig.
7. The equivalent circuit in Fig. 7. is in perfect agreement with
the experimental impedance data. In this circuit, R1, CPEL, Rz,
and W1 are the solution resistance, the electric double layer
constant phase element, the charge transfer resistance, and the
Warburg element, respectively. The parameters of this
equivalent circuit are shown in Table 2. According to the
obtained data, the Faradaic reaction of Ni2CoHCF
nanoparticles in the nanocomposite at the interface of the
electrode and electrolyte increased the ionic conductivity and
the amount of the CPE element increased, resulting in a
decrease in the charge transfer resistance (R2).
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Fig. 5. Nyquist diagram of PETS and its composites as
electrode material and equivalent circuit for fitting
experimental impedance data of electrodes, Nyquist diagram
of equivalent circuit for fitting experimental impedance data
of various supercapacitor electrode made by various materials:
O) PETS O) PETS/IMWCNT+5%Ni2CoHCF.

Table 2
Equivalent circuit element values with experimental data of
impedance diagrams obtained from Fig. 7.
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Values of equivalent circuit elements

R1 CPE-T R2 W-R
Electrode material CPE-P

@ (@cm?s FE?) Q@) (@59
PETS 0.93 0.001056 0.70 6.98 1269
PETS/IMWCNT + 5% Ni;CoHCF 331 0.008426 0.89 4.62 203

4- Conclusions

poly(ethylene thiosuccinate) (PETS) was synthesized with
succinic anhydride and 1,2-ethanedithiol monomers and its
structure was investigated by FT-IR and HNMR. DSC
analysis show a glass transition temperature of 88 °C for the
polymer. Amorphous morphology is visible based on FE-SEM
images for the synthesized polymer. Electrochemical analyses
showed improved behavior for the nanocomposite. Also, the
Faradaic behavior in the presence of nanoparticles was
observed in CV and charge /discharge curves. The charge
transfer resistance for the nanocomposite was lower than that
of the neat polymer due to the synergistic effect of carbon
nanotubes and nanoparticles.
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