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Three different series of pyridine based polybenzimidazole (PyPBI) random copolymers consisting of
meta-para pyridine linkages were synthesized from various stoichiometric mixtures of meta (2,4; 2,6 and
3,5) and para (2, 5) structure pyridine dicarboxylic acids (PDA) with 3, 3’, 4, 4’- tetra-aminobiphenyl
(TAB) by solution polycondensation in polyphosphoric acid (PPA). The influences of the structural
isomers of PDA on the PyPBI copolymerization and properties were elucidated by characterizing the
resulting copolymers. The solubility of PDA monomers in PPA and the overall monomer concentration in
the polymerization were found to be the deciding factors. The higher molecular weight PyPBI were
obtained for higher para content copolymers due to the low solubility of para PDA in PPA. The intro-
duction of para structure had enhanced the conjugation along the polymer chain. NMR study showed
that the reactivity ratio of para PDA was not identical for all the three sets of PyPBI copolymers, it varied
upon the positions of the dicarboxylic acids in the pyridine ring of meta PDAs (structural isomeric effect)
with which 2,5 PDA is forming the copolymer. Introduction of para structure and meta PDAs structural
isomers affected the thermal stability, flexibility and the photophysical properties of the PyPBI

copolymers.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Recently, polymer electrolyte membrane fuel cells (PEMFC)
operating at high temperature have attracted a huge amount of
attention owing to their numerous advantages compared to PEMFC
operating at lower than 100 °C [1,2]. Several efforts have been made
to develop the variety of polymer membranes which can operate
above 120 °Cin their polyelectrolyte state [3,4]. Phosphoric acid (PA)
doped polybenzimidazole (PBI) membrane is found to be the most
attractive and promising for the use in high temperature PEMFC
[5,6]. To date a large variety of PBI polymers have been synthesized
and studied in the literature [7,8]. Therefore, synthesis of PBI poly-
mers with a variety of structures still remains an important area of
investigation for the polybenzimidazole chemistry.

The commercially available PBI, poly [2,2—(1,3—phenylene)—
5,5—benzimidazole ] (known as m-PBI) [9] is the most widely used
among all PBI polymers. Other varieties include poly [2,2—(1,4—
phenylene)—5,5—benzimidazole] (known as p-PBI) [10], poly(2,5
benzimidazole) (AB—PBI)[11], pyridine based PBI homopolymer [12],
sulfonated PBI [13], hyperbranched polybenzimidazole (HPBI) [14],
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naphthalene based PBI [15], fluorinated PBI [16], meta and para PBI
copolymer [17], PBI with sulfone or sulfonic acid groups [18] in the
backbone etc. PBI is a basic polymer (pK; ~5.25) and possesses both
proton donor (—NH—) and proton acceptor (—N=) hydrogen bonding
sites which exhibit specific interactions with the polar solvents
[19—21] and forms miscible blends with variety of polymers [22—24].
Polybenzimidazole has excellent thermal and chemical resistance,
fire retarding capacity, insulating properties as well as having good
textile fiber forming ability [25] However, the poor solubility of PBIs
resulting from the highly rigid polymer backbones and the strong
intra-interchain hydrogen bonding interactions makes them hard to
process [19,20,26]. Several attempts have been made through the
modification of the polymer backbone as well as side chain to solve
the solubility issues. Many investigators have incorporated flexible
spacers such as methylene and aryl methylenes, arylamide and ether
linkages in the polymer backbone [27—29].

Phosphoric acid (PA) doped PBI is most interesting because of its
amphoteric and strong thermal stability nature as well as low vapour
pressure at elevated temperatures. It forms dynamic hydrogen bond
networks in which protons can readily transfer by hydrogen bond
breaking and forming processes [7,30]. Various approaches have
been attempted so far for the fabrication of PA doped PBl membranes;
these include casting PBI membrane by dissolving of PBI in dimethyl
acetamide (DMACc) solvent followed by soaking of the membrane in
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phosphoricacid (PA) [7,31,32], via sol—gel process by direct casting of
the high molecular weight PBI solution in polyphosphoric acid (PPA)
[12,33] and from thermoreversible gel of PBI in PA [34]. The major
challenge for the fabrication of PA doped PBI is to get a membrane
with high acid doping level and moderately good mechanical
stability. If the acid content of the membrane is too high it forms soft
plastic type material which does not have enough mechanical
strength to form a membrane [7,35]. To get a superior quality
membrane, a compromise between these two important parameters
(acid loading and mechanical stability) has to be maintained.
Different methods have been explored to improve the acid loading
without compromising on the mechanical strength or vice versa.
These include synthesis of new PBI polymers having a variety of
polymer backbone structures [12—17], high molecular weight PBI
polymer synthesis by copolymerization [17], introduction of cross-
linkage between the polymer chains [35,36], incorporation of inor-
ganic fillers in the PBI matrix [37,38].

Recently, we have shown that the high molecular weight PBI
synthesis depends upon the solubility of the monomers in the
reaction medium. We have demonstrated that the molecular
weight of PBI polymer can be readily tuned by choosing the
carboxylic acid architecture appropriately. The change in the
molecular weight of PBI by changing the monomer structure also
alters the molecular properties of the PBI copolymer. We have
found that low solubility of para structure dicarboxylic acid (ter-
ephthalic acid) in polyphosphoric acid (PPA) medium, which is the
reaction medium, is the dominating factor for resulting the higher
molecular weight polymer [17]. In order to universalize the solu-
bility and architectural effects of dicarboxylic acid monomers on
the PBIs copolymerization and properties, we have chosen the
various structural isomers of pyridine dicarboxylic acid (PDA)
monomers in the present study. In addition, it is expected that
introduction of pyridine ring will enhance the basic nature of the
resulting PBI which may facilitates the higher PA loading. The
current study is also encouraged by an earlier report on pyridine
containing polyimides which demonstrated very interesting
thermal and photophysical properties [39].

In the present study, we report synthesis, characterization and
studies of a series of pyridine based polybenzimidazole (PyPBI)
random copolymers. The synthesized polymers are characterized
by determining inherent viscosity (I.V.) as a measurement of
polymer molecular weight, thermo gravimetric analysis (TGA) for
the thermal stability, dynamic mechanical analyzer (DMA) for the
thermal transitions. Fourier transforms infrared (FT-IR) and Raman
and proton NMR techniques are used to establish the polymer
structure. Also, spectroscopic studies such as absorption and fluo-
rescence are carried out to demonstrate the effect of copolymeri-
zation on the photophysical properties.

2. Experimental
2.1. Materials

3, 3, 4, 4’- tetra-aminobiphenyl (TAB, polymer grade) and pol-
yphosphoric acid (PPA, 115%) were purchased from Sigma—Aldrich.
2,4 pyridine dicarboxylic acid (98%), 2,5 pyridine dicarboxylic acid
(98%), 2,6 pyridine dicarboxylic acid (99%) and 3,5 pyridine dicar-
boxylic acid (98%) were purchased from Sigma—Aldrich and puri-
fied by recrystallization in water and dil HCL (9:1) mixture prior to
use. Dimethyl acetamide (DMAc, HPLC grade) was purchased from
Qualigens-India. Sulfuric acid (98%) was purchased from Merck,
India. The NMR solvent dimethyl sulfoxide (DMSO-ds) was obtained
from Acros Organics. All the solvents were used without further
purification.

2.2. Polymer synthesis

Equal mols of pyridine dicarboxylic acids (2,4 or2,50r 2,6 0or 3,5
PDAs) and TAB were taken into a three neck flask with poly-
phosphoric acid (PPA) for homopolymers synthesis. 2, 4; 2,6 and 3,5
pyridine dicarboxylic acids (PDA) were used to prepare meta
oriented pyridine polybenzimidazole (PyPBI) and 2,5 was used to
prepare para oriented pyridine polybenzimidazole (PyPBI) homo
polymer, respectively. The two carboxylic acid groups in the 2,5 PDA
are positioned opposite to each other thus it is called para oriented
while in other cases carboxylic acids groups positioned one carbon
apart are called meta oriented. Three sets of different random PyPBI
copolymers (2,6 and 2,5), (3,5 and 2,5) and (2,4 and 2,5) were
synthesized by varying the mol fraction of the diacids (meta and
para) in the reaction mixture from 10% to 90% but maintaining the
total mol of diacids equal to the mol of TAB taken in the reaction
mixture along with PPA. The polymerization is presented in Scheme
1. Total monomer concentrations were gradually decreased with
increasing 2,5 PDA (para) mol fraction in the mixtures. The reaction
mixture was placed in a digitally temperature controlled oil bath
.The reaction mixtures were stirred by an overhead mechanical
stirrer continuously in the nitrogen atmosphere at 190—210 °C for
~24 h. The viscosity of the reaction mixture increased as the poly-
merization proceeds and resulted in a dark brown colour at the end
of the polymerization. The PBI polymers were isolated, neutralized
with sodium carbonate, washed thoroughly with water and dried in
a vacuum oven at 100 °C for 24 h. The dried polymers were kept in
vacuum desiccators for further characterizations.

2.3. Viscosity

The viscosity measurements of the polymer solutions in H,SO4
(98%) were carried out at 30 °C in a constant temperature water
bath using a Cannon Ubbelohde capillary dilution viscometer
(model F725). The inherent viscosity (I.V.) values were calculated
from the flow time data. For all the flow time measurements
0.2 g/dL polymer solution in H,SO4 (98%) was used. The molecular
weight of PBI in the related literature has been expressed in terms
of .V, measured from sulfuric acid solution [10,25].

2.4. IR spectra

The IR spectra of the PyPBI homo and copolymers films were
recorded on a (Nicolet 5700 FTIR) FT-IR spectrometer. The PyPBI
films of thickness 30—40 pm were made from DMAc solutions
(2% w]v) of the polymers. The resolution of the IR spectrometer is

about 4 cm™ .

2.5. Raman spectra

The Raman spectra were recorded using a Bruker Opus Raman
spectrometer equipped with 1064 nm diode laser. The exposure
time was 35 s. The resolution was about 4 cm ™.

2.6. NMR spectroscopy

All the NMR spectra were recorded using Bruker AV 400 MHz NMR
spectrometer at room temperature using DMSO-ds as NMR solvent.

2.7. Thermal study

Thermogravimetric and differential thermal analysis (TG-DTA)
were carried out on a (Netzsch STA 409 PC) TG-DTA instrument
from 30 to 800 °C with a scanning rate of 10 °C/minute in presence
of nitrogen gas flow.
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Scheme 1. Synthesis of m-Pyridinepolybenzimidazole-co-p-Pyridinepolybenzimidazole (m-PyPBI-co-p-PyPBI).

2.8. Mechanical property study

The mechanical properties of the PyPBI films were measured using
a dynamic mechanical analyzer (DMA) (TA Instruments, model Q-
800). PyPBI films casted from DMAc (2% w/v) solution of the polymers
were boiled repeatedly with distilled water for washing and finally
dried in oven at 100 °C for 24 h. Films of 25 mm x 5 mm x 0.05 mm
(L x W x T) dimensions were cut and clamped on the films tension
clamp of the pre-calibrated instrument. The samples were annealed
at 150 °Cfor 30 min and then scanned from 150 °Cto 500 °C at heating
rate of 4 °C/min. The storage modulus (E’), loss modulus (E”) and tan ¢
values were measured at a constant linear frequency of 5 Hz with
preload force of 0.01 N.

2.9. Absorption and fluorescence spectroscopy

Electronic absorption spectra were recorded on a Cary-100
Bio (VARIAN) UV—visible spectrometer. Steady-state fluorescence
emission spectra were recorded on a Jobin Yvon Horiba spectro-
fluorimeter (Model Fluoromax-4). PBI samples were dissolved in
dimethyl acetamide (DMAc) and the spectra were recorded.

3. Results and discussion
3.1. Synthesis and molecular weight control

We have synthesized three series of m-Pyridine poly-
benzimidazole-co-p-Pyridinepolybenzimidazole random copoly-
mers (m-PyPBI-co-p-PyPBI) and the polymer backbone structures
are shown in Schemel. Pyridine-dicarboxylic acid (PDA) has four
different meta and para isomers (2,4; 2,5; 2,6 and 3,5) based on
there positions in the pyridine ring (Scheme 2). In this article our
goal is to prepare meta—para PBI random copolymers based on PDA
monomers. Since PDA has three meta (2,4; 2,6 and 3,5) and one
para(2,5) isomers, hence we have synthesized three different series
of meta—para PyPBI random copolymers. These are 2,4(m)-PyPBI-
co-2,5(p)- PyPBI; 2,6(m)-PyPBI-co-2,5(p)-PyPBI and 3,5(m)-PyPBI-
co-2,5(p)-PyPBl. Polymer backbone structure of these three
different sets of PDA based random copolymers and three different
sets of PDAs are shown in Scheme1 and Scheme 2, respectively. We
have carried out the copolymerization by varying the meta and
para contents (mol %) in the copolymers from 10% to 90% in the
initial reaction mixture. Also, three different meta (2,4; 2,6 and 3,5)

HOOC
N HOOC \ COOH
=
HOOC N COOH COOH N
2,6 PDA (meta) 2,5 PDA (para) 3,5 PDA( meta)

COOH

I
=

N COOH

2.4 PDA (meta)

Scheme 2. Three different sets of pyridine dicarboxylic acid (PDA) monomers.
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homopolymers and para(2,5) homopolymer were prepared by
taking the respective diacid with the TAB. In all the polymerization
reactions the stoichiometry of TAB and the diacids (meta + para)
were maintained as equal mols and the reaction conditions for all
the polymerizations were similar except the initial monomer
concentrations in the reaction mixtures. In case of condensation
polymerization higher monomer concentration yields the higher
molecular weight polymers. However, the solubility of the mono-
mer in the reaction mixture dictates the amount of monomers
which can be taken in the reaction mixture. In case of poor solu-
bility of the monomer, a lower monomer concentration needs to be
taken; otherwise the presence of insoluble monomers disfavors the
polymerization reaction and resulting lower molecular weight
polymer. We have carried out the polymerization reaction with
a gradual decrease in monomer concentration with increasing para
content in the copolymer and higher monomer concentrations are
used for meta PyPBI (Table 1). Earlier, it has been shown that the
para structure PBI can be made with high molecular weight if the
lower monomer concentration is employed owing to the lower
solubility of para oriented dicarboxylic acid [17,29,40].

The molecular weight of the PBI family of polymers are generally
expressed in terms of their inherent viscosity (LV.) [10,25]. The
higher LV. attributes higher molecular weight. Table 1 represents
the LV. values of all the copolymer for all three series. Table 1 clearly
demonstrates that low monomer concentration is required for
higher para content in all the cases to obtain higher molecular
weight polymer. In fact our attempts to prepare higher para content
polymers with monomer concentration similar to meta polymer
yielded very low L.V. polymers. These observations clearly prove the
fact that low solubility of para oriented PDA demands the lower
monomer concentration in the polymerization mixture. Hence the
monomer concentration is an important parameter which needs to
be adjusted to produce bigger PBI polymers.

Table 1 exhibits that the molecular weight of all the three sets of
m-PyPBI-co-p-PyPBI polymers increases with increasing para
content in the polymer backbone. This observation is similar with
our previous observation in case of m-PBI-co-p-PBlI, although in the
previous case the increase is much more than the current one.
Earlier, we have shown that the solubility of the monomers in PPA
(polymerization medium) plays a vital role for the synthesis of high

Table 1
Various reaction parameters and molecular weight of m-PyPBI-co-p-PyPBI random
copolymers.

Copolymer Para Monomer Inherent
Content Concentration viscosity
(mol%) (Weight %) (dL/g)
2,6(m)-PyPBI-co—2,5(p)—PyPBI 0 9.00 0.85
10 8.75 1.07
25 8.50 0.99
50 8.25 1.02
75 8.00 1.25
920 7.75 1.21
100 6.00 1.75
3,5(m)-PyPBI—co—2,5(p)—PyPBI 0 12.00 0.55
10 11.75 0.72
25 11.50 0.71
50 11.25 1.29
75 11.00 1.47
90 10.75 1.57
100 6.00 1.75
2,4(m)-PyPBI—co—2,5(p)—PyPBI 0 9.00 0.60
10 8.75 0.75
25 8.50 1.11
50 8.25 0.94
75 8.00 1.02
90 7.75 1.33
100 6.00 1.75

molecular weight PBI [17]. It has been found that para oriented
dicarboxylic acid are less soluble in PPA medium because acid
groups are probably unable to form the internal dimmers through
hydrogen bonding interaction between carboxylic groups of the
same acids or coming from two different molecules of the acid
[41,42]. Hence 2,5 PDA (para) is less soluble in PPA medium than all
other PDAs. The lower solubility of para dicarboxylic acid monomer
forces the growing polymer chain oligomers to undergo an unusual
heterogeneous reaction pathway in which the oligomer ends
consist of soluble TAB monomer. This reaction pathway ensures the
formation of bigger molecules. We propose this reaction pathway
as, first tetra amine monomer (TAB) reacts with diacids forms
a species in which one end is amine and other end is acid (acid-
amine terminated species). Then the acid-amine terminated
species can react further with both the diacid and TAB. But since the
availability of the diacid in the reaction medium is not very high
owing to its poor solubility, therefore the soluble TAB will have
greater chance to react with the acid-amine terminated species and
it produces the amine terminated oligomeric chains. This oligo-
meric chain can only react with diacids since it is amine terminated.
Hence more diacid molecules will come to the solution from its
undissolved solid state and react with amine terminated oligomeric
chain. The similar observation we have made in our previous
studies. The less distinct increase of molecular weight in the
current copolymers compared to our previous report is due to the
better solubility of 2,5 PDA monomer than the terephthalic acid
(TPA) owing to the presence of pyridine nitrogen in 2,5 PDA.

3.2. IR and Raman spectroscopy

FT-IR spectra of all PyPBI homo and random copolymers are
recorded from 30 to 40 pum thin polymer films made from the dilute
solution (2% w/v) of the polymers in dimethyl acetamide (DMACc).
Fig. 1 shows the IR spectra of all the homopolymers and the 3,5(m)-
PyPBI-co-2,5(p)-PyPBI copolymer samples with different para mol
%. The IR spectra of the other two sets of copolymers are shown in
Supporting Information Figs. 1 and 2. All the films are boiled in hot
water thoroughly and dried in vacuum oven at 100 °C for two days
prior to recording of the IR spectra. The absence of C—H stretching
of —CH3 at 2940 cm~! due to DMACc in the IR spectra proves the
complete elimination of DMAc from the films by the above the
drying process. The IR spectra of all the PyPBI homo and random
copolymers are quite similar and the stretching bands are the
characteristic bands of PBI. PBI polymers absorb moisture upto
~5% of their weight owing to their hygroscopic nature and there-
fore in all the IR spectra O—H stretching of H,O at 3615—3620 cm ™!
is observed (Fig. 1) [43]. The absorptions at 3415 and 3175 cm ™! are
because of free nonhydrogen bonded N—H stretching and self-
associated N—H stretching, respectively. The low intensity peak at
3063 cm~! is due to the stretching modes of aromatic C—H groups
(Fig. 1). The similar kind of IR spectra of PBI polymers have been
already discussed earlier by several authors [22—24]. Our findings
are very similar to our previous work in case of all the three sets of
copolymers. The in plane ring vibration of 2,6 disubstituted benz-
imidazole at ~1440 cm~! becomes more sharp with increasing
para content (Fig. 1 and Supporting Information Figs. 1 and 2). It is
evident from these spectra that the band at 1540 cm~! gradually
decreases with increasing para content in the polymer chain and
becomes almost non existent for 100% para PyPBI. The reason
behind the deviation of these stretching bands intensities is
because of the different substitution in the 2nd position of the
benzimidazole owing to the different polymer backbone structure
(meta and para) achieved by copolymerization. It is also worth
noting that in all the cases (Fig. 1 and Supporting Information Figs. 1
and 2) the peak at 1105 cm™! for meta PyPBI slowly shifts towards
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Fig. 1. FT-IR spectra of (A) all the PyPBI homo polymers and (B) 3,5(m)-PyPBI-co-2,5(p)-PyPBI random copolymers. The para contents are shown in the figure. The dotted lines are
shown to discuss the important IR bands. The films (30 pm) obtained from 2% (w/v) DMAc solution.
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the higher frequency with increasing para content in the copolymer
and for 100% para the band appears at 1127 cm~'. This band
corresponds to the N—C stretching of benzimidazole group coupled
with the substitution of the o carbon atom [17,44]. The introduction
of para substitution in the polymer chain brings more flexibility and
symmetry in the polymer backbone and it interferes with the
vibration characteristics, therefore the N—C—C coupled vibration
takes place at higher frequency.

The IR studies described in the above section demonstrated the
effect of copolymerization and the polymer backbone structure on
the stretching of various groups. We have also studied FT-Raman
spectra to understand the effect of copolymerization to a deeper
extent. The use of Raman spectroscopy as a tool to study the PBI
type polymer is very rare. Recently meta PBI, 2,6 PyPBI and their
composites have been characterized by Raman spectroscopy
[37,45]. Except for these two reports, extensive use of Raman
spectroscopy to characterize PBI type polymers is not known in the
literature. Raman spectra of all the PyPBI homo and copolymer are
recorded from solid powder sample and represented in the
Supporting information Figs. 3—6. The various bands are previously
assigned and our result matches well with the previous data [37].
The most prominent bands are located between 1630 and
1500 cm~! and therefore we have analyzed the Raman data by
plotting the spectra between 1650 and 1500 cm™' as shown in
Fig. 2. All the bands in these regions are attributed to the benz-
imidazole ring stretching vibrations. These are the stretching of C=
N and C=C bands of benzimidazole ring. The bands around
1600 cm~! and 1500 cm ™! are due to C=N and C=C stretching of
the benzimidazole ring, respectively (Fig. 2). In case of 2,6(m)-
PyPBI-co-2,5(p)-PyPBI, the C=C stretching band at 1540 cm™!
(100% m) shifts towards lower wavenumber (1530 cm~') and
becomes weaker with increasing para content (Fig. 2). The other
C=C stretching band at 1575 cm~! (100% m) slowly disappears
with increasing para content and become invisible for 100% para.
These observations attribute the elongation or increased conjuga-
tion of the C=C with increasing para content. The C=N stretching
at 1626 and 1600 cm 'also exhibit significant change with
increasing para content. The band at 1626 cm~' almost disappears
and band at 1600 cm~! becomes sharper with increasing para
content (Fig. 2). This finding once again hints at the increased
conjugation along the polymer backbone with increasing para
content. Similar displacements and changes of the C=N and C=C
stretching vibrations are also observed for other two sets [2,4(m)-
co-2,5(p) and 3,5(m)-co-2,5(p)] of PyPBI random copolymers.
Therefore from the Raman study it is very much clear that the
conjugation along the PyPBI copolymer backbone enhances with
increasing para structure in the copolymer composition. In
conclusion, both IR and Raman spectroscopy study demonstrate the
effect of copolymerization on the better conjugation of PyPBI
random copolymers with increasing para content in the copolymer
chain.

3.3. NMR studies and monomer reactivity ratio

FT-IR and Raman spectroscopy studies described in the previous
section, show the isomeric effect of PDA monomers on the copo-
lymerization and were used for the qualitative prediction of the
structure of the copolymers.'H-NMR is a very efficient and rapid
method and has been extensively used in the past to determine the
micro structure of the copolymer and the copolymers compositions
very precisely. 'H NMR spectra of all the samples were recorded in
Bruker AV 400 MHz NMR spectrometer in DMSO-dg solvent. The
proton NMR spectra of all the PyPBI homopolymers are shown in
Fig. 3 along with their structure and the peak assignments. Fig. 4
represents the NMR spectra of all the copolymer samples of 3,5

(m)-PyPBI-co-2,5(p)-PyPBI random copolymers. The NMR spectra
of the other two sets of copolymers [2,6(m)-PyPBI-co-2,5(p)-PyPBI
and 2,4(m)-PyPBI-co-2,5(p)-PyPBI] are presented in the Supporting
information Figs. 7 and 8, respectively. The peak assignments as
shown in the figures are in good agreement with the anticipated
chemical structure. The 'H NMR spectra of PyPBI homopolymers
are quite different owing to their different chemical environment
(Fig. 3). The imidazole proton signals for 3,5(m)-PyPBI-co-2,5(p)-
PyPBI denoted as Hg and Hj, for the meta and para positions of the
chain, are observed at around 13.60 and 13.30 ppm, respectively
(Fig. 4). The downfield shift of the Hg imidazole proton from the H,
proton is because of the different chemical environment of the 3,5
meta structure compare to the 2,5 para structure. The peaks
denoted by Hj, (9.45) and H;j at (9.36) are for the 3,5 meta structure
(3,5 PDA). The para (2,5 PDA) structure has distinguishable peak at
9.59, 8.75 and 8.35 ppm, denoted by Hq, Hp and H,, respectively.
The intensity of the characteristic meta signals (Hg, Hy and H;) are
decreasing and para responsive signals (Hy, Hq, Hp and H,) are
increasing with increasing para content in the polymer chain
(Fig. 4). Similar kinds of observations are noted from the Supporting
information Figs. 7 and 8 for the other two sets of PyPBI random
copolymers. 2,6(m)-PyPBI-co-2,5(p)-PyPBI copolymers do not
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Fig. 3. Proton NMR spectra of all PyPBI homo polymers recorded in DMSO-ds solvent.
The chemical structure and the peak assignments are also shown in the picture.
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Fig. 4. The chemical structure, proton NMR spectra of all the 3,5(m)-PyPBI-co-2,5(p)-
PyPBI copolymer and their peak assignments.

show any splitting of imidazole protons instead of that we observed
a broad imidazole signals because both —NH signal appear almost
in the same region (13.28 and 13.30 ppm; Fig. 3 and Supporting
information Fig. 7). The other proton signals (Hg, Hp and H,) for
the para structure of this pair decreases with increasing meta
content in the polymer chain. The imidazole protons signals in case
of 2,4(m)-PyPBI-co-2,5(p)-PyPBI copolymers are splitted, denoted
by Hj and H,, (Supporting Information Fig. 8). Similar to previous
two sets of copolymers in this case also proton signals ( Hg, Hj, Hy)
for meta decreases with increasing para content in the polymer

Table 2

Comparison of expected para content of the copolymers based on 2,5 PDA feed in the
reaction with measured para content calculated from proton NMR Estimated error
margin is +0.06.

Feed 2,5 PDA
(Para)(mol %)

Found Para content (mol %)

2,6(m)-PyPBI-co- 3,5(m)-PyPBI-co-

2,4(m)-PyPBI-co-

2,5(p)-PyPBI 2,5(p)-PyPBI 2,5(p)-PyPBI
10 231 154 129
25 333 29.0 314
50 47.4 53.8 50.8
75 79.4 73.8 743
90 93.1 87.9 88.6
100 100 100 100

6.0

Slope (r,) = 2.027
Intercept (r,) = 1.134

4.5

ek
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1
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Fig. 5. Fineman—Ross Plot for calculating reactivity ratios of monomers of (2,5 PDA
and 2,4 PDA) in case of 2,4(m)-PyPBI-co-2,5(p)-PyPBI copolymer.

chain as shown in Supporting information Fig. 8. These above
observations from the 'H NMR results demonstrated that in all the
cases successful copolymerization have taken place and these NMR
data can be utilized to determine the ratio of meta and para mol
fraction in the copolymer samples.

We have calculated the % of para mol fraction in the copolymers
from the integral ratio of the distinguishable proton peaks from the
NMR spectrum using equation (1)—(3) for the three sets of copol-
ymer and the results are shown in the Table 2.

Para mol fraction (%) for 2,6(m) — PyPBI — co — 2, 5(p) — PyPBI
B Hg + Hp + Ho
Hp +Hc+Hg + Hp +Hp

x 100 (1)

Para mol fraction (%) for 3,5(m) — PyPBI — co — 2, 5(p) — PyPBI
B Hp + Hq + Hp +Ho
- Hg+Hn +Hq +Hp +Ho + Hy, + H;

x 100 ()

Para mol fraction (%) for 2,4(m) — PyPBI — co — 2, 5(p) — PyPBI
_ Hp +Hg + Hp + Hp
H;j + Hp + Hg + Hp + Ho + Hy + Hm + H;

% 100 3)

The para content in all the three sets of PyPBI random copoly-
mers shown in the Table 2 suggests the successful incorporation of
meta and para components in the copolymer chains and the values
are in good agreement with the monomer feed ratio taken in the
initial reaction mixtures. Hence, it is apparent that the meta and
para composition in the copolymer chains can be readily tuned by
changing the molar feed ratio of meta and para monomers in the
starting of the polymerization. However, a critical observation of
the Table 2 data brings our attention to a moderate deviation in the
para composition from the monomer feed, in particular for lower

Table 3
Reactivity ratio values calculated from Fineman—Ross method. r; and r, are the
reactivity ratio for para (2,5 PDA) and meta (2,6; 3,5; 2,4 PDAs), respectively.

I Iy Iy
2,6(m)-PyPBI—co—2,5(p)—PyPBI 1.084 0.626 1.73
3,5(m)-PyPBI—co—2,5(p)—PyPBI 0.779 0.593 1.31

2,4(m)-PyPBI—co—2,5(p)—PyPBI 2.02 1.13 1.79
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Fig. 6. TGA curves of the PyPBI homopolymers.

para content copolymer. In addition it is worth noting that the
deviation in the para composition from the monomer feed (or
anticipated composition) is not similar in all the three sets of
copolymer despite the fact that in all the cases 2,5 PDA has been
used as a para structure. These observations are quite unusual since
in case of step polymerization, reactions are carried out close to
100% conversion for the synthesis of high molecular weight poly-
mers. Also, step polymerizations are equilibrium reactions and in
which reactivity of the functional groups are independent of chain
length to which it is attached. Earlier few studies on copoly-
condensation showed the deviation in composition [17,46,47]. In
our previous studies we have observed the similar behavior in case
of meta-PBI-co-para-PBI. This deviation may be noticed due to the
differences in monomer reactivates which in turn depend upon
various structural factors like proximities of the functional groups
and the solubility of the corresponding monomer. This suggests
that probably the rates of the reactions of the monomers are not
alike and hence the reactivity ratios of the monomers are different.
Therefore, the deviation from the feed depends upon the structures
of the monomers and this argument made it necessary for us to
determine the reactivity ratios of the comonomers.

A simple kinetic scheme for copolymerization is used to discuss
the rates of the reactions of the monomers. The M; and M, repre-
sent the para (2,5 PDA) and meta (2,6; 3,5; 2,4 PDAs) dibasic acid
monomers, respectively. The asterisk in the prefix indicates the
growing polymer chain. The four possible reaction sequences are
following:

ki

M; +M; = MM
kiz

M + M, = MM,

Table 4
Thermal stability data of all PyPBI homo polymers.

Homopolymer W2 (%) Tio % (°C)° Wiso (%)°
2,5 PyPBI 95.25 668 85.62
3,5 PyPBI 94.16 641 83.75
2,6 PyPBI 92.16 596 80.96
2,4 PyPBI 91.25 560 75.06

100 —

95 —
X 90] —=—m100%
@ —e—p10%
9 ] p75%
= g5 | —v—p100%
S

80 —

75 T T

I ! I ' | ! 1 ! I ! I
300 400 500 600 700 800
Temperature (°C)

I I
100 200

Fig. 7. TGA curves of the 2,6(m)-PyPBI-co-2,5(p)-PyPBI random copolymers. Para
content (mol %) of the polymer indicated in the figure.

M, + My 3 MoM;

M, + My B MM,

The rate constants of the respective reactions are denoted by ‘k’
with appropriate sign in the suffix. We have calculated the reac-
tivity ratio of three sets of PyPBI copolymers by applying Fine-
man—Ross [48] using the proton NMR data.

fiFi—-F) FE(ff

fZF‘l F‘l <f22> I ) (4)
where f; and f; are the para and meta monomer mol fraction in the
feed of the copolymerization, respectively. F; and F, are the
instantaneous monomer mol fraction in the copolymer. A plot
(Fig. 5) of equation (4) results in a straight line with slope equal to r;
and intercept equal to — rp, where r1 (ki1/k12 ) and 1 (koo/kaq ) are
the reactivity ratios of the monomer para (2,5 PDA) and, meta (2,4;
2,6 and 3,5 PDA), respectively. Table 3 lists reactivity ratios values

Table 5
Thermal stability data of 2,6(m)-co-2,5(p) PyPBI and 2,4(m)-co-2,5(p) PyPBI
polymers.

Para content Wi (%) Ti0 % (°C) ° Wso (%)°
2,6(m)-PyPBI-co-2,5(p)—PyPBI

m 100% 92.09 596 80.96
p 10% 92.87 609 81.59
p 25% 91.21 608 76.93
p 50% 95.02 650 83.14
p 75% 93.65 632 83.81
p 90% 92.98 632 84.03
p 100% 95.25 668 85.62
2,4(m)-PyPBI -co-2,5(p)—PyPBI

m 100% 91.25 560 75.06
p 10% 92.73 581 77.63
p 25% 93.25 596 79.70
p 50% 93.25 595 80.48
p 75% 95.19 654 83.94
p 90% 94.15 645 83.07
p 100% 95.25 668 85.62

@ Residual weight percent at 520 °C.
b Temperature at which the 10% weight loss is observed.
¢ Residual weight percent at 750 °C.

@ Residual weight percent at 520 °C.
b Temperature at which the 10% weight loss is observed.
¢ Residual weight percent at 750 °C.
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Fig. 8. DMA plots (tan ¢ and E” against temperature) of PyPBI homopolymers. The vertical dotted lines shown in the plots represent the glass transition temperatures.

calculated by using equation (4) for all the three sets of PyPBI
copolymer. Fig. 5 represents the Fineman—Ross for 2,4(m)-PyPBI-
co-2,5(p)-PyPBI copolymer. The plots for the other two sets of PyPBI
copolymer are presented in Supporting Information Figs. 9 and 10.
Table 3 data clearly indicates that in all the three cases the reactivity
ratio (ry) of para monomer (2,5 PDA) is higher than the reactivity
ratio (ry) of its meta counter parts. This attributes that the
reactivity of para monomer is higher than the meta monomers. The
higher reactivity is due to lower solubility of para in the PPA
medium and hence we obtained higher molecular weight polymers
(Table 1) with increasing para content in the polymer backbone.
The higher reactivity of para explains the positive deviation from
the feed of the monomer (Table 2). It is also interesting to note that
the values of the reactivity ratios (rq/r2) for three sets are not
similar. In Table 2, also we have observed the similar behavior,
where the deviations of the copolymer composition from the feed
are not similar; instead it depends on the monomer pairs. There-
fore, these results attributes to the fact that the reactivity of para
monomer (2,5 PDA) depends upon not only by its low solubility in
the polymerization medium (PPA medium) but it also can be tuned
by choosing appropriate counter part.

3.4. Thermal stability study

The remarkably high thermal stability owing to the rigidity of PBI
types polymers are well known and have been addressed by many
authors in the literature [10,17,25,29]. In our previous publication we
have shown that the thermal stability of m-PBI-co-p-PBI enhances

significantly with increasing para content in the copolymer. The TGA
studies of all the PyPBI copolymer samples are performed under
nitrogen atmosphere at a heating rate of 10 °C/minute. TGA curves of
all homo PyPBI copolymers are shown in the Fig. 6 and the thermal
stability data obtained from the Fig. 6 for all the homopolymers are
presented in the Table 4. Two distinct weight losses are observed:
initial weight loss at around 100—120 °C and the second weight loss
at around 520—540 °C. The initial weight loss is due to the loss of
loosely bound absorbed water molecule. Despite of exhaustive
drying in vacuum oven at 100 °C, PBI types of polymers can absorb
~5% (by weight) moisture very easily from the atmosphere during
the sample handling time due to their hygroscopic nature. The
presence of absorbed moisture also confirmed from O—H frequency
seen in the IR spectra (Fig. 1) [43]. The degradation of the polymer
backbone is seen at ~520—540 °C. Fig. 6 and Table 4 data suggest
that < 10% weight loss is observed at 520 °C, indicating the very high
thermal stability of these polymers. TGA curves and Table 4 data
clearly suggest that the thermal stability of these homopolymers
depends upon the isomeric structure of PDA. It must be noted that
2,5 PDA (the para structure) shows the highest thermal stability
among the four. TGA curves of few representative samples of 2,6(m)-
PyPBI-co-2,5(p)-PyPBI copolymer are shown in Fig. 7. The TGA curves
for the other two sets of copolymers, 2,4(m)-PyPBI-co-2,5(p)-PyPBI
and 3,5(m)-PyPBI-co-2,5(p)-PyPBI are presented in Supporting
Information Figs. 11 and 12, respectively. Table 5 represents
thermal stability data of PyPBI copolymers. From all these TGA curves
and Table 5 data, it is very much clear that the thermal stability of the
copolymer increases with increasing para content. Hence, we can

tand
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Fig. 9. DMA plots (tan ¢ and E” against temperature) of 2,6(m)-PyPBI-co-2,5(p)-PyPBI copolymers. The Ty s are shown in the figure by vertical dotted lines.
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Fig. 10. Comparison of Tg s of 50% para content sample of three different copolymers
obtained from the tan ¢ vs temperature plot.

conclude that the introduction of para pyridine linkage in the poly-
mer backbone significantly influences and enhances the thermal
stability of the PyPBI random copolymers. Another important
observation must be noted that the thermal stability behavior of
these copolymers depends on the monomer pairs, for example the
temperature at which the 10% weight loss is observed for the 50%
para content sample in case of 2,6(m)-PyPBI-co-2,5(p)-PyPBI
copolymer is 650 °C where as the same is 595 °C in case of 2,4(m)-
PyPBI-co-2,5(p)-PyPBI copolymer (Table 5). Hence the isomeric
structure of PDA monomers influences the thermal stabilities of
PyPBI copolymers.

3.5. Glass transition temperatures (Tg) of copolymers

The thermomechanical properties of all the pyridine homo and
copolymers are studied by using a dynamical mechanical analyzer
(DMA). The glass transition temperatures (Tg) of all the PyPBI homo
and copolymers are obtained from the DMA study. The temperature
at which the maximum in loss modulus and tan 6 plot is observed
that corresponds to the glass transition temperature (Tg). All the
samples films are scanned in DMA from 150 °C to 500 °C at
a heating rate of 5 °C/min. The storage modulus (E’), loss modulus
(E") and tan ¢ values are measured at a constant frequency of 5 Hz
with a preload force of 0.01 N. We have carried out the DMA

heating scan after the annealing the samples (films) at 150 °C for
30 min. Earlier studies on PBI blend system showed that the first
DMA heating run results in a complicated structure because of the
involvement of various processes such as removal of residual
solvent, the glass transitions and the phase separation [49]. Also, it
is proved from the LR and TGA studies that the PBI is very hygro-
scopic in nature and can easily absorb ~5% (by weight) moisture
from the atmosphere. The absorbed moisture may affect the
mechanical properties and hence the glass transition temperature.
Therefore, we have annealed the samples at 150 °C prior to the
heating scan and we could obtain reproducible T from the DMA
study for all the samples. The temperature dependent plot of tan ¢
and loss modulus (E”) for Py-PBI homopolymers, 2,6(m)-PyPBI-co-
2,5(p)-PyPBI, 3,5(m)-PyPBI-co-2,5(p)-PyPBI and 2,4(m)-PyPBI-co-
2,5(p)-PyPBI copolymers are presented in Figs 8 and 9, Supporting
Information Figs. 13 and 14, respectively. In all the cases, the Tg
obtained from the loss modulus plot is somewhat lower than that
obtained from the tan ¢ plot. Earlier several author reported similar
type difference in Tg from the two plots for various polymer system.
In our discussion we will be dealing with the T s obtained from
tan ¢ plots. However, it must be noted that the nature of variation of
Tg from sample to sample in the copolymers are identical for both
tan 0 and E” plots. The tan ¢ plots (Fig. 8) show that the glass
transition temperature (Tg) of the 2,6(m)PyPBI, 2,4(m)PyPBI, 3,5(m)
PyPBI, and 2,5(p)PyPBI homopolymers are 408, 401, 387 and 360 °C,
respectively. Typically PBI polymer shows very high Tg (> 350 °C)
[10,24,29]. So our values are in agreement with the reported values.
To our knowledge until now no efforts have been made to measure
the Ty of the PyPBI homopolymers. The above Tg values have two
important implications: the T, of the para structure PyPBI (2,5 Py-
PBI) is significantly lower (~40 °C) than all meta structure PyPBI
(2,6; 3,5 and 2,4 PyPBI) and the Tg of PyPBI not only depends upon
the meta—para structure but it also varies depending upon the
position of carboxylic acid in the pyridine ring (isomeric effect). The
lower Tg value attributes that the para structured PyPBI backbone is
more flexible than the meta structured PyPBI. Our IR and Raman
studies (described in the previous section) suggest the presence of
better conjugation between the imidazole rings and para pyridine
linkage in case of para PyPBIL. Also, para structure PBI has
a symmetrical backbone. The flexibility and symmetrical nature of
the 2,5 PyPBI (para) homopolymer increases the segmental
mobility of the chain and hence para structure shows a lower Tg
compare to the meta structure [50]. Among the meta structure
PyPBI homopolymer, the Tg of 3,5 PyPBl is lower (387 °C) compared
to 2,6 and 2,4 PyPBI (408 and 401 °C). This is due to the position of
carboxylic acid group in the pyridine moiety. The better symmet-
rical nature of 3,5 PyPBI than other two meta PyPBI is responsible
for lower Tg of former compare to the other two meta PyPBIs.
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Fig. 11. Variation of glass transition temperature (Tg) with para content (mol %) of the PyPBI copolymers. Solid line is experimentally obtained from the tan ¢ vs temperature plots
and dotted line is calculated from the Fox equation. (A) 2,6(m)-PyPBI-co-2,5(p)-PyPBI (B) 3,5(m)-PyPBI-co-2,5(p)- PyPBI (C) 2,4(m)-PyPBI-co-2,5(p)-PyPBL
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Fig. 12. Absorption spectra of the Py-PBI homo and copolymers polymers in DMAc solution as recorded with a cuvette of 1 cm path length. Concentrations are 2 x 10~> M.
(A) Py-PBI homo polymers (B) 2,6(m)-PyPBI-co-2,5(p)-PyPBI (C) 3,5(m)-PyPBI-co-2,5(p)-PyPBI (D) 2,4(m)-PyPBI-co-2,5(p)- PyPBI.

All the DMA plots of PyPBI copolymers (Fig. 9, Supporting
Information Fig. 13 and Fig. 14) exhibit a single Tg. In all the three
sets of copolymers, the Ty decreases with increasing para content as
expected from their representative values for homopolymers. It is
interesting to note that the Ty values of copolymers are highly
dependent on the structure of the monomer pairs. Fig. 10 shows
a comparison of Tg value for 50% para content copolymer of three
different sets. Hence the T is controlled not only by the meta—para
combination structure but also tuned by the different isomeric
structure of meta PDAs. The variations of copolymer Tg s with para
content (mol %) for three sets of copolymers are presented in Fig. 11.
The expected Tg of the random copolymers are estimated by the Fox
equation (Equation (5)) as follows:

1 W Wy

M W (5)
Tg Tg1 ng

where wy and w, are the weight fractions and Tg; and Tgare the
glass transition temperatures of the two homopolymers. Fig. 11
shows that the experimental Tg values obtained from the DMA
measurements (solid line) are deviated from the calculated values
obtained from the Fox equation (dotted line).Positive deviation
obtained from the linear additive rule in case of 2,6(m)-PyPBI-co-
2,5(p)-PyPBl where as other two sets copolymers exhibit the
negative deviation from the Fox equation (Fig. 11). Among the
three meta PDAs, the 2,6 PDA is the less symmetrical in nature
which pushes two polymer chains away from each other owing to
the interchain steric hindrance in case of 2,6(m)-PyPBI-co-2,5(p)
PyPBI resulting a positive deviation from the expected Tg values. In
other two sets of copolymers the negative deviation are observed

due to the fact that in these two cases, the meta component PDAs
(2,4 and 3,5) are more symmetrical and has some similarities with
2,5 PDA. The most important observation from the above study is
that the dependence of Ty with para content depends upon with
whom 2,5 PDA is being partnered. Hence the effect of isomeric
structure of PDA on the flexibility of the PyPBI random copolymer
is demonstrated.

Table 6
Electronic spectroscopy data of all the Py-PBI copolymers.

Copolymer Para Content Absorption (Anax) Emission
(mol %) peak (nm) peak (nm)
2,6(m)-PyPBI-co—2,5(p)—PyPBI 0 355 411,430
10 360 460
25 362 460
50 365 465
75 390 448,466
90 395 448,468
100 400 448,468
3,5(m)-PyPBI-co—2,5(p)—PyPBI 0 350 424
10 348 437
25 352 464
50 365 468
75 382 468
90 385 469
100 400 448,468
2,4(m)-PyPBI-co—2,5(p)—PyPBI 0 365 450
10 365 460
25 370 463
50 380 465
75 383 467
90 395 468
100 400 448,468
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3.6. Spectroscopy

The absorption and the fluorescence emission spectra of all the
PyPBI homo and copolymers are studied from their dilute solution
(2 x 107> M) in dimethyl acetamide (DMAc). The concentration is
expressed by considering one repeat unit as one mol PyPBI. The
absorption spectra of PyPBI homo and three sets of PyPBI copoly-
mers in DMAc are shown in the Fig. 12. All the polymers exhibit very
distinct w— 7" transition peak above 350 nm. The absorbance
maximum (Amax) peak positions are presented in the Table 6. Fig. 12
and Table 6 exhibit that the An.x for m— =" transition varies
depending on the positions of carboxylic acids in the pyridine ring.
Hence the isomeric effect of PDA on the conjugation of the PBI
backbone is demonstrated. Table 6 data suggests the increasing
conjugation order as follows: 2,5 > 2,4 > 2,6 > 3,5 and the Apax Of
para structure (2,5) is ~50 nm higher than the others. This indicates
that para is much more conjugated and all others have similar type
conjugation. The observation is in good agreement with our other
studies. A gradual bathochromic shift of the w—m" absorbance
maximum was observed in all the copolymers (Fig. 12) with
increasing para content. We have noticed a similar observation to
our previous work on m-PBI-co-p-PBI where the 100% para homo-
polymer absorbs at ~50 nm higher wavelengths than the 100% meta
homopolymer. The introduction of the para linkage into the polymer
backbone enhances the conjugation between the imidazole and the
pyridine ring which results in the above mentioned bathochromic
shift of the t— 7" absorption maxima. So our argument about the
increased conjugation in the backbone due to the para substitution

A. Sannigrahi et al. / Polymer 51 (2010) 5929—5941

using IR spectra and Raman studies discussed in the previous
sections are in good agreement with the absorption studies.
Earlier, it has been shown that all PBI types of heterocyclic
polymers exhibit fluorescence emission and various phenomenon
of PBI such as aggregation, gelation, conformational transition and
sensing of halide ions have been explained by the help of fluores-
cence spectroscopy [19,21,26]. Therefore, it is very important to
understand the photophysical behavior of the PyPBI polymer as we
introduced the pyridine moiety in the polymer backbone which has
potential to act as cationic sensor material. To our knowledge until
now no such efforts have been made to study the photophysical
behavior of the PyPBI type polymers. The emission spectra of the
PyPBI homo and copolymers recorded in DMAc and are presented
in the Fig. 13. The excitation wavelengths (exc) are chosen based on
the m— " absorption maxima shown in the Table 6. The concen-
trations of the solutions are 2 x 10> M and kept constant for all the
cases. 2,6 PyPBI and 2,5 PyPBI exhibit two fluorescence bands,
however the other two homopolymers (3,5 and 2,4 PyPBI) show
only one fluorescence band with a very broad shoulder at the lower
wavelength side which is almost undetectable (Fig. 13). Earlier, it
was shown that PBI has two emission bands in which the lower and
longer wavelength bands from the excited 'L, state in the benz-
imidazole ring of PBI are assigned as 0—0 and 0—1 transition
respectively. Table 6 and Fig. 13 indicate that the para structure
PyPBI emits at higher wavelength than the meta structure PyPBI.
Among the meta structure PyPBI, the 2,4 PyPBI emits towards
higher wavelength, indicating that the position of carboxylic acid in
the pyridine ring (isomeric effect) control the conjugation in the
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Fig. 13. Fluorescence emission spectra of the Py-PBI homo and copolymers in DMAc solution. Concentrations are identical to Fig. 13. Excitation wavelengths (Aexc) are indicated in
the figure. (A) Py-PBI homo polymers (B) 2,6(m)-PyPBI-co-2,5(p)-PyPBI (C) 3,5(m)-PyPBI-co-2,5(p)-PyPBI (D) 2,4(m)-PyPBI-co-2,5 (p) PyPBIL.
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polymer backbone. All the three types of copolymer pairs the
emission bands are shifted gradually to the higher wavelength with
increasing para content (Fig. 13 and Table 6). The shifting of the
emission bands towards the longer wavelength also supports the
conjugation along the polymer backbone due to the introduction of
the para pyridine linkages. This observation once again strengthens
our previous argument about the better conjugation of higher para
content copolymers.

4. Conclusions

We have synthesized and studied various molecular properties
of three different sets of polybenzimidazole random copolymers
consisting of meta and para pyridine linkages in the backbone. In all
the cases the higher para content copolymer yielded higher
molecular weight polymers owing to low solubility of para struc-
ture 2,5 pyridine dicarboxylic acid (2,5 PDA) in the polymerization
medium. FT-IR and Raman spectroscopy studies demonstrate the
increase of conjugation along the polymer chain for higher para
content polymers. The para structure 2,5 PDA has the higher
reactivity than all other meta structure PDAs and most importantly
the reactivity of 2,5 PDA varies depending upon with which meta
PDA it forms the copolymer pair. In all the three sets of copolymers
the thermal stabilities are increased with increasing para content in
the copolymers. The position of the carboxylic acid groups in the
pyridine ring of PDA monomers influences the Tg of the PyPBI homo
and copolymers. The nature of deviations of Tg of copolymers from
the expected T, (as per the Fox equation) are not similar in three
cases, attributing the influence of isotopic structures of monomers.
The absorption maxima and the emission wavelength are shifted
towards the higher wavelength with increasing para content in the
polymer provide the proof for increased conjugation. In summary,
we have demonstrated the effect of structural isomers of PDA
monomers on the copolymerization and the various molecular
properties of PyPBI random copolymers.
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