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Abstract A new interesting class of linear Schiff-base
poly(sulfone-ester)s has been synthesized by polycon-
densation of (E)-1-(4,4'-(4-hydroxy-3-chlorobenzylidene)
thiocarbamoylaminophenyl-sulfonylphenyl)-3-(4-hydroxy-
3-chlorobenzylidene)thiourea with 2,6-pyridinedicarbonyl
chloride/thiophene-2,5-dicarbonyl dichloride. The enhan-
cement of physical properties (thermal stability, glass
transition temperature, mechanical strength, molar mass,
electrical conductivity, etc.) of polymeric materials while
maintaining their processability was the foremost aspira-
tion of this research work. The pyridine or thiophene-based
heteroaromatic poly(sulfone-ester)s (PSEs) showed ample
solubility in amide solvents and good yield. PSEs pos-
sessed high inherent viscosity of 1.79—-1.93 dL/g and molar
mass 125 x 10°-145 x 10> g mol~'. The polymers were
thermally stable with 10 % weight loss in the range
538-547 °C and glass transition temperature between 293
and 296 °C. Further aim was to obtain novel miscible
nano-blends exhibiting good electrical conductivity and
heat stability. For this purpose, PAN doped with dodecyl-
benzenesulfonic acid (PAN/DBSA) was prepared by in situ
doping polymerization, and then blended in solution/melt
with PSEs. The resulting high performance materials
potentially combined the fine thermal properties and pro-
cessability of poly(sulfone-ester)s with electrical charac-
teristics of polyaniline. FESEM of melt-blended
PSEs/PAN/DBSA showed nano-level homogeneity of the
microstructure liable for better electrical conductivity
(2.7-3.2' S cm™"). The azomethine and pyridine moieties
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introduced in the backbone render these polymers ther-
mally and mechanically stable as well as electrically con-
ducting. The miscible blends, exhibited good heat stability
(T19 520-527 °C, T, 281-285 °C) and mechanical strength
(55.20-57.18 MPa) compared with reported azomethine/
polyaniline-based structures. New processable and high-
performance engineering plastics, attractive for aerospace
applications, can be fabricated using novel blends.

Keywords Schiff-base poly(sulfone-ester)s - Electrical
conductivity - Nano-blends - In-situ doping
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Introduction

Recently, predominant research activities have been
focused on improving the thermal, electrical, and
mechanical properties of polymers. There is substantial
awareness regarding the polymers consisting of aromatic
units linked together directly or via ester, sulfone, thioe-
ther, amide, or imide moieties forming the origin of high
performance materials [1]. Correspondingly, heat-resistant
linear aromatic polyester materials have received great
importance owing to their demand in advance applications
[2, 3]. However, they stumble upon processing difficulties
due to their high glass transition/melting temperature
coupled with insolubility in organic solvents. Therefore,
development of new processable polymers applicable at
high temperature has been a crucial research objective.
This problem has occasionally been overcome by using a
predecessor monomer synthetic technique. One of such
methodologies has involved the introduction of flexible,
bulky, or rigid moieties into the polymer backbone, to
improve solubility of macromolecules without harming the
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thermal stability, using substituted monomers [4—6]. If the
faction to be introduced is cautiously chosen, this approach
may generate a chain separation effect with an increase in
free volume, hence it is possible to promote solubility
without sacrificing the thermal and mechanical properties.
In the same way, several thermally stable polyesters with
heteroaromatic groups have been reported [7-9]. Princi-
pally, the introduction of imide rings has been well rec-
ognized for their high thermoresistance, so improving both
the solubility and thermal stability [10].

New type of conducting organic polymers have gained
researchers’ interest owing to their excellent electrical
properties, superior thermal stability, high surface area,
good environmental stability, corrosion resistance along
with suitable strength, and fracture toughness [11, 12].
Incidentally, poly(azomethine)s (polyimines/Schiff-base
polymers) with a system of conjugated -C=N- bonds have
been known to exhibit valuable properties because of the
presence of imine sites [13—16]. Although these polymers
due to high melting point and low solubility are generally
difficult to process. Technical uses of polyimines have also
been constrained by their sensitivity to acidic hydrolysis
and thermal exchange reactions between the azomethine
groups. Several research efforts have been centered on
enhancing these characteristics by incorporating flexible or
bent substituents into the main chain [17]. Another prom-
ising and essentially conducting polymer is polyaniline
(PAN). PAN has driven extensive attention, as aniline is
rather inexpensive and its polymerization is simple and
new applications of PAN are expected in several fields of
technology. Good processability, thermal, and mechanical
performance of the conventional polymers can be com-
bined with the electrical properties of PAN through the
incorporation of PAN into an electrically insulating con-
ventional polymer matrix. These blends are usually pro-
duced by in situ polymerization of aniline in the presence
of the insulating polymer or by blending soluble or fusible
polyaniline with other polymers in solution or melts [18].
Blending has generated original materials with explicit
properties for the preferred application at low price. The
conducting polyblends produced are stable and retain
mechanical properties of the host polymer [19]. Solution
processing of PAN with conventional polymers is known
as an efficient method when both polymers are soluble in a
common solvent. The solubility of PAN in common sol-
vents has been accomplished using a counter ion-induced
processability technique, where a specific functionalized
protonic acid was used as protonating agent [20]. Thus,
doping is the process by which insulator polymers are
exposed to dopant (charge transfer agent). For example,
dodecylbenzenesulfonic acid (DBSA), having long
alkyl chains, is capable of increasing the solubility of
PAN/DBSA in different solvents so increase the
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compatibility with polymer matrices [21]. PAN/DBSA
complex has also been utilized in melt blends, owing to its
fairly high thermal stability [22, 23]. The electrical
conductivity of undoped PAN has reported to be
1071077 s cm™!, while it increased from 1072 to
100 S cm™ " upon acid doping. These dopants enhance the
solubility of PAN in common organic solvents and facili-
tate the formulation of conducting blends in which poly-
aniline and other organic polymers are dissolved and
blended in a common solvent.

In this article, we wish to report the synthesis and char-
acterization of new poly(sulfone-ester)s (PSEs) and the
subsequent development of PSE/PAN/DBSA blends using
different techniques. Poly(sulfone-ester)s were prepared
from an aromatic Schiff-base diol (E)-1-(4,4'-(4-hydroxy-
3-chlorobenzylidene)thiocarbamoylaminophenylsulfonyl-
phenyl)-3-(4-hydroxy-3-chlorobenzylidene)-thiourea (HCB
TCAPST) containing preformed sulfone and azomethine
linkages. Polysulfones generally own valuable properties
such as high strength and stiffness even at elevated tem-
perature, high continuous use and heat deflection tempera-
ture, excellent resistance to hydrolysis by acids and bases,
and good dimensional stability [24]. Despite these excep-
tional properties, there is a need to amend the polysulfone
structure to obtain several desired features. The polymer
modification is usually the one of main routes to achieve
such characteristics [25]. We have designed HCBTCAPST
in such a way that high molar mass polymers with improved
physical properties were obtained. Thermal stability and
electrical conductivity of new PSEs were found to increase
by the incorporation of sulfone, pyridine/thiophene, and
azomethine linkages. The present endeavor also deals with
the development of some novel PSE/PAN/DBSA blends by
the dispersion of PAN doped with dodecylbenzenesulfonic
acid (PAN/DBSA) in poly(sulfone-ester) matrix using
solution blending and melt blending methods. Varying
PAN/DBSA content and the choice of blending technique
were found to significantly affect the thermal stability,
mechanical strength, electrical conductivity, and morphol-
ogy of new blends. Upon melt blending of PSEs with PAN/
DBSA miscible nano-blend morphology, representing good
compatibility between the two components, was observed.
Superior thermal and mechanical stability as well as elec-
trical conductivity were observed in the melt-blended
materials compared with those obtained by solution tech-
nique. Besides, the novelty of this attempt lies entirely on the
unique architecture of poly(sulfone-ester). The prime
objective was to enhance the thermal properties, glass tran-
sition temperature, molar mass, and conductivity while
maintaining the processability of new polymeric material.
The thermal stability and electrical conductivity of new
PSEs were found to increase by the inclusion of azomethine,
pyridine/thiophene moieties in the polymer spine.
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Similarly, heteroaromatic pyridine-based blends depicted
fine properties relative to thiophene-based blends verifying
the significance of the unique design of poly(sulfone-ester).

Experimental
Materials

Aniline (analytical grade, Merck) was distilled twice under
vacuum and stored under nitrogen in a refrigerator.
Ammonium peroxydisulfate (APS) (99 %), N-methylpyrr-
olidone (NMP) (99 %), dimethyl sulfoxide (DMSO)
(99 %) and chloroform (99 %) were also procured from
Merck. Dodecylbenzenesulfonic acid (DBSA) (technical
grade), 2,6-pyridinedicarbonyl chloride (PDC) (97 %),
thiophene-2,5-dicarbonyl dichloride (TDC) (97 %), 4-(4-
aminophenylsulfonyl)benzenamine  (APSBA) (97 %),
3-chloro-4-hydroxybenzaldehyde (98 %), N,N-dimethyl-
acetamide (DMAc) (99 %), xylene (99 %), and toluene
(99.8 %) were provided by Aldrich. Ammonium thiocya-
nate (98 %), dimethylformamide (DMF) (99 %), and tet-
rahydrofuran (THF) (99.5 %) were supplied by Fluka.

Measurements

Perkin-Elmer 2400 CHN elemental analyzer was used for
the elemental analysis. IR spectra were recorded using
FTIR Spectrometer, Model No. FTSW 300 MX, manu-
factured by BIO-RAD (4 cm™' resolution). NMR spectra
was scanned at room temperature using a Bruker Spec-
trometer (300.13 MHz for 'H and at 75.47 MHz for '*C
NMR) in deutrated THF. Inherent viscosity (Ni,,) was
measured in THF (30 °C) with an Ubbelohde viscometer
for 0.5 g/dL polymer solution. The weight-average
molecular weight (M,,) was calculated through GPC using
THF as an eluent and refractive index (RI) detector.
Thermal stability of the polymers was verified by Mettler
Toledo TGA/SDTA 851° thermogravimetric analyzer using
1-5 mg of the sample in Al,O; crucible at a heating rate of
10 °C/min. Differential scanning calorimetry (DSC) was
performed by Mettler Toledo DSC 822° differential scan-
ning calorimeter taking 5—-10 mg of samples in aluminum
pans and heated at a rate of 10 °C/min. X-Ray diffrac-
tometer (3040/60 X’pert PRO) with Ni-filtered CuKa
radiation (40 kV, 30 mA) was used to obtain X-ray
diffractogram of polymers at room temperature. Field
emission scanning electron microscope (FE-SEM) of
freeze-fractured samples was performed using JSM5910,
Jeol, Japan. Electrical conductivities of thin films were
measured using a Keithley 614 electrometer and the four-
probe method. Stress—strain response of the blend samples

was investigated on Universal Testing Machine Instron
4206 according to the ASTM 638 method. A crosshead
speed of 100 mm/min was maintained during the test.

Synthesis of 1-(4-thiocarbamoylaminophenylsulfonyl-
phenyl)-thiourea (TCAPST)

On a steam bath, 4-(4-aminophenylsulfonyl)benzenamine
(0.2 mol), conc. HCl (16 mL), ammonium thiocyanate
(0.2 mol) and de-aerated water (120 mL) were mixed and
heated in a porcelain dish for 1 h. The mixture was allowed
to cool to room temperature and then gradually evaporated
to dryness for 67 h. The product obtained was boiled with
charcoal in ethanol, filtered, and cooled. 1-(4-thiocarba-
moylaminophenylsulfonyl-phenyl)thiourea was recrystal-
lized from ethanol and dried under vacuum at 90 °C (36 h)
[26, 27]. Elemental analysis for C;4H;4N4O,S5: Calcu-
lated = %C 45.88, %H 3.85, %N 15.29; Found = %C
4332, %H 3.69, %N 14.49. FTIR (KBr): 3,365 cm™ ',
3,234 cm™' (N-H stretch), 3,019 cm™' (aromatic C-H
stretch), 2,945 (aliphatic C-H stretch), 1,599 cm™! (N-H
bend), 1,413 cm™! (C-N stretch), 1,301 and 1,157 (S=0O
stretch), 1,123 cm™! (C=S stretch). '"H NMR (300.13
MHz, DMSO-dg, 6 ppm): 4.38 (s, 4H, H,), 9.32 (s, 2H, Hy),
6.65 (d, 4H, Hy), 7.71 (d, 4H, Hy). '*C NMR (75.47 MHz,
DMSO-dg, 0 ppm): thiocarbonyl C=S 175.1 (C,), 142.4
(Cy), 125.3 (C3), 128.1 (Cy), 139.9 (Cs).

Synthesis of (E)-1-(4,4'-(4-hydroxy-3-
chlorobenzylidene)thiocarbamoylaminophenyl-
sulfonylphenyl)-3-(4-hydroxy-3-chlorobenzylidene)
thiourea (HCBTCAPST)

TCAPST (0.02 mol), 3-chloro-4-hydroxybenzaldehyde
(0.04 mol) and absolute alcohol (250 mL) were agitated in
a Dean-Stark apparatus for 30 min (room temperature).
The above mixture was refluxed for 1 h after the removal
of azeotropic mixture (100 °C). The reaction contents were
then cooled to collect the solid and washed with dil. HC1
and hot water. The product was recrystallized from ethanol
and dried at 80 °C for 36 h to afford HCBTCAPST with
94.9 % yield. Elemental analysis for CogHyoCl,N4O4S3:
Calculated = % C 52.25, %H 3.13, %N 8.71; Found =
%C 51.82, % H 3.01, % N 8.60. FTIR (KBr) (Fig. 1):
3,409 cm~' (~OH), 3,387 and 1,598 cm™' (sec. amine
N-H stretch and bend), 3,069 cm™! (aromatic C-H
stretch), 2,931, 2,863 (aliphatic C—H stretch), 1,611 cm™!
(-C=N-stretch), 1,307 and 1,159 (S=0O stretch),
1,125 cm ™' (C=S stretch). "H NMR (300.13 MHz, DMSO-
dg, & ppm) given in Fig. 2: 5.11 (s, 2H, H,), 6.74 (d, 2H,
Hy), 7.31 (d, 2H, H,), 7.52 (s, 2H, Hy), 8.12 (s, 2H, H,),
9.27 (s, 2H, Hy), 6.63 (d, 4H, H,), 7.65 (d, 4H, Hy). "*C
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Fig. 1 FTIR spectrum of HCBTCAPST
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Fig. 3 '3C NMR spectrum of HCBTCAPST

NMR (75.47 MHz, DMSO-dg, 6 ppm) presented in Fig. 3:
155.6 (Cy), 117.5 (Cy), 129.4 (C3), 127.8 (Cy4), 130.8 (Cs),
124.5 (Cg), 163.4 (C7), thiocarbonyl C=S 183.7 (Cy), 141.4
(Cy), 127.1 (Cyp), 128.9 (Cyy), 137.4 (Cyp).
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Fig. 4 FTIR spectrum of PSE 1

Synthesis of poly(sulfone-ester)s

In a 250 mL round-bottom flask, HCBTCAPST monomer
(0.01 mol) and DMF (50 mL) were charged and heated up
to 100 °C with vigorous stirring (N5). 0.01 mol diacid
chloride (PDC or TDC) dissolved in DMF (20 mL) was
added dropwise to the above mixture and heated further at
150-160 °C for 20 h [28]. As the reaction proceeded, the
solution became viscous. The viscous liquid was precipi-
tated in methanol. The resultant precipitate was filtered,
washed with methanol, and dried at 100 °C under vacuum.
The solid residue was dissolved in hot chloroform, again
precipitated in methanol and dried. Yield of the obtained
polymer was 92-93 %. Spectral data of PSE 1 corroborated
the structure of the polymer synthesized (Fig. 4): 3,287
(N-H stretch), 1,599 cm~! (N=H bend), 3,015 (aromatic
C-H stretch), 2,989 (aliphatic C-H stretch), 1,737 (ester
C=0 stretch), 1,611 cm ™! (—C=N- stretch), 1,301 and
1,160 (S=0 stretch), 1,125 cm™" (C=S stretch). '"H NMR
(300.13 MHz, DMSO-dg) (Fig. 5): PSE 1 exhibited dou-
blets nearly 8.41, 8.62 and triplet at 8.29 ppm due to pyr-
idine unit protons. The p-phenylene ring displayed
chemical shifts around 6.56 and 7.66 ppm (doublets). A
singlet at 8.12 ppm was attributed to the azomethine proton.
The aromatic ring protons appeared at about 6.67 and
7.21 ppm as doublet, while singlet was found at 7.54 ppm.
Chemical shift of N-H was also observed around 9.32 ppm.

Synthesis of PAN/DBSA

The emulsion polymerization of aniline was performed
according to a reported procedure [29, 30]. In this reaction,
DBSA (0.075 mol) and aniline (0.051 mol) were dissolved
in toluene (250 mL) with continuous stirring at 0 °C.
Keeping the above mixture at 0 °C, an aqueous solution of
APS (0.021 mol) in water (20 mL) was slowly added. The
mixture was allowed to stir for further 6 h to achieve
complete polymerization. The reaction content was poured
into methanol and the precipitate was filtered, washed with
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methanol, and dried under vacuum. PAN/DBSA (a dark
green powder), prepared by this method, displayed a con-

ductivity up to 1.3 S cm ™.

Poly(sulfone-ester)s/PAN/DBSA blends
Solution blending

Solutions of PAN/DBSA and polyesters in chloroform
were individually prepared. The conducting polymer
solution was mixed with PSE solution at required propor-
tions. The mixed solutions were ultrasonicated (30 W and
50 Hz) for 5 h. Thin films (~ 175 pum thickness) were cast
by pouring the blend solutions on glass Petri’s, and solvent
evaporation at 40 °C for 24 h.

Melt blending

Melt blending of the components was carried out by melt
mixing using a Brabender plastograph according to the
previously described method [31]. For the conductivity
measurement, flat plaques of 2.4 mm thickness were pre-
pared by compression molding.

Results and discussion

Development of poly(sulfone-ester)s and their miscible
blends

Preparation of new class of high performance poly(sul-
fone-ester)s with azomethine-chloro-thiourea-pyridine/
thiophene backbone design is not a tried research zone. In
most cases, azomethine, pyridine, and thiophene groups
render the polymer spine heat stability through decreasing
its solubility. On the contrary, sulfone and chloro units
may increase the solubility offering lower rotation energy
barrier to the polymer chains. Based on these annotations,
thermally stable and electrically conducting polymers
were intended displaying the communal effect of these

functionalities. Scheme 1 represents the synthetic route
to high performance polyesters passing through the for-
mation of a new dihydroxy monomer HCBTCAPST.
The ensuing poly(sulfone-ester)s had fairly high inherent
viscosity up to 1.93 dL/g and molar mass as high as
145 x 10* g mol™'. Thermal and electrical data sup-
ported the validity of current approach (structural modi-
fication) and the polymers with superior thermal stability,
glass transition along with the conductivity were acqui-
red, without affecting their solvent miscibility. Another
part of this toil entails the in situ doping polymerization
of PAN with dodecylbenzenesulfonic acid yielding
PAN/DBSA, which was further employed in the synthesis
of few blend systems. The blending of these poly(sul-
fone-ester)s with PAN/DBSA via solution and melt
techniques was an entirely novel tactic to form miscible
blends with high electrical conductivity. Unique mor-
phology of compatible nano-blends was supposed to be
caused by certain physical interaction between the two
matrices (Scheme 2).

Organosolubility

Solubility of PSEs at room temperature and heating up to
solvent boiling temperature for the samples that remained
insoluble at room temperature has been investigated in
various solvents. All polymers were soluble in organic
polar solvents such as NMP, DMAc, DMF, DMSO, and
THF as shown in Table 1. Usually, aromatic polyazome-
thine, polythiophene, or heteroaromatic polymers pos-
sessed low solubility in organic solvents due to their rigid
backbone structure. Incidentally, the introduction of flexi-
ble substituents in the main chain proffers positive effect
on the solubility of these polymers. Higher solubility of
PSEs can be interpreted by the effects of sulfone and chloro
moieties in polymer chain. These polymers were insoluble
in solvents such as toluene and cyclohexane. In chlorinated
solvents such as chloroform PSE 1 and 2 dissolved at room
temperature, while they were only partially soluble at room
temperature in tetrachloroethane. Actually, the presence of
pyridine and thiophene moieties and the development of
hydrogen bonding between —OCO- and NH or C=S and
NH groups were thought to be responsible for the backbone
rigidity. However, these polymers were easily soluble in
tetrachloroethane on heating. Similar effect was observed
when PSEs were dissolved in xylene. The overall fine
solubility of polymers, having heteroaromatic and azome-
thine structure, was due to the presence of flexible Cl and
S=0 linkages in the main chain creating distance between
the macromolecular chains and so the diffusion of solvent
was facilitated. The solubility was also found to be superior
relative to the previous azomethine or thiophene-based
polymers [32, 33].
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Scheme 1 Scheme for the
synthesis of monomer and
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Scheme 2 Hydrogen bonding between polyester and PAN/DBSA
components in the blend

Molecular weight
Inherent viscosity mM;,, and GPC measurements were car-

ried out for the determination of molecular weight of
polymers (Table 2). Inherent viscosity (N;,n) of a polymer
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found to be in the range of 1.79-1.93 dL/g. A relationship
between the m;,, of the polymer and its structure can be
experiential from this study. The data obtained showed the
higher viscosity of PSE 1 derived from HCBTCAPST and
PDC (1.93 dL/g), though tended to decrease for the poly-
mer derived from thiophene-based diacid chloride
(1.79 dL/g). Thus, the higher N, of PSE 1 with pyridine-
based structure, —-HCBTCAPST-PDC-, was pinpointing
the higher chain stacking efficiency due to rigid and sym-
metrically aligned polymer chains bearing six-membered
heteroaromatic rings. GPC analysis also revealed that
dihydroxy monomer had fine polymerization potential to
yield high molecular weight polyesters. Comparable to the
above m;,, assessment, polycondensation of new dihydroxy
compound with PDC gave higher molecular weight (M,
145 x 10%) compared with PSE 2 (M,, 125 x 10°). It is
interesting that the higher polymerization capability was
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Table 1 Solubility behavior of PSEs

Polymer Solvent
NMP DMAc DMF DMSO THF CHCl; C,H,Cly Xylene Toluene
PSE 1 ++ ++ ++ ++ ++ ++ +h +h -
PSE 2 ++ ++ ++ ++ ++ ++ +h +h -
Solubility: ++Soluble at room temperature, +h soluble on heating, —insoluble
Table 2 n;.., My, polydispersity, and yield percentage of PSEs
Polymer Ninn (dL/g) My M,/M, Yield (%)
M 1.93 145 x 10° 2.14 92
Cr : N ( : \
"p® 3 C
HN S
o
PSE 1
1.79 125 x 10° 2.02 93
e o A
T S8
o}
“ N_S son ©
g Q T
HN— S NH
O
PSE 2

obtained for the polymer PSE 1 prepared from the pyri-
dine-based diacid chloride, a segment with high rigidity. A
possible explanation can be the more regularly arranged
chain segments, which promoted the polymerization in the
reaction medium. The relatively lower molar mass was
obtained for the polymer PSE 2 prepared from a diacid
chloride having thiophene unit. Briefly, new poly(sulfone-
ester)s exhibited much higher molar mass relative to
the previously synthesized azomethine/thiophene-derived
polyesters [32, 33].

Thermal analysis

Thermal stability of the poly(sulfone-ester)s was investi-
gated by means of thermogravimetric analysis (TGA) and
DSC. The recorded TGA thermograms (Fig. 6) showed
that all investigated copolyesters decomposed through the
same process. The degradation started around 520 °C and it
was dependent on the polyester composition in diacid
chloride units and the temperature of starting decomposi-
tion/weight loss increased by varying these moieties
(Table 3). Initial decomposition (7;) of PSE 1 prepared
from HCBTCAPST and pyridine-based diacid chloride was
526 °C, 10 % gravimetric loss (T}¢) of 547 °C and the

decomposition extended up to 588 °C. Whereas, the thio-
phene-based PSE 2 revealed slightly lower stability as T
of 523 °C and Tjo up to 538 °C. The difference in the
weight loss of PSE 1 and 2 was understandable due to the
discrepancy in the spine structure. Thiophene, a five-
membered ring, is thermogravimetrically less stable than
six-membered aromatic ring structure and may dissociate
easily. The char yield of PSEs was also high 67-69 % at
600 °C. We can also observe that pure poly(sulfone-ester)s
were most resistant toward thermo-oxidative degradation
relative to the blends system prepared. However, the deg-
radation of PSE 1 and PSE 2/PAN/DBSA (90:10 melt
blending) was outset at fairly high temperature (above
500 °C). TGA traces signified high thermal properties (T
509-519 °C) and char yield (50-54 %). So, increase in
PAN/DBSA loading within the copolymer tended to endow
the materials with a slightly lower stability. Figure 7 shows
the thermograms obtained during the DSC analysis. Higher
Ty’s of 296 and 293 °C for PSE 1 and 2 were recorded
without any softening or melting transition. The result can
be explained by strong interaction of ester and thiourea
units with N-Hs, thus lowering the inter-segmental activ-
ity. There was a slight displacement of the glass transition
to higher temperature in pyridine based-copolyester due to
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Fig. 6 TGA curves of PSEs and blends at a heating rate of 10 °C/min
in N,

better polymer chain packing. An important decrease in 7,
(281-285 °C) was noticed in the blends. This was probably
due to the disturbance in the order of arrangement of
structural segments in regular heteroaromatic copolyesters
PSE 1 and 2 with the addition of PAN/DBSA, which
enhanced the molecular mobility. New PSEs and their
blends, however, revealed much higher thermal stability

relative to several reported polyesters with these linkages
[32-34].

XRD analysis

Wide angle X-ray diffraction pattern of PSE 1 is presented
in Fig. 8. The pyridine-based poly(sulfone-ester) exhibited
a broad peak indicating amorphous domains. The hetero-
aromatic rigid-rod aromatic polymers were anticipated to
exhibit crystalline pattern due to better packing of macro-
molecular backbone. Although, the broad peak with low
intensity indicated that the presence of chloro and sulfone
moieties tried to obliterate the likelihood of attaining a
crystalline order.

Conductivity studies

Pure PSE 1 and 2 showed good electrical conductivity
around 1.6 and 1.4 S cm_l, respectively (Table 4). Here,

Table 3 Thermal analyses data of PSEs and PSE/PAN/DBSA blends

N —PSE 1
T ...... PSE 2
o PSE 1/PAN/DBSA
Lﬁ — - PSE 2/PAN/DBSA
= 347l
; *********
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Temperature (°C)

Fig. 7 DSC thermograms of PSEs and blends at heating rate of
10 °C/min in N,
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Fig. 8 X-Ray diffraction pattern of PSE 1

the pyridine moieties were found to increase the conduc-
tivity of PSE 1 and its blends significantly. The conduc-
tivity of PSE 1/PAN/DBSA with 10 % of PAN/DBSA,

obtained via melt blending, was found to be 2.7 S.cm™".

The conductivity reached the highest value 3.2 S.cm™' at
60 % PAN/DBSA loading. Maximum electrical conduc-
tivity was observed for PSE 1 (3.2 S.cm™ 1), which was an
excellent achievement. When comparing the conductivity
of blends obtained by two methods, PSEs/PAN/DBSA
prepared by melt blending was sufficiently conducting.
This may be credited to better interaction between the
blend components (Scheme 2) instigating improved com-

bine effect of azomethine/aniline/pyridine or thiophene

Polymer T, (°C) T, (°C) Tio (°C) Toae (°C) Y. at 600 °C (%)
PSE 1 296 526 547 588 69
PSE 2 293 523 538 585 67
PSE 1/PAN/DBSA (90:10/melt blending) 285 519 527 575 54
PSE 2/PAN/DBSA (90:10/melt blending) 281 509 520 570 50

T, glass transition temperature, Ty initial decomposition temperature, T;o temperature for 10 % weight loss, 7)., maximum decomposition

temperature, Y, char yield; weight of polymer remained

&8
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Table 4 Conductivity measurement of PSEs and PSE/PAN/DBSA
blends

Blend Composition  Conductivity (S.cm™")
Solution Melt
blending blending

PSE 1 Pure 1.6

PSE 1/PAN/DBSA  90:10 2.3 2.7

PSE 1/PAN/DBSA  70:30 2.5 2.8

PSE 1/PAN/DBSA  40:60 2.6 32

PSE 2 Pure 1.4

PSE 2/PAN/DBSA  90:10 1.7 1.9

PSE 2/PAN/DBSA  70:30 22 2.7

PSE 2/PAN/DBSA  40:60 2.5 29

moieties. The fine electrical conductivity measured indi-
cated the existence of conductive PSEs/PAN network in
these nano-blends. The conducting network was very fine
and somewhat observable in nano-level compatible blends.
Presence of pyridine moieties in PSE 1/PAN system
formed better conductive network, thus indicated higher
conductivity relative to the PSE 2/PAN. In both blend
systems (obtained by either method), the conductivity
increased gradually with the increase of PAN content. The
higher conductivity of poly(sulfone-ester)s’/PAN/DBSA by
melt blending suggested the success of method employed.
Conductivity of new PSE/PAN/DBSA blends (by solution
or melt method) was found to be superior when compared
to that of reported poly(azomethine-ester)s/PAN blends
and metal doped poly(azomethine-ester)s [35].

Tensile strength of PSE/PAN/DBSA blends

Mechanical behavior of a blend is usually determined by the
contribution of each component, the blend morphology and
the interfacial adhesion. Table 5 lists the tensile data of new
blends with 10 % PAN/DBSA. The maximum stress of PSE
1/PAN/DBSA blend was 57.18 MPa, while PSE 2/PAN/
DBSA had slightly lower value 55.20 MPa (Fig. 9). Higher
value of the elongation-at-break was also observed for PSE
1-based blend (1.16) relative to that of PSE 2 (1.11). This can
be explained on the basis of increased interfacial interactions

Table 5 Mechanical properties of PSE/PAN/DBSA blends

—— PSE1+10% PAN/DBSA
<o PSE 2410 % PAN/DBSA

Stress (MPa)
H
o
1

20 4

0 - v T v T ¥ T Y T
03 06 0.9 1.2
Strain

Fig. 9 Stress—strain curves of PSE/PAN blends

between the two blend components in pyridine-based
poly(sulfone-ester)s and doped polyaniline. Here, the melt
blending was again found to be an efficient method to improve
the tensile properties of blends. The lower mechanical
strength of solution-blended system (maximum  stress
22.27-29.13 MPa) suggested that the melt-blending tech-
nique was quite successful to obtain high strength materials.

Morphological features

Morphology of both PSE 1/PAN/DBSA and PSE 2/PAN/
DBSA films was studied using FESEM. The effect of PAN/
DBSA loading on the morphology of PSE 1/PAN/DBSA
and PSE 2/PAN/DBSA blends was compared. In PSE
1/PAN/DBSA blend (Fig. 10a), the major component, i.e.,
functional copolymer formed the matrix whereas the minor
component (PAN/DBSA) was the dispersed phase. The
microstructures of solution-blended PSE 1/PAN/DBSA
revealed some aggregated polymer formation at 1 um, but
no distinct nano-scale morphology was observed. The
conducting pathways were also not evident in the solution-
processed blends (2.3 S cmfl). With the 10 % addition of
conducting polymer in PSE 2, the irregular polymer mass
was also visible (Fig. 10c) depicting relatively low con-
ductivity of 1.7 S cm™"'. The surface morphology of PSE
1/PAN/DBSA blend obtained by melt blending was

Technique Composition Maximum stress Maximum Initial modulus Toughness
(MPa) £ 0.1 strain + 0.05 (MPa) £ 0.1 (MPa) £+ 0.3
Melt blending PSE 1/PAN/DBSA (90:10) 57.18 1.16 356 49.95
PSE 2/PAN/DBSA (90:10) 55.20 1.11 345 47.73
Solution blending PSE 1/PAN/DBSA (90:10) 34.62 1.09 165 29.13
PSE 2/PAN/DBSA (90:10) 29.25 1.06 123 22.27
gs,‘.‘::,:‘:r:::;:iw @ Springer
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Fig. 10 FESEM images of

a PSE 1/PAN/DBSA (90:10) by
solution mixing at 1 um, b PSE
1/PAN/DBSA (90:10) by melt
blending at 500 nm, ¢ PSE
2/PAN/DBSA (90:10) by
solution mixing at 1 um, d PSE
2/PAN/DBSA (90:10) by melt
blending at 500 nm

considerably changed due to the homogeneous mixing of
the two polymers showing nano-level compatibility
(Fig. 10b). Nano-blend morphology was, thus, observed
owing to the hydrogen bonding between the two fractions
(PSE and PAN). To sum up, melt-blended PSE 1/PAN/
DBSA (90:10) presented a very homogeneous morphology
composed of conducting pathways within dispersed
PAN/DBSA particles (2.7 S cm™"). Similarly, Fig. 10d
shows fine dispersion of polyaniline in PSE 2 matrix pre-
senting nano-scale compatibility in the melt-processed
material, thus, improved the conductivity up to
1.9 S cm™'. The unique morphology appropriately justified
the high conductivity achieved by PSE/PAN/DBSA blends.

Conclusion

This paper described the comprehensive outcomes of
the direct polycondensation of (E)-1-(4,4'-(4-hydroxy-3-
chlorobenzylidene)thiocarbamoylamino-phenylsulfonyl-
phenyl)-3-(4-hydroxy-3-chlorobenzylidene)thiourea  with
heteroaromatic dicarbonyl dichlorides. In this study, it was
aimed to tune the thermal and conducting performance of
ensuing poly(sulfone-ester)s via azomethine and pyridine/
thiophene links in their structure and sulfone group in
order to preserve their solubility. Modification of high
performance materials by increasing the solubility while
maintaining thermal stability was, therefore, of particular

@ Springer

interest. Introducing flexible sulfone linkages into polymer
backbone was quite successful in enhancing the solubility,
while azomethine and pyridine/thiophene structure render
these materials heat stable. We also reported the synthe-
sis of PAN doped with dodecylbenzenesulfonic acid
(PAN/DBSA) by in situ doping polymerization, and its
blending in solution or melt with PSEs. The heteroaromatic
polymer obtained by pyridine-based diacid chloride
exhibited higher T,, thermal and electrically conducting
properties compared with other poly(sulfone-ester) and the
nano-blend systems. The homogeneity of the blends was
determined accurately through the use of first step DSC,
since a single T, value was detected. It was observed that
the PAN has a great potential to be blended with PSEs in
order to be used in several industrial applications. The
heteroaromatic structure imparted excellent stability to PSE
1 and its blends due to aromaticity and polarizability. Nano-
level morphology with conducting pathways was observed
in the melt-blended system. Mechanical, thermal, and
electrical profiles of the final systems were strongly affected
by the choice of blending technique. The results from this
study established that conventional melt-blending proce-
dure was predominantly valuable for condensation-type
polymers. According to the thermal, electrical, and
mechanical properties of the copolymers and nano-blends,
they can be well predicted for applications in optoelectronic
devices, single layer organic devices, and more complex
organic LEDs in future.
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