Dielectric relaxations in phosphoric acid-doped poly(2, 5-benzimidazole) and its composite membranes
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ABSTRACT
Poly(2,5-benzimidazole) (ABPBI) – a promising high-temperature polymer electrolyte membrane – is characterized over a wide range of temperature (-50–220°C) using broadband dielectric spectroscopy (BDS) to understand the various relaxation processes. The un-doped ABPBI membrane shows two major secondary relaxations and a primary α relaxation. The effect of phosphoric acid (PA) and phosphotungstic acid grafted zirconium dioxide (PWA/ZrO2) nanoparticles on the chain relaxation and the proton conductivity is investigated. The phosphoric acid alters the relaxation trends, increases the number of free ions in the polymer matrix, and therefore the conductivity. The shift in the peak frequencies of different chain relaxation processes in the presence of PA and PWA/ZrO2 is attributed to the increase in free volume and the consequent easy motion of the polymer chains. The Fourier transform infra-red (FTIR) spectroscopy of ABPBI and the acid-doped composites show all the relevant peaks corresponding to C=C, C=N stretching, and phosphoric acid/phosphates, confirming the formation of ABPBI and doping with PA. The proton conductivity of the membranes is estimated from electrochemical impedance spectroscopy (EIS). To establish the effect of change in crystallinity on relaxations and proton conductivity, the undoped and PA-doped membranes are characterized using thermogravimetric analysis and in-situ XRD at high temperatures. 
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INTRODUCTION
Nafion®, a product of Dupont, is the state-of-the-art polymer electrolyte membrane (PEM) for the low temperature fuel cell. The exceptional properties of Nafion, mechanical strength and high conductivity, are attributed to its unique polymer chain structure.1 The water-dependent proton conductivity of Nafion limits its use to temperature below 80–90°C. Alternative polymer materials have been investigated and some of those have conductivities comparable to that of Nafion; but, the poor long-term stability in the harsh conditions makes them less desirable.2 Since the optimal performance of a catalyst can only be achieved at higher temperature, a membrane with proton conductivity of 0.1 S cm-1 at 160–200°C will be an ideal choice for PEM fuel cells.3 Hence, membranes for high-temperature fuel cells have also been proposed, and among them, polybenzimidazole (PBI)-based membranes operating at temperature above 160°C have shown conductivity comparable to that of Nafion (at 90°C and 98% relative humidity).4–10 Unlike that with Nafion, the proton conduction in PBI membranes is not entirely water-dependent; instead, the phosphoric acid content in the doped-membranes provides the conduction path.11−15 It has been established that the molecular weight, chain orientation/entanglements and dielectric relaxation behavior of the polymer materials have a significant effect on the proton conduction of the membranes.3,16,17 Hence, Nafion has been widely investigated using broadband dielectric spectroscopy (BDS) for the structure-dependent conductivities at various experimental conditions.18–20 The temperature and dopants have been shown to significantly alter the relaxation properties of the material those in-turn affect the proton conduction behavior.19 However, similar studies with high temperature membranes are rare in the literature.21–24 Moreover, the incorporation of phosphoric acid and dopant nanoparticles makes the relaxation processes in these membranes even more complicated to analyze and understand. The only report on BDS of ABPBI material deals with the relaxation properties of undoped membranes, wherein, Nalawade et al. explain the sub-Tg relaxations and the effect of heat-treatment on the polymer crystallinity.23 
In this manuscript, the relaxation behavior of undoped and doped-ABPBI and its composite membranes are investigated with BDS in the temperature range of -50–220°C. The polymer chains exhibit unique relaxation behavior because of the dynamic nature of phosphoric acid at elevated temperature, its dimerization and the release of water. These results have been complimented with the conductivity data obtained from the impedance spectroscopy, and the change in polymer crystallinity with the in-situ X-ray diffraction patterns of undoped and acid-doped ABPBI membranes.

EXPERIMENTAL
Materials
3, 4- diaminobenzoic acid (DABA) 97%, phosphotungstic acid (PWA), and zirconium dioxide (ZrO2) from Sigma Aldrich; phosphoric acid (PA), phosphorous pentoxide (P2O5), methane sulphonic acid (MSA) and ammonium hydroxide (NH4OH) from Merck were used as-received without further treatment. De-ionized (DI) water was obtained from Direct-Q Millipore de-ionizer.

Synthesis of phosphotungstic acid-grafted zirconium dioxide (PWA/ZrO2) particles
Phosphotungstic acid-grafted zirconium dioxide (PWA/ZrO2) particles were synthesized following the procedure reported elsewhere.25,26 2 g of ZrO2 nanoparticles was added to 400 mg of phosphotungstic acid dissolved in 50 mL DI water and the solution was stirred for 24 h on a magnetic stirrer. Then, the dispersion was allowed to dry under continuous stirring at 100°C. When water was completely evaporated, the dried powder was calcined at 200°C for 2 h and it was stored in an air-tight bottle for further use.
Synthesis of poly(2,5-benzimidazole) (ABPBI)
ABPBI was synthesized following the method reported in the literature.27 3 g of P2O5 was dissolved in 22 mL of MSA for 3 h under nitrogen purging and the temperature of the solution was raised to 160°C. 2 g of DABA was added slowly to the above solution and the reaction was carried out for 30 min (Figure S1). The polymer was then precipitated in DI water. It was neutralized with 10% NH4OH solution, washed several times with DI water and dried in an oven. The obtained filaments of the polymer were crushed and used for further characterization. 
Preparation of membrane
A known amount of ABPBI polymer was taken in a beaker and it was dissolved in MSA at room temperature for 5 h on a magnetic stirrer to make a 3 wt % solution. The viscous solution was poured on a petri dish and it was heated to 200°C on a hot plate in a fume hood until the volatility ceased (Figure S2). The dried membrane of thickness ~40 μm was immersed in DI water to remove traces of acid. The wet membranes if dried as such in air or vacuum oven would shrink and curl inducing undesired stress and uneven surface. Therefore, the wet membranes were sandwiched between filter papers and compressed under a weight for 48 h to get a uniform, flexible and dry membrane. For the composite membranes, required amount of PWA/ZrO2 was sonicated in 5 mL MSA to get a uniform dispersion of the particles and it was mixed with the ABPBI solution to get the desired loading. The mixture was magnetically stirred for 3 h and it was sonicated well before casting on a petri dish. The remaining procedure is the same as that followed for the undoped membranes; the membranes obtained were subjected to phosphoric acid doping as mentioned below.
Phosphoric acid doping of membrane
Membranes were immersed in 60 wt% phosphoric acid for 3 days, wiped with a tissue paper and dried in an oven at 80°C to get the acid-doped membranes. To calculate the percentage intake of phosphoric acid, the dry weight of the membrane was recorded before and after the doping. All the membranes showed an acid uptake of ~80%; the number of moles of phosphoric acid per ABPBI monomer unit was calculated using equation (1), and it was found to be ~1.
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Membrane characterization
[bookmark: _GoBack]Fourier transform infrared spectroscopy (FTIR)
The FTIR spectra were recorded on a Vertex 80 model (Bruker Instruments, Germany) in the wave-number range of 400–4000 cm–1 with 32 scans. With a membrane thickness of ~40 µm, the FTIR spectrum showed inconclusive results due to the very high absorbance; therefore, to get the required spectra, membranes of ~10 µm thickness were cast only for this measurement. 
X-ray diffraction (XRD)
XRD patterns were recorded using a Rigaku Smart Lab X-ray diffractometer (30 mA, 40 kV with Cu Kα radiation of wave length (λ), 1.5406 Å) with step size of 0.07 from 5° to 60° at a scan rate of 0.4° per minute. Since the crystallinity of the polymer plays a major role in the proton conduction, XRD patterns were used to determine the crystalline nature of the ABPBI at various temperatures.
Thermogravimetric analysis (TGA)
The TGA of all the samples was carried out using Diamond TGA/DT, Perkin Elmer, USA. Pre-conditioned samples of 5–10 mg were subjected to heat-treatment in the temperature range of 50–700°C at a heating rate of 10°C min-1 and the corresponding weight change was recorded. The effect of phosphoric acid and PWA/ZrO2 nanoparticles on the virgin ABPBI samples was also investigated. 
Broadband dielectric spectroscopy (BDS)
The dielectric properties of undoped and doped ABPBI membranes were investigated using Novocontrol Concept 80, NOVOCONTROL Technologies, Germany. The membrane was sandwiched between two platinum electrodes of one cm diameter and tested in the frequency range of 10 MHz–0.1 Hz in the temperature range of -50–220°C; the dielectric response was measured at an ac amplitude of 100 mVrms during the heating cycle. All the membranes were subjected to similar conditioning prior to testing. The relaxation peaks were fitted with Havriliak-Negami equation using the WinFit software.
Electrochemical impedance spectroscopy (EIS) 
The EIS of the membranes was carried out using Biologic SP-300 potentiostat in the frequency range of 200 kHz–100 Hz in the temperature range of 30–220°C with a perturbation amplitude of 100 mV. The through-plane set-up consisted of a membrane sandwiched between two 1 cm diameter platinum electrodes held together by a stainless steel clamp-cell. A range of torque was applied to get optimum pressure and therefore sufficient contact between the membrane and the electrodes. The same torque was applied with all the membranes to maintain comparable testing conditions. The impedance of the blank cell (shorted; without the membrane) was also recorded in the same frequency range and the same was subtracted from the membrane impedance to get the accurate conductivity values. The conductivity was calculated from the resistance (extrapolating the impedance spike to the Zreal axis) obtained from the Nyquist plot.
RESULTS AND DISCUSSION
FTIR, XRD and TGA
The phosphotungstic acid grafted ZrO2 nanoparticles were analyzed with FTIR and the spectra of PWA, ZrO2 and PWA/ZrO2 are shown in the Figure S3; all the relevant peaks are marked in the figure and are denoted appropriately.25,26 The PWA/ZrO2 peaks usually appear in the wave number range of 500–1050 cm-1, but due to its very low concentration (2 and 5%) in the membranes, the peaks are either not apparent or are masked by the high intensity polymer peaks. FTIR spectra were also recorded with the undoped and acid-doped ABPBI composite membranes (Figure 1).  All the membranes show the distinct peaks corresponding to the various bonds present in the ABPBI polymer and the phosphoric acid as shown in Table 1, thus confirming the synthesized polymer and the doped acid. 











Table 1. FTIR peak assignments for ABPBI and its composite membranes

	Wave number (cm-1)
	Assignments
	References

	1430 (with bare polymer)
1460 (with acid-doped polymer)
	C=C
	5

	1250-750, 500
	Phosphoric acid bands and phosphates
	5, 28, 29

	1570 (with bare polymer)
1581 (with acid-doped polymer)
	C=N
	5

	1628
	C=N
	5

	2500-3000
	N-H stretching
	5

	3415
	N-H stretching
	5, 7

	2500-2250
	Hydrogen bonded N-H stretching
	5
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Figure 1 FTIR spectra of ABPBI and its composite membranes with and without phosphoric acid.
The polymer crystallinity plays a major role in the chain relaxations and the proton conductivity. Therefore, to study the effect of temperature on the crystallinity, the undoped and doped ABPBI composite membranes were investigated using in-situ XRD (Figure 2). The samples were heat-treated at a temperature of 100 and 250°C  (5h each) prior to recording the XRD patterns; the tests were carried out on the same sample in each case, and after the annealing at 250°C, the XRD pattern was again recorded at 30°C (30°C – After HT, Figure 2). The undoped samples (Figures 2(a) and (b)) show distinct peaks at 2θ values of 10 and 26.5° attributed to the orthorhombic unit cell of ABPBI.30 The broad shoulder peak observed at 2θ value of 18.5° can be attributed to short-range order in the polymer. This peak sharpens with heat-treatment temperature, due to the increased ordering from chain stacking; the change is only with respect to the peak intensity and there is no peak shift as such (see Figure 2(a)) and it is negligible with undoped composite (Figure 2(b)).23 However, a significant shift is observed with the peak at 10° to higher 2θ values with temperature. 
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Figure 2 In-situ XRD patterns of ABPBI (a), ABPBI+5% PWA/ZrO2 (b), PA-ABPBI (c), and PA-ABPBI+5% PWA/ZrO2 (d) at various heat-treatment temperatures; the tests were carried out on the same sample in each case.
With filler nanoparticles, two additional peaks appear at 2 θ values of 27.5 and 32°, and they are attributed to the PWA/ZrO2.25,26 With PA-doped sample, the XRD patterns change drastically (Figures 2(c) and (d)). The peak at 10° is absent in the XRD patterns and that is attributed to the decrease in crystallinity with the addition of phosphoric acid.5,31,32 The peak at 18.5° is shifted to higher 2θ value with PA-doped samples (Figures 2(c) and (d)). The intensity of the peak at 26° decreases significantly and it splits into two peaks those are attributed to the decrease in crystallinity with PA-doping.33 With increase in the temperature not much change is observed with the XRD patterns, i.e., there is no change in crystallinity with heat-treatment (annealing). However, the peak at 18.5° shows a slight increase in the intensity due to water loss and subsequent close packing of the chains.30 Generally, the addition of nanoparticles in low concentrations (0.5–2%) increases the crystallinity as they act as nucleating sites. But higher concentration of the nanoparticles restricts the chain stacking and lowers the crystallization; this may even lead to the formation of smaller crystallites. Therefore, with the addition of higher amount of nanoparticles, the crystallinity either remains constant or decreases (Figure 2(b)).34,35 To further investigate the effect of the nanoparticles and the consequent decrease in crystallinity, all the samples were analyzed with thermogravimetry (Figure S4). The undoped-ABPBI membrane shows the highest weight loss of ~65%, whereas, the ABPBI composite membrane shows ~55% weight loss indicating the presence of the PWA/ZrO2 nanoparticles. The presence of nanoparticles helps retain the water content as evident from the first weight loss peak at temperature above 100°C; the weight loss is slightly lower with the composite membranes. But the polymer degradation temperature decreases by ~40°C when doped with nanoparticles; PWA/ZrO2 acts as a catalyst at high temperature and initiates chain scission at the N=C bond of the polymer. The presence of dopants, residual reactants or impurities is said to reduce the degradation temperature of a polymer resulting from the early chain scissions.36 Phosphoric acid also has the same effect on the composite membranes wherein the synergistic effect of both phosphoric acid and PWA/ZrO2 causes a decrease of ~70°C in the decomposition temperature.
Broadband dielectric spectroscopy (BDS)
The waterfall plots of ε″ as a function of temperature, shown in Figure 3, are analyzed to identify the relaxations in the undoped and doped ABPBI membranes. These figures show relaxations appearing at various temperatures and frequencies. 
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Figure 3 Dielectric loss (ε″) as a function of frequency and temperature with membranes of ABPBI (a), ABPBI+5% PWA/ZrO2 (b), PA-ABPBI (c), and PA-ABPBI+5% PWA/ZrO2 (d). 
As reported in the literature, the low frequency region of the permittivity plot corresponds to the electrode polarization, DC conductivity and the interfacial polarization; these are followed by relaxations at higher frequencies.37 The dielectric loss intensity in the low-frequency region with all the membranes (Figure 3) significantly rises with temperature and acid-content. The electrode and interfacial polarizations are expected to be present in the heterogeneous materials with phase difference (grain boundaries). However, the use of low ac amplitude (100 mVrms) minimizes these polarization events. The addition of PWA/ZrO2 nanoparticles does not influence the ε″ when compared to that of phosphoric acid, but the presence of both nanoparticles and phosphoric acid (PA) in the membrane matrix shift the relaxation peaks to lower temperatures.
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Figure 4 Comparison of the dielectric loss (ε″) data of undoped and PA-ABPBI composite membranes at various temperatures; arrows show the relaxation peak shift with temperature.
The waterfall plot also gives information about the polymer dynamics (movement of chains and groups in the polymer membrane matrix) in an electric field, which also includes the charge migration process (here proton conductivity) of the polymer. For a direct comparison of the relaxation peaks among the different membranes, the ε″ as a function of frequency is shown in Figure 4 for selected temperatures; the evolution of the various relaxation peaks and their shift towards high frequencies with temperature are quite apparent. With PA- and filler-doped samples, the relaxation peaks show a clear shift when compared to that of the undoped samples. Figure 4(a) shows the ε′′ as a function of frequency at -50 and -30°C for the undoped and acid-doped ABPBI composite membranes. With ABPBI and its composite membrane, as the temperature increases from -50 to -30 °C, the initial peak at 100 mHz shifts to ~600 mHz. However, with the addition of phosphoric acid, the same peak shifts to higher frequencies (1 to 100 Hz at -30°C) due to the easy polymer chain motion in the presence of acid and water. Similar shift in the relaxation peaks to the higher frequencies is observed in the temperature range of -10–90°C (Figures 4(b), (c) and (d)) with the acid-doped membranes compared to those of undoped membranes. These peaks are attributed to the various dielectric relaxations associated with the segmental motion of the polymer chains. To identify and understand different the relaxation processes occurring with the ABPBI membrane, a few plots (loss tangent (Tan δ = ε′′/ε′) vs. frequency, ε′′ vs. frequency at different temperatures, and ε′′ vs. temperature at different frequency) are analyzed. 
The Tan δ as a function of temperature (at a frequency of 1.35 Hz) for the all membranes is shown in Figure 5; this is an important plot, which approximately shows the temperature window in which a particular relaxation is observed at a given frequency. The peak observed in the temperature range of -50–50°C (designated as δ relaxation) is attributed to the rotational motions of the backbone.23 This peak moves to lower temperature with acid doped samples. The second relaxation starts to appear at temperature above 20°C with bare ABPBI (without PA). With acid doped samples, these relaxations are apparent even at lower temperatures.
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Figure 5 Tan δ at a frequency of 1.35 Hz as a function of temperature with membranes of ABPBI (a), ABPBI+5% PWA/ZrO2 (b), PA-ABPBI (c), and PA-ABPBI+5% PWA/ZrO2 (d). 
The second relaxation can be attributed to the interaction of NH groups with water molecules. The freezing point of water is lowered due to presence of phosphoric acid, which makes the water-NH interaction possible at lower temperature. This relaxation is assigned as γ relaxation. The relaxation at higher temperature (100–200°C) is attributed to the polymer segment with relatively larger number of carbon atoms and it is assigned as β relaxation.23 The β relaxation can be related to the motion of the local chains near crystalline regions of the material; it is observed mainly at higher temperatures wherein the water evaporation and closer packing of the material occurs.30 
With the addition of phosphoric acid, all the relaxations shift to lower temperature owing to the decrease in crystallinity (Figures 5(c) and (d)), but an interesting trend is observed with the undoped ABPBI composite (Figure 5(b)). In this case, only the β relaxation seems to be affected (shifted to lower temperature). As discussed above (Figure 2), the crystallinity of the polymer is altered by the addition of the PWA/ZrO2 nanoparticles. Since the β relaxation is associated with the main-chain, it shifts to lower temperatures (Figures 5(b)) due to the reduced stacking/crystallinity. These secondary relaxations are non-cooperative in nature, i.e., the chain movement is independent of the environment, whereas, in α relaxation mode (glass-transition), the polymer segment and the surrounding environment move in a cooperative manner under an external electric field. However, the environment (free volume and crystallinity) has an indirect effect on the dynamics of the relaxation with temperature. For example, the δ relaxation originates from the crank-shaft type of rotation of the phenyl group (in PBI and similar polymers). It is highly dependent on the free volume and the packing of polymer chain results in difficulties in the movement of phenyl rings. In case of highly crystalline domains, the relaxation becomes difficult. Similarly, with other relaxations (β and γ), there exist a clear trend with temperature. Since the cell chamber with the BDS equipment has a temperature limit of ~350°C, the sample was connected to a separate home-made cell placed in a high-temperature furnace to record the relaxation behavior in the glass transition region. Figure S5 shows the Tan δ plot of the membranes characterized at higher temperature (30–550°C), and the peak due to the α relaxation is clearly evident at ~450°C. The change in crystallinity of the material is minimum in the phosphoric acid doped membranes as observed from the in-situ XRD patterns (Figure 2). Thus it may be concluded that this can also be the reason for the diminished intensity of the relaxation peaks with phosphoric acid doped membranes as observed in the Tan δ plots (Figure 5).
The relaxation time and the other parameters are obtained by fitting the dielectric loss data using the Havriliak-Negami (HN) equation (2):38
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where, ε′, ε′′ and ε0 are the real, imaginary and vacuum permittivity, respectively, ω (2πf) is the frequency, and k is the number of relaxation terms which varies from 1 to 3. σdc is the dc conductivity and N characterizes conduction in terms of the nature of charge hopping pathways, degree of morphological order and macromolecular dynamics. For each relaxation, ∆εk = (εR−ε∞)k, is the difference between ε′ at very low and very high frequencies. Depending on the number of relaxations in a polymer system, the BDS spectra are fitted with appropriate number of HN functions and DC conductivity term.
With undoped ABPBI samples, the permittivity data could be fitted with 2 and 3 HN functions at lower and higher temperatures, respectively. Usually in the low frequency region, the ε″ is very high due to the contributions from dc conductivity and electrode polarization those eclipse the relaxation peaks; therefore it is difficult to separate the relaxation processes using HN equation. In this study, by the use of optimum ac amplitude (~100 mVrms), the electrode polarization is minimized and hence the relaxation peaks are not masked by the high intensities of the interfacial/electrode polarization (Figure S6). The choice of the amplitude is highly dependent on the inherent membrane conductivity; highly conducting membranes show smooth data even at lower amplitudes. However, the data shown in Figure S6 for PA-ABPBI collected at room temperature (25°C) is quite smooth; but, at lower temperatures with ABPBI membrane (without phosphoric acid) of very low conductivity, the data is very noisy and spectral features are barely discernable. Therefore, to maintain uniform ac amplitude with all the membranes, a value of 100 mVrms was chosen to get noise-free data even at very low temperatures.
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Figure 6 Dielectric loss (ε″) data of ABPBI membrane at a temperature of 20°C fitted with 3HN functions.
Figures 6 and 7 show the fitted data of undoped and acid-doped ABPBI and its composite membranes at a temperature of 20°C; the figures show an accurate fit with a low mean square deviation (MSD) value. Even in the temperature range of -50–200°C, ABPBI shows 3 distinct relaxation peaks, however, the α relaxation which is attributed to the glass-transition temperature (Tg) of the material generally appears at 450°C (Figure S5). Therefore, the appearance of this relaxation is ruled out in the above-mentioned temperature range. Figure 6 shows the fitted data of undoped-ABPBI membrane at a temperature of 20°C wherein the δ relaxation moves towards higher frequencies and the γ relaxation is apparent. 
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Figure 7 Dielectric loss (ε″) data of ABPBI+5% PWA/ZrO2 (a), PA-ABPBI (b), and PA-ABPBI+5% PWA/ZrO2 (c) membranes at a temperature of 20°C fitted with 3HN functions. Inset to (a) shows the magnified view of the δ relaxation.

Relaxation time and activation energy
The effect of nanoparticles and acid on the crystallinity of polymer, as established from the physical characterizations of XRD and TGA (Figures 2 and S4), is also observed from the trend in the activation energy calculated from the relaxation time (τmax) of the undoped and doped samples (Figure 8). The activation energy is calculated from the equation (3);39
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where, τ is the relaxation time, τo is a pre-exponential factor, EA and R are the activation energy and the universal gas constant, respectively. 
As observed from the loss permittivity data (Figures 3 and 4), the relaxation peaks shift to the higher frequency region at a given temperature with the acid doped samples when compared to that of the undoped samples. This trend is also even evident from the activation energy (EA) of the δ, γ, and β relaxations (Table S1). Except for a slight increase in the EA of δ relaxation, in general, a significant decrease in the EA is observed with the addition of the phosphoric acid to the membrane. 
The δ relaxation time decreases sharply upto a temperature of 70°C and then it stabilizes to an almost constant value. Whereas, the γ relaxation shows a similar trend upto 70°C but sharply increases thereafter. The loss of water and subsequent chain packing generally affects all the relaxations, but those associated with the smaller molecules or side-chains (γ and δ) show a significant change as the free volume plays a major role in these relaxations. Since, the β relaxation is associated with the segmental motion or main-chain, it appears at higher temperature and usually does not show a prominent change with the loss of water. Above 120°C, the crystallization effect also plays a major role and the synergistic effect of water loss and polymer crystallization explains the sharp fall in the relaxation time. 
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Figure 8 Logarithm of the relaxation time as a function of inverse of temperature with membranes of undoped ABPBI (a) and PA-ABPBI (b).
The trend of the decrease in the τmax is also in line with the complexity of the motions involved; the δ relaxation, being one of the most easiest chain motions, reaches the lowest τmax, whereas, the relaxation time reduction is lowest with the β relaxation. In case of β and γ relaxations, their τmax is either constant or it increases at temperature above ~120°C. The slight decrease in relaxation times with the acid-doped membranes (Figure 8(b)), as observed from the trends in the activation energies, is due to the lower crystallinity compared to those of the undoped samples. The presence of phosphoric acid in the sample restricts the polymer crystallization and the results are also supported by the in-situ XRD patterns (Figure 2).  
Trends in conductivity
Figure 9 shows the real conductivity of the ABPBI and composite membranes derived from the BDS. In Figure 9(a), bare ABPBI shows a conductivity of ~10-12 to 10-5 S cm-1 (entire frequency range) in the temperature range of -50–220°C. From -50°C the conductivity value gradually increases as the temperature rises upto 90°C and at temperature above 100°C, the value decreases; this is because the conduction is mainly via water and with temperature the conductivity reduces due to the water evaporation. The composite membrane (ABPBI+5% PWA/ZrO2) also shows a similar trend in the ac conductivity in the same temperature range. In case of the acid-doped membranes (Figures 9(c) and (d)), the conductivity follows the similar increasing trend upto a temperature of ~100°C. It reaches a maximum value of 10-3 S cm-1 and remains almost constant even at a temperature of 200°C. Above 120°C, the proton conduction happens through the phosphoric acid and the excess water. 
Since the membrane conductivity obtained from the BDS set-up was lower compared to that of the reported values, the conductivity of the membranes was also measured in separate through-plane set-up (clamp cell) with EIS in the temperature range of 30–250°C (Figure 10). Though both the tests were conducted with Pt discs (1 cm diameter), the electrode tightening in the BDS test cell is much lower compared to that in the EIS cell (clamp cell); the tightening in BDS cell is limited by its design and it is much delicate due to its intricate nature (internal wiring connections). However, the clamp cell used in EIS is robust and can be tightened much more using a torque wrench.
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Figure 9 Real component of the conductivity calculated using the in-built WinFit software (Novocontrol Concept 80) from BDS with membranes of ABPBI (a), ABPBI+5% PWA/ZrO2 (b), PA-ABPBI (c), and PA-ABPBI+5% PWA/ZrO2 (d).
It has been reported widely that the electrode and membrane contact plays a crucial role in impedance spectra and the resistance value; a tightened cell gives better contact and hence lower resistance values.16 The blank cell (shorted) impedance spectra was subtracted from the membrane impedance spectra to get the accurate conductivity values; a representative Nyquist plot for PA-ABPBI is shown in Figure S7. All membranes were subjected to similar conditioning to make sure that the relative hydration is the same and a proper comparison can be made among the membranes. The water content in undoped ABPBI membrane is ~6.5% and it is about 15% with PA doped samples. The average proton conductivity at temperature above 150°C, obtained through EIS with the acid-doped membranes, is ~5 mS cm-1 and the highest value is ~7 mS cm-1 for PA-ABPBI+5% PWA/ZrO2; these values are comparable to those reported in the literature for acid-doped and ABPBI composites membranes.40–43 This is attributed to the increase in proton mobility due to the dimerization of the phosphoric acid, which releases water molecules enhancing the conduction; the increase in conductivity is observed until ~180–190°C and at a temperature of ~210°C, it starts to decrease again. This may be due to the further release of water and the subsequent evaporation at elevated temperatures. The addition of PWA/ZrO2 to ABPBI causes improvement in the conductivity. With low filler content of 2 and 5%, the conductivity almost doubles compared to that of the undoped samples at higher temperatures; higher loading of nanoparticles results in improper mixing, agglomeration of the particles and non-uniformity in the membrane morphology. The higher conduction can be attributed to the increased water and phosphoric acid retention capability of the membranes. Moreover, the phosphotungstic acid attached to the ZrO2 particles also serves as a proton conduction medium.40 
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Figure 10 Proton conductivities of ABPBI, PA-ABPBI and their nanocomposite membranes calculated from the EIS measurements carried out in the clamp cell; inset shows the conductivities of the undoped samples.
Conduction mechanism and charge pathway interconnectivity parameter N HzHh
The proton conduction pathways under different conditions of phosphoric acid doped membranes was proposed by Ma et al. and Asensio et al.; the trend in conductivity with increase in temperature seems to support the proposed observations (Figures 9 and 10).11,12 One phosphoric acid molecule can protonate the nitrogen atom in the imidazole ring of the ABPBI membrane. Generally, the conductivity increases with water content (due to high density of water conductivity channel) and temperature (due to thermal activation of the proton transport process). Beyond the maximum degree of protonation, excess phosphoric acid behaves similar to that of phosphoric acid with different degree of dilution depending on the level of doping. In case of highly doped samples, the conductivity is close to that of concentrated phosphoric acid.11 The increase in conductivity with temperature generally follows the Arrhenius type behavior, unless the polymer segmental motion influence the proton-transfer.37 The proton exchange in case of the samples with lower phosphoric acid mainly happens between protonated-nitrogen and non-protonated nitrogen in the same polymer chain or between nearby chains (N-N+----N-H); since the level of phosphoric acid is low, the proton hopping from one acid unit to another will be difficult (H2PO4-----H3PO4).11,12,41,44 
It is suggested that the proton conductivity in acid doped PBI results from a cooperative motion of two protons along the polymer-anion chain by the Grotthus mechanism; H2PO4----H3PO4 and N-H+----H2PO4- anion chain by successive proton-transfer and anion reorientation. Proton migration happens mainly along the acid and anion chain H2PO4-----H+-----H2PO4- or the acid and H2O chain depending on the water content.11
The proton conductivity can be directly related to the charge pathway interconnectivity parameter (N) derived from the HN equation; it helps to understand the structural rearrangement at higher temperatures.23,45 Generally, this parameter varies between 0 to 1, where 1 indicates high connectivity and better conduction, and a value of ~0.5 indicates a blocked pathway or poor connectivity (Figure 11); however, a high value of N does not necessarily indicate high proton conductivity, it only shows better connectivity. The variation in N for undoped ABPBI with temperature is different from that of the doped composite membranes. In the temperature range of 0–100°C, the N value for undoped membrane remains almost constant at ~0.5. Whereas, with PA doped ABPBI, the value is still higher (Figure 11(b)) a slight increase from ~0.5 to ~0.6 is observed with increase in temperature.
[image: w1 (2)]
Figure 11 Charge pathway interconnectivity parameter N at various temperatures for undoped ABPBI (a) and PA-ABPBI (b).
With further increase in temperature above 120°C, the N value decreases drastically to less than ~0.3. This trend can be explained based on the conductivity path dominated by water-based channel and beyond the boiling point of water the proton conduction happens only by proton hopping vis N-H…N-H pathway. With PA doped membrane the N value remains close to ~0.9 till room temperature (~25°C), and the N value reaches ~0.6 at around ~75°C. However, when compared to that of undoped ABPBI, the decrease is N value with temperature is relatively slow. This trend can be explained based on the interplay of conducting pathways. In the temperature range of 25 to 80°C, the water channel along with phosphoric acid dominates the proton conduction, and hence, shows higher N value relative to that of undoped membrane. Beyond the water evaporation temperature, the proton conduction in undoped membrane is dominated by N-H…N-H pathway (N value of ~0.3), whereas, with PA doped membrane both N-H…N-H pathway and phosphoric acid pathway contributes to conduction (N value of ~0.45). Thus, the proton conductivity depends on the water content, thermal activation of different conductivity mechanisms (hopping, Grotthuss), and change in free volume of the membrane (change in the connectivity of conductivity channels).

CONCLUSIONS
ABPBI and its phosphoric acid doped composite membranes, were characterized using broadband dielectric spectroscopy to investigate the chain relaxations at elevated temperatures. The low frequency region of the loss permittivity spectra generally shows a high intensity resulting from the dc conductivity and electrode polarization; however, by the use of optimum ac amplitude (100 mVrms), these effects are suppressed and distinct relaxation peaks can be observed even at the low frequency region. The undoped ABPBI and its composite membranes show a rise in DC conductivity with temperature upto 80°C and it decreases above 100°C due to the loss of water. But, with the phosphoric acid doped samples the conductivity shows an increasing trend upto 100°C, and a gradual increase above 120°C; this can be attributed to the presence of phosphoric acid, which assists in the conduction. Similar trend is also observed in the conductivity estimated from EIS. The trends in proton conductivity of the acid doped membranes with increase in temperature are in line with the reported conduction mechanism. With the increase in temperature, the conductivity seems to be affected by the loss of water (60–100°C) and release of water (acid dimerization above 130°C).
The undoped ABPBI membrane shows sharp relaxation peaks, which broaden in the presence of phosphoric acid. With the addition of either phosphoric acid or PWA/ZrO2 nanoparticles the relaxations shifts to higher frequencies. Whereas, the presence of both acid and nanoparticles (PA-ABPBI+5% PWA/ZrO2) shift the relaxation peak to lower frequencies as compared to that of PA-ABPBI. The addition of phosphoric acid decreases the material crystallinity and restricts the chain stacking at higher temperatures, which happens in the undoped samples; hence there is no crystallization with acid doped samples at high temperature. This is confirmed with in-situ XRD patterns which show negligible change in the polymer crystallinity with the phosphoric acid doped samples. The presence of PWA/ZrO2 nanoparticles in the undoped membrane decreases the degradation temperature of the polymer by ~40°C and the addition of phosphoric acid further decreases it by ~30°C; this decrease in degradation temperature is also observed from the Tan δ plots of acid doped ABPBI and the composite membranes. 

SUPPORTING INFORMATION
Supporting information may be found in the online version of this article.
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