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ABSTRACT: A series of meta-polybenzimidazole-block-para-
polybenzimidazole (m-PBI-b-p-PBI), segmented block copoly-
mers of PBI, were synthesized with various structural motifs
and block lengths by condensing the diamine terminated meta-
PBI (m-PBI-Am) and acid terminated para-PBI (p-PBI-Ac)
oligomers. NMR studies and existence of two distinct glass
transition temperatures (Tg), obtained from dynamical
mechanical analysis (DMA) results, unequivocally confirmed
the formation of block copolymer structure through the
current polymerization methodology. Appropriate and careful
selection of oligomers chain length enabled us to tailor the
block length of block copolymers and also to make varieties of structural motifs. Increasingly distinct Tg peaks with higher block
length of segmented block structure attributed the decrease in phase mixing between the meta-PBI and para-PBI blocks, which in
turn resulted into nanophase segregated domains. The proton conductivities of proton exchange membrane (PEM) developed
from phosphoric acid (PA) doped block copolymer membranes were found to be increasing substantially with increasing block
length of copolymers even though PA loading of these membranes did not alter appreciably with varying block length. For
example when molecular weight (Mn) of blocks were increased from 1000 to 5500 then the proton conductivities at 160 °C of
resulting copolymers increased from 0.05 to 0.11 S/cm. Higher block length induced nanophase separation between the blocks
by creating less morphological barrier within the block which facilitated the movement of the proton in the block and hence
resulting higher proton conductivity of the PEM. The structural varieties also influenced the phase separation and proton
conductivity. In comparison to meta−para random copolymers reported earlier, the current meta−para segmented block
copolymers were found to be more suitable for PBI-based PEM.
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■ INTRODUCTION

Recently, research toward the development of polymeric
membrane, which can be used as high temperature polymer
electrolyte membrane (PEM) in fuel cell has gained
considerable interests in the scientific community because of
its several advantages compared to traditional PEMs which are
only suitable for low operating temperature (<100 °C).1−7

Among large number of polymeric systems which have been
developed for this purpose, phosphoric acid (PA)-doped
polybenzimidazole (PBI) has been found to be the most attractive
because of their very high thermo-mechanical stability, resistance
to chemical and long-term durability.1−4,8−12

With regard to the use of PA loaded PBI as PEM, several
aspects of PBI chemistry have been studied thoroughly in last
ten years. Few aspects among these which are often highlighted
in the literature are solubility and hence processability issues of
PBI, thermal and mechanical stability of PBI, acid loading
capability, proton conductivity and especially the thermo-
mechanical stability of PA doped PBI membrane in particular
when PA loading is high.13−17 Another important drawback

which is also pointed out to be as one of the bottlenecks for the
use in PEM is the durability of PA doped membrane since PA
can readily leach out from the membrane and thereby reducing
the membrane proton conducting character.18−20

To address the solubility problem, several varieties of PBI
structures have been suggested.21−25 However, many of them
failed to enhance the solubility or even it improves, resulting
membranes obtained from these new structures display inferior
properties compared to traditional PBI as PEM. Recently, we have
reported a new type of PBI called pyridine based PBI (Py-PBI),26

which was synthesized from an alternative, inexpensive tetraamine
monomer called 2,6-bis(3′,4′-diaminophenyl)-4-phenylpyridine
(Py-TAB), which has very high solubility and as well as enhanced
proton conducting character compared to traditional PBI. Other
synthetic methods, which have been adapted very often to increase
the processability, are grafting the alkyl or functionalized alkyl
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chain in the PBI backbone14,21,22,24 by substituting in the imidazole
ring. However, these approaches also have many disadvantages.
In regard to the development and fabrication of PA-doped

PBI membrane with workable thermomechanical stability, high
PA loading and high proton conductivity several approaches
have been explored in literature, recently several reviews have
summarized all these methods.1−4 Very often following four
methods have been adapted and these are (1) synthesis of new
PBI structures which include structural varieties in homopol-
ymers and copolymers,9−11,22,24,26−32 (2) development of novel
fabrication method,10,12,33−37 (3) preparation of nanocompo-
sites of PBI with inorganic fillers such as clay, silica particles,
nanotubes, graphene, etc.,38−41 and (4) making blend with
another polymer,42−45 which helps to obtain the desired
property as mentioned above. All these approaches of making
PA-doped PBI membrane with high PA loading and
conductivity without comprising thermo mechanical properties
are extensively studied by us and many other groups.
Recently, synthesis of PBI copolymers increasingly becoming

important since copolymer structure offers opportunities to
improve the properties and especially the PA doped PBI
membrane properties.27−32,46−52 Majority of the literature
reports are on the random copolymer of two or three different
types of PBI. Among these random copolymers of meta-
connected PBI and para-connected PBI are very significant
since chemical structure-wise they are same, however their
linkage with imidazole are different which makes them isomeric
structure.31 It has been pointed out that PA doped para-PBI
shows higher conductivity than meta-PBI.3,12,26 However, para-
PBI has very low solubility and hence processability. Therefore,
a combination of meta- and para-PBI can result into processable
material and as well as good proton conducting PEM can be
fabricated. With this background, earlier we had synthesized meta/
para random copolymers.31 However, we found that the
conductivity did not improve as per our expectations. Hence, it
became necessary for us to come up with new structural strategies.
It has been reported that the blocks of multiblock structure

can easily phase separate into two domains which enhances the
internal connectivity within the block and hence resulting in
higher conductivity.53−56 In literature only few reports are
available on multiblock copolymers of PBI with poly(arylene
ether sulfone)38 and Benicewicz et al.59 reported segmented
block copolymer of sulfonated PBI with para-PBI. All of these
reports highlighted increase in proton conductivity and argued
that the nanophase segregation of blocks as the cause for higher
conductivity. Keeping this background of nanophase separation
of block structure and absence of meta/para block copolymer in
the literature, we planned to synthesize meta-PBI-block-para-PBI
(m-PBI-b-p-PBI) segmented block copolymers and study the
effect of each block length on the phase separation and hence on
the proton conductivities. We also attempted to build several
structural varieties (motifs) of segmented block copolymers and
study their influences on the properties of PEM obtained from
these segmented block copolymers.

■ EXPERIMENTAL SECTION
All the information about the materials used in this study, membrane
fabrication method from the synthesized m-PBI-b-p-PBIs and the
experimental methods of all the characterization techniques which
include molecular weight measurements by viscosity and proton NMR
analysis, thermogravimetric analysis (TGA) and dynamic mechanical
analysis (DMA) for all the m-PBI-b-p-PBIs polymers are described in
the Supporting Information. The H3PO4 doping level and the proton

conductivity measurements of m-PBI-b-p-PBIs membranes are also
discussed in the Supporting Information.

Synthesis of Oligomers and Segmented Block Copolymers.
Synthesis of Meta-Connected Diamine-Terminated Polybenzimida-
zole Oligomers. Polycondensation of 3,3′4,4′-tetraaminobiphenyl
(TAB) and isophthalic acid (IPA) monomers in polyphosphoric acid
(PPA, 115%) medium was carried out to synthesize meta-connected
diamine-terminated poly[2,2′-(m-phenylene)-5,5′-benzimidazole]
oligomers (abbreviated as m-PBI-Am). We have conducted five sets
of reactions by varying the relative mols ratios of TAB and IPA, and all
the reactions were in 100 g scale. In all the cases total monomer
concentration (TMC) at the beginning of the reaction was kept
constant at 5 wt %. The mole ratio of TAB and IPA were altered to get
the variable molecular weight of the resulting oligomers. We kept the
fixed IPA mole ratio at 1.00 and systematically varied the TAB mole
ratios from 1.06 to 1.25 as seen in Table 1. The reactions were carried
out as follows: all reactions of different mols of TAB and IPA were
taken into a three neck flask with 100 g PPA for diamine terminated
oligomers synthesis and the reactions were carried out for 12 h at
190 °C. After the polymerization, the viscous oligomer solutions were
slowly poured into the deionized water and washed with deionized
water several times. Then dilute solution of ammonium hydroxide
solution was added to neutralize the excess phosphoric acid. The
oligomers were filtered and washed with ethanol several times and
dried in vacuum oven for 3 days at 60 °C to remove the solvents
completely. This reaction scheme is shown in Scheme 1.

Synthesis of Para-Connected Acid-Terminated Polybenzimida-
zole Oligomers. Para-connected acid-terminated poly[2,2′-(p-phenyl-
ene)-5,5′-benzimidazole] oligomers (abbreviated as p-PBI-Ac) were
synthesized by condensing TAB and terephthalic acid (TPA)
monomers in PPA medium. Here also we have carried out five sets
of reactions by varying TAB and TPA mole ratio, and all are in 100 g
scale and the total monomer concentrations (TMC) were kept
constant at 3.5 wt %. We have varied the mole ratio of TAB and TPA
to alter the molecular weight of oligomers. We have kept the fixed
TAB mole ratio at 1.00 and varied the TPA mole ratio from 1.06 to
1.25 as seen in Table 1. All reactions of different mols of TAB and
TPA were taken into a three neck flask with 100 g PPA for acid
terminated oligomers synthesis and the reaction were carried out for
6−8 h at 190 °C. After the polymerization, the viscous oligomer
solutions were slowly poured in to the deionized water and washed
with deionized water several times. Then dilute solution of ammonium
hydroxide was added to neutralize the excess phosphoric acid. The
oligomers were filtered and washed with ethanol several times and
dried in vacuum oven for 3 days at 60 °C to remove the solvents
completely. Scheme 2 shows the reaction scheme.

Synthesis of Segmented Block Copolymers of Polybenzimidazole.
Segmented block copolymers of PBI were synthesized by poly-
condensation (coupling) reactions of diamine (m-PBI-Am) and acid
(p-PBI-Ac) terminated oligomers in PPA medium which resulted into
meta-polybenzimidazole-block-para-polybenzimidazole (abbreviated as
m-PBI-b-p-PBI). Three different types of segmented block copolymers

Table 1. Monomer Mole Ratios and Molecular Weights of
Synthesized Diamine- (Meta) and Acid-Terminated (Para)
PBI Oligomers

diamine-terminated oligomer
(m-PBI-Am)

acid-terminated oligomer
(p-PBI-Ac)

TAB/IPA
(mole ratio)

IV
(dL/g)a

Mn
(g/mol)b

TAB/TPA
(mole ratio)

IV
(dL/g)a

Mn
(g/mol)b

1.06:1 0.59 5500 1:1.06 0.54 5200
1.09:1 0.47 4300 1:1.09 0.43 4100
1.14:1 0.32 3100 1:1.14 0.35 3300
1.20:1 0.22 2100 1:1.20 0.23 2200
1.25:1 0.12 1000 1:1.25 0.11 1100

aInherent viscosity (IV) determined from 0.2 g/dL oligomers solution
in conc. H2SO4 (98%) at 30 °C.

bDetermined by 1H NMR end group
analysis.
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were synthesized and these are (I) (Amfix-b-Acvary), in this we varied
the block length of acid terminated oligomer with the fixed diamine
terminated oligomer, (II) (Amvary-b-Acfix), in this case we varied the
diamine terminated oligomer with the fixed acid terminated oligomer
and (III) (Amequal-b-Acequal) where we took equal block length of
diamine terminated and acid terminate oligomers. In case of block
copolymer of Amfix-b-Acvary (case I), we have taken the highest

molecular weight of diamine terminated oligomer (Mn = 5500, Table 1),
and in case of Amvary-b-Acfix, the highest molecular weight of acid
terminated oligomer (Mn = 5200, Table 1) was chosen. The detail
reactions recipes are summarized in Results and Discussion section
(Table 3). We have taken the diamine and acid terminated PBI
oligomers weight according to their end group analysis to maintain their
stoichiometric balance. End group analysis technique by 1H NMR was

Scheme 1. Synthesis of Meta-Connected Diamine-Terminated Polybenzimidazole (m-PBI-Am) Oligomer

Scheme 2. Synthesis of Para-Connected Acid-Terminated Polybenzimidazole (p-PBI-Ac) Oligomer

Scheme 3. Synthesis of Segmented Block Copolymers of Polybenzimidazole (m-PBI-b-p-PBI)
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used to calculate the molecular weight of the oligomers.57,58 All
segmented block copolymers syntheses were carried in 100 g scale and
total monomer concentrations were kept at 4 wt %. Polymerizations
were carried out as follows: the synthesized oligomers with appropriate
stoichiometry were taken in a three neck flask and connect with sealed
over headed mechanical stirrer and the reaction was kept at 210 °C for
24−26 h with continuous nitrogen purging. After the complete
polymerization, the viscous polymer solutions were slowly poured into
the deionized water and washed several times. Then ammonium
hydroxide solution was added to neutralize the excess phosphoric acid.
The polymers were filtered and washed with deionized water several
times and dried in vacuum oven for 3 days at 100 °C to remove the
solvents completely. The synthesis of segmented block copolymers of
PBI is represented in Scheme 3.

■ RESULTS AND DISCUSSION

Synthesis of Polybenzimidazole Oligomers. Since in
this work, we wish to prepare PBI block copolymers hence first
we need to synthesize oligomeric blocks, which further can be
connected by condensation (coupling) to build the block
copolymer structure. To get the block copolymer structure of
PBI, we need to have diamine terminated PBI oligomeric
structure and acid terminated PBI oligomeric structure which
upon condensing can produce block PBI structure. As shown in
Schemes 1 and 2, we have prepared diamine terminated meta-
polybenzimidazole (m-PBI-Am) oligomer and acid terminated
para-polybenzimidazole (p-PBI-Ac) oligomer by the condensa-
tion reaction TAB with IPA and TPA, respectively in PPA. It is

expected that further condensation of these two oligomers
structure will produce block PBI structure in which one block
would be meta-connected structure and other would be para-
connected structure. To get the terminal functionalities in
oligomers we have used stoichiometric imbalance method
in the reaction mixture as shown in Table 1. For diamine
termination higher amount TAB was taken and similarly for
acid termination higher amount of acid was taken. Since we also
would like to see the effect of block lengths in the final
properties of PBI block copolymers, therefore it is necessary to
build different chain length oligomeric structures. To do so, we
have varied the mole ratios of IPA and TPA with the TAB. For
meta-connected diamine-terminated PBI oligomers, we have
varied the mole ratio of TAB 1 to 1.25 with a fixed 1 mol ratio
of IPA and for p-PBI-Ac oligomer TPA mole ratio 1 to 1.25 with
a fixed 1 mol ratio of TAB were altered. From Table 1 it is clear
that with increasing the stoichiometric imbalances; the molecular
weight (inherent viscosity, IV and Mn) of both the diamine and
acid terminated oligomers gradually decrease.
The proton NMR spectra of both m-PBI-Am and p-PBI-Ac

oligomers are shown in Figure 1 with their peak assignments.
The structures match very well with the spectral data. In both
the oligomers, the terminal peaks are assigned as shown in
Figure 1. In case of m-PBI-Am (Figure 1A), the terminal peaks
of oligomers are assigned by a′, b′, d′, e′, f′, g and h. The other
peaks are assigned as nonterminal peaks. The terminal
imidazole proton peaks are appeared at 13.08 ppm designated

Figure 1. 1H NMR spectra of (A) diamine terminated meta-polybenzimidazole oligomer (m-PBI-Am) (B) acid terminated para-polybenzimidazole
oligomer (p-PBI-Ac). Peaks assignments and chemical structures of oligomers are also shown in the figure. All spectra were recorded using DMSO-d6
as NMR solvent.
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as a′, terminal aromatic proton appears in between 6.56 and
7.46 ppm assigned as d′, e′, f′, g, and terminal amine peak
appear at 4.61 ppm numbered as h. Similarly in case of p-PBI-
Ac (Figure 1B), in addition to nonterminal peaks, all terminal
peaks are assigned as d′, e′, f′, g, i′, j, k′, and l. In which d′, e′, f′,
and g represent the terminal aromatic protons as shown in
Figure 1A. The i′ peak at ∼13.12 ppm represents the imidazole
proton and j at ∼13.12 ppm is assigned as terminal carboxylic
proton. It must be noted that the peaks at ∼13.12 ppm
(denoted as i, i′, j) are broad in nature and this is due to overlap
of carboxylic and imidazole proton peaks.
The number-average molecular weight (Mn) of diamine and

acid terminated oligomers are calculated from the end group
analysis by peak integration of 1H NMR spectra using methods
as described in the Supporting Information, which is similar to
method reported earlier.57,58 The molecular weights (Mn) of
diamine terminated oligomers are varied from 1000 to 5500
and for acid-terminated oligomers 1100 to 5200 (Table 1). Mn
values also follow the similar trend as inherent viscosity (IV)
values in both the cases; with increasing stoichiometric
imbalance Mn decreases. The Mn increases with increasing IV
values as per the expectation in both the cases. Linear
relationships between IV and Mn are observed for both the
cases (m-PBI-Am and p-PBI-Ac) when a log−log plots are
drawn between IV and Mn (Supporting Information Figure 1)
which confirmed the successful control of molecular weights for
both the blocks.55−58

It is important to note that, we have prepared diamine-
terminated oligomer using IPA with TAB and acid-terminated
oligomer using TPA with TAB (Schemes 1 and 2 and Table 1).
The question can be asked why not vice versa i.e. TPA for
diamine termination and IPA for acid termination and why we
are so particular about it? In fact, this should have been a
natural choice since our earlier studies indicated formation of
diamine terminated oligomeric species as a major intermediate
when TPA and TAB condensation takes place owing to the low
solubility of TPA in PPA. We also attributed this as a cause for
formation of high molecular weight (MW) PBI whenever a
para-connected diacid (such as TPA) is used.26,30,31 In this
study, initially, we indeed attempted to make diamine oligomer
using TPA and acid oligomer using IPA and the results are
shown in Table 2. However, we observe that MW (IV values)

of diamine-terminated oligomers are always higher than the
acid-terminated oligomer (Table 2) even though stoichiometric
imbalance are quite similar. This is quite obvious as the reason
stated above and as per our earlier observation.26,30,31

Therefore, we do not have good control over the MW (chain
size) of both the oligomers, which will not allow us to build the
final block structure with several varieties. Hence, we opted the
reverse, that is, IPA for diamine-terminated and TPA for acid-

terminated as discussed and shown in Schemes 1 and 2 and
Table 1, where we have very good control over both oligomers’
MW, and hence, we can build blocky PBI structure of several
varieties which will be discussed in next section. The reason
why TPA produced lower MW acid-terminated oligomer
compared to that of the diamine-terminated (Table 1) is that
acid termination is preferred instead of diamine termination
because of high acid stoichiometry.

Synthesis of Segmented Block Copolymer of Poly-
benzimidazoles. meta-Polybenzimidazole-block-para-polyben-
zimidazole (m-PBI-block-p-PBI) is synthesized by condensing
equal moles of diamine-terminated meta-PBI and acid-
terminated para-PBI oligomers in PPA medium for 24 h as
shown in Scheme 3. The stoichiometric balance (1:1 mol) of p-
PBI-Ac and m-PBI-Am oligomers in the polymerization feed
are maintained in all the block copolymer synthesis based on
the calculated stoichiometry of oligomers obtained from end
group analysis using 1H NMR spectra. It is expected that this
condensation of oligomers will yield blocky structure of PBI. A
careful analysis of 1H NMR spectra further clarified the
formation of segmented block PBI. 1H NMR spectra of
representative segmented block PBI is shown in Figure 2 along

with block structure. The peak assignments of the segmented
block structures are also represented in the figure. A comparison of
Figure 2 spectra with oligomeric spectra shown in Figure 1 clearly
proves the formation of block structure. In case of m-PBI-Am
oligomer (Figure 1A), the peaks of terminal diamine protons (h)
appear at 4.61 ppm and terminal imidazole peak is seen at 13.08
ppm (a′). Similarly all the terminal aromatic peaks (b′, d′, e′, f′, g)
are also clearly distinguishable (Figure 1A). Similarly in case of p-
PBI-Ac oligomer (Figure 1B) the terminal acid (j), and imidazole
peaks (i′) are identified as broad peaks along with regular peak.
The remaining terminal aromatic (d′, e′, f′, g, k′, l) peaks are seen
as in case of m-PBI-Am. The block copolymer m-PBI-block-p-PBI,
1H NMR spectra matches well with the expected structure as
shown in Figure 2. The complete disappearance of terminal
protons signals of both oligomers [imidazole (a′, i′), amine (h),
acid (j), and aromatic (b′, d′, e′, f′, g, k′, l)] as shown by the arrow
in Figure 2 clearly indicates the ring closer of the condensation
polymerization and hence the formation of block copolymer of
PBI. The all other peaks are indicated in the figure clearly

Figure 2. 1H NMR spectra of meta-PBI-block-para-PBI block
copolymer. Peaks assignments and chemical structure of block
copolymer is shown in the figure. Spectrum was recorded using
DMSO-d6 as NMR solvent. Arrow indicating the disappearance of
terminal peaks of oligomer because of formation of block PBI
copolymer.

Table 2. Monomer Mole Ratios and Inherent Viscosity of
Synthesized Diamine- (Para) and Acid (Meta)-Terminated
PBI Oligomers

acid-terminated oligomer (Am) diamine-terminated oligomer (Ac)

TAB/IPA (mole ratio) IV (dL/g)a TAB/TPA (mole ratio) IV (dL/g)a

1:1.014 0.71 1.014:1 3.01
1:1.065 0.21 1.065:1 0.81
1:1.114 0.03 1.114:1 0.61

aDetermined from 0.2 g/dL oligomers solution in conc. H2SO4 (98%)
at 30 °C.
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attributes and agrees with block PBI structure as shown in
Scheme 3.
The above discussion and Figure 2 clearly prove the

formation of segmented block PBI copolymer structure upon
condensation of diamine and acid terminated PBI oligomers. It
is to be noted from Table 1 that we have synthesized both types
of PBI oligomers with variable chain length (molecular weight).
Therefore, we can utilized the various combination of these
variable chain length oligomers to build the different types of
segmented block PBI structures as shown in Table 3. The
schematic structures of blocks are shown in last column of
Table 3. There varieties of block PBI structures are prepared and
these are (I) fixed diamine-block-variable acids (Amfix-b-Acvary),
(II) variable diamine-block-fixed acid (Amvary-b-Acfix) and (III)
equal diamine-block-equal acid (Amequal-b-Acequal). In case of (I)
(Amfix-b-Acvary); we have chosen the highest molecular weight of
diamine terminated m-PBI oligomer and varied the acid
terminated p-PBI oligomers molecular weight. Similarly, in case
of (II) (Amvary-b-Acfix); we have chosen the highest molecular
weight of acid terminated p-PBI oligomer and varied the molecular
weight of diamine terminated m-PBI oligomers. But in case of
(III) (Amequal-b-Acequal); similar molecular weight of both oligomer
are chosen, however, their size are vary equally from one polymer
to another.
In both the cases of fixed amine- and acid-terminated block

copolymer of PBI; the molecular weight gradually decreases
with the increasing of counter oligomers molecular weight
(Table 3). This could be due to the reactivity of counter
oligomers which gradually decreases with the increasing the
molecular weight of the oligomers due the different chain
length of oligomers which do not allow the longer chain length
to react readily. But in case of the equal ammine and acid
terminate block (case III) copolymer, because of the equal
length of molecular weight; they have the same reactivity and
the condensation reaction takes place readily.
The proton NMR spectra of all the three types of segmented

block PBI structures with variable chain length of meta and para
blocks are shown in Figure 3. The peaks assignments are also
shown in the figure with the segmented block structure and
schematic color coding. It must be carefully noted that the
peaks, which are designated by a, b, c, are for the meta structure
and similarly the peaks, which are assigned as i, k, are for the
para structure of PBI.27 As it can be seen that, in case of Amfix-

b-Acvary (Figure 3B), the peaks (i, k) because of the para
structure becomes stronger with increasing IV (molecular
weight and chain length) of para block in the segmented block
structure. Similarly, meta structure peaks (a, b, c) becomes
more and more prominent in case of Amvary-b-Acfix (Figure 3C)
with increasing IV of meta PBI oligomer. However, in case of
Amequal-b-Acequal (Figure 3C), relative intensity of both meta
and para peaks remain same, but peaks become more intense as
we increase the chain length.
The para copolymer compositions (meta/para) in the

segmented block structure are calculated from the integral
ratio of proton peaks (a, b, c, i, k) intensities with help of
following eq 1 and listed in Table 3. In case of Amequal-b-Acequal
(Case III) samples the meta/para compositions are always
approximately 50/50 irrespective of block length, which is in
agreement with the feed meta/para composition (50/50). On
the other hand, meta/para composition alters in other two
types of block; the % of para increases with increasing block
length (MW) of para connected acid terminated oligomer in
case of Amfix-b-Acvary (case I); where as % of para decreases
with increasing block length of amine terminated oligomer in
case of Amvary-b-Acfixed (case II). These are simply due to the
effect of corresponding block length which changes as we alter
the molecular weight of oligomers.

=
+

+ + + +
I I

I I I I I

% of para mole fraction in the copolymer

i k

a b c i k (1)

Thermal Stability.We have carried out TGA analysis for all
diamine- and acid-terminated oligomers, and the three sets of
segmented block copolymers of PBI under continuous nitrogen
flow from room temperature to 800 °C. Supporting Information
Figure 2 and Figure 4 show the thermal degradation of the
oligomers and block copolymers, respectively. It is clearly visible
that all synthesized oligomers and block copolymers are highly
thermally stable as per the expectation for PBI type polymers.
The weight loss at the initial stage near 150 °C is occurring
because of the loss of loosely hydrogen bonded water molecules,
which are associated with the polymer backbone. The weight loss
after 600 °C is due to the degradation of the benzimidazole
group of the polymer backbone. Both in case of diamine and acid
terminated oligomers; the thermal stability gradually increases

Table 3. Oligomer Combinations and Molecular Weights of Synthesized Segmented Block Copolymer of Polybenzimidazoles
and the Schematic Structures of Block Copolymers
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with increasing the molecular weight of oligomers (Supporting
Information Figure 2).
The thermal stability of block copolymers are shown in

Figure 4 display the dependence on the copolymer structure;
for example in case of Amfix-b-Acvary, the thermal stability
decreases with increasing MW (chain length) of para-connected
acid-terminated block (Figure 4A). We have found similar trend
in case of Amvary-b-Acfix, where thermal stability decreases with
increasing MW of meta-connected block (Figure 4B). Therefore,
it can be said that although block lengths are increasing in these
two cases, however their thermal stability decrease and this is
probably due to the decrease of the molecular weight (as seen
from inherent viscosity values) of segmented block copolymer
with increasing block length as showed in Table 3. But in case of

the equal amine and acid terminated block copolymer (case III)
we got the reverse results; thermal stability increases with
increasing block length (Figure 4C). The molecular weight of the
resulting block copolymer gradually increases with increasing
both molecular weight of acid and amine terminated oligomers.
This is because the molecular wight of the block copolymers
increases with increasing the block length of both oligomers.

Dynamic Mechanical Properties. The temperature
dependent various thermo-mechanical properties such as
storage modulus (E′), loss modulus (E″) and tan δ of PBI
segmented block copolymers are studied using DMA. The glass
transition temperature (Tg) of all types of segmented block
PBIs are obtained from temperature dependent plots of both
E″ and tan δ as shown in Figure 5 and Supporting Information

Figure 3. 1H NMR spectra of PBI segmented block copolymer of varieties of structures (as shown in Table 3): (A) a general block structure with
peak assignments and schematic color coding for each block, (B) Amfix-b-Acvary, (C) Amvary-b-Acfix, and (D) Amequal-b-Acequal. The data are recorded
from DMSO-d6. Schematic segmented block structures along with color coding are shown in each case with their spectra.
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Figure 3, respectively. All the samples display two distinct glass
transition temperatures, attributing the formation of segmented
block copolymer structures.57,58 All the Tg values for all samples
are tabulated in Table 4. It has been reported by us and several
other authors earlier that para-PBI Tg is lower than meta-PBI Tg

owing to the symmetrical structure of para-PBI.1−3,27−32 Based
on this experience, we have identified the lower temperature
transitions as Tg for para block (acid terminated) and higher
temperature transition as Tg of meta block (diamine terminated).
In case of fixed diamine terminated segmented block

copolymer (Amfix-b-Acvary, case I); the Tg of fixed meta block
length does not change much, it is only 5−7 °C [395−402 °C
(tan δ plot) and 380−385 °C (E″ plot)], however with
increasing the chain length of para acid block part Tg increases
significantly (20−30 °C) from 329 to 349 °C (tan δ plot) and
from 298 to 317 °C (E″ plot) as shown in Supporting
Information Figure 3A, Figure 5A, and Table 4. Similarly, in
case of fixed acid terminated block copolymer (Amvary-b-Acfix,
case II); the Tg of fixed para block length does not change that
much, but with increasing the chain length of meta diamine
block part Tg increases significantly as shown in Supporting
Information Figure 3B, Figure 5B, and Table 4. But in case of
equal acid and equal diamine terminated block copolymers
(Amequal-b-Acequal, Case III), we have got two Tg and both are
increasing with increasing meta and para block length
(Supporting Information Figure 3C, Figure 5C, and Table 4).

This is due to both meta and para having similar size block
chain length and hence with increasing size (chain length) their
Tg increases in a similar manner. It is reported in the literature
that with increasing the block lengths the glass transition
temperature gradually increases.57,58 Here we also found the
same trend. From the above discussion of DMA study, it is
clear that the Tg variations depend on the block length and the
type of the block structure. Since the molecular weight (MW)
of block copolymer varies depending on the block length and
the structure; hence, there could be some effect of MW on Tg

as well. However, the trend of Tg variations as shown in Table 4
does not seem to reflect the MW dependence on Tg. Therefore,
in summary, it is confirmed that the synthesized copolymer
structure is segmented block structure and the Tg values varies
with nature of block and especially with the block length.
It must be noted that with increasing block length, the two

Tg peaks which are assigned to two separate blocks (meta and
para) become increasingly distinct and prominent in all the
three sets of samples in both E′ and tan δ plots as shown in
Figure 5 and Supporting Information Figure 3, respectively.
This attributes that with increasing block length the degree of
mixing between the two blocks decreases and hence resulted
into higher degree of phase separation. Hence, at higher block
length nanophase segregation of two blocks are more
prominent. This nanophase separation is most distinct in case

Figure 4. Thermogravimetric plots of (A) Amfix-b-Acvary, (B) Amvary-b-Acfix, and (C) Amequal-b-Acequal block copolymer of PBI in N2 atmosphere at
the heating rate of 10 °C/min.
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of Amequal-b-Acequal block and they are different in nature for
other two blocks as well.55−58

Figure 6 displays the storage modulus (E′) variation as a
function of temperature for all types of samples. In all the cases
with increasing block length E′ values are increasing in the
entire temperature range even though in case of Amfix-b-Acvary
and Amvary-b-Acfix MW decreases with increasing block length
as shown in Table 3 in earlier section. It also interesting to note
that, the percent of increase in E′ values is not only depends on
the block length but also significantly relies on the block
structure as seen from Figure 6 plots.
Phosphoric Acid Loading. Table 5 tabulated the

phosphoric acid (PA) doping level for all three types of
segmented block copolymers when the membranes are doped
by dipping into 85% (14.6 M) H3PO4 for 7 days. The PA
doping level for all the samples varies between 8 and 11 mol
per PBI repeat unit. We do not observe any definite conclusive
trend with increasing block length, molecular weight of the
polymer and the type of segmented block structures. The little
variations are may be due to the meta/para composition
variation from one copolymer to another. These measured
doping levels of segmented block copolymer are comparable
with the literature reported doping level of meta- and para-PBI
polymers when doped using similar condition (85% PA for
7 days).1−3,27−32,60 It has been reported earlier also that
membranes of meta- and para-PBI obtained from solvent

casting method do not display much difference in acid loading.
However, the meta- and para-PBI membranes obtained from
direct casting method by sol−gel process (known as PPA
process), developed by Benicewicz et al., exhibit significant
difference in PA loading.3,12 We also made meta−para random
PBI copolymer in which meta/para composition is 50/50 and
measured PA loading of this sample is ∼10 mol/PBI repeat
unit. Hence, it is clear that block structure of PBI not influence
the PA loading character of the membrane which is justifiable
since PA molecules interact with all the imidazole groups in a
same manner irrespective of their nanophase separation or
segregation.
Although it might be argued that with increasing block length

more PA loading should have taken place which indeed true to
some extent in all the cases. However, it must be noted that
especially in case of Amfix-b-Acvary and Amvary-b-Acfix, the MW
(IV values) of copolymers decrease with increasing block length
(Table 3), which in turn can decrease the PA loading, but
observed PA loading for these two copolymers do not decrease
indicating that blocks structure might have facilitated the
absorption of PA owing to their phase separated morphology.
However, in case of Amequal-b-Acequal the increase in PA loading
is more prominent than other two block structure since MW in
this case does not decrease with increasing block length unlike
other two cases.

Figure 5. Loss modulus (E″) against temperature plots of PBI block copolymers: (A) fixed diamine terminated with varied acid terminated (Amfix-b-
Acvary), (B) fixed acid terminated with varied diamine terminated (Amvary-b-Acfix), and (C) equal diamine and acid terminated (Amequal-b-Acequal).
These results are obtained from DMA study at the heating rate of 4 °C/min.
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Also, we have measured the dimensional changes (swelling
ratio and increase in thickness) of the block copolymer
membranes upon PA loading for 7 days and the data are
included in Table 5. The results obtained are in good

agreement with the earlier observation reported in the
literature. Both the swelling ratio and thickness increase do
not display any dependence on block length, molecular weight
of the polymer and the type of segmented block structures
(Table 5).

Proton Conductivity. The proton conductivity of acid
doped membranes is the key property of high temperature
polymer electrolyte membrane (PEM) since fuel cell efficiency
directly related to the proton conductivity. The proton
conductivity measurements were carried out from room
temperature to 160 °C. The proton conductivity as a function
of temperature of all the segmented block copolymer
membranes are obtained from the Nyquist plots from the
second heating measurement as discussed in the Experimental
Section. All experiments have been carried out without any
external humidification supply. The representative Nyquist
plots obtained from the impedance measurements are shown in
Supporting Information Figure 4. Figure 7 represents, the
proton conductivity versus temperature plots for all three types
of block copolymers. As mentioned in the previous section, all
these membranes were doped by dipping into 85% PA
(H3PO4) for 7 days and their PA loading are not considerably
different as seen from Table 5.
In all three cases of block copolymers proton conductivities

increases with increasing temperature which are in good
agreement with the behavior of PA doped PBI membrane as
reported in the literature. From Figure 7, it is clearly evident

Table 4. Glass Transition Temperatures (Tg) of m-PBI-b-p-
PBI Copolymers Obtained from DMA Study

Tg from E″ (°C) Tg from tan δ (°C)

block polymer
amine block

(meta)
acid block
(para)

amine block
(meta)

acid block
(para)

fixed diamine-block-variable acid block copolymer (Amfix-b-Acvary)
Am0.59−b−Ac0.11 383 298 395 329
Am0.59−b−Ac0.23 385 306 398 338
Am0.59−b−Ac0.35 380 311 397 342
Am0.59−b−Ac0.43 382 317 402 349

variable diamine-block-fixed acid block copolymer (Amvary-b-Acfix)
Am0.12−b−Ac0.54 375 330 393 359
Am0.22−b−Ac0.54 381 326 397 360
Am0.32−b−Ac0.54 390 334 405 365
Am0.47−b−Ac0.54 399 331 417 364

equal diamine-block-equal acid block copolymer (Amequal-b-Acequal)
Am0.12−b−Ac0.11 377 300 400 326
Am0.22−b−Ac0.23 381 306 408 336
Am0.32−b−Ac0.35 385 314 403 344
Am0.47−b−Ac0.43 391 319 417 351
Am0.59−b−Ac0.54 399 327 420 354

Figure 6. Storage modulus (E′) against temperature plots of PBI block copolymers: (A) fixed diamine terminated with varied acid terminated
(Amfix-b-Acvary), (B) fixed acid terminated with varied diamine terminated (Amvary-b-Acfix), and (C) equal diamine and acid terminated
(Amequal-b-Acequal). These results are obtained from DMA study at the heating rate of 4 °C/min.
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that in all the three cases proton conductivities in the entire
temperature range increase with increasing block length. Also, it
must be noted that the increase in conductivity with block

length is most prominent in case of Amequal-b-Acequal copolymers
(Figure 7C). In this case at 160 °C, the conductivity of smallest
block length copolymer (Am0.12-b-Ac0.11) is 0.05 S/cm whereas
largest block length copolymer (Am0.59-b-Ac0.54) display 0.11 S/cm
(Figure 7C). Generally, proton conductivity of PBI based
membrane increases with increasing PA loadings. In the current
segmented block copolymers, PA loadings are almost similar, then
question can be asked why proton conductivity varying with chain
length and structural motif of copolymers. The other interesting
observation that in case of random meta/para copolymer where
meta/para composition is 50/50 and also the acid loading is
∼10 mol/PBI repeat unit, the conductivity is much lower than the
other 50/50 block copolymer as shown in Figure 7D. At 160 °C
random meta/para copolymer coductivity is 0.04 S/cm whereas
segmented block meta/para coplymer conductivity is much higher.
Even the smallest block length sample conductivity is 0.05 S/cm
which is higher than the random copolymer.
The higher proton conductivity of segmented block

copolymer than random copolymer despite the similar PA
loading, increase of proton conductivity with increasing block
length although PA loading are same can be attributed to the
formation of phase separated morphology with increasing block
length55,58 as observed from the DMA study (earlier section). It
is known that para-structured PBI display higher proton
conductivity than meta-structured PBI owing to its symmetrical
nature.1−3,26−32 In case of random meta/para (50/50) copolymer,

Table 5. Swelling and Phosphoric Acid (PA) Loading Data
of All Three Types of Segmented Block PBI Copolymers
after Dipping in PA for 7 Daysa

block polymer
swelling
ratio (%)

thickness
increase (%)

PA (mols/PBI
repeat unit)

fixed diamine-block-variable acid block copolymer (Amfix-b-Acvary)
Am0.59−b−Ac0.11 6.50 (0.26) 34.81 (2.19) 7.77 (1.59)
Am0.59−b−Ac0.23 6.60 (0.02) 35.67 (0.97) 8.66 (0.16)
Am0.59−b−Ac0.35 6.66 (0.39) 35.79 (0.80) 8.97 (0.10)
Am0.59−b−Ac0.43 7.02 (0.44) 34.64 (5.44) 9.88 (0.62)

variable diamine-block-fixed acid block copolymer (Amvary-b-Acfix)
Am0.12−b−Ac0.54 6.25 (0.19) 35.41 (2.95) 8.19 (0.46)
Am0.22−b−Ac0.54 6.37 (0.08) 36.66 (4.71) 9.05 (0.65)
Am0.32−b−Ac0.54 10.43 (0.36)
Am0.47−b−Ac0.54 6.55 (0.22) 37.5 (0.03) 9.55 (0.04)

equal diamine-block-equal acid block copolymer (Amequal-b-Acequal)
Am0.12−b−Ac0.11 6.17 (0.08) 29.16 (5.89) 8.42 (0.30)
Am0.22−b−Ac0.23 6.25 (0.07) 35.00 (8.08) 8.81 (0.25)
Am0.32−b−Ac0.35 6.28 (0.03) 33.93 (12.62) 10.81 (0.68)
Am0.47−b−Ac0.43 6.34 (0.04) 38.88 (7.85) 10.72 (0.01)
Am0.59−b−Ac0.54 6.34 (0.06) 30.95 (3.65) 11.64 (0.14)
aThe standard deviations are shown in the parentheses.

Figure 7. Proton conductivity plots of acid-doped segmented block PBI membranes against temperature without any external humidification supply:
(A) fixed diamine terminated with varied acid terminated (Amfix-b-Acvary), (B) fixed acid terminated with varied diamine terminated (Amvary-b-Acfix),
(C) equal diamine and acid terminated (Amequal-b-Acequal) block copolymer, and (D) comparison of segmented block and random copolymers.
These membranes were obtained by doping the copolymer membranes in 85% (14.6 M) H3PO4 for 7 days.
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this symmetrical influence of para is completely disturbed by meta
owing to the random distribution of meta and para structures in
the PBI backbone and hence conductivity of 50/50 meta/para
random copolymer decreases. However, in case of blocky
structure, since phase separated morphology of meta and para
structures are resulted and hence the interference by the meta to
para is reduced which resulted in increased connectivity within
para PBI units. This connnectivity between the para increases with
increasing block length which in turn lowered the morphological
barrier between the para segments resulting higher conductivity
despite the similar PA loading. On the other hand in case of
random copolymer because of phase mixing the high morphological
barrier sets in which in turn reduces the proton conductivity.
It must be noted from Figure 7 that there are significant

differences in the increase in proton conductivity from one type
block structure to another, these are may be due to the
structural effect which influences the nanophase separation of
these block copolymers.

■ CONCLUSION
A series of polybenzimidazole (PBI) segmented block
copolymers namely meta-polybenzimidazole-block-para-poly-
benzimidazole (m-PBI-b-p-PBI) of three different structural
varieties are synthesized with an aim to develop new type of
PBI based polymer electrolyte membrane (PEM). The
segmented block copolymers of PBI are synthesized by
condensing diamine terminated meta-oriented polybenzimida-
zole (m-PBI-Am) and acid terminated para-oriented poly-
benzimidazole (p-PBI-Ac) oligomers. The block length and the
structural motifs of the segmented block copolymers are
diversified by choosing and optimizing the appropriate pairs of
oligomers with targeted molecular weight. Extensive NMR
studies confirmed the formation of segmented block copoly-
mers of varieties of structures, which was also supported by
DMA studies. Thermally and mechanically stable membrane
prepared by solvent casting from methanesulfonic acid (MSA)
solution of polymers displayed two Tg values in DMA studies
confirming the formation of segmented block copolymer structure.
The existence of nanophase separation between two blocks is
confirmed from the DMA studies. Increase in block length
decreases the phase mixing between two blocks, which in turn
facilitated the nanophase segregation of two blocks: this is
confirmed from the observation of DMA studies that Tg peaks for
higher block length copolymers increasingly become more distinct.
Phosphoric acid loading of the segmented block copolymers does
not follow any trends as a function of block length or the
copolymer structural motifs. On the other hand, proton
conductivities for all the copolymers increase with increasing
block length because of the increased phase separation which
improved the connectivity within the same block and hence
increase the conductivity. The block structural motif also
influences the proton conductivity. A comparison of segmented
block copolymers with random meta/para copolymers clearly
indicates that the former exhibit much higher proton conductivity
in the similar H3PO4 loading, attributing that new block
copolymers are much better alternative as PBI-based PEM.
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