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ABSTRACT 

Nafion®-117, sulfonated polysulfone (sPSF) and sulfonated polyetherketone (sPEK) are 

characterized using broadband dielectric spectroscopy in the frequency range of 10 MHz–100 

mHz. Overall, there are 4-5 relaxation processes in these sulfonated membranes and a 

comparison of their spectral features allows assigning the relaxation processes. At an optimum 

amplitude of ~100 mVrms, all the relaxations are clearly defined as the electrode polarization is 

minimized. At low temperatures (-130°C), these membranes show a broad relaxation peak in the 

mid-frequency region, which quickly shifts towards the high-frequency region as the temperature 

is increased to -90°C. This peak is observed in proton exchange membranes for the first time due 

to the use of low ac amplitude, and it is assigned to the relaxation of the confined water in the 

micro-pores. With all the membranes, the peak associated with -SO3H group relaxation is 

observed in the same frequency range at a temperature of ~-80°C.  
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INTRODUCTION 

Broadband dielectric spectroscopy (BDS) is extensively used to investigate a wide range of 

inorganic, organic, and polymeric materials.1−3 These investigations include molecular dynamics 

and conductivity in polymers of intrinsic microporosity (PIM), proton transport in multi-scale 

hybrid membranes and supramolecular hydrogen bonded-network.4−7 Moreover, BDS is used to 

investigate composite membranes, the effect of casting solvent and concentration on polymer 

blends, and to track kinetics of step growth polymerization process.8−11 Thus, Tarnacka et al. 

concluded that polymerization under confinement is much faster than that in bulk.11 Recently, Di 

Noto et al. and Sood et al. investigated electrical properties of Nafion neutralized and doped with 

proton conducting ionic liquids.12,13 Zaneta et al. reviewed the progress in dielectric properties of 

protic ionic liquids (PIL).14 

Proton conducting polymer electrolyte membranes are an important class of materials used in a 

wide range of electrochemical energy conversion and storage devices (fuel cells, electrolyzers, 

and flow batteries). In general, these membranes are constituted with aliphatic or aromatic 

polymer backbone, side-chains and functional groups. The polymer backbone imparts 

mechanical strength and structural integrity. Side-chains and substituted functional groups 

facilitate the proton conduction. The high proton conductivity, mechanical properties and 

chemical stability of the polymer originate from its unique structure (Figure 1a).15 This type of 

polymer electrolyte membranes have water-assisted conduction mechanism and therefore their 

operating temperature is limited to ~150°C under pressurized conditions.15,16 Devices employing 

these membranes undergo several start/stop cycles involving drying/rehydration and cold start-up 

from extremely low temperatures (~-50°C). On the other hand, under hot conditions, the 

temperature can exceed ~100°C and it results in the decreased water content and hence reduced 



conductivity of the membrane.17−19 Thus, the membranes are subjected to a broad range of 

temperature. Therefore, understanding the dynamics of polymer electrolyte membranes (PEMs) 

with temperature is paramount.  

Among PEMs, Nafion is the state of the art membrane. Nafion is highly expensive and efforts 

are made to replace it with cheaper alternatives; sulfonated polysulfone (sPSF) and 

polyaryletherketones (sPEEK and sPEK) are two of the promising candidates (Figures 1b, c and 

d).20−28 In general, as mentioned earlier, these membranes have three common attributes. The 

polymeric main-chain (aliphatic/aromatic), side-chain/main-chain substituted functional groups, 

and water-assisted proton conduction mechanism. Water of hydration facilitates the transport of 

H+ ions through the membranes and it is highly dependent on the degree of sulfonation and the 

operating temperature.29−33 All the three membranes have the same functional group (SO3H), but 

their degree of sulfonation is different. Only Nafion has the side-chain and sPSF and sPEK lack 

the same.  

Among these membranes, Nafion has been investigated using BDS.32−45   On the other hand, the 

other two sulphonated polymers (sPSF and sPEK) are seldom investigated. Various relaxations 

originating from the backbone, functional group and side-chain are reported in the literature. The 

assignment of the relaxations to various physical processes is not conclusive, and there is no 

consensus on the relaxation processes. For instance, Hassan et al. attributed α and β relaxations 

to the segmental motion; α relaxation to the polymer backbone fluctuations (glass-transition 

processes), while β relaxation to the fluctuations of -SO3H group or the side-chain attached to the 

fluorocarbon main-chain.41 However, Matos et al. assigned the  α and β relaxation to the counter 

ion motion of the rod-like polymer aggregate along the longitudinal and radial directions, 

respectively.44,45 Other than these processes due to the motion of the dipoles in the polymer, in 



some reports, the β relaxation is assigned to the interfacial and electrode polarization.46–48 

Similarly, the PSF membrane shows three major relaxations in which the α relaxation is 

associated with the glass-transition process observed at ~185°C.49,50 The relaxation observed at 

~80°C is assigned to backbone fluctuation, which is also termed as packing defect relaxation and 

the third relaxation observed at a very low temperature of –100°C is a subject of debate. Its 

origin is generally assigned to phenyl ring fluctuation or movement of sulfone side group. 

Moreover, the relaxation originating from water is not reported with proton conducting 

membranes. 

Therefore, BDS spectra of Nafion, sPSF, and sPEK membranes are recorded and analyzed over a 

broad range of temperature and frequency. Based on the activation energy, frequency range and 

the movement of the relaxation peak with temperature, we could convincingly assign the 

relaxation processes by comparison and elimination. For e.g., the relaxation of SO3H groups at a 

given temperature appears at a particular frequency with all the membranes. The side-chain 

relaxation was confirmed by its absence in sPSF. The water relaxation is common in all the three 

membranes at the same temperature and frequency ranges. 

< Figure 1 > 

 

EXPERIMENTAL 

Materials / Chemicals 

Nafion®-117 and polysulfone (MW: 35,000) from Sigma Aldrich; polyether ketone (PEK) 

powder (grade 1300P) from Gharda Chemicals; p-chlorophenol from Loba Chemie; sulfuric acid 

(98%), peroxide solution (H2O2, 30%), hydrochloric acid (HCl), chlorosulfonic acid, N,N-



dimethyl-formamide, sodium hydroxide (NaOH), and 1, 2-dichloroethane (DCE) from Merck 

were used without further treatment. De-ionized (DI) water was obtained from Direct-Q 

Millipore de-ionizer.  

Treatment of Nafion-117 membrane 

A piece of commercial Nafion-117 membrane (10 cm x 10 cm) was boiled for 30 min each in 

3% H2O2 solution, DI water, and 2 M HCl. Thereafter, it was boiled in DI water for 30 min to 

remove traces of surface acid.51  

Sulfonation of Polysulfone 

Required amount of PSF (4.8 g) was dissolved in 50 mL of 1, 2-dicholoroethane (DCE) by 

mechanical stirring at 60°C for 2 h.52 Then, a solution of 0.6 mL chlorosulfonic acid in 10 mL of 

DCE was prepared separately in a 100 mL beaker and it was added drop-wise to the polymer 

solution kept at 60°C under nitrogen purging; this process yields the desired membrane property 

(ion exchange capacity of ~1.2 meq g–1 and ~60% degree of sulfonation). The reaction product 

was neutralized in DI water several times and the transparent jelly-type sulfonated polymer was 

filtered and dried overnight at 80°C.  

Preparation of sPSF membrane  

The desired amount of the sulfonated polymer (200 mg), prepared as mentioned above, was 

dissolved in 10 mL of N-N-dimethyl-formamide at room temperature for 2 h. The solution was 

poured on a glass substrate to form a uniform layer and it was dried in a vacuum oven for 24 h at 

60°C. The dried membrane (40 μm thick) was washed repeatedly with DI water to remove any 

surface impurities.  

 



Sulfonation of Polyetherketone (PEK) 

The required amount of fine PEK powder (15 g) was slowly added to 55 mL of concentrated 

H2SO4 taken in a 250 mL beaker. The mixture was stirred with a glass rod to get homogenous 

polymer dispersion. It was stirred again for 24 h at room temperature to ensure complete 

sulfonation of PEK.  

Preparation of sPEK membrane  

To prepare the sPEK membrane by the phase-inversion method, the deep red sulfonated polymer 

solution (prepared as mentioned above) was uniformly spread on a glass plate using a doctor 

blade. It was then immersed in DI water to obtain the sPEK membrane film. The thickness (150 

μm) of the membrane was controlled by choosing appropriate quantity of the solution, exposure 

time, and casting area. 

Differential scanning calorimetry (DSC) 

The glass transition temperature (Tg) of the polymers was determined with differential scanning 

calorimetry (DSC Q20, TA instruments). All DSC runs were carried out in the temperature range 

of 25–240°C at a heating rate of 10°C min-1 under nitrogen atmosphere to minimize the oxidative 

degradation; the second heating cycle was used to calculate the Tg. Before all DSC experiments, 

the baseline was calibrated using empty aluminum pans and a sample of ~4 mg was used in each 

case.  

Broadband dielectric spectroscopy (BDS) 

The dielectric properties of PEMs were investigated using Novocontrol Concept 80, 

NOVOCONTROL Technologies, Germany. The membrane was sandwiched between two 

platinum electrodes of one cm diameter and was analyzed in the frequency range of 10 MHz–0.1 

Hz at a temperature range of -130 – 220°C; the dielectric response was measured with an ac 



amplitude of 100 mV rms during the heating cycle. The use of large amplitudes (for e.g., 1 V 

typically reported for conducting membranes) causes high polarization and it masks the feeble 

relaxations. All the membranes were subjected to similar conditioning prior to recording the 

BDS spectra. The relaxation peaks were fitted with Havriliak-Negami equation using the WinFit 

software.  

 

RESULTS AND DISCUSSION 

Ion exchange capacity (IEC) and degreee of sulfonation (DS) 

The degree of sulfonation determines the water retention properties and proton conductivity of 

sulfonated ionically conducting polymer materials. The IEC and DS (shown in the Table 1) were 

calculated following the titration method reported in the literature; the details are given in the 

supporting information (SI).21,53 The water content in the membranes prior to the BDS 

characterization was found to be 18, 14 and 13% for Nafion-117, sPSF and sPEK, respectively, 

and it plays a major role in the polymer chain relaxations. The magnitude of dielectric loss (ε″) is 

directly proportional to the degree of sulfonation; more the sulfonated groups in the polymer 

chain, higher is the ε′′ and the increase is also partly due to the electrode and interfacial 

polarization (see the discussion below).12  

<Table 1> Ion exchange capacity and degree of sulfonation of the membranes 

 
The morphology of a polymer and the chain relaxations are also a function of the casting 

technique and the degree of crystallinity of the polymer.54 Nafion-117 has been cast using 

solvent evaporation method and also by extrusion technique; both the methods have profound 

impact on the chain orientation, crystallinity and hence the proton conductivity.55,56 sPSF was 



cast using a low boiling point solvent by evaporation at 60°C; this membrane has some degree of 

crystallinity due to slow drying.54 To confirm the extent of crystallinity in sPEK, the XRD 

patterns of PEK powder, sPEK membrane cast from p-chlorophenol, and sPEK cast through 

phase-inversion method were recorded (Figure S1). The membrane cast using p-chlorophenol 

was dried on a hot-plate at a temperature of 80°C in a fumehood. The slow drying induces 

crystallinity and the XRD pattern of sPEK, with all the prominent peaks, almost matches with 

that of PEK powder. However, the XRD pattern of sPEK cast through phase-inversion method, 

using concentrated H2SO4 as the solvent, shows a single broad peak. Thus, as observed from the 

XRD patterns(Figure S1), the porous PEK obtained by the phase-inversion method results in a 

highly amorphous polymer structure.57,58  

Broadband dielectric spectroscopy (BDS) 

The relaxations are conventionally assigned as δ, γ, β (secondary) and α (primary) depending on 

the order they enter the frequency window with temperature. The low-temperature secondary 

relaxations are associated with the side-chain/rotational motions, and the small functional group 

motions. The α relaxation (associated with the glass-transition) generally appears at higher 

temperature and it involves the motion of the amorphous polymer chain segments and the 

associated environment (co-operative motion).  

Figure 2 shows the 3D surface plot of ε″ as a function of frequency and temperature with 

Nafion-117, sPSF and sPEK membranes. The increase in dielectric loss of Nafion-117 

membrane (Figure 2a) with temperature in the low-frequency (LF) region is mostly associated 

with the dc conductivity, electrode polarization, interfacial polarization and the activation of 

relaxation processes; at lower frequency and higher temperature, these effects significantly 

contribute to the total dielectric loss, while at higher frequency their effects are negligible.5,7,59 



< Figure 2 > 

The dielectric data of Nafion-117 at various ac amplitudes are shown in the Figure S2. The 

effect of ac amplitude is clear from the low frequency region, and with the increase in amplitude 

there is a significant increase in the dielectric loss. Thus, with low ac amplitudes (100 mVrms) 

such aberrations can be avoided. The ε″ 3D surface plots of sPSF and sPEK (Figures 2b and c) 

show similar trends in the dc conductivity at the LF region. In the case of sPSF membrane, the 

intensity of the ε″ rises with temperature upto ~80°C until the water content is intact, but, it 

increases sharply with temperature beyond ~170°C; this may be attributed to the electrode 

polarization due to the presence of large number of free ions (high degree of sulfonation).6,59 

With sPEK there is a sudden drop in the intensity above ~100°C and a sharp increase is observed 

at further higher temperature (>150°C). However, the extent of electrode polarization in sPEK is 

significantly lower (by several orders of magnitude of ε″ intensity), perhaps due to its low degree 

of sulfonation. 

Figure S3 shows the real conductivity of all the membranes derived from the BDS. In Figure 

S3a, Nafion-117 shows a conductivity of 10-13 to 10-3 S cm-1 in the temperature range of -130 – 

130°C; the conductivity rises with temperature upto 80°C and remains at ~10-3 S cm-1 even at 

130°C. Whereas with sPSF, the conductivity decreases due to the loss of water at temperature 

above 70°C. The unusual conductivity trend with Nafion may be due to the water evaporation 

and subsequent chain packing, which results in water-less proton hopping among the closely 

packed -SO3H ions rather than through hydronium ions.41 However, in the case of sPEK 

membranes, the highest conductivity observed is 10-6 S cm-1 and increment in conductivity with 

temperature is observed only upto ~40°C; above this temperature it decreases gradually. The low 



degree of sulfonation and rapid loss of unbound water may be the reasons for the low 

conductivity and its decreasing trend. 

From the 3D surface plots, only the major relaxations can be observed as ribs in the central part 

of the plot. Other relaxations not directly apparent in the 3D surface plots are marked after 

careful analysis of various plots (waterfall plot, Tan δ vs. temperature (at ~1 Hz), Tan δ vs. 

frequency (at every 10°C), and real permittivity (ε′) vs. frequency plots). The waterfall plots are 

included in the SI (Figures S4, S5 and S6). From, the Tan δ vs. temperature plot at a given 

frequency (Figure 3), the presence of the different relaxations is apparent as separate peaks in 

the whole temperature range. The plot of dielectric loss vs. frequency is analyzed to mark the 

temperature range of a particular relaxation. All these plots are referred to identify the various 

relaxations. 

< Figure 3 >  

Once the number of relaxations for a particular polymer system is thus identified at a given 

temperature, the ε′′ is fitted using the Havriliak-Negami (HN) equation (Equation 1).  
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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.  For each relaxation, 

dielectric strength (∆εk = (εR−ε∞)k) is the difference between ε′ at very low and very high 

frequencies. In the first term, 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.36,41 Using this equation, all the useful parameters – relaxation time, dielectric strength, 

dc conductivity, and shape parameters – can be derived. In the following discussion, depending 

on the number of relaxations at a particular temperature, the ε′′ is fitted with 1, 2 or 3 HN 

functions at every 10°C in the temperature range of -130 – 220°C. At temperature above ~170°C, 

the data could not be fitted due to the high intensity of the dielectric loss caused by the increase 

in dc conductivity and electrode polarization.  

Based on the above discussion, to elucidate the deconvolution of the relaxation peaks, the ε′′ of 

Nafion-117 (at -40°C and 10°C) is fitted with 3HN functions as shown in Figure 4;  

< Figure 4 >  

With increase in temperature from -40°C (Figure 4a) to 10°C (Figure 4b), there is a significant 

rise in the dc conductivity and it dominates in the LF and MF regions. Inset to Figure 4b shows 

the magnified view of the fitted data at 10°C. The conductivity subtracted data clearly show a 

shoulder peak at the HF region (δ relaxation) and a peak at the LF region (β relaxation). On the 

other hand, the experimental data show only one prominent peak at the HF region (γ relaxation). 

Thus, the DC conductivity features masks the relaxation peaks. All the deconvoluted relaxation 

peaks fitted at various temperatures are separately plotted to track the individual peak movement 

and the changes in the Δε of the relaxation process (Figures S7 and S8). The deconvoluted peaks 

and their regular trend indicate the accuracy of fitting. With temperature, a given relaxation peak 

may shift toward the HF or LF region depending on the ease of the relaxation process and the 

morphological changes in the polymer. 

The fitting results with sPSF at two different temperatures are shown in Figure S9. At a 

temperature of -20°C (Figure S9a), the data are fitted with 2HN functions corresponding to the δ 



and β relaxations. As with Nafion-117, sPSF shows high dc conductivity at LF and MF regions 

and the relaxation peaks are barely discernible. The insets to the figure show distinctly visible 

deconvoluted peaks those further shift to HF region at 20°C (Figure S9b). Figure S10 shows the 

fitted data of sPEK at a temperature of -90°C with 3HN functions corresponding to the ζ, δ, and γ 

relaxations. With a negligible peak intensity and a complete shift to the HF region (~107 Hz), the 

ζ relaxation is barely visible; but the ζ peak at -90°C can be observed in Figure S7c. 

Relaxations in the temperature range of -130 – -90°C 

(a) ζ relaxation 

The relaxation peak at the lowest temperature (-130°C) is feeble and it is difficult to resolve the 

same from the 3D surface plots or the ε″ vs frequency plots (Figures 2 and 5). But, the presence 

of a relaxation can be clearly observed from the Tan δ plot (Figure 3). This relaxation peak 

quickly shifts towards the HF region and it exists only for a short temperature range (-130 – -

80°C). Di Noto et al. assigned a relaxation peak in the temperature range of -155 – -100°C to γ 

relaxation originating from the rotation of the -CF2- units in the PTFE backbone of Nafion; the 

peak appears at a frequency of 10 mHz at -155°C and shifts to 107 Hz by ~-100°C.39  But, the 

relaxation peak appearing at -130°C in the frequency range of 10−100 Hz is observed with all 

the three membranes (~1000 Hz in case of sPEK) (Figure S7), including those without -CF2- 

backbone. The fast shift in peak position with increase in temperature indicates that the 

relaxation is due to those species whose movement is activated significantly with a minor change 

in temperature (Figures 5 and S7). With all the three membranes, the Δε increases with 

temperature, but it is very low compared to that of the other relaxations. The peak distribution is 

very large (Figure S7) and its low intensity and broad nature suggest that the peak may be due to 

the relaxation of the confined water.60 Similar observations at comparable frequency and 



temperature ranges are reported in the literature for water in aqueous binary glass-formers, 

MCM-41 and other porous inorganic and organic materials.60–64 The relaxation analysis carried 

out in the cooling cycle with Nafion-117 is shown in the Figures S11and S12 and it is clear that 

the water relaxation peak is missing in the dry samples. This confirms that the feeble peak at 

lower temperatures is indeed due to water relaxations. In the BDS literature dealing exclusively 

with the water behavior, the relaxations were assigned as α and β based on the phase of water.64 

In this report, the relaxations are marked based on the ease of the relaxation (smaller to larger 

molecules). Hence, the relaxation arising from the confined water in all the membranes is 

referred as ζ relaxation.  

< Figure 5 > 

Moreover, a paper by Cerveny et al. which reviews the glass transition and relaxation in 

supercooled water, states that several polymeric systems (poly(methyl methacrylate), cellulose, 

polyimide-poly(dimethilsiloxane)s, poly(vinyl alcohol), and poly(aryl prehnitimide)) exhibit the 

presence of confined water.60 All these systems, show the relaxation due to confined water at a 

temperature of ~-133°C and the average activation energy (EA) is found to be 44 kJ mol-1. This is 

comparable to that obtained with the sulfonated membranes (38.10, 40.4, and 41.35 kJ mol-1 for 

Nafion-117, sPSF and sPEK, respectively) (discussed in the SI, Figure S13 and Table S1). 

Therefore, based on the above discussion, the relaxation in the temperature range of -130 – -

90°C is attributed to the confined water in the polymer matrix. 

At very low temperatures, water in the polymeric systems might be present in the form of both 

liquid water and crystallized ice; the pores which are smaller than ~20Å or area near the walls 

(adjacent to molecules/functional groups) of the pores are reported to restrict crystallization.61,64 

The pore diameter in case of hydrated Nafion-117, sulfonated polyether ketones and 



polysulfone-based sulfonated polymers is in the range of 1−2.5 nm.15,65,66 Therefore, as the 

temperature increases from -130 – -90°C, the crystallized water changes to liquid phase and it 

causes increase in the intensity of the ε′′. 

Apart from ζ relaxation, Nafion-117 shows two more relaxations in this temperature range, 

whereas, sPSF and sPEK show one each. These relaxations are discussed in detail in the 

following sections.  

Relaxations in the temperature range of -100 – 20°C 

(b) δ relaxation 

The second relaxation peak enters the frequency window at ~-100°C even before the first peak (ζ  

relaxation) vanishes out of the frequency range (Figure 5). This relaxation appears approximately 

in the same freqeuncy range with all the membranes and shifts to higher frequency with 

temperature (Figure S8). In semi-flourinated polysulfone (SF-PSF), the relaxation at comparable 

temperature range was assigned to the dipole fluctuations of SF side-chain.49 However, even with 

the non-flourinated sPSF and sPEK, a relaxation peak is observed in the same temperature range.  

Figures 6 and S8 show the trend of the second relaxation in all the three membranes in the 

temperature range of -80 – -20°C. With Nafion (Figure 4) the peak at ~-100°C shifts fast to 

higher frequencies; at ~-100°C, the peak maximum is at 1 Hz and by -50°C it moves to ~104 Hz 

(Figure S8). The frequency of the peak depends significantly on the water content in the 

membrane and hence the free volume in the polymer.37,39 A peak in the same temperature and 

frequency range reported by Di Noto et al. was assigned to the fluctuation of -SO3H group and 

associated carbon in case of Nafion.39 Here, this relaxation observed with all the three 

membranes (Nafion-117, sPSF and sPEK) is designated as δ. In the temperature range of -80 – -

20°C, a peak is observed in the LF range with sPSF; Tsuwi et al. investigated BDS of SF and -



COOH grafted polysulfone and assigned this peak to γ relaxation; it is observed at very low 

temperature (-100°C) at a frequency of 1 Hz, and EA reported is 46±2 kJ mol-1.49 The γ relaxation 

was assigned to the non-cooperative local fluctuation of the bisphenol group, or sulfone group in 

PSF backbone.49 Some researchers assigned the γ relaxation to the rotation of phenyl ring.67–69  

The attachment of -COOH group to the backbone slows down the γ relaxation process, which 

strengthens the theory that this relaxation is due to the movement of bisphenol group rather than 

the sulfone functional group. The hydrophilic nature of COOH-PSF results in higher hydrogen 

bonding and intermolecular interaction, which shift the relaxation to higher temperature.49 With 

sPSF, at comparable temperature range, the relaxation peak shows an EA of 51.33 kJ mol-1. The 

relaxation may be attributed to the phenyl group motion, but the attachment of -SO3H group 

slows down the motion and therefore it occurs at slightly higher temperature and at lower 

frequency (~1 Hz); the relaxation is observed at a temperature range of -100 – -20°C, which is 

slightly higher when compared to the γ peak reported in the literature. Probably the -SO3H 

attachment onto one of the phenyl ring reduces the fluctuation associated with γ relaxation 

(slightly higher EA). Hence the observed δ relaxation can be assigned to the fluctuation of -SO3H 

group with phenyl ring wagging motion or may be due to the movement of phenyl ring adjacent 

to the sulfonated phenyl ring. 

In case of sPEK, in the temperature range of -100 – 0°C, a second relaxation peak (γ) is observed 

which spans through the entire frequency range (Figure 6). Leonardi et al. reported an EA of 56 

kJ mol-1 to a relaxation appearing in PEEK polymer; they attributed this relaxation to the phenyl 

ring rotation between the ether linkages.70 In the similar temperature range, the peak observed 

with sPEK also shifts through the entire frequency range and has an EA of 44.62 kJ mol-1 (Table 

S1). With PEEK, this relaxation was attributed to the phenylene ring rotation by Leonardi et al. 



But in sPEK, with comparatively low EA, it may be attributed to the -SO3H relaxation along with 

the attached phenyl ring rotation. 

< Figure 6 > 

The interesting characteristic of δ relaxation is the unique trend in Δε depending on the degree of 

sulfonation, the polymer microstructure and the position of the -SO3H group on the main-chain. 

With Nafion-117, the peak enters the frequency window from -110°C and it moves towards HF 

region with increasing intensity (Δε) upto 20°C (Figure S14). At further higher temperature, the 

intensity decreases significantly. This is a critical observation and can be helpful in 

understanding the underlying process that corresponds to the δ relaxation. In the temperature 

range mentioned above (-20 – 90°C), water mostly exists in the liquid form, and therefore, a 

large number of polymer chains show the relaxation process. Freezing of water below -20°C and 

its evaporation above 90°C, restricts the chain motions and results in lower Δε. Hence, the liquid 

water has a pronounced impact on the dielectric strength (Δε) and the relaxation phenomenon.  

However, the Δε trend with sPSF is almost comparable to that of Nafion upto ~100°C, but above 

this temperature, it sharply increases until 180°C. As expected, the relaxation peak shifts towards 

the lower frequencies. But the continuous increase in Δε even at higher temperatures suggest that 

the -SO3H relaxation process becomes independent of water content and with higher thermal 

energy the complete chain motion happens. In case of sPEK, the Δε in this relaxation is ~3 

orders lower compared to that of the other two membranes in the same temperature range. The 

low Δε value can be attributed to the lower degree of sulfonation and subsequently the lesser 

number of species involved in the relaxation process. Due to the high fluctuation in the ε″ 

intensity above ~40°C (3D surface plot, Figure 2), the sPEK data could be fitted only upto 60°C. 

 



(c) γ relaxation  

In Nafion-117, a third peak appears in quick succession following the δ relaxation, unlike that 

with sPSF and sPEK; both the relaxations (δ and γ) enter the frequency window at ~-90°C and 

shift towards the higher frequency (Figure 6a). Since the -SO3H functional group is attached to a 

side-chain, which is then connected to main-chain, Nafion can be considered as a Type C 

polymer (having flexible polar chain).1 The long perflourinated side-chain with a -SO3H group at 

the end is highly flexible and that might be the origin of the two relaxations. One of the peaks is 

assigned to the -SO3H motion (the δ relaxation as discussed above) and second peak is indicated 

as γ relaxation. While in case of sPSF, the dipole (here the -SO3H group) is directly attached to 

the main-chain and it is a Type B polymer (dipole rigidly attached to the main-chain).1 The 

appearance of the -SO3H motion is observed at the same temperature of ~-100°C, but only 

Nafion-117 shows the second relaxation in quick succession; the absence of this relaxation with 

both sPSF and sPEK may be due to the lack of side-chain (Figure 5). Hence, the γ relaxation in 

the Nafion may be originating from the side-chain holding the -SO3H group.  

Figure 7 shows the γ relaxation within Nafion-117 in the temperature range of -100–20°C. Di 

Noto et al. observed a relaxation in the same temperature range and attributed it to the relaxation 

of the ether side-chain bound to -SO3H.39 The relaxation peak enters the frequency window at -

100°C at a frequency of 0.1 Hz and it quickly moves towards the HF region (10 kHz) as the 

temperature is increased to -40°C. However, above 50°C, a reversal in the peak movement is 

observed as the γ relaxation peak shifts towards lower frequencies, and there is a significant rise 

in the Δε value upto a temperature of 170°C (Figure 7b). This shift towards lower frequencies 

may be attributed to the water-loss and the subsequent packing of the chains, which restricts the 

motion of side-chains. 



< Figure 7 >  

The relaxation peak movement depends on several factors viz. chain stacking, morphology, type 

of polymer (Type A, B and C) dipole orientation etc. However, further studies need to be carried 

out to ascertain the reason for the increase in the dielectric loss and the consequent peak shift to 

lower frequencies with temperature. 

Since only limited reports are available on the BDS of polyether ketones (especially PEEK) it is 

challenging to assign the intermediate relaxation (peaks other than ζ and δ relaxations).71–74 The 

γ and β relaxations in sPEK are shown in Figure 8; the origin of the γ relaxation is attributed to 

the rotational mobility of phenylene ring and it is reported that the mobility of phenyl group 

between the ether-ether link is higher when compared to that between ether-ketone.71–74 David et 

al. attributed the γ relaxation to the crankshaft motion of isolated chain portion using dynamical 

mechanical spectroscopy and molecular dynamic simulation.71 Therefore, based on the 

appearance of the relaxation peak and the comparable activation energy as that reported in the 

literature, the γ relaxation can be proposed to be arising from the crankshaft motion associated 

with the ether linkage of the main-chain. 

< Figure 8 >  

Relaxations above 20°C 

(d) β relaxation 

The backbone related motion of all the three membranes (Nafion-117, sPSF and sPEK) has been 

assigned as the β relaxation. Figure 9 shows the β relaxation assigned to the fluctuation of the 

dipole moment of the ether side-chain attached to the backbone of the Nafion-117.39 β relaxation 

enters the frequency window at -80°C onwards (at ~0.1 Hz) and by ~20°C the peak shifts to 



higher frequencies (~10 Hz) (Figure 9a). From 20 to 180°C, the β relaxation continues to shift to 

higher frequency and this can be explained based on the thermal activation of the chain 

movement (Figure 9b). The increase in dielectric strength with temperature is expected as more 

number of polymer chains participates in the relaxation process (Figure S14).  

< Figure 9 >  

The β relaxation in sPSF membrane in the temperature range of -20 – 180°C is shown in Figure 

10. A very low intensity peak is observed at -20°C at a frequency of 0.5 Hz which gradually 

shifts towards higher frequency (~50 Hz), and there is an exponential rise in the peak intensity 

upto a temperature of 70°C. Above 80°C, the peak shifts to lower frequencies with simulteneous 

decrease in the peak intensity. Similar to the observation with γ relaxation of Nafion-117, the 

reversal in peak movement can be attributed to the water loss and the consequent chain packing. 

Tsuwi et al. attributed the β relaxation in SF-PSF at a frequency of 100 Hz (at 80°C) to the 

backbone motion of the polymer.49 The high activation energy of this relaxation, ~72 kJ mol-1, is 

attributed to the non-local fluctuations and packaging defects in the material. However, with 

sPSF, the EA of β relaxation is 51.12 kJ mol-1, and it varies from PSF depending on the attached 

side-group (SF, -COOH etc.)49 

< Figure 10 >  

 

The β relaxation with sPEK is also known as sub-glass transition relaxation and it originates 

from localized motion in the bulk and organized regions of the amorphous phase (Figure 8b). 

The transformation from amorphous to semi-crystallinity causes a decrease in the dielectric 

strength of β relaxation in sPEK. At -30°C, the relaxation appears at a frequency of 0.2 Hz and it 

shifts to higher frequency with temperature. Beyond 40°C, the dielectric strength starts to 



decrease significantly with increase in temperature. With a high EA of 49.78 kJ mol-1,  this 

relaxation is assigned to the rotational motion of the main-chain. The activation energy of the β 

relaxation in Nafion-117 is slightly higher (60.48 kJ mol-1) than those of the sPSF and sPEK 

membranes; this might be attributed to the slower chain (–CF2– backbone) motion in the 

dehydrated membrane.  

(e) α relaxation 

With Nafion-117, the relaxation peak which enters the frequency window at temperature above 

130°C (Figure 9c) is related to the dynamic glass-transition or the α relaxation;with increase in 

temperature the relaxation peak shifts to higher frequency. The α relaxation temperature is in line 

with the Tg of ~152°C measured from the DSC thermograms (Figure S15). The Tg of Nafion-

117 is reported to be in the temperature range of 100–160°C depending on the water content in 

the membrane.75,76 The Δε of α relaxation is almost constant with further increase in temperature.  

With sPSF, a fourth relaxation peak appears at a temperature of ~180°C, but it is completely 

eclipsed by the high intensity of the dielectric loss. This relaxation can be clearly observed in the 

Tan δ plot (Figure 3b). Bare PSF shows a Tg of ~186°C, whereas, after sulfonation a significant 

increase in Tg is observed (217°C, Figure S15). The reported glass transition temperature range 

of 180 – 220°C with polysulfone-based materials (PSF, sPSF, SF-PSF and COOH-PSF) 

indicates that this peak corresponds to the primary relaxation (α).49,77 The intensity of dielectric 

loss beyond 160°C (Figure S8d) is considerably higher when compared to that at lower 

temperatures due to very high electrode and interfacial polarization. These factors mask the 

features due to relaxation and therefore it is extremely difficult to fit the data using HN equation 

at high temperatures. 

 



CONCLUSIONS 

Nafion-117, sulfonated polysulfone (sPSF) and sulfonated polyetherketone (sPEK) were 

characterized using broadband dielectric spectroscopy (BDS) to investigate the effect of water 

content and sulfonation on the polymer relaxations. An optimum ac amplitude (~100 mVrms) was 

used to minimize the contributions from the interfacial/electrode polarizations in the low 

frequency region. 

With all the three membranes, a broad relaxation peak of low dielectric strength is observed in 

the temperature range of ~-130 – -80°C. This relaxation (ζ) in the mid-frequency region is 

attributed to the confined water in the membrane. The activation energy values reported in the 

literature for the relaxation of confined-water in various dielectric materials (polymers, organic 

and inorganic systems) support this peak assignment. But, it is seldom reported with PEMs 

perhaps due to the low dielectric strength of the relaxation process; the use of 1 V ac amplitude 

causes high electrode polarization and hence eclipses this feeble peak. The second relaxation 

peak (δ) in the same temperature and frequency ranges is attributed to the -SO3H group. The 

negligible dielectric strength of this relaxation process with sPEK of low degree of sulfonation 

confirms this assignment. With Nafion, a third relaxation peak (γ) is observed in the temperature 

range of -90 – 170°C related to the motion of the side-chain; this particular relaxation is missing 

with the other two polymers without the side-chain. The β relaxation is observed with all the 

three membranes but at different temperature ranges; with sPSF and sPEK, the β relaxation 

shows comparable activation energy values due to the similar backbone (phenyl rings in the 

main-chain). The α relaxation due to the glass transition could only be observed with Nafion-117 

at ~150°C (frequency of ~1 Hz), whereas, it is hardly discernible with sPSF and sPEK 

membranes. All the relaxation peaks are confirmed from the Tan δ and dielectric loss plots. 
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FIGURE CAPTIONS 

Figure 1 Chemical structures of Nafion (a), sulfonated polysulfone (sPSF) (b), sulfonated 

polyetheretherketone (sPEEK) (c), and sulfonated polyetherketone (sPEK) (d). 

Figure 2 Dielectric loss (ε″) as a function of frequency and temperature with membranes of 

Nafion-117 (a), sPSF (b), and sPEK (c). 

Figure 3 Tan δ as a function of temperature at a frequency of 1.355 Hz with membranes of 

Nafion-117 (a), sPSF (b), and sPEK (c). Inset to (c) shows the magnified view of the ζ relaxation 

in sPEK. 

Figure 4 Dielectric loss (ε″) of Nafion-117 membrane at a temperature of -40°C (a) and 10°C (b) 

fitted with 3 HN functions.  

Figure 5 Dielectric loss (ε″) at different temperatures with membranes of Nafion-117 (a), sPSF 

(b), and sPEK (c); the arrows show the movement of the relaxation peaks to higher frequency 

with temperature. 

Figure 6 Dielectric loss (ε″) at different temperatures with membranes of Nafion-117 (a), sPSF 

(b), and sPEK (c); the arrows show the movement of the relaxation peaks to higher frequency 

with temperature. 

Figure 7 The variation in dielectric loss (ε″) and the relaxation peak shift with frequency for  γ 

relaxation of Nafion-117 membrane in the low temperature range (a), and high temperature range 

(b). The arrows indicate the movement of the relaxation peaks and the change in intensity of ε″. 

Figure 8 The variation in dielectric loss (ε″) and the relaxation peak shift with frequency for γ 

(a)  and β (b) relaxations with sPEK membrane at different temperatures. 



Figure 9 The variation in dielectric loss (ε″) and the relaxation peak shift with frequency for β 

relaxation in the low temperature range (a), β relaxation in the high temperature range (b), and α 

relaxation (c) with Nafion-117 membrane. Inset to (a) shows the magnified view of the 

appearance of β relaxation. The arrows indicate the movement of the relaxation peaks and the 

change in intensity of ε″.  

Figure 10 The variation in dielectric loss (ε″) and the peak shift with frequency for β relaxation 

towards HF region (a) and LF region (b) with sPSF membrane at different temperatures. The 

upward and downward arrows shows the trends in the relaxation peak movement. 

 

 

 

 



FIGURES 

 

Figure 1 

 

Chemical structures of Nafion (a), sulfonated polysulfone (sPSF) (b), sulfonated 

polyetheretherketone (sPEEK) (c), and sulfonated polyetherketone (sPEK) (d). 

 

 

 

 

 

 

 

 

 

 

 



Figure 2 

 

Dielectric loss (ε″) as a function of frequency and temperature with membranes of Nafion-117 

(a), sPSF (b), and sPEK (c). 

 

 

 

 

 

 



Figure 3 

 

Tan δ as a function of temperature at a frequency of 1.355 Hz with membranes of Nafion-117 

(a), sPSF (b), and sPEK (c). Inset to (c) shows the magnified view of the ζ relaxation in sPEK. 

 



Figure 4 

 

Dielectric loss (ε″) of Nafion-117 membrane at a temperature of -40°C (a) and 10°C (b) fitted 

with 3 HN functions.  



Figure 5 

 

Dielectric loss (ε″) at different temperatures with membranes of Nafion-117 (a), sPSF (b), and 

sPEK (c); the arrows show the movement of the relaxation peaks to higher frequency with 

temperature. 



Figure 6 

 

Dielectric loss (ε″) at different temperatures with membranes of Nafion-117 (a), sPSF (b), and 

sPEK (c); the arrows show the movement of the relaxation peaks to higher frequency with 

temperature. 



Figure 7 

 

The variation in dielectric loss (ε″) and the relaxation peak shift with frequency for  γ relaxation 

of Nafion-117 membrane in the low temperature range (a), and high temperature range (b). The 

arrows indicate the movement of the relaxation peaks and the change in intensity of ε″. 

 

 

 

 

 

 

 

 

 

 

 



Figure 8 

 

The variation in dielectric loss (ε″) and the relaxation peak shift with frequency for γ (a)  and β 

(b) relaxations with sPEK membrane at different temperatures. 

 

 

 

 

 

 

 

 

 

 

 



Figure 9 

 

The variation in dielectric loss (ε″) and the relaxation peak shift with frequency for β relaxation 

in the low temperature range (a), β relaxation in the high temperature range (b), and α relaxation 

(c) with Nafion-117 membrane. Inset to (a) shows the magnified view of the appearance of β 

relaxation. The arrows indicate the movement of the relaxation peaks and the change in intensity 

of ε″.  



Figure 10 

 

The variation in dielectric loss (ε″) and the peak shift with frequency for β relaxation towards HF 

region (a) and LF region (b) with sPSF membrane at different temperatures. The upward and 

downward arrows shows the trends in the relaxation peak movement. 



Table 1. Ion exchange capacity and degree of sulfonation of the membranes 

Membrane Water content 
(%) 

Ion exchange capacity 
(m equiv) 

Degree of sulfonation (%) 

Nafion-117 18 1.15 - 

sPSF 14 1.22 62 

sPEK 13 0.08 6 
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1. Ion exchange capacity (IEC), water absorption and degree of sulfonation 

The membrane samples were first dried in an oven at 80°C for 24 h and its weight was noted 

down as WD. The membranes were kept in 1 M HCl for 24 h to obtain their acid form and 

washed repeatedly with DI water to remove the excess acid. These membranes were immersed in 

1 M NaCl for 24 h to liberate the H+ ions (H+ ions replaced with Na+ ions). The solution was 

titrated with 0.01 M NaOH using phenolphthalein indicator and the IEC was calculated using the 

following formula: 

 

ܥܧܫ =
	ܪܱܽܰ	݂݋	݈݉	݀݁݉ݑݏ݊݋ܿ × ܪܱܽܰ	݂݋	ݕݐ݅ݎ݈ܽ݋݉

݁݊ܽݎܾ݉݁݉	ℎ݁ݐ	݂݋	ݐℎ݃݅݁ݓ	ݕݎ݀  

 



 
 

To calculate the water uptake capacity, the membranes were dried in an oven overnight and the 

accurate weight was recorded as WD. The samples were kept in DI water for 1 day, the wet 

membranes were wiped with a tissue paper, and the weight was noted as WW. The membrane 

seemed to have absorbed the maximum water in a day itself as the weight of the wet membrane 

remained same even after a week of immersion in the DI water. The water uptake of the 

membrane was calculated using the following formula: 

 

݁݇ܽݐ݌ݑ	ݎ݁ݐܹܽ = ( ௐܹ − ஽ܹ)/ ஽ܹ  

 

where, WW and WD are the weights of wet and dry membranes, respectively. 

The degree of sulfonation for sPSF was calculated from the titration values using the following 

formula: 

ܵܦ =
(ܪܱܽܰ)ܯ]0.442 × [(ܪܱܽܰ)ܸ

஽ܹ − (ܪܱܽܰ)ܯ]0.081 ×  [(ܪܱܽܰ)ܸ

 

where, M (NaOH) and V (NaOH) are the molarity and the volume of the NaOH, respectively; 

the molecular weight of the polysulfone monomer unit and sulfonic group are 441 and 81, 

respectively. 

 

 

 

 

 

 



 
 

 

Figure S1 XRD patterns of PEK powder and sPEK membranes cast with different solvents. 



 
 

 

Figure S2 Dielectric loss (ε″) of Nafion-117 at various ac amplitudes. 

 

 

 

 



 
 

 

Figure S3 Proton conductivity calculated from the Nyquist plot at all the frequencies from BDS 

of Nafion-117 (a), sPSF (b), and sPEK (c) membranes in the temperature range of -130 – 130°C 

(every 20°C). The red lines indicate the increasing trend (upward arrow), while, the blue lines 

show the decreasing trend (downward arrow) in the conductivity. 



 
 

 

 

Figure S4 Waterfall plot of dielectric loss (ε″) as a function of frequency and temperature with 

Nafion-117 membrane. 

 



 
 

 

Figure S5 Waterfall plot of dielectric loss (ε″) as a function of frequency and temperature with 

sPSF membrane. 

 



 
 

 

Figure S6 Dielectric loss (ε″) as a function of frequency and temperature with sPEK membrane. 



 
 

 

Figure S7 The ζ relaxation peak with membranes of Nafion-117 (a), sPSF (b),  and sPEK (c) in 

the temperature range of -130 – -90°C. The arrows indicate the movement of the relaxation peaks 

and the change in intensity of ε″. 



 
 

 

Figure S8 The δ relaxation (-SO3H) peak with membranes of Nafion-117 (a), sPSF (b) and sPEK 

(c) in the temperature range of -80 – -20°C. The arrows indicate the movement of the relaxation 

peaks and the change in intensity of ε″. 



 
 

 

Figure S9 Dielectric loss (ε″) data of sPSF membrane at a temperature of -20°C (a) and 20°C (b) 

fitted with 2 HN functions.  



 
 

 

Figure S10 Dielectric loss (ε″) data of sPEK membrane at a temperature of -90°C fitted with 3 

HN functions.  

 



 
 

 

Figure S11 Dielectric loss (ε″) as a function of frequency at various temperatures (cooling cycle) 

for dry Nafion-117 membrane. 

 



 
 

 

Figure S12 Tan δ at a frequency of 1.355 Hz as a function of temperature with dry Nafion-117; 

inset shows the magnified view of the spectrum at very low temperatures.  

 

 

 

 

 



 
 

Activation energy calculation 

 

Figure S13 Temperature dependance of the relaxation time with membranes of Nafion-117 (a), 

sPSF (b) and sPEK (c). Dotted lines indicate the change in slope and are divided into different 

zones (I, II, III and IV). 



 
 

The activation energy of the various relaxations of all the three membranes is calculated from the 

log (1/τmax) vs 1000/T plot.1 

0 exp AE
RT

       ………………………………………………………………………………………………………………………….(1)
 

where, τ is the relaxation time, τo =1/2πf, EA is the activation energy and R is the universal gas 

constant.  

In general, the relaxations of all the three membranes show Arrhenius behavior. However, slight 

changes in the slopes can be observed; sPSF shows higher slope while Nafion has lower slope 

for ζ relaxation. Depending on the transition of the relaxation process and the change in slope, 

the plot is divided to different zones (I, II, III and IV). The activation energy corresponding to 

each of the relaxation of all the three membranes is shown in Table S1. 

Table S1. Activation energies of various relaxations of Nafion-117, sPSF and sPEK membranes. 

Membrane Region Activation energy (kJ mol-1) 
Relaxations 

ζ δ γ β α 
Nafion-117 I 38.10 59.35 - - - 

II - 58.97 72.18 - - 
III - - - 60.48 - 
IV - - - - 326.45 

sPSF I 40.4 - - - - 
II - 51.33 - - - 
III - - - 51.12 - 

sPEK I 41.35 44.62 - - - 
II - - 41.26 49.78 - 



 
 

 

Figure S14 Dielectric strength (Δε) of the different relaxations with membranes of Nafion-117 

(a), sPSF (b), and sPEK (c).   



 
 

 

Figure S15 DSC thermograms of Nafion-117, PSF, sPSF and sPEK membranes; the second 

heating cycle was used to calculate the Tg. 
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