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Aggregation Behavior of Polybenzimidazole in Aprotic Polar Solvent
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ABSTRACT: We report a study of aggregation behavior of polybenzimidazole (PBI) in polar aprotic solvents
such as dimethylacetamide (DMACc). The photophysical studies of the PBI solution at various concentrations
show concentration quenching and reveal that aggregated structures are formed when the polymer concentration
is increased. The decay profiles obtained from time-resolved fluorescence study for low (0.00154 g/dL) and high
(0.154 g/dL) concentrations of PBI in DMAc solution fit into a triexponential decay, surprisingly high concentration
shows a growth (negative pre-exponential factor) in the decay profile, providing a support for excimer formation.
The excited-state life time for the aggregated/excimer structure is found to be 4.14 ns, longer than that for the
free polymer chains for which the life time is 502 ps. The concentration dependence emission spectra attribute
that the aggregation/excimer formation is an intermolecular process. An abrupt decrease of Huggins constant and
reduced viscosity with increase in concentration indicate the conformational transition of polymer chains of PBI
from compact coil to an extended helical rodlike structure. The NMR and viscosity studies demonstrate that the
intra- and intermolecular interactions (interchain hydrogen bonding) play an important role for the conformational
transition and aggregation process. Transmission electron microscope images support the conclusion drawn from
other studies; show helical rods for high concentration and featureless morphology for low concentration. The
circular dichroism spectrum is also in agreement with the helical characteristics of aggregated structure.
The temperature-dependent NMR and viscosity studies show that the disruption of interchain hydrogen bonding
with increasing temperature destabilizes the aggregated structure at higher temperature.

Introduction Polybenzimidazole (PBI, Scheme 1) is an aromatic hetero-
cyclic thermally stable polymer that possesses both proton donor
(=NH-) and proton acceptor(N=) hydrogen-bonding sites,
which exhibit specific interactions with protic and aprotic polar
solventst213 The availability of hydrogen-bonding sites in the
polymer chain made it a suitable candidate for miscible blending
with various polymers possessing carbonyl and sulfonyl func-
tionality.1415For example PBI forms a miscible blend in a wider

Polymers and biopolymers are known to form variety of
aggregated structures in solution. These macromolecules in
solution often interact with each other through the intermolecular
interaction resulting in ordered structures. Intramolecular in-
teractions are also possible when different parts of single chain
interact with each other. The major driving forces for both inter
and intramolecular interactions are mainly hydrogen bonding, " ; o i
electrostatic interactions, and hydrophobic interactions%Tte composition range with polyimide, poly(ether imide), and
outcomes of these interactions are very fascinating; it is possibleStlfonated poly sulfone through the specific interaction of its
to tune various molecular properties of the macromolecules by Proton donating£NH—) site with the proton accepting site of
controlling the nature and extent of these interactions. It has the other polymer$™*>PBI is being used for various applica-
been shown that for biopolymers such as peptides, proteins etctions, in particular, for high temperature applications, fiber
both intra- and intermolecular interactions play an important SPinning, and reverse osmosis membranes, because of its
role in many biological function¥:® A thorough investigation ~ €Xcellent thermatchemical tolerance and film forming cap-
of the mechanism and the factors influencing these interactionsability.*® Recently, phosphoric acid (PA) doped PBI membrane
on synthetic polymers is very much desirable since these Was found to be the most promising material to use as polymer
synthetic polymers serve as model systems for biopolymers. A electrolyte in high-temperature proton exchange membrane fuel
large number of efforts have been already put forward to addresscell (PEMFC)! It has been shown that the PA-doped PBI
these issues in the literatuté628 The effect of intra- and exhibits high proton conduction at high temperature up to
intermolecular interactions on the polymer chain conformation, 200 °C, excellent oxidative and thermal stability, low gas
conformational transition have been demonstrated extensivelypermeability, and nearly zero water drag coefficient® A
for polyelectrolyte-surfactant complexes in solutiohsThe variety of approaches have been explored to prepare PA doped
majority of the research reports have been focused mainly onPBlI membrane. Most of these approaches deal with the
vinyl polymers, polypeptides and simple structure polynfePs.  dissolution of the solid polymer in polar aprotic solvent such
There are few reports available in the literature addressing theseas dimethylacetamide (DMAc) and then fabrication of mem-
interactions for polymers with highly complex molecular brane followed by soaking in polar protic solvent such as
structures®1? For example, polymers having aromatic structure phosphoric acid (PAY~2° Recently, Xiao et. al made PA-doped
in the main chain and heteroatoms in the chain and also manyPBI membrane via selgel process by direct casting of high
condensation polymers have not been studied thoroughly to lookmolecular weight PBI polymerization solution in polyphosphoric
at their aggregation behavior in different solvents manifested acid (PPA), and subsequently, PPA is hydrolyzed to?P%&It
by intra- and intermolecular interactions. was also shown that the imidazole nitrogens present in the

polymer backbone play a crucial role for the doping process

*To whom correspondence should be addressed. Telephone: (91) 4othrough a specific interaction with the solvent molecule. In a
23134808. Fax: (91) 40 23012460. E-mail: tjsc@uohyd.ernet.in. recent article, we have demonstrated that the fairly concentrate
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Scheme 1. (A) Poly(2,2(m-phenylene)-5,5-bibenzimidazole) (PBI), (B) 3,3-Bibenzimidazole (BBI), and (C) Benzimidazole (BI)

H H
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solution of PBI in PA produces a thermoreversible polymer  PBI Synthesis.Equal moles of TAB and IPA were taken into a
gel23 The driving force for the gel formation is the hydrogen three neck flask with PPA and the reaction mixture was stirred
bonding of the PA molecules with the nitrogen atoms of continuously in nitrogen atmosphere at 310 °C for ~24 h.
imidazole ring, producing the PBI crystallitésWe were able The PBI polymer was isolated, neutralized with sodium carbonate,

to show that a conformational transition of PBI chain takes place Ygg'ﬂg?otrh;ohu%‘r% g’r'ltg dwzfe:ﬁe?nv?agréiirg]ctae r\i/zaec dugmvﬁs\é%r;i t""t
when a hot PBI solution in PA cools down to gelation ! poly y y

. ; ts i 98% dh inherent vi ity (IV
temperatur@? In the present article, we demonstrate the possible \%?SSUJE Om gg 3&79"*9;?43(00 9) and has an inherent viscosity (IV)

aggregation behavior of a very dilute PBI solution in polar 3,3-Bibenzimidazole (BBI) Synthesis.BBI (Scheme 1) syn-

aprotic solvent such as DMAc, which may reveal a better thesis was carried out according to the previously reported méthod
understanding of the polymer chain conformation in dilute and characterized using NMR, IR, and £®S.

solution and help us to get an idea of preparing membrane of Viscosity. The viscosity measurements of PBI solutions in DMAc

superior quality from both polar protic and polar aprotic solvents. were carried out at various temperatures (3883 K) using a
Fluorescence spectroscopy has been utilized as a prime toofcannon Ubbelohde capillary dilution viscometer (model F725). The

for the investigation of intra- and intermolecular interactions Viscosity data were analyzed according to the Huggins equation

of polymer chains and their aggregatidrg€:12.24-27 The t—1t) 7,

photophysical studies of polymer solution have been limited C :EP = rea= [11] + KIn]’C (€]
almost entirely to olifinic polymers with aromatic and

heterocyclic pendent groups such as polystyfépe]y(N-vinyl wheret andty are the flow time of the polymer solution and solvent,

carbazolef® poly(vinyl anthracené) etc., and their copoly-  respectively,C is the concentration of polymer in g/dbep, 77req
mers28 All these polymers show either intra- or intermoleceffar ~ @nd [y] are the specific, reduced, and intrinsic viscosities of the
excimer formation in solution. Exciplex formation in polymers Polymer solution, respectively, aridis the Huggins constant.

was also studied as a measure of molecular interactfofise Sﬁgctrgscopy.gltlectr\(/)m(i absorpngl spectra were recordeéj on
fluorescence studies of condensation poly#feisespecially a Shimadzu model UV-3100 UWisible spectrometer. Steady-

- . T state fluorescence emission spectra were recorded on a Jobin Yvon
aromatic heterocyclic polymers such as polybenzimidaZet,  iorina spectrofiuorimeter (model Fluoromax-3). Time-resolved

polyquinoline}? etc. were attempted to elucidate intra- and  flyorescence measurements were carried out using a time-correlated
intermolecular aggregations. However these studies are not assingle-photon counting (TCSPC) spectrophotometer (IBH Nano
extensive as olifinic polymers; perhaps the poor solubility of LED). A diode laser 4exc = 374 nm) was used as the excitation
these aromatic heterocyclic polymers in most common organic source and the instrument response time was 75 ps (fwhm). The
solvents is the major restriction for photophysical studies in emission was detected at right angle to the excitation beam using
solution. Huang et al. reported that polyquinolines form excimers @ Hamamatsu 323P MCP photomultiplier. A dilute solution of
in acidic solution resulting in concentration quenching and Ludox in water was used to record the lamp profile. The decay
showed that excimer formation is controlled by intermolecular curves were analyzed by nonlinear least-squares iteration using IBH
repulsion between the polymer chafiskojima showed that DASG6 (Version 2.2) decay analysis software. All NMR spectra of

S . PBI solutions in DMSQOds at various dilution and temperatures
the molecular aggregation in the ground state of PBI in DMAC \yere recorded using a Bruker AV 400 MHz NMR spectrometer.

solution is due to the overlapping of polymer cdidt is to be Circular dichroism (CD) spectra of polymer solutions were recorded
noted that the PBI used by Kojirdavhich has 4, 4-oxybiben- on a spectropolarimeter (Jasco-810) af@Qusirg a 2 mmquartz
zyl linkage with imidazole group is not exactly similar to cuvette.
Scheme 1 whererphenylene linkage is present. However, in Microscopy. The morphological features of the PBI samples
the literature there is no thorough investigation of various obtained from various solution concentrations were examined using
photophysical processes of PBI (Scheme 1) using both steady? Jeol (JEM 2000) transmission electron microscope (TEM)
state and time-resolved fluorescence study at various concentra@Perating at 120 kV. For TEM experiments, appropriate concen-
tion. This could probably give us a better understanding of intra- "2€d polymer solutions were dropped in carbon coated copper
. . - . . . mesh and imaged.

and intermolecular interaction of the polymers in solution, which
leads to aggregation/excimer formation. _ ~ Results and Discussion

In this article, we report intra- and intermolecular interaction
of dilute PBI in DMAc solution studying steady state and time-
resolved fluorescence, viscosity at different temperatures, nucleal
magnetic resonance at different temperatures and different
concentrations, and morphology obtained from transmission
electron microscopy.

Spectroscopy.The absorption spectra of PBI and nonpoly-
|meric model compounds such as BBI and benzimidazole (BI)
(Scheme 1) in DMAc are presented in Figure 1. The PBI
concentration is expressed by considering one repeat unit as 1
mol PBI. The lower wavelength peaks; 344 nm for PBI,
295 nm for BBI, and 270 nm for Bl are due #d — IT*
Experimental Section transition of the imidazole moiety and longer wavelength peaks;
440 nm for PBI (inset of Figure 1), 350 nm for BBI and

N » -
phoric acid (115%) were purchased from Sigma-Aldrich. Isophthalic 3.45 nm for Bl are due to n 1 .transmon of ti‘e |m|da;ole
acid (IPA) was received from SRL, India. Benzimidazole (BI) and rlng.'The large bathochromllc shift of tlﬁ — I absorptlon.
sulfuric acid (98%) were received from Merck, India. Dimethy- Maxima for PBI and BBI is due to increased conjugation
lacetamide (HPLC grade) and deuterated dimethyl sulfoxide between phenylene groups and imidazole rings. A more distinct
(DMSO-d;) were received from Qualigens (India) and Merck red shift of the polymer peaks compared to those nonpolymeric
(India), respectively. All chemicals were used as received. model compounds is attributed due to the large extent of

Materials. 3,3,4,4-Tetraaminobiphenyl (TAB) and polyphos-
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Figure 1. Absorption spectra of (1) Bl, (2) BBI, and (3) PBI in DMAc 350 ' 460 ' 4;)0 ' 5{',0 ' séo ' 6{[10 ' 650
solution as recorded with a cuvette of 1 cm path length. Concentrations
are (1) 5.9x 104, (2) 1.17x 102, and (3) 1.54x 10 g/dL (all are Wavelength (nm)
5 x 10°® M concentration). Inset: Magnified spectra of PBI to show  rigyre 3. Fluorescence emission spectra of PBI in DMAC solution at
the 440 nm peak position. various concentrations; (1) 1.54 10°%, (2) 1.54x 102, (3) 5.0 x
1073, (4) 1.54x 1078, and (5) 1.54x 107 g/dL. Excitation wavelength
(Aexg) is 340 nm.
1 2 3
ing. The peak at 398 nm of PBI gradually diminishes with
3 increasing PBI concentration and finally at higher concentration
-% (0.154 g/dL) 416 nm peak exists along with another broad peak
3 at~548 nm. The concentration dependence of emission intensity
S for PBI is almost similar to nonpolymeric molecules; though it
> is more distinctly visible for PBI. The ratio of the peak intensities
@ (longer wavelength peak to lower wavelength peak) in the
2 } emission spectra increases with concentration. The presence of
concentration quenching and enormous increase of peak intensity
ratio with concentration indicate that the polymer chains are
aggregated among themselves intermolecularlly at higher con-
—— 7 centration. Earlier Kojima calculated the critical quenching
300 350 400 450 500 550 volume for a similar type of PBI polymer and showed that
Wavelength (nm) intermolecular aggregation of polymer chains takes place in
Figure 2. Fluorescence emission spectra of (1) Bl, (2) BBI, and (3) DMAc.11
PBI in DMAc solution. Concentrations are identical to Figure 1. Moreover’ Figure 3 shows a broad emission band at |Onger

Excitation wavelength/e.): (1) 275, (2) 295, and (3) 340 nm. wavelength {548 nm) for the highly concentrated (0.154 g/dL)
conjugation along the polymer chain. The inset of Figure 1 solution. For similar solution concentrations, Kojithhave not
shows that PBI has a very long tail toward longer wavelength observed this broad fluorescence band. We have not observed
which becomes prominent as the concentration of the solution this broad emission peak for nonpolymeric molecules at similar
increases (Supplementary Figure 1). In contrast to PBI, we haveconcentration. To understand the role of this broad peak, we
not observed any such long tail for nonpolymeric model have recorded the emission spectra of a series of PBI solutions
compounds. This observation indicates the possibility of ag- where the concentration gradually increases, and this is presented
gregation of polymer chains through overlapping of polymer in Figure 4. From Figure 4, it is clearly visible that as
coils at higher concentration. concentration increases the broad 548 nm peak becomes
The major fluorescence emission of polybenzimidazole and prominent and the intensity of 416 nm band decreases. It is
molecules with imidazole moiety has been assigned previously worth noting that Figure 4 shows an isoemissive point at
by several authors as the emission from the exditgatate!33 ~460 nm. The presence of a broad emission at a higher
The emission spectra of PBI, BBI, and Bl in DMAc of similar wavelength and isoemissive point attributes the formation of a
concentrations are shown in Figure 2. The emission spectrumcomplex between excited-state and ground state molecules,
of PBI shows two fluorescence bands at 398 and 416 nm. Theseknown as the excimer complékQlifinic polymers with pendent
peaks are assigned to the-0 and 0-1 transitions from the aromatic groups very often form an excimer both in solution
excitedL, state in the benzimidazole ring of PBIThe spectral ~ and in the solid stat&:?>28Though it is very rare for a polymeric
nature and shapes presented in Figure 2 are consistent with theystem such as the present one, our steady-state fluorescence
earlier report of very similar molecules by Kojid.The study on PBI at various concentrations (Figure 4) clearly satisfies
emission bands for PBI are observed at longer wavelength the required criteria for excimer formation. It is also important
relative to those nonpolymeric molecules is the result of to note that the nonpolymeric molecules such as BBI and Bl
existence of higher conjugation in the polymeérFigure 3, do not show a similar photophysical behavior at similar
supplementary Figure 2 show the emission spectra of PBI andconcentrations. Hence the spectral behavior presented in
BBI, respectively, at various concentrations in DMAc. In all Figure 4 is exclusively for a polymeric system in DMAc at
the cases emission intensity is decreased with increasing solutiorhigher concentration. Hence, we can argue that PBI in DMAc
concentration indicating the presence of concentration quench-forms an excimer; the broad 548 nm peak is for excimer
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absorption spectra presented in Figure 1 and Supplementary
Figure 1. A long tail in the absorption band indicates the
presence of a large number of aggregated species in the ground
state that are energetically different. Each aggregated species
is characterized by its own absorption and fluorescence maxima.
When thelexc is shifted, a different species is excited and
emission characteristic of that species is observed. Therefore,
we can conclude that molecular aggregation is present in the
PBI in DMAc solution. The extent of emission peak position
shift is shown in the inset of Figure 5.

The decay profiles of dilute (0.00154 g/dL) and concentrate
(0.154 g/dL) PBI in DMAc solution are obtained by exciting
the samples at 374 nm and monitoring the fluorescence at
417 nm. The decay profiles are shown in Figure 6, and the best
fit and fluorescence decay parameters are presented in Table 1.
. ; The decay profiles for both the cases are found to follow a
600 650 700 triexponential decay function as observed from Table 1. The

Intensity (Arb. Unit)

— T T T T T v T T T T T
350 400 450

T T
500 550

Wavelength (nm) nature of the decay profiles are not the same in both the cases.
Figure 4. Fluorescence emission spectra of PBI in DMAc solution at From Figure 6B, it is visible that for concentrate solution the
indicated concentrations (in g/dL); Excitation wavelengdthd is 340 decay profile shows a growth (a negative pre-exponential factor)
nm. which is not observed for dilute solution (Figure 6A). This
6 oo . observation is more understandable from Table 1; a negative

fraction contribution ¢s) is obtained from concentrate solution.
The growth in the decay profile and the negative pre-exponential
are concrete proof for excimer formatiéhTherefore, we can
conclude that at higher concentration of PBI in DMAc excimer
is formed and the broad peak at 548 nm is due to the excimer
formation. Hence, from the above analysis it can be concluded
that PBI forms aggregated species as well as exited state dimer
(excimer) in the DMAc solution when the concentration of the
solution is reasonably large. The broad 548 nm peak is the
contribution from both aggregation and excimer. The excited-
state life time for the concentrate solution is found to be
4.14 ns, longer than that for the dilute solution, for which the
life time is 502 ps (Table 1). Previously, Liu et #lshowed
that the excited-state life time depends upon the polymer chain
T T T T 1 conformations. Theoretically, they demonstrated that excited-
400 500 600 700 800 state life time of polymer molecule becomes shorter as their
Wavelength (nm) root-mean square end-to-end distance decreases. Our results fit
Figure 5. Dependence of fluorescence emission spectra on excitation Well with this reported argument. In the following sections, we
wavelength (indicated in the figure) for PBI in DMAc solution have shown that as concentration of PBI in DMAc decreases
(concentration is 0.2 g/dL). Inset: plot éém againstiex the PBI chains form a compact coil structure and produce an
extended conformation at higher concentration. Therefore, the
excited-state life times of concentrate solution is longer

andly, respectively. However, the question arises that the broad (4.14 ns) than thg dilute soluﬂqn (502 ps): It |s.|ntere.st|ng.to
548 nm peak is really the emission from an excited-state species°t€ that the ratio of aggregation or excimer intensity with
(excimer) or an aggregated species which forms in the ground MONOMer intensity Ig/lu or Issglaig) increases linearly with
state itself and emits separately at longer wavelength. To clarify concentration (Figure 7). This indicates that the aggregation or
this, we have adopted two methods; first we have recorded excimer format|on.|s an |ntermoleqular prpcé%%i?The large
emission spectra of a concentrated (0.154 g/dL) solution by value ofIE/I.M for higher concen'gra.tlonl attributes the presence
varying the excitation wavelength, and second, we have carried of a strong intermolecular association in the aggregated species.
out a time-resolved fluorescence life time measurement of PBI  Viscosity. The interactions between polymer molecules and
in DMAC solution at very dilute (0.00154 g/dL) and high (0.154 solvent have been studied previously by viscosity measurement
g/dL) concentrations. If emission spectra depend on excitation method. The Huggins constard @nd intrinsic viscosity ¢f])
wavelength, then aggregation in the ground state odédpPs, can be obtained for a dilute solution of a simple binary system
and if a growth is observed (a negative pre-exponential factor) using this method. It is well-known that the value of the Huggins
in the decay profile, then excimer formation is attributéd. constantK) is used to predict the degree of the polymsolvent
Figure 5 shows excitation wavelength{) dependence emis- interaction and can determine the polymer chain conformation
sion spectra for a concentrated solution. As Ahg increases, in solution. The bigger value df indicates that the polymer
the 548 nm peak shifts toward the longer wavelength side. chains collapse and the intramolecular aggregation occurs easily.
Similar observations were reported for PBI and imidazolium- On the other hand, the smallérvalue attributes extended
based room-temperature ionic liquids; this is explained as conformations and the intermolecular interacti&h®. The
molecular aggregation in the ground st&t€>The dependence  viscosity of PBI at various dilutions was measured and a
of the emission band ok can be explained with the help of  plot of reduced viscosity vs concentration is presented in

Intensity (Arb. Unit)

emission and the 416 nm peak is for monomer emission. The
excimer and monomer emission intensities are denotel@ as
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Figure 6. Time-resolved fluorescence decay profile of PBI in DMAc solution of two different concentrations: (A) 0.00154 and (B) 0.154 g/dL.
Aexc = 375 nm.

Table 1. Fluorescence Decay Parameters for PBI in DMAc Solutions 0.90
at Different Concentrations? ]
PBlconcn 1; 72 73 Tav 0.85 b/ b
(g/dL) (ns) oz (ns) oz  (ns)  as (ns) x2 Gl 4
0.00154 059 035 15 0.17 0.07 0.48 0.502 1.27 -:.i
0.154 156 313 6.31 0.07 055-220 4.14 1.26 > 0.80 1 a
aThe three lifetimes 13, 72, and t3) and the respective fractional §
contributions {u, o, andas), the weighted average lifetime,(), and the 2 075
quality of fitting (x? for the data in Figure 6 are shown. i 9
8
=]
25 8 o0
|}
2.0 0.65 -
1 ' 1 N 1 M 1 ' I ! ) ' )
00 01 02 03 04 05 06
o 157 Concentration (g / dL)
:‘ . Figure 8. Concentration dependence of the reduced viscosity of PBI
%40 in DMACc solutions measured at 3& for two different concentrations
= 7 regions: (a) 0.60.1 and (b) 0.0750.009 g/dL.
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0.0 S 5 0.9 -
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Figure 7. Dependence of excimer to monomer intensity ration with 2 1 Rod
concentration of PBI in DMAc solution. i 0.7 4
[
Q
Figure 8. The Huggins constantk) (are estimated from the §
slopes of the viscosity vs concentration line. At the lower @ 06
concentration region (0.079.009 g/dL) (Figure 8, curve b), 1
the k value is 1.634; at the higher concentration region<0.6 051 . : . : . :
0.1 g/dL) (Figure 8, curve a), it is 0.723. The higHevalue 0.0 0.2 0.4 0.6
(1.634) indicates the intramolecular interaction between different Concentration (g /dL)

parts of the polymer chain, which results in a collapsed compact Figure 9. Plot of reduced viscosity against concentration of PBI in
coil conformation of the polymer chain. At these concentrations, DMAc solutions measured at 3%.

the excluded volume of polymer chain gets smaller and it does

not allow the solvent molecules to go inside the polymer coil the higher concentration range is in agreement with the above
for swelling. As a result, polymer chains produce a compact justification (intermolecular interactions), which results an
coil structure. When concentration increases, more and moreextended conformation. Hence, at this concentration range, we
polymer molecules come into the solution and polymer chains would expect an extended rodlike aggregated structure. The
start interacting with each other intermolecularly. Because of above observations clearly exhibit a conformational transition
this intermolecular interaction, polymer chains swell by allowing of the PBI chains in DMAc solution when the solution
solvent molecules to go inside the polymer coil, and the concentration varie¥ Figure 9 is the plot of reduced viscosity
excluded volume of the polymer chain becomes larger. There- vs concentration for both the concentration region (similar to
fore, it is reasonable to argue that the lawalue (0.723) for Figure 8) including the intermediate concentrations. The plot
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shows a clear transition of reduced viscosity and reveals thata G
conformational transition (compact coil to extended rodlike) in o 0.6g/dL
the polymer chain takes plaéddere, we can argue that in the w
smaller concentration range DMACc acts as a poor solvent (large
k value and compact conformation) for PBI whereas it acts as
a good solvent (smak value and extended conformation) in 320 360 400 440 480 520

the higher con_centra'gion range. Therefore, from. spectrgscopic Wavelength (nm)
and Vlscometrllc st.udles, Itis proven that upon Increasing the Figure 12. Circular dichroism spectra of PBI in DMAc solution at
PBI concentration in DMAc solution intramolecular interactions i, jicated concentrations.
diminish but intermolecular interactions are enhanced, which
triggers a conformation transition of polymer chain and produces DMAC/LICI solution.*42 The intrinsic viscosity and Huggins
an aggregated rodlike structure at higher concentration. A more constant obtained for the concentration range-0.8 g/dL at
detail understandings of the aggregation process with proofs35 °C in the presence of 1% urea are 0.3649 dL/g and 3.277,
are obtained from NMR and microscopic studies described in respectively. These values are remarkably different from the
the preceding sections. values obtained in the same concentration range &C3%H
NMR Study. The concentration dependence proton NMR absence of urea (intrinsic viscosity 0.6369 dL/g & 0.7233).
study can be utilized effectively to monitor the intermolecular A decrease of the intrinsic viscosity and increase of the Huggins
interactions (interchain hydrogen bonding) between the polymer constant supports the decrease of intermolecular interactions or
chains in solution. It has been shown that proton NMR increase of intramolecular interactioh®
spectroscopy is an effective tool for studying the conformational  Microscopy. It has been shown above that, at very low
transition which arises by the disruption of interchain hydrogen concentrations, the intramolecular interaction is prominent,
bonding of polyelectrolyte surfactant complexes in soluti8n.  which results in a compact coil type structure. Therefore, we
Unlike all other studies, NMR studies were carried out in do not expect any characteristic morphology at this concentra-
DMSO-ds solvent, since it is less expensive compared to DMAc- tion. Figure 11A represents the microscopic image obtained from
do. PBI exhibits similar behavior in both the solvents. A a PBI solution in DMAc of concentration 0.00154 g/dL. The
representative proton NMR spectrum of PBI in DM$®is micrograph is almost featureless, except for a few polymer
presented in Supplementary Figure 3. The spectrum is consistenparticles, consistent with our arguments from spectroscopic,
with the earlier reports. The peak at 13.3 ppm is due to the viscometric and NMR data. We have demonstrated that with
imino proton signal of imidazole rings and other peaks (#65 increasing concentration of PBI in DMAc, intermolecular
9.15 ppm) are due to aromatic protons sigrif&lé! The imino interaction increases and produce an aggregated structure.
proton signal of PBI in DMSQ3s is gradually shifted upfield Because of this aggregation process, the PBI chain in DMAc
with decreasing concentration of the solution (Figure 10), which at higher concentration (0.6 g/dL) shows an extended rod
proves the disruption of intermolecular interactions such as conformation. Figure 11B represents the TEM image for PBI
hydrogen bondingand formation of a more compact conforma- in DMAc solution of concentration 0.6 g/dL. The morphology
tion of the polymer chain. This observation clearly indicates a of Figure 11B is entirely different compared to that of Figure
conformational transition of the polymer chain from extended 11A, which exhibits the effect of PBI concentration on
conformer to compact coil conformer. Hence, concentration morphology. From Figure 11B, it is seen that PBI forms an
dependence NMR spectroscopy is also consistent with our extended rod-type morphology. It is important to note that all
results discussed in the previous section. A more interestingthe rods in the image show helical turns (indicated by arrows).
result is obtained when we added 1% (w/v) urea in the PBI The circular dichroism (CD) studies show the presence of optical
solutions, measured their viscosity and recorded NMR spectra.activity of a 0.6 g/dL solution at 342 nm and the absence of
Urea is capable of breaking the hydrogen bonding. After addition any optical activity of dilute PBI solution (Figure 12). This
of 1% urea in the 0.6 g/dL PBI solution, the 13. 3 ppm peak is observation exhibits the presence of an ordered structure for
shifted (upfield) and peak intensity is diminished (supplementary PBI at higher concentration whereas no such defined structure
Figure 4) which indicates the breaking of interchain hydrogen for PBI is evident at low concentration. Similar CD results were
bonding. Similar observations were reported before for PBI in observed for PBI in DMACc/LiCl solutiod® Hence these results
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Figure 14. Temperature-dependent imino proton signals of PBI in
DMSO-ds. Concentration is 0.3 g/dL.
prove that a helical rodlike structure formation takes place when
the solution concentration is high. Therefore, we can conclude imino proton, a strong hydrogen-bonding proton, is due to the
that the microscopic and CD data also support a conformationaldisruption of interchain hydrogen bonding. Earlier we have
transition (compact coil to extended helical rodlike) of PBI shown the conformational transition of PBI chains in phosphoric
chains when the concentration of the polymer in solution acid solution with temperaturé. Therefore, it can be argued
increases. that at higher temperature the aggregated structure of concen-
Temperature Effect. We have observed from the above trated PBI solution breaks and a conformational transition occurs
discussion that at the higher concentration {@6lL g/dL) of from extended helical conformer to collapsed compact coil
PBI in DMAc at room temperature, the polymer chains form conformer. Similar type of observation and conclusion was made
an aggregated structure and exist as an extended helicaby MacKnight et al. for polyelectrolytesurfactant complexes
conformation because of the intermolecular interaction (inter- in solution with an increase of trifluoroacetic acid (TFA) content
chain hydrogen bonding) between themselves. This conclusionin the solutior?
immediately brings up a question: How stable is this aggregated
structure in response to the environmental stimuli such as
temperature change? And answer to this question is of utmost We have studied the aggregation behavior of PBI in polar
importance to know since it could provide a valuable piece of aprotic solvent such as dimethylacetamide (DMACc) by varying
data which may help us to prepare a good quality membrane the polymer concentration in the solution. Various methods such
for PEMFC applications. We have carried out temperature- as photophysical, viscometric, microscopic, and NMR have been
dependent studies such as viscosity and NMR to answer theused to study the aggregation behavior and associated confor-
above question. Figure 13 shows the variation of viscosity mational transition of the polymer chains. Steady state and time-
parameters with temperature (30843 °K). The intrinsic resolved fluorescence spectroscopy studies demonstrated the
viscosity of PBI in DMAc decreases and Huggins constant formation of an aggregated structure at higher concentration of
increases as temperature increases (Figure 13). Kojimat®t al. PBI in solution. These photophysical studies also proved excited-
have also observed the decrease of intrinsic viscosity with state complex, i.e., excimer formation at higher concentrations.
increase in temperature. It is well-known that for a polymer of It has been also shown that both aggregation and excimer
fixed molecular weight, intrinsic viscosity is directly propor- formation is an intermolecular process. Viscometric studies
tional to the end to end distance of the polymer chain. The PBI indicated that a conformational transition from a compact coil
used in this article has a fixed molecular weight (inherent to an extended helical rodlike structure takes place in PBI
viscosity 0.62 dL/g). So, the decrease of intrinsic viscosity with solution when polymer concentration is high. A sharp decrease
increase in temperature indicates the shrinkage of polymerof Huggins constant and abrupt decrease of reduced viscosity
chains; i.e., chains are collapsed at higher temperatures.with increase in polymer concentration validated the confor-
Similarly, the increase of Huggins constant with increase in mational transition argument. The intramolecular interaction
temperature attributes that at higher temperatures the solventwithin the various parts of polymer chain at lower concentrations
behaves as a poorer solvent for the polymer chains, producingand intermolecular interactions between the polymers chains at
a compact coil type conformation. The above results clearly higher concentrations could be the probable reason behind the
demonstrate that at higher temperature, aggregated structure witltonformational transition. An additional evidence for confor-
extended helical polymer chain conformation does not exist. mational transition is obtained from the NMR studies. An upfield
The probable reason behind this is that intermolecular interaction shift of the imino proton signal indicated the disruption of
such as interchain hydrogen bonding breaks at higher temper-interchain hydrogen bonding. Microscopic images and CD
ature. A better understanding of the disruption of interchain spectra obtained from various polymer concentrations also
hydrogen bonding is obtained from the temperature-dependentsupported the conformational change behavior of PBI in DMAc
NMR studies of PBI solution. The imino proton signal of PBI and helical rod shaped morphology for a 0.6 g/dL solution.
(concentration is 0.3 g/dL) at various temperatures are presented-inally, temperature-dependent studies (viscosity and NMR)
in Figure 14. An upfield shift of the imino proton signal is showed that the aggregated structure is not stable at higher
observed with increase in temperature. The upfield shift of the temperature. Therefore, in summary, we can conclude that

Conclusion
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polymer chains of PBI in DMAc solution form a coil structure

at lower concentration due to intramolecular interaction and
produce an aggregated extended helical rodlike structure at
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