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ABSTRACT 

 Anion exchange membranes (AEMs) are of considerable interest to developers and 

researchers of electrochemical conversion and storage devices such as anion exchange 

membrane fuel cells (AAEMFCs), alkaline polymer electrolyte electrolysers, redox flow 

batteries and bioelectrochemical devices. AEMs are generally in competition with more 

established proton exchange membranes (PEMs), but offer the potential for reduction of 

materials costs and greater fuel flexibility across these applications.  

 This work includes an introduction to AEMs in the context of fuel cell technologies and 

some key techniques for AEM characterization. There are many synthetic strategies to 

incorporate cationic functional groups, which promote anion transport, into a polymer matrix. 

Two membrane chemistries are investigated in the following chapters. The first is based on a 

simple synthesis procedure that produced a membrane consisting of random, crosslinked 

polypropylene-ran-polyethyleneimine with quaternary ammonium functional groups. This 

membrane had moderate chloride ionic conductivity of 0.03 S cm-1 at 95 oC and high water 

uptake with minimal dimensional swelling. However, the lack of control of crosslink location 

and density during synthesis produced a material with a very random nature, making it a poor 

candidate for more fundamental transport studies.  

The second membrane chemistry is a block copolymer with a hydrophobic and 

hydrophilic block. The hydrophobic block was selected to provide favorable mechanical and 

barrier characteristics while a hydrophilic block was selected to provide water uptake and anion 

conducting functionalities. Poly(vinyl benzyl trimethyl ammonium bromide)-b-

poly(methylbutylene) ([PVBTMA][Br]-b-PMB) was synthesized by partners at the University of 

Massachusetts-Amherst with varied degrees of functionalization (DF) along the hydrophilic 
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block, resulting in ion exchange capacities ranging from 0.77 to 2.20 mmol g-1. Water uptake, in-

plane ionic conductivity and membrane morphology were measured across a series of 

membranes with the original bromide (Br-) counter-ion. These bulk materials characterization 

experiments demonstrated that this polymer structure produces well-ordered lamellar 

morphology with moderate water uptake and competitive ionic conductivity (ca. 40 mS cm-1 at 

90 °C and 95% relative humidity). These characteristics make it an appropriate candidate for the 

following more fundamental investigations of ionic conductivity mechanisms.  

Broadband electrical spectroscopy (BES) was conducted on one [PVBTMA][Br]-b-PMB 

sample in the Br- form and analyzed in conjunction with thermal stability and relaxation 

experiments in Chapter 4. We were able to propose two separate ionic conductivity mechanisms 

and relate each to physical attributes of the polymer structure. A significant thermal transition 

was observed at Tδ , which resulted in a dramatic drop in conductivity. In a continued effort to 

characterize the ionic conductivity of these block-copolymer membranes, another BES study was 

conducted on three samples with varying DFs. Samples were converted to hydroxide (OH-) form 

so we could contrast the Br- conductivity mechanisms to those in a more relevant counter-ion 

form. After analysis of the electric response of the material, combined with the thermal analysis 

by TGA, MDSC and DMA, conductivity mechanisms were described. As in the Br- study, 

conductivity involves two distinct conduction pathways, σEP and σIP,1. Importantly, we again 

observed a drop in conductivity at Tδ in each of these samples, with Tδ decreasing as the density 

of functional groups along the hydrophilic block increased. It is undesirable for this transition to 

occur during operation in a fuel cell or other electrochemical device, so future work to 

investigate strategies for inhibition are recommended.    
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CHAPTER 1  

INTRODUCTION 

 This PhD thesis was completed as part of a Multidisciplinary University Research 

Initiative (MURI) project with the following objectives: 

(1) To produce revolutionary, robust, durable, thin anion exchange membranes with 

sufficiently high ionic conductivities for practical devices.  

(2) To fundamentally understand, with combined experimental and computational 

approaches, the interplay of chemistry, processing, and morphology on the 

performance and durability of anion exchange membranes[1]. 

 The work in this thesis focuses on increasing the understanding of ionic conductivity in 

anion exchange membranes by studying transport of both halide and hydroxide anions in 

quaternary ammonium functionalized membranes, while probing membrane morphology, 

hydration and polymer dynamics. 

1.1 Electrochemical Energy Conversion and Fuel Cells 

 A fuel cell is an electrochemical device that converts the chemical energy stored in its 

feed streams into electricity and heat. Unlike batteries, fuel cells do not need to be recharged, just 

supplied with fuel and oxidant. Since the chemical energy in the fuel is converted to electricity 

without combustion reactions, fuel cells have the potential to operate with higher efficiencies 

than combustion engines. Fuel cells show promise in a wide variety of energy applications. Due 

to the scalability of this technology, it is being evaluated and implemented as alternatives to 

current power plants, in transportation technology, and for use in portable energy devices. A 

spectrum of fuel cell types exists and are generally classified by their electrolyte material. Each 
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has their own advantages and disadvantages, and selection of the best type is based on the 

specific requirements of the application[2].  

 Molten carbonate fuel cells (MCFCs), phosphoric acid fuel cells (PAFCs) and solid oxide 

fuel cells (SOFCs) are suitable for large scale, high power output applications such as combined 

heat and power (CHP) systems[3, 4]. SOFCs operate at the highest efficiencies among all 

choices when waste heat can be recovered, but also require operating temperatures above 600 °C. 

The additional system requirements to capture waste heat and the high operating temperature 

make operation unreasonable for portable scales or frequent on-off cycling[2, 5]. PAFCs operate 

in a moderate temperature range, 150-200 °C, and are especially efficient when operated as 

combined heat and power (CHP) generators where water in the system is expelled as steam 

suitable for heating[6]. 

 Alkaline fuel cells (AFCs) were the first fuel cells to be used in a practical application, 

showing the viability of hydrogen fuel for transportation applications (Figure 1.1) [7]. AFCs 

were developed in the 1930s, successfully used to power a tractor in the 1950s and selected by 

NASA to produce water and electricity in the Apollo program in the 1960s and continue to be 

used in space in the later space shuttle program and current international space station. A key 

drawback to AFCs is the formation of potassium (bi)carbonates when the OH- in the liquid 

electrolyte is exposed to CO2. The use of air as the oxygen containing feed stream will 

eventually block the reactive sites on the electrode[8]. Replacing the liquid electrolyte with a 

solid polymer electrolyte removes the obstacle of carbonate precipitate formation. 
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Figure 1.1 Alkaline fuel cell design. From [7] 
 
 Two classes of polymer membranes have been investigated as electrolyte materials for 

low-temperature membrane fuel cells that are appropriate for start-stop operation and portable 

devices. Proton exchange membranes (PEMs) contain anionic groups that facilitate proton 

transport from the anode to the cathode and must be stable in acidic conditions and the highly 

oxidizing environment created by coproducts of the oxygen reduction reaction. Anion exchange 

membranes (AEMs) contain cationic groups within their polymer structures to facilitate anion 

transport (generally OH-) from the cathode to the anode and must be stable under basic 

conditions. Membrane electrolyte materials must meet several criteria: (i) high ionic conductivity 

under fuel cell operating temperatures and humidities (>100 mS/cm), (ii) dimensional stability 

and mechanical toughness sufficient to handle stresses experienced during manufacturing and 
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operation (iii) chemical and electrochemical stability in aggressive pH conditions[9, 10]. PEMFC 

and AEMFC systems are illustrated in Figure 1.2 shown with both methanol and hydrogen as 

example fuel streams.  

 

Figure 1.2 A schematic of (a) proton exchange membrane and (b) an alkaline anion exchange 
membrane fuel cell both fueled either with H2 gas or directly with methanol. The stoichiometric 
ratio of reactants and products are shown in each case[11] 
 
 PEMFCs contain a membrane electrode assembly (MEA) consisting of a PEM, between 

porous electrodes generally coated with Pt-group-metal electrocatalysts. Automotive PEMFCs 

have recently been commercially released in select markets, but still need to overcome several 

technical hurdles to be cost-competitive with traditional combustion engine vehicles. PEMFCs 

have also been successfully commercialized in specialty markets where a need for a non-

polluting and quiet power source outweigh the initial capital cost. Examples include forklifts 

operating in enclosed spaces and some on-site or portable power generating units[12, 13].  
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1.2 Proton Exchange Membranes 

 Many versions of perfluorinated sulfonic acid (PFSA) polymer chemistry have been 

investigated for use as PEMs, including three commercial options developed by DuPont, Solvay 

and 3M (Figure 1.3 A, B and C respectively), with Dupont’s Nafion® considered the industry 

standard for PEMFCs. These polymers have poly(tetrafluoroethylene) (PTFE) backbones that 

provide good chemical and electrochemical stability necessary for fuel cell operation. Their 

perfluoroether or perfluoroalkyl side chains capped with SO3H groups have sufficiently different 

polarities as compared to the backbone chains to form phase separated materials. By segregating 

functional groups away from the unfunctionalized domains, local proton concentration within the 

hydrophilic channels is much higher than within the bulk[14].  

 

Figure 1.3 Chemical structures of three commercial perfluorosulfonic acid PEMs[15] 
 
 Although the exact morphology of these hydrophilic domains within Nafion® has been 

debated for decades[15-18], phase separation is considered key to the polymer’s high proton 

conductivity of ca. 0.1 S cm-1[19]. Quantifying the morphological features Nafion® has proven 

especially difficult due to its process and history dependent structures with length scales ranging 

from nm to μm and very long equilibration times. This has made it a poor candidate for 
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establishing fundamental structure-transport relationships through experimental transport studies 

and computational modeling[16]. Sulfonated graft and block copolymers have been synthesized 

specifically to provide materials with tunable and well-defined morphologies and domain sizes. 

Investigation of these membranes led to insight about optimal domain shape and connectivity, 

domain size and proximity of acid moieties with many such studies reviewed in Park et al.[17].  

1.3 Anion Exchange Membranes 

 There has been significant interest in using AEMs as the electrolyte in alkali fuel cells 

because of the increased power density obtained with a solid electrolyte as compared to AFCs 

and the elimination of strong corrosive liquids. AEMFC technology also has some advantages 

over PEMFCs, such as increased fuel flexibility allowing direct use of methanol or other more 

complex fuels, and the potential use of non-precious metal catalysts due to more facile oxygen 

reduction (ORR) kinetics at the cathode in high pH conditions[11, 18, 19]. AEMs with 

significantly lower methanol permeability than Nafion® PEMs have been developed with 

poly(arylene ether sulfone)[20], poly(aryl ether ketone)[21] and poly(epichlorohydrin)[22] as 

polymer backbones. Several groups have already demonstrated that non-Pt group metal ORR 

catalysts, with the general compositions of Iron-Metal-Carbon, can reach activities in alkaline 

conditions that are competitive with commercial Pt catalysts[23-25]. The ability to use less 

expensive and widely available metals for electrocatalysts in alkaline conditions has been the key 

motivation driving continued research of AEMFCs in the last decade.  

 Anion exchange polymers not only have applications as fuel cell electrolytes, but are also 

currently used as ion exchange resins and as membranes for water purification[26], and are being 

researched for other electrochemical energy devices such as redox flow batteries[27, 28] and 

alkaline polymer electrolyte electrolysers[29-31]. Some commercial anion exchange membranes 
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(AEM)s are available from companies such as Tokuyama[32, 33], Solvay Plastics[34], Dupont, 

and Fumatech[35] for dialysis applications. However, cost-competitive commercial membranes 

with long-term alkaline stability and anionic conductivity at lower RH acceptable for fuel cell 

applications are still needed[9, 18].  

 A wide variety of chemistries have been synthesized for AEM backbone structures and 

cationic functional groups. Cationic functional groups are bound within AEM polymers, 

generally with covalent bonds directly to the backbone, with extended side chains or within the 

backbone structure. A recent Varcoe et al. review summarizes the extensive literature evaluating 

these chemistries and divides the cationic groups into seven foremost systems: quaternary 

ammonium, heterocyclic including imidazolium, guanidinium, P-based, sulfonium and metal-

based[18]. A moderately stable quaternary ammonium system, benzyltrimethylammonium 

(BTMA), was identified as appropriate benchmark chemistry. This thesis focuses only on 

membranes functionalized with quaternary ammonium groups: one with quaternary ammonium 

groups within the backbone and BTMA side-chains.  

 The primary motivation for continued development of alternate cationic functional 

groups is to improve chemical stability at high pH conditions. Small-molecule degradation 

studies were conducted to compare the stability of functional groups and to determine main 

degradation mechanisms. Reports include density functional theory (DFT) models[36-38], 

experimental investigations using NMR[38, 39], a very complete study of quaternary ammonium 

small molecules by UV-Vis spectroscopy[40], or a combination of thermogravimetric analysis 

(TGA) and evolved gas analysis with Fourier-transform infrared (FT-IR) spectroscopy and mass 

spectrometry (MS)[41, 42]. Although these studies revealed degradation pathways and suggested 

strategies to design more stable cationic groups, they were not able to capture the effects of 
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cations on backbone stability. An 1H NMR study by Nuñez et al. demonstrated this weakness 

clearly by showing that the addition of quaternary ammonium groups onto polysulfone 

backbones significantly decreases the stability of the polysulfone[43]. The focus has since 

shifted towards degradation studies of complete AEM polymers. Degradation studies of AEMs 

functionalized with quaternary ammonium groups have been conducted using a quartz crystal 

balance (QCM) outfitted with a mass spectrometer [44], 1H NMR[43] and 2D-NMR[45, 46].  

 Chapters 4 and 5 are studies of a block copolymer with BTMA functional groups. These 

BTMA groups can degrade via a number of reaction pathways shown in (Figure 1.4). However, 

studies show sufficient stability for ex situ study in the hydroxide form as long as BTMA groups 

are solvated [43, 44, 47], with Nuñez et al. reporting a 231 hour half-life for a quaternary 

ammonium functionalized polystyrene held at 80oC in solution with 20 equivalents of potassium 

deuteroxide (KOD)[43].  

 

Figure 1.4 Degradation pathways for the reaction of OH- nucleophilies with 
benzyltrimethylammonium cationic groups. Summary from Varcoe et al.[18] 
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Figure 1.5 In-plane conductivity versus time of an ETFE-g-PVBTMA AEM initially in the OH- 

form when exposed to compressed air in a RH and temperature controlled environment at 60oC 
and 95% RH. Dotted lines represent the ionic conductivity of the AEM in pure anion forms. 
From Pandey et al. [47]. 
 

As introduced in relation to Nafion® membranes’ high proton conductivity, a proven 

strategy to increase ionic conductivity without excessive swelling of ion exchange membranes is 

to design polymers that will phase separate[14]. The formation of hydrophilic domains 

containing functional groups creates efficient pathways for ion transport, while hydrophobic 

domains maintain the membrane’s mechanical integrity[10]. Synthetic designs that can 

effectively lead to phase separated AEMs include multiblock copolymers with hydrophobic and 

functionalized hydrophilic blocks[52-56], electrospun membranes with hydrophobic polymer 

stands entangled with functionalized hydrophilic polymer strands[57-59], and grafted/brush 

copolymers with hydrophilic side-chains added along a hydrophobic backbone[60, 61]. This 

thesis will focus on the block-copolymer strategy to form phase-separated membranes with well-
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defined morphology. These membranes may form a variety of morphologies including spherical, 

cylindrical, lamellar and bicontinuous domains, depending on molecular weight and segregation 

strength of the blocks [62].  

Onuma et al. synthesized a series of three block copolymer PEMs based on a 

poly(arylene ether sulfone) with SO3H functional groups[63]. Ion exchange capacity was held 

constant at 1.4 mmol g-1, but block lengths were varied and a random copolymer was also 

studied as a baseline. Sample morphology was studied with dark field scanning transmission 

electron microscopy (STEM) in vacuum and small-angle X-ray scattering (SAXS) of wet 

samples stained with cesium. SAXS spectra showed random copolymer was amorphous and the 

periodic domain sizes in block copolymer increased with increased block lengths as expected. 

Methanol permeability, in-plane dimensional swelling after soaking in methanol, water uptake, 

proton conductivity and all varied with the periodic size within the membranes. The samples that 

optimized all of these characteristics for use in a direct methanol PEMFC were two block 

copolymers with short and medium block length, which were characterized as having gyroid-like 

hydrophilic domains[63]. 

A study of random and block poly(arylene ether sulfone) polymers with quaternary 

ammonium functional groups was conducted by Hossein et al.[64]. Morphology was only 

characterized by atomic force miscroscopy (AFM) of the membrane surfaces, but did show 

increased regularity and larger domain sizes in the block copolymer formulation. In-plane (air 

exposed) hydroxide conductivity was measured with samples immersed in water. Although 

conductivity was similar between samples at these conditions, on the order of 20 mS cm-1, the 

increased phase separation of the block copolymer did result in lower water uptake (48 wt% 

versus 59 wt%)[64].  
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Ye et al. studied hydroxide conductivity of an imidazolium based polymerized ionic 

liquid (PIL) block copolymer, an analogous random copolymer and a homopolymer of just the 

functional polymer[65]. The ionic liquid component was 1-[(2-methacryloyloxy)ethyl]-3-

butylimidazolium (MEMIm-OH) and the nonionic component was methacrylate (MMA). Well 

ordered lamellar morphology was identified in the Br- form membrane based on q*, 2q*, 3q* and 

4q* scattering peaks in humidity controlled SAXS spectra and confirmed by TEM under vacuum. 

Only primary peaks were visible in the OH- form SAXS spectra under humidified conditions, 

possibly due to low electron density contrast between phases. In-plane bromide and (air exposed) 

hydroxide conductivities in all samples followed Arrhenius behavior in humidified conditions. 

The benefit of the phase-segregation in the block copolymer was demonstrated with 1-2 orders of 

magnitude increase in bromide and hydroxide in-plane conductivity as compared to the random 

copolymer, with (air exposed) hydroxide conductivities of 7.91 and 1.12 mS cm-1, respectively, 

at 30 oC and 90% RH. The block copolymer also outperformed the homopolymer in both 

bromide and (air exposed) hydroxide conductivity at the highest level of hydration studied (90% 

RH), likely due to excessive dimensional swelling in the homopolymer[65].  It was interesting to 

note that water uptake was equivalent between block and random copolymers for all humidity 

conditions studied, which would result in much higher local water concentration in the 

hydrophilic layers of the block copolymer.   

Even if the membranes investigated in this thesis do not out-perform other synthetic 

strategies in chemical stability or ionic conductivity, the value of materials with tunable, well-

ordered, phase-separated domains as tools to establish fundamental structure-performance 

relationships has already been demonstrated in PEM systems[17]. 



 12

1.4 Effect of Water in Ion Exchange Membranes 

 A variety of experimental and computational techniques have been used to study the 

water content within each component of an operating fuel cell. Neutron imaging experiments 

have studied operating PEMFCs from the side, to observe water content in the membrane and 

from the front, to monitor water content in the gas diffusion layers on the anode or cathode[66-

68]. Optical microscopy experiments have the advantage of both spatial and temporal resolution, 

but require special fuel cell hardware to allow a clear view to the area of interest and can be 

subject to blocked views due to fogging/condensation[66]. The key take-aways from these 

studies are that humidity conditions vary greatly, even across the same gas diffusion layer, and 

both flooding and drying out of the membrane electrolyte can be detrimental to fuel cell 

performance. This reiterates the importance of understanding how membrane water content 

varies with humidity conditions and how that affects polymer structure and ionic conductivity. 

Operation of AEMFCs adds even more complexity to the water balance, as water is both a 

reactant at the cathode and product at the anode so water transport through the membrane can be 

beneficial to maintain hydrated conditions. 

 The effect of water uptake and segregation within PEMs, especially in Nafion®, has been 

studied more completely than in the huge range of new chemistries being investigated for 

AEMs[14, 69-72]. The experimental and computational techniques used to study PEMs can be 

used with some modification to understand ion and water transport in AEM materials[60, 73-75]. 

Thus far, AEMs have demonstrated more dramatic losses in ionic conductivity at lower 

humidities than PEMs, making it even more critical to understand how water is contained within 

the polymer structure and its specific role in ionic conductivity mechanisms[18].   
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Water uptake and polymer morphology of a [PVBTMA][Br]-b-[PMB] membrane 

discussed in Chapter 4, as measured by DVS and SAXS experiments, were used by project 

partners at the University of Chicago to develop a parameter-free prediction of the water-

swelling behavior within a model block-copolymer system, published in Journal of Chemical 

Physics[69]. The modeling procedure and results are summarized here, as they contribute some 

insight into the BES analysis and add context to some conclusions in Chapters 4 and 5. The 

PVBTMA-b-PMB polymer was simplified to a brush structure, where bristles represent the 

hydrophilic PVBTMA block, reaching into the hydrophilic domain channel and away from the 

PMB/PVBTMA interface (Figure 1.6). Parameters such as Kuhn length and average monomer 

volume were calculated from chemical characterization of the synthesized [PVBTMA][Br]-b-

[PMB] sample. DVS measurements and SAXS data of one block-copolymer sample (160-358-

84.0 IEC = 2.149 mmol g-1) was used to determine grafting density and as a check of predicted 

domain size. Separate DVS measurements of isolated PVBTMA (no hydrophobic block) were fit 

to a Flory-Huggins model, resulting in an equation able to predict water affinity to PVBTMA, 

even at more dilute solvent concentrations than could be measured experimentally. 

 

Figure 1.6 Illustration of brush polymer model, where blue represents the hydrophilic PVBTMA  
block and red/orange represents the hydrophobic PMB block. From [76] 
 
  The first surprising prediction of the model is that there is nearly no difference in the 

predicted water uptake of the tethered PVBTMA as compared to PVBTMA existing alone. The 
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prediction profile is very flat compared to the profiles seen in ideal brush systems, which 

generally have parabolic shapes demonstrating behavior that differs significantly near the 

interface. The second surprising prediction is that a phase coexistence develops at some 

hydration levels, where both a polymer rich phase (brush with some associated water) and a 

water rich phase (water channel) exist. The model diverged into two solutions that both fit the 

experimental data well. The first solution predicts water channels only at water activity (a) equal 

to 1, or in a fully saturated environment that would be seen by a membrane soaked in liquid 

water. The water channel in this case is almost purely water (polymer volume fraction (ϕ) ≈ 0). 

The second solution predicts the existence of water channels over a broader range of water 

activity ( a ≥  0.83) and  the ϕ is approximately 0.22. Since it is not realistic to operate a fuel cell 

under flooded conditions, developing a water channel before a=1 is preferred, assuming 

conductivity will be high along the water rich domain.  

 In the context of maximizing ionic conductivity, there should be an optimal polymer 

volume fraction (ϕ). At ϕ values too high, the anions remain closely associated with the cationic 

functional groups and are not as mobile, and at ϕ values too low, the concentration of ions is also 

low. Therefore, polymer systems with thermodynamic behavior closer to the second solution 

would be preferred where there is still some polymer in the water rich channel. One suggestion 

from this study is that increasing the block length of the hydrophilic PVBTMA should increase 

the range of humidity conditions that allow water rich channels. 

1.5 Ionic Conductivity in Ion Exchange Membranes 

 A key characteristic when comparing AEMs is their ionic conductivity (S cm-1). AEMs in 

electrochemical devices conduct anions between cathode and anode, and depending on the 

system, the anions may be halides (Cl-, Br- etc.), hydroxides (OH-) or carbonate species (HCO3
-, 
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CO3
2-). Three possible mechanisms of anion transport exist in both proton and anion exchange 

membranes (Figure 1.7)[77]. Halide and carbonate ions can be conducted by site-hopping and 

vehicular transport (Figure 1.7b,c). However, only hydroxide ions interact with water molecules 

in a way that allows the Grotthuss hopping mechanism, where OH- moves through a hydrogen-

bonded network of water by the dynamic cleavage and formation of covalent O-H bonds [78].  

 

Figure 1.7 Illustration of possible hydroxide transport mechanisms [77]. 
 

This reactive transport, also called structural diffusion, cannot be modeled with classical 

molecular dynamics (MD) because the MD framework does not allow for changes in chemical 

bonding topology. Using ab initio molecular dynamics (AIMD) would result in high 

computational cost with a limited system size and time scale unsuitable to capture hydrated 

polymer systems. The multistate empirical valence bond (MS-EVB) algorithm is a more 

appropriate computational framework that allows basis states to change bonding configurations 

while being more efficient than AIMD. The Voth group has used the MS-EVB framework to 

model proton transport, including Grotthuss hopping, within a perfluorosulfonic acid polymer 

systems[79, 80]. They then generalized this framework to model hydroxide transport within a 

model PVBTMA polymer system[81]. By modeling the free energy structure at varying 
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temperature conditions, they observed that the barrier to the hopping reactions increased. 

However, the overall hydroxide diffusion constant still increased with temperature, suggesting 

that increased vehicular transport at higher temperature becomes dominant. This study also 

found that with the more densely packed functional groups within the PVBTMA chains, 

generally 2 carbons spacing versus 8 in 3M’s perfluorosulfonic acid polymer, resulted in 

overlapping first coordination shells of neighboring ammonium side groups (Figure 1.8). This 

allows transfer of OH- between coordination shells without the side chain motion required in the 

3M comparison [81].  

 

 
Figure 1.8 Proposed mechanism for OH- transport in PVBTMA AEM system. From Chen et 
al.[81]. 
 

Ionic conductivity in non-model polymer systems is often studied as a bulk material 

characteristic measured ex situ through electrochemical impedance spectroscopy (EIS) or in situ 

from the ohmic resistance measured with a fuel cell station in current interrupt or high frequency 

resistance modes. EIS experiments can be conducted in both in-plane and through-plane sample 

orientations and at a variety of temperature and hydration conditions. Conductivity is most 

commonly reported from in-plane experiments conducted with the cell in liquid water. Our group 
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chooses to measure in-plane conductivity in controlled humidity condition, rather than liquid 

water, in order to understand the membrane performance as it would be in a humidified fuel cell 

and its sensitivity to lower levels of hydration[82]. These conductivity experiments provide a 

convenient performance comparison between membranes, but individual conductivity 

mechanisms cannot be differentiated and relationships of specific polymer design parameters 

with ionic conductivity can be blurred. 

Pulse-field infrared spectroscopy (PGSE) nuclear magnetic resonance has been used to 

measure ion and solvent diffusion in PEMs and AEMs. This experiment measures self-diffusion 

constants of species in a system without a chemical potential driving force, with anion self-

diffusion constants on the order of 0.1x10-5 cm2 s-1. Water self-diffusion can be used to calculate 

tortuosity of the hydrophilic pathways within the membrane and the volume to surface area ratio 

of the pathways modeled as pores[83]. This technique can provide insight on relative restriction 

in the membrane to ion, water and fuel transport, but due to the short timescale probed (order of 

milliseconds) the results are only valid for transport over short length scales (order of 100 

nm)[84]. 

Broadband electrical spectroscopy (BES) has been demonstrated as an experimental tool 

to correlate polymer dynamics within ion exchange materials with ionic conductivity. This 

technique is sometimes referred to as broadband dielectric spectroscopy (BDS), but this term 

implies analysis of just the permittivity element of the response, rather than the complete electric 

response of the material. BES is generally conducted with the membrane in the through-plane 

geometry and measures the electrical response of the material over frequencies from ca. 10-2 Hz 

to 10MHz, thus probing molecular motions over a large range of time and length scales. BES can 

differentiate between ionic conductivity mechanism observed as separate polarization events and 
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can simultaneously observe dielectric relaxations within the polymer matrix[85]. Analysis from 

this data can produce critical structure-property relationships and direction for future material 

development, particularly when paired with techniques to characterize morphology and domain 

size, such as X-ray scattering or transmission electron microscopy, and with techniques to 

capture thermal transitions, such as dynamic mechanical analysis (DMA), differential scanning 

calorimetry (DSC) and thermogravimetric analysis (TGA). 

Many BES studies have been completed on polymers for PEMFCs[86-91] and on battery 

electrolyte materials[92, 93]. Mauritz et al. used BES to study molecular motions in Nafion® 

membranes versus annealing time at temperatures between 100 and 160 oC and their effect on H+ 

conductivity[94]. A thermal transition around 100 oC had been identified in previous studies of 

Nafion® and membranes annealed at temperatures above the transition had demonstrated 

improved mechanical properties, proton conductivity and decreased variability between 

samples[95, 96]. This study found that ionic conductivity (labeled σDC) increased with annealing 

time and that more efficient packing was possible above the α transition temperature, bringing 

the SO3H groups closer together. It was also concluded that this rearrangement resulted in a shift 

to more proton-hopping between SO3H groups rather than transfer between larger hydrated 

domains, accounting for the improved performance at low hydration levels observed in the 

annealed membranes[94]. 

Giffin et al. studied a series of 3M perfluorosulfonic acid PEMs with varied equivalent 

weights (EWs), where different EWs were synthesized by varying n in the chemical structure 

shown in Figure 1.9[97]. Lower EW corresponds to shorter PTFE segments between side chains 

and a higher number of side chains per gram of material (higher IEC). Previous small-angle X-

ray scattering (SAXS) studies reported that increased EW resulted in increased crystalline 
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fraction and increased radius of gyration of hydrophobic domains[98, 99]. TGA, DSC, wide 

angle X-ray scattering (WAXS), FT-IR and BES were used in combination to study thermal, 

structural and electrical properties as a function of EW and to determine the structure-property 

relationships that affect conductivity in these materials. WAXS spectra showed crystalline 

structures in the hydrophobic domains except in the lowest EW samples, demonstrating a 

minimum number of tetrafluoroethylene units are necessary between side groups for crystalline 

structures to form.  mDSC and BES data showed corresponding β transitions (-55 to -40 oC) and 

α transitions (15 to 40 oC), where the α transition corresponds to conformational transition in the 

PTFE-like domains, as seen in other PFSA membranes[14]. In the BES spectra, two types of 

polarization events from two unique types of conductivity mechanisms were reported: electrode 

polarizations associated with charge transfer between delocalization bodies, and interfacial 

polarization associated with transport along the interface between hydrophilic and hydrophobic 

domains. The activation energy of electrode polarization decreased significantly above the α 

relaxation temperature. Although the electrode polarization is dominant in all samples, the 

interfacial polarization decreases with increasing EW. The larger crystalline domains in the 

higher EW samples provide pathways between delocalization bodies, lowering the barrier for 

charge transfer along these pathways specifically. Morphology of the hydrophobic domains is 

therefore found to be important to long-range charge transfer in these polymers[97]. 

 

Figure 1.9 Chemical structure of 3M perfluorosulfonic acid PEM. Equivalent weight (EW) 
determined by value of n. 
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Di Noto et al. have conducted multiple BES studies of hybrid inorganic-organic Nafion® 

membranes containing inorganic dopants designed to improve performance at low levels of 

hydration, with the goal of developing membranes that would allow fuel cell operating 

temperatures above 100 oC. Nanofillers studied included single inorganic oxides (SiO2, ZrO2, 

TiO2, ZrO2, HfO2, WO3, Ta2O5)[87, 100-102], core-shell oxocluster ([ZrO2•Ta2O5]0.119)[91], 

and a fluorinated titania (TiO2F)[86]. These investigations included FT-IR and Raman IR 

spectroscopy studies to characterize interactions between water dipoles, SO2 functional groups, 

protons and oxide fillers, demonstrating existence of several species of water. DSC, TGA and 

DMA were used to evaluate thermal stability and relaxations, with results assisting in the 

assignment of dielectric relaxations in the BES spectra to both order-disorder molecular 

relaxations in the PTFE-like backbone domains and polar rearrangement of hydrophilic clusters 

in the hydrophilic domains. Temperatures and relaxation times of these phenomena were 

affected by filler species and weight percent loading. Generally, additional loading improved 

mechanical properties and conductivity only to a point, beyond which detrimental aggregates 

could form. These studies taken together led to a hypothesis that proton conductivity at low 

levels of hydration was improved over pristine Nafion® when the polymer-nanofiller interactions 

caused a coupling between the hydrophobic and hydrophilic domain relaxation modes[86].  

Only one AEM chemistry had been characterized with BES[103] before the BES studies 

of PVBTMA-b-PMB copolymer membranes included in Chapters 4 and 5 were conducted. In 

Giffin et al., SelemionTM AMV was studied with TGA, mDSC, DMA and BES in the chloride 

form (as received) and the hydroxide form[103]. This AEM is a commercial membrane 

developed for electrodialysis applications by Asahi Glass Company. It has a proprietary 

copolymer structure likely including poly(vinyl chloride), polysterene, and quaternary 
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ammonium functionalized polysterene units (Figure 1.10) and has been described as more like a 

PVC reinforced paste than a stand-alone membrane. Two conductivity contributions were seen in 

the spectra of the dry membrane at all temperature and in the wet membrane below 0oC. These 

features merge into one contribution in the wet membrane spectra above 0oC. It was concluded 

that in a saturated membrane, where water is contributing to the ionic conductivity, the two 

separate percolation pathways become well connected. The key difference observed between 

conductivity behavior in SelemionTM AMV versus PFSA PEMs was that conductivity at all 

conditions followed Arrhenius behavior with temperature, demonstrating no significant 

contribution of molecular motions of the polymer matrix in either Cl- or OH- form.  

 

Figure 1.10 Proposed chemical structures of SelemionTM AMV polystyrene-based side chains. 
From [103] 
 

BES studies on additional AEMs with known chemical structures specifically designed 

for AEMFCs are necessary to determine which, if any, of the behaviors observed in SelemionTM 

AMV are overarching structure-conductivity relationships valid across all quaternary ammonium 

AEMs. The framework of merging SAXS characterizations of membrane morphology and TGA, 

DMA and DSC characterizations of thermal relaxations with BES analysis was shown to be an 

effective strategy to develop structure-conductivity relationship in PEM materials in the studies 

above. This framework should to be incorporated in the characterization of ionic conductivity in 

AEM materials.  
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1.6 Thesis Statement and Objectives 

 A wide range of polymer structures and functional group chemistries have been 

synthesized for potential use in for anion exchange membrane fuel cells. The bulk water uptake 

behavior and ionic conductivity are commonly measured and used as points of comparison 

between samples, but there are very few studies investigating the ionic conductivity mechanisms 

in AEMs and how they are affected by polymer structure and morphology. Side chain and 

polymer backbone dynamics in perfluorosulfonic acid PEM polymers have been demonstrated to 

affect proton conductivity mechanisms[79, 80, 97, 104]. In contrast to the long side chains used 

to attach the sulfonic acid functional groups in PEMs, quaternary ammonium functional groups 

in AEMs are generally attached to the polymer backbone with little to no spacer chain. A MS-

EVB computational model developed by the Voth group found that the more densely packed 

functional groups within PVBTMA chains, generally 2-carbon spacing versus 8 in 3M’s 

perfluorosulfonic acid polymer, resulted in overlapping first coordination shells of neighboring 

ammonium side groups (Figure 1.8)[81]. This should allow transfer of OH- between coordination 

shells to occur without requiring side chain motion. A preliminary BES study of one quaternary 

ammonium functionalized AEM copolymer suggests that ionic conductivity is not significantly 

influenced by  molecular dynamics of the backbone or side-chains[103]. Based on fundamental 

differences seen in initial studies as compared to perfluorosulfonic acid PEMs, we 

hypothesize that the side-chain polymer dynamics within hydrophilic domains do not 

influence ionic conductivity mechanisms within AEMs functionalized with quaternary 

ammonium cations. This thesis has the following specific objectives in order to provide new 

insight into ionic conductivity in these materials: 
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1. Develop well-defined, phase segregated membranes, as measured by small-angle 

X-ray scattering (SAXS), which are suitable to study ion and water transport 

properties with ex-situ experimental techniques and coarse-grained modeling. 

2. Study thermal relaxations, polymer dynamics and ionic conductivity in poly(vinyl 

benzyl trimethyl ammonium)-b-poly(methylbutylene) ([PVBTMA]-b-PMB) 

block-copolymers using a combination of TGA, DSC, DMA and BES 

experimental techniques.  

3. Study differences in conductivity mechanisms of halide and hydroxide anions in 

([PVBTMA][X]-b-PMB) with BES. 

 This document addresses the above objectives with the study of two unique AEM 

chemistries. Chapter 2 includes theory and procedures for the experimental techniques utilized to 

study chemical structure, thermal stability and relaxations, water transport, membrane 

morphology and ionic conductivity. Chapter 3 investigates an early AEM synthesized from the 

amination of chlorinated poly(propylene) (PP) with poly(ethyleneimine) (PEI). Water uptake, in-

plane ionic conductivity and the reaction of OH- with the CO2 in air are quantified. Chapter 4 

describes a series of block-copolymer materials synthesized to form controlled morphologies, as 

observed through SAXS experiments at varied hydration levels. In-plane Br- conductivity are 

reported across a range of ion exchange capacities which show a plateau in conductivity 

performance above 1.4 IEC. Two conductivity mechanisms were observed in BES spectra and 

were both affected by thermal transitions in the polymer matrix. Thermal transitions were 

confirmed with mDSC and DMA. Chapter 5 digs deeper into this block-copolymer formulation 

with analysis of thermal relaxations and conductivity mechanisms in three samples with varying 

degrees of functionalization in the hydroxide form. These results are contrasted with behaviors 
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observed in the Br- form in Chapter 4. Chapter 6 summarizes the conclusions from each study 

and includes recommendations for future work.   
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CHAPTER 2  

EXPERIMENTAL METHODS 

2.1 Chemical Characterization 

 Attenuated Total Reflectance (ATR) Fourier Transform Infrared Spectroscopy (FTIR) 

characterizes materials by shining light within the infrared range of wavelengths and measuring 

the absorbance for each wavelength. Chemical bonds are excited by specific wavelengths of light, 

directly affecting the measured absorbance at that wavelength. FTIR data was collected using a 

Thermo-Nicolet 2100 FTIR spectrometer fitted with a Specac diamond ATR attachment. This 

characterization technique can be used to monitor reaction completion, membrane degradation 

and counter-ion exchange. 

 Nuclear Magnetic Resonance (NMR) is a powerful method of chemical characterization 

that can result in very detailed information about the bonding structure of a sample. Magic Angle 

Spinning (MAS) NMR is a technique that allows clear analysis of solid state samples. The 

sample is rotated around an axis that is tilted 54.74° off of the direction of the magnetic field. 

Nuclear dipole-dipole interactions normally result in a broad peak that displays no detailed 

information about the sample. However, when tested at the magic angle, dipole-dipole 

interactions average to zero leaving a signal useful in assigning a structure[105]. MAS-NMR 

experiments were performed on a Bruker Avance III 400 Spectrometer with a 4 mm MAS 

BB/BB probe. The spinning speed is selected to break the dipolar couplings. The 1H results in 

Chapter 3 were collected with a spinning speed of 8kHz and a 5 s recycle delay. The 13C 

spectrum was collected with a spinning speed of 12 kHz and a 6 s recycle delay. 

 Titrations were performed to determine the ion exchange capacity (IEC) of membrane 

samples. The IEC is the number of cationic groups per gram of polymer, generally reported as 
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mmol/g. Mohr titrations, specifically, measure the chloride ion concentration in a solution[106]. 

The sample is first exchanged to the chloride form and washed thoroughly. The sample is then 

exchanged to the bicarbonate form in a specified volume of bicarbonate solution, freeing all 

chloride ions into the solution. Potassium chromate is added to the solution as an indicator and 

standardized silver nitrate solution is added until a dark red forms and persists during stirring. 

When chloride ions are present in the solution, white silver chloride precipitate is formed. Once 

the chloride ions are depleted, dark red silver chromate precipitate is formed. The amount of 

chloride ions in the original membrane can be calculated knowing the dry weight of the 

membrane and volume of silver nitrate solution used.  

2.2 Water Content 

 A dynamic vapor sorption (DVS) apparatus, DVS Advantage (Surface Measurement 

Systems Ltd) is used to measure the water uptake (WU) of a sample at controlled temperature 

and relative humidity (RH). The DVS Advantage takes precise gravimetric measurements to 

determine the change in mass of the sample due to the uptake of water.  

 Our groups' standard experiment starts with four hours of dry nitrogen flow to ensure an 

accurate initial dry mass and then applies a sequence of two-hour humidity steps.  Humidified 

nitrogen steps are controlled at 20%, 40%, 60%, 80% and 95% RH. Each sample is cycled dry to 

wet, wet to dry twice to determine if hysteresis is observed. Figure 2.1 shows the standard 

humidity profile and an example of the associated mass changes observed during this standard 

experiment conducted at 60 °C.  

 DVS experiments are also conducted with humidity steps that mimic the conditions of 

other characterization experiments in order to determine the water content of the sample during 

characterization. This has been especially helpful in determining the shortest length of time 
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needed to approach steady water content at specific conditions during x-ray scattering 

experiments. This has allowed us to optimize our use of beam time at the Advanced Photon 

Source. 

 

Figure 2.1: Sample DVS data for 2 hour humidity steps at 60°C. 

WU is calculated for each humidity set-point by Equation 2.1. 

 = ∗ 100 (2.1) 

 
Where  is the sample mass at the end of the RH step and  is the mass of the sample at 

the end of the preliminary drying step. 

 Water content in polyelectrolytes is often normalized by IEC and reported as hydration 

level (λ) which is the number of water molecules per charged group. λ is calculated from 

Equation 2.2. 

     =  ∗       (2.2) 
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2.3 Thermal Stability 

 Thermal gravimetric analysis (TGA) measures sample mass as a functional of 

temperature in a controlled atmosphere. Temperature can be held constant during the experiment 

or adjusted at a constant ramp rate. TGA was used to determine temperatures of thermal 

degradation of membrane samples. The derivative of sample mass is useful to assign the onset 

temperature of degradation and to determine ratios of compounds involved in each observed 

degradation event. TGA Experiments were completed using a High Resolution TGA 2950 (TA 

Instruments) thermobalance with a N2 flux of 100 cm3 min-1 and a resolution of 1 µg. Data were 

generally collected from 20°C to 900°C and normalized to sample mass at 40°C.  

2.4 Small and Wide Angle X-ray Scattering 

 X-ray scattering of materials can provide information about structure over a wide range 

of length scales, from an angstrom to nanometers. Our group has been conducting SAXS and 

WAXS experiments at the Basic Energy Sciences Synchrotron Radiation Center (BESSRC) 

within the Advanced Photon Source (APS) at Argonne national laboratory at beamline 12ID-B 

and 12 ID-C/D for over 5 years. The APS is one of the most powerful x-ray sources in the world, 

allowing very fast acquisition of scattering pattern and allowing scattering experiments to be 

conducted in humidified environment without compromising the signal to noise ratio[107]. Fast 

acquisition times between 0.01 and 1 seconds allow observation of dynamic morphological 

changes in the sample during changes in temperature or humidity[99].  

 Electrons within the sample resonate when struck with the x-ray beam and produce 

scattered waves collected by the detector. The electron density within the material determines the 

scattering intensity, meaning atoms with higher atomic number having higher scattering factors. 
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The intensity (I) is a radial integration of the 2D scattering pattern with respect to the scattering 

vector (q) with q defined in Equation 2.3. 

      =          (2.3) 

Where θ is the scattering angle and λ is the beam wavelength.  

 Features in the I versus q data can be attributed to the size/spacing (d) of objects or 

surfaces in the sample through Equation 2.4. 

      =         (2.4) 

  Our group uses a custom oven setup to control humidity and temperature of the nitrogen  

environment surrounding the sample (Figure 2.2). The environmental chamber has four sample 

positions, allowing three samples and a blank sample holder to be held in a single environment. 

The oven is situated on a programmable motorized platform, allowing quick acquisition at each 

sample position. Mass flow controllers control the ratio of dry and saturated gas streams that 

flow through a helical mixing tube before entering the chamber. Saturated gas is produced by 

flowing gas through a humidity bottle from Fuel Cell Technologies Inc. Relative humidity is 

measured using a Viasala HUMICAP humidity and temperature transmitter.  

 The scattering data was collected on beamline 12 ID-B or 12 ID-CD. A Pliatus 2M SAXS 

detector and a Pliatus 300K WAXS detector were used to collect scattering data with an 

exposure time of 1 second. The x-ray beam had a wavelength of 1 Å and power of 12 keV. 

SAXS patterns were calibrated against a silver behenate standard. 
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Figure 2.2 Experimental setup for humidity and temperature controlled x-ray scattering 
experiments[99]. 
  
2.5 Ion Transport 

 This thesis focuses on understanding anion transport within AEM materials. Ionic 

conductivity is generally measured ex situ with electrochemical impedance spectroscopy (EIS) or 

the more detailed analysis of broadband electrical spectroscopy (BES), sometimes also referred 

to as broadband dielectric spectroscopy (BDS). Water and anion diffusion constants can be 
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calculated from Pulse Gradient Stimulated Echo Nuclear Magnetic Resonance (PGSE-NMR). 

Details of these techniques are included below. Ionic conductivity of a membrane within a MEA 

can also be calculated from the ohmic resistance measured with a fuel cell station in current 

interrupt or high frequency resistance modes. However, in situ techniques were not used in this 

thesis. 

2.5.1 Electrical Impedance Spectroscopy 

 Measurement of ionic conductivity is the most convenient ex situ technique to assess the 

performance of an AEM[108]. The in-plane ionic conductivity was calculated using 

electrochemical impedance spectroscopy (EIS) to measure membrane resistance in a four-probe 

cell geometry. The equation relating conductivity to resistance is =     where R is the 

membrane polarization resistance, L is the distance between the electrodes, w is the width of the 

membrane samples, and t is the thickness of the sample. The membrane was mounted in a four-

electrode test cell, with platinum electrodes mounted to ensure a constant L. 

 A Nyquist impedance plot is the imaginary impedance (-Im(Z)) vs. real  impedance (-

Re(Z)) as shown in Figure 2.3. The Nyquist plot is used to confirm that the impedance spectra 

approximately form a semi-circle which corresponds to a Randles reference cell. The diameter of 

the semi-circle is the charge transfer resistance (Rct) that is used for the calculation of ionic 

conductivity[109]. 

 EIS data was collected using a Bio-Logic VMP3 potentiostat. Impedance spectra were 

obtained over a frequency range of 1 Hz to 10 kHz. Data was collected and analyzed using EC 

Laboratories software. Halide measurements were made while the sample was in a TestEquity 

H1000 oven that controls temperature and RH. At each RH studied, the temperature was varied 



 32

from 50 to 90oC by steps of 10oC. Samples were allowed to equilibrate to each temperature set-

point for 35 minutes before data was collected.  

 The hydroxide conductivity measurements were made in a modified Bekktec system. In 

these measurements, the membrane is exchanged to the hydroxide form and then mounted into 

the sealed conductivity cell in a CO2-free glove box. This system was developed to ensure 

measurement of only OH- transport by maintaining a CO2-free environment throughout the 

measurement to prevent counter-ion exchange[47]. 

 

Figure 2.3 Sample Nyquist plot characteristic of a Randles cell. [26] 
 
2.5.2 Pulse Gradient Stimulated Echo Nuclear Magnetic Resonance 

 Pulse gradient stimulated echo nuclear magnetic resonance (PGSE-NMR) is a valuable 

tool for measuring diffusion coefficients  in both liquids and solids[105, 110]. The self-diffusion 

of water through a membrane can be determined using PGSE and the 1H probe. Anionic species 

that can be detected at the Mines facility include 17F- and 13C-labeled (bi)carbonate ions.  
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 Pulse gradient NMR experiments are analyzed using the Stejskal-Tanner-Equation given 

in Equation 2.5. 

 = ∆     (2.5) 
where  and  represent the signal amplitude and the signal amplitude at zero gradient, γ is the 

gyro magnetic ratio,  is the gradient strength, δ is the gradient pulse length, Δ is the diffusion 

time, and  is the apparent diffusion coefficient. PGSE-NMR results for water diffusion through 

a quaternized PEI-PP membrane are reported in Chapter 3.  Membrane samples were wound into 

a cylinder and suspended above saturated salt solution in a 5 mm NMR tube to generate an 

environment of 80% relative humidity. A pulse gradient stimulated echo sequence was 

performed using a Bruker AVANCEIII NMR spectrometer and 400MHz wide bore Magnex 

Magnet. 

2.5.3 Broadband Electrical Spectroscopy 

 Broadband electrical spectroscopy (BES) is a powerful method to determine the ionic 

conductivities, dielectric relaxations and relaxation times of materials. These values are found by 

fitting the BES profiles with Equation 2.8, below, over a range of temperatures and frequencies. 

The goal in completing BES is to use these values to determine the mechanism of conduction at 

varied temperature and hydration level. Degradation due to elevated temperatures can also be 

observed. 

 BES experiments were conducted during exchange trips to work with Dr. Vito Di Noto 

and his group at the University of Padua. Their lab is equipped with a Novocontrol Alpha 

analyzer that measures the electrical response under frequencies of 10 mHz to 10 MHz. Different 

sample cells allow either wet or dry measurements. Wet and dry membranes were measured at 

temperatures from -130 to 150 °C with temperature controlled by a custom cryostat using a 
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nitrogen gas jet heating and cooling system[88]. We include measurements of the membrane in 

both the dry state and below 0 °C in order to more completely characterize polymer dielectric 

relaxations. These relaxations can be overshadowed by polarization events when water is present, 

and are completely dwarfed once water is mobile and contributing to ionic conduction at 

temperatures above 0 °C.  

 The complex impedance (Z*(ω)) is converted to complex conductivity (σ*(ω)) in 

equation 2.6 and complex permittivity (ε*(ω)) in equation 2.7.  

   ∗( ) = [ ∗( )] − 1 (2.6) 

  ∗( ) = ∗( ) (2.7) 

where Z*(ω) = Z '(ω) + iZ "(ω), k is the cell constant, ω = 2πf and f  is frequency in Hz. The cell 

constant (k) is found from measurements of the electrode-electrode surface and the distance 

between the electrodes.  

Values for conductivity and relaxation times were determined by fitting the real and 

imaginary permittivity (ε' and ε") to Equation 2.8.  

 ∗ ( ) =  − + ( )[ ( ) ] +  ( )[ ( ) ] +  ∑ ∆[ ]   (2.8) 
where  ∗ ( ) =  ε (ω) + iε"(ω).  

Equation 2.8 accounts for features in all of the experimental data including tanδ, σ', σ", ε' 

and ε". The first term describes conductivity at low frequencies outside of the range of the 

experiments and was generally neglected. The second term describes the electrode polarization 

features of the data and the third term describes the interfacial polarization features of the data, 

with the shape parameter (γ) restricted to 0.5< γ<1. The fourth term is Havriliak-Negami 

equation that describes the relaxation phenomena[85].  
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Polarization events occur when the charge in a material is not able to move through the 

material when the electric field is applied. Two types of polarization, electrode and interfacial, 

occur on the mesoscale, describing the electric response over nm to μm length scales. Electrode 

polarization occurs when there is an accumulation of charge at the electrode-sample interface 

and are typically seen in the electric response at low frequencies. The charge accumulation at the 

sample-electrode interface can be modeled as an electric double layer with spacing determined 

by its Debye length (LD)[85]. From the Nernst Einstein equation, and the model from Klein et al. 

the relaxation time of the electrode polarization (τEP) can be written as: 

 =  =  ( ) /   (2.9) 

Evaluating this equation, we see that time dependence is based on the charging and 

discharging of the double layer. Also, increasing conductivity in the sample will shift 

polarization frequency to higher frequencies, as will decreasing the thickness (L) of the 

sample[85].  

This double layer model is well described, for conductive materials, by an equivalent 

circuit consisting of a complex electrode in series with the sample conductance, resulting in a 

complex conductivity: 

 ∗ ( ) =  ⁄  ∗ ( )⁄  (2.10) 

Substituting the complex function ∗ ( ) = ( )  from Klein et al.[111] the 

complex conductivity of the sample becomes: 

 ∗ =  ( ) ( )  (2.11) 

where = (   ) . This equation shows that the electrode polarization includes a 

Cole-Cole relaxation with  describing the relaxation time and describing the distribution 



 36

of relaxation times[112]. It is sometimes useful to convert complex conductivity into complex 

permittivity with ∗( ) =  ∗( )( )   resulting in: 

 ∗ =  ( )[  ( ) ] (2.12) 

This expressions derivation shows that complex permittivity from electrode polarization 

is related to sample thickness and . This equation is the second term in the overall BES fitting 

expression above in Equation 2.8. 

Interfacial polarization occurs when there is an accumulation of charge along interfaces 

between nanodomains with different permittivities. The simplest model that describes the 

heterogeneous structure in these materials is a double layer model with each layer described by 

its conductivity (σi) and permittivity (εi). This model is illustrated in ## with the associated 

complete equivalent circuit. The assumption that the dielectric constant of layer 1 is very 

different from that of layer 2, allows the simplification of the complete equivalent circuit to the 

equivalent circuit shown in [85].  

This resulting equivalent circuit is very similar to that used to describe the electrode 

polarization, above, so the complex conductivity and permittivity expressions can be written 

similarly to Equations 2.11 and 2.11. Equation 2.14 is the third term in the overall model used to 

fit BES data (Equation 2.8). 

 ∗ =  ( ) ( )  (2.13)  

where = (   ) .  
 ∗ =  ( )[  ( ) ] (2.14) 

 Dielectric relaxation is the exponential decay of polarizations within dielectric materials 

after the external electric field is removed. Dielectric relaxations are determined by the structural 
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rearrangement of molecules and macromolecules within the structure of the dielectric material. 

This phenomena can be described by the Debye single relaxation time equations for the real and 

imaginary components of permittivity shown in Equation 2.15 and corresponding expression for 

the complex relaxation function ( ( )) in the frequency domain (Equation 2.16)[85, 113]: 

 ( ) =  + =  + ∆  and "( ) =  ( ) =  ∆  (2.15) 

 ( ) =   (2.16) 

 Polymer systems contain molecular complexity that broaden the complex dielectric 

relaxation peaks, so it is often necessary to use the Havriliak-Nagami (HN)[114] or the Cole-

Cole modifications of this empirical expression:  

 ( ) =  [ ( ) ]  (2.16) 

where a and b are empirical constants with values between 0 and 1. The Cole-Cole expression is 

the equation above with b=1. Generally, peaks broaden with macromolecular crosslinking and 

with decreasing temperature, so it is expected that the empirical constants will gradually change 

across the experimental data. Equation 2.16 is the final term in the overall model used to fit BES 

data (Equation 2.8) [85].  
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CHAPTER 3  

PREPARATION AND CHARACTERIZATION OF AN ALKALINE ANION EXCHANGE 

MEMBRANE FROM CHLORINATED POLY(PROPYLENE) AMINATED WITH 

BRANCHED POLY(ETHYLENEIMINE) 

This chapter is modified from a paper published in 

Electrochimica Acta1 

Ashley M. Maes2, Tara P. Pandey3, Melissa A. Vandiver3, Lauren K. Lundquist3, Yuan Yang3, 

James L. Horan3, Anastasia Krosovsky3, and Matthew W. Liberatore3, Sönke Seifert3, Andrew M. 

Herring4 

Abstract 

 A new randomly crosslinked polymer is investigated for use as an ion-exchange 

membrane. The polymer was produced through amination of chlorinated poly(propylene) with 

poly(ethyleneimine) and quaternized with iodoethane.  The synthesis of the new polymer is 

confirmed by FTIR 1H and 13C NMR. The polymer consists of aggregates on the order of 1 μm, 

as observed with environmental scanning electron microscopy (ESEM). Environmentally 

controlled small and wide angle X-ray analysis showed a relatively featureless amorphous 

morphology over length scales less than 105 nm through a full range of humidity environments. 

Little physical swelling of the films was observed, but very high internal water uptake was 

observed with λ = 50. The highest in-plane ionic conductivity with chloride as the counter ion 

was 0.29 mS cm-1 at 90 oC and 95% relative humidity. Infrared spectroscopy was used to 

                                                 

1 Reprinted with permission of the Electrochimica Acta 110 (2013) 260– 266 
2 Primary author and researcher 
3 Co-author 
4 Author for correspondence, advisor 
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monitor the relatively rapid rate of counter-ion reaction of hydroxide with ambient CO2 to form a 

mixture of carbonate and bicarbonate when exposed to air.  

3.1 Introduction 

 Anion exchange polymers have applications as ion exchange resins and as membranes for 

water purification[26], Li-air batteries, and in polymer exchange membrane (PEM) fuel cells[11].  

PEM Fuel cells show promise as alternatives to current energy conversion devices in 

transportation and stationary applications as well as for use in portable devices. There is 

currently a large amount of interest in using anion exchange membranes (AEMs) as the 

electrolyte in alkali fuel cells, because of the increased power density obtained with a solid 

electrolyte.  AEM fuel cells (AEMFCs) have advantages over proton exchange membrane fuel 

cells, with the potential for direct use of methanol or more complex fuels, and the potential use 

of non-precious metal catalysts[11]. Commercial AEMs are available from companies such as 

Tokuyama[32], Solvay Plastics[34], Dupont, and Fumatech[35], although many of these 

materials are optimized for non-fuel cell applications such as dialysis. Commercial membranes 

with acceptable mechanical properties, long-term alkaline stability and higher anionic 

conductivity at lower RH for fuel cell applications are still needed[9, 78].  

 In base, oxidative attack of the polymer backbone by hydroxide is less important than 

degradation of the cationic functionalities[11]. It is, therefore, possible to design polymer 

systems with methylene chain backbones. A simple approach would be to simply react an 

animated polymer with a halogenated polymer to form aminated materials that could then be 

readily quaternized to form a potentially inexpensive AEM. In previous work, Hong et al. have 

synthesized similar materials by amination of chlorinated polypropylene (CPP) with 

ethylenediamine (EDA)[115]  and amination of PPC with low molecular weight linear PEI[116, 
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117]. It was shown that these materials exhibit good chloride ionic conductivities in water after 

soaking in NaCl with a maximum of 0.008 and 0.013 S cm-1 for the quaternized EDA/PPC and 

the quaternized PEI/PPC material respectively. To extend this group of materials, we selected a 

branched high molecular weight polyethyleneimine as a starting material due to the high 

concentration of quaternizable amine groups throughout the polymer. PEI has most commonly 

been investigated in biological applications where it is often crosslinked and quaternized to form 

stable cationic polymers. Resulting products have been shown to be effective in gene delivery 

systems and for use as antimicrobial metal surface coatings[118, 119]. Its quaternized form has 

anti-bacterial properties[120, 121]. 

 One issue of hydroxide exchange membranes is that hydroxide reacts rapidly with the 

ambient CO2 in the air, forming a mixture of carbonate and bicarbonate counter-ions[122]. The 

presence of bi(carbonate) ions in place of hydroxide ions is detrimental to the conductivity in the 

membrane due to inherently lower ion mobility. A reaction of a CO2 molecule with a hydroxide 

anion in solution can produce a bicarbonate ion as shown in Equation 3.1 and it may also 

produce a carbonate ion in the presence of two hydroxide ions as shown in Equation 3.2. When 

CO2 reacts with hydroxide ions located as counter anions in a polymeric membrane, the ratio of 

bicarbonates and carbonates can be determined by titration or FT-IR. Suzuki et al. have observed 

these reactions of hydroxide with atmospheric CO2 within the first minutes of exposure of 

hydroxide form Tokuyama AEMs to air[123].  

 + 2 → +  (3.1) 
 
 + →  (3.2) 
 
 Although our synthesized membrane had only a moderate IEC of 0.74(0.02) mmol g-1, 

unique water uptake and transport were observed through Dynamic Vapor Sorption (DVS) and 
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pulsed-field gradient nuclear magnetic resonance (PFG-NMR) spectroscopy. This paper 

discusses the transport of anions in the context of beginning to understand the morphology of the 

material. Quantitative analysis of the formation of carbonates when hydroxide counter-ions in 

the membrane react with atmospheric CO2 is included. 

3.2 Experimental Methods 

3.2.1 Materials 

 Branched polyethyleneimine (PEI) (solution (Mw ~2,000 by LS, 50 wt% water), 

chlorinated polypropylene (CPP) (Mw ~100,000), trimethylamine (≥99.0%) and iodoethane (99%) 

were used as received (Sigma-Aldrich). All solvents were reagent grade. 

3.2.2 Synthesis 

 In preliminary studies, branched PEI solution (50 wt% water) was quaternized with a 10-

fold excess of iodoethane, under flowing nitrogen at 50 oC using a condenser to minimize 

evaporation. The final solution was dried in vacuo to produce a highly hydroscopic white powder.

 Quaternized PEI-polypropylene (PP-PEI):  The synthetic procedure is outlined in Figure 

3.1.  CPP (5g) was dissolved in toluene (50 ml) at 60 oC and added to PEI solution (10 g, 50 wt% 

water) at 60 oC. The amination reaction was performed at 60 oC for 48 h.  The hydrochloric acid 

(HCl) produced during the reaction was neutralized with excess trimethylamine over 24 h.  

Fivefold excess, based on the amine groups in the starting PEI, iodoethane was added to 

quaternize all the amine groups on the polymer at 60 oC for 48 h. The remaining solvent and 

excess trimethylamine reactants were then removed by evaporation, and the resulting polymer 

was washed with dionized (DI) water to extract any unreacted PEI. The resulting material was 

soaked in toluene, swelling considerably, and spread onto a Teflon casting block to form a 

membrane.  The toluene was removed in vacuo at 40 °C.  The resulting membrane was soaked in 
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a 1 M NaCl solution, and again washed with DI water to guarantee that the sample was in a 

chloride counter-ion form for further characterization. The final product will have quaternary 

ammonium groups with an unknown mix of ethyl groups and poly(propylene) chains attached to 

each nitrogen. 

 

Figure 3.1 Reaction sequence of quaternized PEI-PP crosslinked polymer where PP represents a 
chain of polypropylene. 
 
3.2.3  Characterization 

Spectroscopy: FTIR was performed using a Thermo-Nicolet 2100 FTIR spectrometer in 

attenuated total reflectance mode. 1H, and 13C magic angle spin (MAS) NMR were performed on 

a Bruker Avance III 400 Spectrometer with a 50 kHz B1 field. A 4 mm MAS BB/BB probe was 
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used. 1H MAS NMR was taken at 400 MHz, with spin rates of 12 kHz with a 6 s recycle delay. 

13C MAS NMR was recorded at 100 MHz, with a spin rate 8 kHz, a 6 s recycle delay and a 1ms 

contact time.  

Ion Exchange Capacity: Ion exchange capacity (IEC) was measured using the Mohr 

titration method to determine the chloride concentration in a given sample of membrane. The 

sample was first dried in a vacuum oven at 40 °C overnight and weighed to determine a starting 

dry mass. Three samples were tested. 

Morphology: Small and wide angle x-ray scattering (SAXS) experiments were performed 

at the Advanced Photon Source at Argonne National Lab on beamline 12 ID-B. A Pliatus 2M 

SAXS detector was used to collect scattering data with an exposure time of 1 second. The x-ray 

beam had a wavelength of 1 Å and power of 12 keV. The intensity (I) is a radial integration of 

the 2D scattering pattern with respect to the scattering vector (q).  

Temperature and humidity were controlled during SAXS experiments within a custom 

built sample oven[17]. Typical experiments studied three membrane samples and one empty 

window so a background spectrum of the scattering through just the Kapton™ windows and 

nitrogen environment could be obtained for each experimental condition. The humidity of the 

sample environment was controlled by mixing heated streams of saturated and dry nitrogen and 

measured independently with a humidity probe (Vaisala). Sample holders were inserted into an 

oven environment of 60 °C and 95% relative humidity and allowed to equilibrate for 15 minutes. 

The humidity was stepped to 75% RH, 50% RH, 25% RH, dry and back to 95%RH with 17-

minute steps. Spectra were taken during the last two minutes of each humidity condition.  
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Imaging: Environmental Electron Scanning Microscope (ESEM) images were acquired 

with a FEI Quanta 600i ESEM and IR microscopy was acquired using a Thermo IN-10 FTIR 

microscope. 

Diffusion Coefficient Experiment: The self-diffusion coefficient of water through the 

membrane was measured by pulsed-field gradient nuclear magnetic resonance (PFG-NMR) 

spectroscopy with a stimulated echo pulse sequence. Pulse gradient NMR experiments are 

analyzed using the Stejskal-Tanner-Equation given in Equation 3.3. 

 = ∆  (3.3) 
 

where S and S  represent the signal amplitude and the signal amplitude at zero gradient, γ is the 

gyro magnetic ratio, G is the gradient strength, δ is the gradient pulse length, Δ is the diffusion 

time, and D is the apparent diffusion coefficient.  

Membrane samples were wound into a cylinder and suspended above saturated potassium 

chloride salt solution in a 5 mm NMR tube to generate an environment of 84% relative humidity 

at 30 °C. A pulse gradient stimulated echo sequence was performed using a Bruker AVANCEIII 

NMR spectrometer and 400MHz wide bore Magnex Magnet. Proton diffusion measurements 

were made using a 5 mm Bruker single-axis DIFF60L Z-diffusion probe. The 90 degree pulse 

length was of the order of 5.0 μs. Typical parameters at 25° C were G = 0 - 128 G cm-1, 

incremented in 16 steps, δ = 1 ms, Δ = 6 - 700 ms. The Bruker TopSpin software was used for 

data acquisition and analysis. Multiple diffusion experiments were performed varying the time 

between pulses (Δ) between 6 and 500 ms with a constant gyromagnetic ratio (γ) of 4258 Hz G-1 

and pulse length (δ) of 1 ms. The maximum gradient strength for each experiment was chosen to 

produce a full decay of the signal intensity over the length of the experiment. The decay of the 
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signal intensity was plotted against gradient strength for each experiment and was fit to Equation 

1 to determine the diffusion coefficient. 

Water Uptake: Water uptake experiments were conducted using a dynamic vapor 

sorption (DVS) apparatus, DVS Advantage (Surface Measurement Systems Ltd). The DVS 

Advantage was used to measure the mass of water absorbed by the membrane in various 

humidity environments at 60 °C.  The sequence of humidity conditions starts with four hours of 

dry nitrogen flow to ensure an accurate initial dry mass. A series of humidity steps follow, where 

humidified nitrogen is controlled to 20%, 40%, 60%, 80% and 95% relative humidity (RH) for 

two hours each. The process is then reversed with two hour steps at each humidity back down to 

dry conditions.  

Water uptake experiments were also conducted under environmental conditions 

mimicking the conditions of the small-angle x-ray scattering experiments. In these experiments 

humidity steps lasted only 17 minutes and cycled through 95% RH, 75% RH, 50% RH, 25% RH, 

dry and back to 95% RH nitrogen gas flow. 

Ionic Conductivity: In-plane conductivity was measured by electrochemical impedance 

spectroscopy (EIS) using a Bio-Logic VMP3 potentiostat. Data were collected and analyzed 

using EC Laboratories software. The membrane was held in a four-electrode test cell, with 

platinum electrodes.   Chloride ion conductivity measurements were made while the sample was 

in a TestEquity H1000 oven that controls temperature and RH. At each RH studied, the 

temperature was varied from 50 to 90oC by steps of 10oC. The relative humidity is measured 

with a Vaisala humidity sensor. Feedback of this information controls saturated and dry air flow 

rates as necessary to maintain desired relative humidity throughout the experiment. Samples 
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were allowed to equilibrate to each temperature set-point for 35 minutes before data was 

collected. 

Counter-ion Reaction in Air: Infrared spectroscopy was used to monitor the reaction of 

hydroxide ions with atmospheric CO2 to form (bi)carbonate species in the membrane. 

Quaternized membrane with a chloride counter-ion was suspended in chloroform and spin coated 

onto a glass slide. The membrane coated slide was left to dry in atmospheric conditions of 

temperature and pressure for about a week and a thin membrane (ca. 5 µm) was peeled from the 

glass slide. A few drops of water on the slide eased sample removal. The chloride counter-ions 

were exchanged to hydroxide ions by immersing the sample in 1 M NaOH solution for 1 day. 

The membrane in the hydroxide form was rinsed thoroughly with high purity nitrogen gassed DI 

water and patted with a Kimwipe to absorb excess water. The sample was transferred as quickly 

as possible to the ATR stage in order to maximize the amount of the (bi)carbonate reaction 

observed. ATR infrared spectra were collected using a Nexus 470 FT-IR spectroscopy unit. The 

ATR was equipped with a diamond ATR crystal and a MCT/A detector. 256 scans were 

averaged to obtain a single beam sample spectrum and 10 scans were averaged to obtain a single 

beam background spectrum. FT-IR spectra also were collected for a standard 1M solution of 

potassium carbonate and potassium bicarbonate using FT-IR spectroscopy. The range of 

wavenumbers observed for carbonates and bicarbonates were taken as benchmark position to 

identify the carbonates and bicarbonates peaks during dynamic membrane spectra collection.   

3.3 Results and Discussion 

3.3.1 Synthesis 

 Initial attempts to synthesize an AEM from the branched high MW PEI and iodoethane 

resulted in a hygroscopic material that was obviously impractical due to its solubility in water. 
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When the dried product was exposed to ambient conditions (20 oC, 25% RH), it absorbed enough 

water to completely dissolve the material. Since a membrane could not be formed from the 

simple quaternized PEI we reasoned that animating with another polymer followed by 

quaternization should result in a water stable film.   The reaction scheme in Figure 3.1 was 

pursued to form a water insoluble material. To form a film, the product was treated with toluene 

to form a viscous paste and spread over a Teflon block. After the toluene evaporated, a yellow 

opaque visually defect free membranes was formed, 20 μm in thickness. The film was stable to 

water dissolution and was stored until use in water. The membrane ion exchange capacity, as 

measured by Mohr titration was found to be 0.74(0.04) mmol g-1. 

3.3.2 Characterization 

 Reaction Confirmation: The FT-IR (Figure 3.2) show the starting CPP and the resultant 

quaternized PP-PEI polymer. The reaction is confirmed with the disappearance of the C-Cl 

stretch at 550 cm-1 and the appearance of a broad peak that grows in at approximately 3450 cm-1 

corresponding to the N-C bonds in the ammonium groups and OH stretches of the water 

absorbed by the sample[116].  The spectra do not show all the same changes as those reported 

for the linear PEI/CPP materials and it appears that much of the polypropylene character remains 

in the polymer. 

 Figure 3.3 shows the 1H MAS-NMR spectrum (a) and the 13C MAS-NMR spectrum (b). 

Because of the strong proton homonuclear dipolar coupling, the proton spectrum is very broad. 

The 12kHz spin rate was insufficient to remove the dipolar couplings in the 1H spectrum. The 

starting materials show well-defined peaks for the methylene protons. The peak at δ = 100 ppm  

of the 13C spectrum confirms that the chloride in the starting CPP has fully reacted. The complex 
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peak at ca. 40 ppm is assigned to the methylene carbons in the polymer backbone and the peak at 

70 ppm to the methylene carbons adjacent to the quaternary ammonium cations. 

 

Figure 3.2 FT-IR spectra of chlorinated polypropylene starting material (PP-Cl) and the final 
quaternized product (PP-PEI). 
 

Morphology: Wide-angle x-ray scattering (WAXS), not shown, had one peak 

corresponding to an amorphous polymer structure. The small-angle x-ray scattering (SAXS) 

results are shown in Figure 3.4. The scattering pattern had a constant Porod slope between 3.7 

and 4.1 in the q-range of 0.006 to 0.04 Å-1. In the dried sample this corresponds to a smooth 

spherical surface on the length scale of 16 to 105 nm. The reduction of the porod slope after 

humidification is associated with a rougher or less spherical surface. The fact that there are no 

shoulders or peaks in the scattering pattern shows that there is no ordered structure on the length-

scale associated with the q-range tested[124]. The material does not appear to phase separate or 

swell in the size range studied by SAXS.  
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 Relative scattering intensity in organic polymer systems is generally correlated with 

water content. However, the scattering patterns in Figure 3.4 show that the humidified samples 

have lower intensity relative to the dry sample. This could be attributed to water moving into 

structure with length scales too large to be observed in the q-range studied here. 

 

 

Figure 3.3 (a) 1H MAS-NMR spectra  and (b) 13C MAS-NMR spectra of the quaternized 
product. 
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Figure 3.4 Small-angle X-ray scattering (SAXS) spectra of PP-PEI membrane with lambda of 
16.5, 8.2, 6.6, 4.1 and under dry conditions (black to light gray), and returning to 95% RH (open 
black triangles). 
 
 Imaging: An ESEM image of the film from the top down, Figure 3.5a, shows that the 

material has an heterogeneous appearance with some 1 μm spherical clusters. This is very similar 

to the morphology observed by Hong et al. for the materials formed with the linear PEI[116].  

When the same material is imaged with a visible microscope, not shown, further heterogeneity is 

observed.  More intriguing is the apparent network of channels that appear to be have a width of 

<0.5 μm and extend across the entire imaged field. These features can be differentiated in the IR.  

An IR spectrum of this film is shown in Figure 3.5b, for reference. In Figure 3.5c we show the 

IR contour plot for the features corresponding to 3600 cm-1 (the OH stretch of water).  It 

indicates that water forms steaks across the film with a width of 150 μm.  When we image the 

film at 2900 cm-1 (Figure 3.5d), corresponding to the methylene chains of the backbone of the 

polymer, we see features again of a width of 150 μm, but more widespread, suggesting that the 

polymer may segregate into larger hydrophobic and hydrophilic domains. 
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Figure 3.5 (a) ESEM image of cast membrane surface, (b) FT-IR spectrum of the quaternized 
membrane, (c) contour plot of 3600 cm-1 wavenumber intensity with 100 μm scale bar, (d) 
contour plot of 2900 cm-1 wavenumber intensity with100 μm scale bar. 
 
 Diffusion Experiment: It is to be expected that anion transport will be mediated by water 

in this material and so we investigated the self-diffusion of water in these materials by PFG-

NMR.  Restricted diffusion was probed by a series of NMR experiments with varying times 

between pulses. The diffusion coefficient for each experiment was plotted vs. Δ as shown in 

Figure 3.6. By linear regression of the low range data to zero Δ, D0 was calculated to be 1.77×10-

5 cm2 s-1, close to the value 2.5×10-5 cm2 s-1, for free water. The maximum measureable diffusion 

time was Δ=500ms here the diffusion coefficient appears to be approaching the infinite diffusion 

coefficient and so a simple extrapolation was used to obtain this value, D∞=3.72×10-6 cm2 s-1, 
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although the diffusion coefficient may continue decreasing slightly beyond this diffusion time. 

The continued decrease of the diffusion coefficient even at long diffusion times may be a result 

of transport observed in the much larger feature observed in the ESEM and IR imaging or due to 

the low resolution of the instrument at very large Δ. Nevertheless, it appears that there is 

considerable restriction of the diffusion in the material. 

 

Figure 3.6 Self-diffusion coefficient versus varying Delta (Δ) values where Δ is the time between 
the gradient pulses. Self-diffusion coefficient of water through the PP-PEI membrane calculated 
from PGSTE results at 25°C and 80% RH. Dotted line is the linear fit used to calculate a D0 of 
1.77x10-5 cm2 s-1. 
 
 Water Uptake: Water uptake (%) by mass was high as compared to representative AEMs 

investigated to date[73].  Water uptake reached its high of 70.3wt% when the sample was at 

equilibrium with a 95% RH environment, nearly doubling when the relative humidity increased 

from 80% to 95%. The IEC and water uptake values were used to calculate lambda (Figure 3.7). 

The highest water uptake converted to lambda is 53 water molecules per quaternary ammonium 

cation.  The high lambda values are due to the extreme hydrophilicity of the quaternized PEI, 

which is immobilized within the crosslinked polymer.  Interestingly the membranes does not 
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appear to swell dimensionally and so the water is absorbed within the free volume of the 

quaternized PEI moieties in the material. 

 

Figure 3.7 Lambda versus relative humidity of nitrogen blanket environment for two hour 
humidity steps at 60 °C. 
 
 Ionic Conductivity: As expected, the ionic conductivity is highest under the highest 

temperature and humidity conditions tested (90 oC and 95% RH). The highest chloride ion 

conductivity observed was 0.293 mS cm-1, as shown in Figure 3.8. This result is lower than for 

other AEMs with comparable IECs.  Interestingly, the chloride anion conductivity at 95% RH 

does not show Arrhenius behavior.  When the film is tested at the drier 80% RH condition the 

chloride conductivity levels off at the higher temperatures.  These samples were tested from low 

to high temperature and so this may be an indication of either cation instability or a significant 

loss of water.  We were unable to measure hydroxide conductivity for these materials under RH 
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cycling conditions, as they did not survive the rigorous hydroxide exchange treatment used to 

obtain and mount films in the fixture in pure hydroxide form. 

 

 

Figure 3.8 Chloride ionic conductivity versus temperature at 95% RH (circle) and 80% RH 
(square). 
 
 Counter-Ion Reaction in Air: Despite the issues with attempting to make rigorous 

hydroxide conductivity measurements, we were able to demonstrate that they reacted with 

ambient CO2.  Time resolved FTIR of the hydroxide film placed on an ATR crystal and exposed 

to ambient CO2 is shown in Figure 3.9 and Figure 3.10.  The growth of peaks at 1460 cm-1 and 

1380 cm-1 are assigned to the increasing carbonate and bicarbonate counter-ions respectively 

within a hydroxide form membrane exposed to air (Figure 3.9 and Figure 3.10). These peaks 

were assigned based on comparisons to spectra of standard solutions of potassium carbonate and 



 55

potassium bicarbonate, although slight differences were observed due to interactions with 

functional groups in the membrane. A maximum intensity for the two species is reached after 

seven minutes, which presumably corresponds to the consumption of a majority of the hydroxide.  

After this time the ratio of carbonate to bicarbonate is maintained as the film slowly reaches 

equilibrium.  A steady-state mixture is reached after 20 minutes of exposure to atmospheric CO2 

concentrations.  These integrated areas are not corrected for the relative absorbance of the two 

different anions and so it is not implied that the concentration is greatest at seven minutes simply 

that the initial ratio of anions produced eventually relaxes to an equilibrium value. 

 

 

Figure 3.9 FT-IR spectra showing increasing C-O stretching at 1380 cm-1 and 1460 cm-1 over 
time due the formation of bicarbonate and carbonate ions. 
 

1460 cm-1 1380 cm-1 
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Figure 3.10 Calculated area under FT-IR peak at 1380 cm-1 (squares) and under FT-IR peak at 
1460 cm- (triangles) versus time. 
 
3.4 Conclusions 

 A new randomly crosslinked alkaline exchange membrane was produced through the 

amination of chlorinated polypropylene (CPP) with polyethyleneimine (PEI) and quaternization 

with iodoethane. The new material was characterized by FTIR and MAS-NMR.  

Environmentally controlled small/wide angle x-ray analysis showed relatively featureless 

amorphous morphology through a full range of humidity environments over the 16 to 105 nm 

length scale. Larger scale ordering above 1 μm was observed in ESEM and IR microscope 

images implying that the water swelling occurs in larger features.  However, these features swell 

internally as little dimensional swelling of the material is observed. 
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 Water self-diffusion studies indicate rapid short-range diffusion, but heavily restricted 

diffusion over longer length scales. Temperature and humidity effects on the in-plane chloride 

ion conductivity were measured using electrochemical impedance spectroscopy (EIS). The 

highest chloride conductivity observed was 0.29 mS/cm at 90 oC and 95% RH. Infrared 

spectroscopy was used to monitor the rate of counter-ion exchange from hydroxide to a mixture 

of carbonate and bicarbonate when exposed to air, which occurred in a period of minutes. 

Unfortunately, these materials are too unstable to hydroxide for use in hydroxide exchange 

membrane fuel cells. They do, however, show interesting properties such as high water uptake 

with no dimensional swelling, that may make them suitable for use in low temperature carbonate 

exchange membrane electrochemical systems. 
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CHAPTER 4  

INTERPLAY BETWEEN SOLID STATE TRANSITIONS, CONDUCTIVITY MECHANISMS, 

AND ELECTRICAL RELAXATIONS IN A [PVBTMA][BR]-B-PMB DIBLOCK 

COPOLYMER MEMBRANE FOR ELECTROCHEMICAL APPLICATIONS  

This chapter is modified from a paper published in 

Physical Chemistry Chemical Physics5 

Vito Di Noto6, Guinevere A. Giffin7, Keti Vezzù7, Graeme Nawn7, Federico Bertasi7, Tsung-Han 

Tsai7, Ashley M. Maes8, Soenke Seifert7, E. Bryan Coughlin7,  and Andrew M. Herring9 

Abstract 

Identifying the structure–property relationships and the phenomena responsible for ion 

conduction is one of the keys in the design of novel ionomers with improved properties. In this 

report, the morphology, water uptake and the mechanism of ion exchange in a model anion 

exchange membrane (AEM), poly(vinyl benzyl trimethyl ammonium bromide)-block-

poly(methylbutylene) ([PVBTMA][Br]-b-PMB), is investigated with small-angle X-ray 

scattering, dynamic vapor sorption, high-resolution thermogravimetry, modulated differential 

scanning calorimetry, dynamic mechanical analysis, in-plane electrochemical impedance 

spectroscopy and broadband electrical spectroscopy. The material demonstrates lamellar 

morphology in SAXS experiments, consisting of hydrophilic domains characterized by stacked 

side chains of [PVBTMA][Br] which are layered between domains of parallel chains of the PMB 

                                                 

5 Reprinted by permission of The Royal Society of Chemistry, DOI: 10.1039/C5CP05545H 
6 Primary author 
7 Co-author 
8 Thesis author: Conducted and contributed to analysis of BES, TGA, DSC, DMA, humidity controlled SAXS, EIS 
conductivity. Included additional results and analysis of EIS conductivity, DVS water uptake, SAXS under varied 
RH and SAXS under varied temperature beyond that in the original publication. 
9 Author for correspondence, advisor 
Note: Varied-temperature SAXS experiments and analysis were conducted by fellow graduate student, Andrew R. 
Motz, after this journal article was published in order to further assign physical phenomena to the key Tδ transition. 
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block. Electrochemical impedance spectroscopy was used to compare several samples with 

varies degrees of functionalization, showing little improvement above IEC of 1.4 mmol g-1 

where Br- in-plane conductivity was 0.038 mS cm-1. 

The most important interactions in the hydrophilic domains occur between the dipoles of 

ammonium bromide ion pairs in the side chains of adjacent chains. A thermal transition (Tδ) at 

high temperature is observed in several techniques, observed here for the first time in AEMs, 

results in a dramatic decrease of the ionic conductivity. We propose that this transition is a 

disorder-order rearrangement of the ion pair dipoles which are responsible for ionic conductivity. 

The overall mechanism of long range charge transfer, deduced from a congruent picture of all of 

the results, involves two distinct ion conduction pathways. In these pathways, hydration and the 

motion of the ionic side groups are crucial to the conductivity of the AEM. Unlike the typical 

perfluorinated sulfonated proton-conducting polymer, the segmental motion of the backbone is 

negligible. 

4.1 Introduction 

 AEMs contain cationic groups that allow anion transport, which are bound to a polymer 

backbone that provides strength and barrier properties. An intuitive strategy to increase ionic 

conductivity is to increase the density of functional groups per mass of the membrane (increase 

IEC). However, this generally results in a fragile membrane that swells excessively when 

hydrated, leading to the dilution of functional groups. One synthetic strategy to maximize AEMs' 

ionic conductivity while maintaining desirable mechanical properties, even at high humidity, is 

by building in nano-scale phase-segregation.  

Our group previously investigated a series of poly(vinyl benzyl ammonium)-b-

polystyrene membranes with three hydrophilic block lengths resulting in IECs of 0.58, 1.19 and 
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1.35 mmol g-1[125]. Although two of these membranes (IEC= 1.19 and 1.35 mmol g-1) 

demonstrated desired well-ordered morphologies in their SAXS spectra, they were determined to 

be too brittle to be appropriate for fuel cell applications. In pursuit of a similar block-copolymer 

with more suitable mechanical properties, we decided to switch the hydrophobic block 

hydrogenated polyisoprene, a flexible material at room temperature.   

This chapter introduces a series of poly(vinyl benzyl trimethyl ammonium bromide)-b-

poly(methylbutylene)([PVBTMA][Br]-b-PMB). The detailed investigation of AEMs in their 

halide form is a crucial stepping-stone to improve the fundamental understanding of how the 

physicochemical features of the membranes, with a particular reference to the micro-structures, 

thermomechanical properties, the electric response, and the influence of hydration, are correlated 

with the long range charge transfer mechanism. In this report, the aim is: (a) to investigate the 

structural relaxations governing the thermo-mechanical and electrical events in the poly(vinyl-

benzyl-trimethyl-ammonium-bromide)-b-poly(methylbutylene) ([PVBTMA][Br]-b-PMB) 

membrane; and (b) to study the mechanism of conduction.  

A key step in understanding the viability of new AEMs for use in these applications is to 

study their ion transport capabilities as related to chemical structure of the membrane. In this 

chapter, PVBTMA][Br]-b-PMB membrane morphology is measured through SAXS and Br- in-

plane conductivity was studied with EIS across a series of membranes with varied degrees of 

functionalization. Relative humidity conditions were varied, and water uptake values from DVS 

are reported for environmental conditions of both experiments. This well-ordered membrane was 

also chosen as a model system for a course-grained model of the spatial distribution of water 

within a diblock AEM[76]. The thermal stability and transitions are detected by high-resolution 

thermogravimetry (HR-TG) and by modulated differential scanning calorimetry (MDSC), 
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respectively. The mechanical properties and transitions are investigated by dynamic mechanical 

analysis (DMA). Broadband electrical spectroscopy (BES) is used to study the electric response 

and the conductivity mechanisms of the membranes in the frequency and temperature range of 

0.01–107 Hz and −105 to 100 °C, respectively. BES allows us to measure the overall electric 

response and dielectric relaxations of the membranes, both in a completely dry state and after full 

hydration, thus allowing the clarification of the role played by both ion solvation phenomena and 

the water in the performance of these materials.  

The integration of the information acquired from all of these techniques allows us to 

propose a reasonable mechanism for the long range charge migration processes in 

[PVBTMA][Br]-b-PMB. The analysis of the correlations existing between electrical relaxations 

and structural and thermo-mechanical properties is of crucial importance for the elucidation of 

the strategic parameters and phenomena which will influence future syntheses to improve the 

performance of next generation AEMs for application in practical devices. 

4.2 Experimental  

Materials: All samples were synthesized by Tsung-Han Tsai at UMass Amherst [126] 

following the synthetic scheme shown in Figure 4.1. Synthesis proceeds through hydrogenation 

of poly(4-methyl styrene)-b-PI to produce the block copolymer poly(4-methyl styrene)-b-

poly(methylbutylene) (P4MS-b-PMB). The P4MS block is then brominated to varying degrees 

using N-bromosuccinimide (NBS) as the brominating agent and azobisisobutyronitrile (AIBN) as 

an initiator. The resulting product was then drop-cast from different solvents onto a Teflon sheet 

to form films. Films were treated with 33 wt% trimethylamine aqueous solution to produce 

benzyl trimethyl ammonium (BTMA) cationic groups with Br- counter-ions[126].  
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Figure 4.1 Synthetic route to poly (vinyl benzyl trimethyl ammonium bromide)-b-Poly 
(methylbutylene) ([PVBTMA][Br]-b-PMB) as reported in [126]. 
 
  Morphology: Small-angle X-ray scattering was performed at the Advanced Photon 

Source at Argonne National Laboratory using beamline 12IDC-D with our own temperature and 

humidity controlled oven under varied RH and 60 °C[99]. Wet samples were soaked in DI water 

for 24 h, blotted dry and immediately placed in the environmental chamber at 95% RH. 

 Water Uptake and Thermal Studies: A Dynamic Vapor Sorption, DVS-Advantage was 

used to measure water uptake (W.U.) at varied relative humidity conditions and 60 oC, as 

described in Chapter 2. Membranes were tested with two relative humidity (RH) profiles, one 

with 2 hours between set-points to allow the membrane to reach steady state and a second with a 

relative humidity profile matching the environmental conditions during SAXS/WAXS 

measurements where experiment time is limited.  

 Thermogravimetric analyses were performed with a high resolution TGA 2950 (TA 

Instruments) thermobalance using a working N2 flux of 100 mL min−1. The TG profiles were 

collected in the temperature range between 25 and 800 °C with a heating rate varied from 40 to 
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0.001 °C min−1 depending on the first derivative of the weight loss. Approximately 4 mg of the 

material was analyzed in an open platinum pan. The water uptake was determined by TGA 

measurements as described elsewhere[102] after soaking the samples in water at room 

temperature for two days. The initial (wt0) and dry (wtdry) weight of each sample was determined 

by registering the isothermal TGA desorption profile at 30 °C. The W.U. was determined using 

equation 4.1: 

 . . =  ∗ 100 (4.1) 

Modulated differential scanning calorimetry (mDSC) measurements were carried out in 

the cyclic mode (two cycles) using a MDSC 2920 differential scanning calorimeter (TA 

Instruments) equipped with a LNCA low-temperature attachment operating under a helium flux 

of 30 cm3 min−1. Measurements are performed at a heating rate of 3 °C min−1 between −150 and 

100 °C on about 5 mg of the sample in a hermitically-sealed aluminum pan. 

Dynamic mechanical analyses (DMA) are carried out with a TA Instruments DMA Q800 

instrument, using the film/fiber tension clamp. The temperature spectra, in the range from −100 

to 100 °C at a rate of 4 °C min−1, are measured by subjecting a rectangular dry film sample (ca. 

25 mm (height) × 6 mm (width) × 0.05 mm (thickness)) to an oscillatory sinusoidal tensile 

deformation at 1 Hz with an amplitude of 4mm, and with a 0.02 N preload force. 

 Ionic Conductivity and Dielectric Relaxations: The in-plane Br- conductivity was 

measured with electrochemical impedance spectroscopy (EIS) collected with a VMP3 

potentiostat (Biologic) under temperature and humidity environment controlled in a Test Equity 

(Solatron 1007 H Model) chamber. Impedance spectra were fit to a Randall circuit to determine 

conductivity of each sample, as described in Chapter 2. 
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BES spectra were collected in the frequency range from 0.01 to 107 Hz and the 

temperature range from −105 to 150 °C using a Novocontrol Alpha-A analyzer. The temperature 

was increased in 10 °C increments using a home-made cryostat operating with a N2 gas jet 

heating and cooling system. The temperature was measured with an accuracy higher than 

±0.4 °C. The geometrical cell constant was determined by measuring the electrode–electrolyte 

contact surface and the distance between the electrodes. No corrections for the thermal expansion 

of the cell were used. The complex impedance (Z*(ω) = Z′(ω) + iZ′′(ω)) was converted into 

complex conductivity (σ*(ω) = σ′(ω) + iσ′′(ω)) and complex permittivity (ε*(ω) = ε′(ω) − iε′′(ω)) 

using the equations σ*(ω) = k[Z*(ω)]−1 and σ*(ω) = iωε0ε*(ω), respectively, where k is the cell 

constant in cm−1 and ω = 2πf (f is the frequency in Hz). The wet sample was soaked in water for 

two hours prior to measurement and 100 μL of double-distilled water was added to the 

measurement cell. For all techniques unless otherwise specified, the membrane was dried under 

vacuum for two days prior to measurement. 

DFT calculations: The dipole moment of vinyl-benzyl-trimethyl-ammonium-bromide 

repeat units was calculated after geometry optimization using density functional theory methods 

on the basis of an all-electron DFT code using the DMol3 program as a part of the Material 

Studio package[127, 128]. The double numerical plus polarization basis set and gradient-

corrected (GCA) BLYP functional was adopted. N,N,N-trimethyl(4-ethylphenyl)methanaminium 

bromide was used as a fragment to evaluate the ion-pair dipole moment (ip-μ) of charged polar 

repeat units. 

 Thermal Transitions in SAXS: Varied temperature SAXS data was collected on an Anton 

Parr SAXSess instrument using a high resolution image plate. The X-ray source was a 

PANalytical PW3830 x-ray generator, using Cu Kn radiation with an energy of 8.04 keV. 
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Background scans were collected on water placed in a plastic capillary tube, which was sealed in 

a rotar cell. Samples of polymer were measured in liquid water in the same capillary. The 

temperature of the rotor cell was controlled using an Anton Parr TCU50 temperature control 

unit, from 20-80 °C in 10 °C increments. The equilibration time was 15 minutes at each desired 

temperature, and the exposure time was 10 minutes. 

4.3 Results and Discussion 

 The samples synthesized are summarized in Table 4.1. A few different block lengths 

were selected all with an approximate ratio of hydrophilic block: hydrophobic block around 1:2. 

The degree of functionalization (DF) was varied by controlling conditions during bromination of 

P4MS resulting in membranes with a range of ion exchange capacities (IECs).  

 
Table 4.1 Samples of [PVBTMA][Br]-b-PMB 

[PVBTMA][Br]-b-PMB x-y-z  
Mn of 
P4MS-b-PMB  

IEC 
(mmol/g)  

 d spacing 
(nm)  

[PVBTMA][Br]-b-PMB 250-590-89.4  29.6-41.4  2.198   49  

[PVBTMA][Br]-b-PMB 250-590-83.6  29.6-41.4  2.097   45  

[PVBTMA][Br]-b-PMB 250-590-67.5  29.6-41.4  1.793   57  

[PVBTMA][Br]-b-PMB 250-590-46.1  29.6-41.4  1.329     

[PVBTMA][Br]-b-PMB 250-590-24.4  29.6-41.4  0.770   63  

Where x is the degree of polymerization of [PVBTMA][Br], y is the degree of polymerization of 
PMB, z is the degree of bromination of P4MS block and Mn is the number avg. molecular weight 
(kg/mol). IEC calculated from H NMR. D spacing from SAXS at 95% RH and 60 oC  
 
4.3.1 Morphology 

The sample SAXS scattering profile (Figure 4.2) shows the effect of water uptake on  

morphology and domain size. We were interested to push the membrane to its fully swollen 

dimensions, so we also studied a membrane soaked in water for 24 hours and submitted it to 

scattering quickly at 60 oC and 95% RH. This sample demonstrates lamellar morphology across 
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all hydration levels, with peak ratios of q*, 2q* and 3q*[124]. It is likely that the lamellar 

morphology of the sample is effectively locked in place during solvent casting, so it is not a 

surprise that water uptake does not change the lamellar structure. It is also interesting to note that 

the domain size (d), calculated from the low Q peak position as = 2 ⁄ [124] shows no 

change until above 75% RH. Three more samples were tested and showed lamellar morphology. 

Their d-spacing from spectra collected at 95% RH and 60 oC are included in Table 4.1. 

 

Figure 4.2 SAXS spectra of [PVBTMA][Br]-b-PMB 250-590-89.4. Data collected at 60 oC. 
 
4.3.2 Water Uptake and Thermal Studies  

Four samples from the 250-590 group (IECs: 0.770, 1.329, 1.793 and 2.097 mmol g-1) 

were selected to study the effect of IEC on ionic conductivity and water uptake. DVS data, 

plotted as both water uptake (wt%) and lambda (λ) are shown in (Figure 4.3). Although water 

uptake increases with increasing IEC, the number of water molecules per benzyl trimethyl 
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ammonium (BTMA+) function group actually decreases slightly from around 6.3 to 5. This 

shows some restriction in the membrane structure that limits the hydration of functional groups 

as the density of functional groups increases along the hydrophilic block (as DF increases). 

 
 
Figure 4.3 Lambda and water uptake of [PVBTMA][Br]-b-PMB 250-590-z with varied IECs. 
Data collected with DVS at 60 oC and 95% RH 
 

The HR-TG profiles of the [PVBTMA][Br]-b-PMB membrane, both in the dry and in the 

wet state, are shown in Figure 4.4, where the curve of the wet sample is normalized to the wt% at 

T = 45 °C. The TG profile shows a small mass loss that starts at 100 °C and continues until about 

150 °C. This mass loss, which constitutes about 2.5% of the total mass, is likely due to traces of 

water. [PVBTMA][Br]-b-PMB undergoes a significant elimination at ca. 230 °C, event I, which 

is associated with the loss of the ammonium group from the PVBTMA block (−TMA+Br−). This 

evidence is in accordance with results described elsewhere[129], which illustrates that poly[(p-

vinylbenzyl) dimethyl-2-hydroxyalkyl ammonium chloride] polyelectrolytes exhibit a mass 

elimination at 200 °C while polystyrene and chloromethylated polystyrene are thermally stable 

up to ca. 350 °C. The thermal phenomenon II is assigned to the degradation of the PMB block 
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and it is detected at T ∼ 410 °C, which shows that this block has a significant thermal stability. 

This assignment is in accordance with studies on isotactic poly(3-methyl-1-butene) which 

demonstrated that this polymer undergoes less than a 5 wt% mass loss up to ca. 400 °C[130]. 

The comparison of dry and hydrated HR-TGA profiles shows that the initial hydration state of 

the [PVBTMA][Br]-b-PMB membrane does not significantly affect the thermal stability of the 

membrane when the bulk absorbed water is removed at low temperatures (Figure 4.4). 

Nevertheless, the I and II thermal events of the fully hydrated sample are shifted to higher 

temperatures by ca. 10–15 °C as compared to the dry [PVBTMA][Br]-b-PMB membrane. The 

slight inhibition of the thermal degradation demonstrates that the residual water molecules form 

a polar solvation shell for the –TMA+ cation which acts to stabilize the polar groups in bulk 

materials. 

 
Figure 4.4 HR-TG profiles of the [PVBTMA][Br]-b-PMB 250-590-89.4 membrane, both in the 
dry and at the full hydration state. The inset shows the derivative of HR-TG profiles. The curve 
of the fully hydrated sample is normalized to the wt% at T = 45 °C 
 

The thermal and mechanical properties and transitions of the [PVBTMA][Br]-b-PMB 

AEM in the dry state are studied by DMA and MDSC from −100 up to 100 °C. The DSC, DMA 



 69

storage modulus and the DMA tan δ curves of [PVBTMA][Br]-b-PMB are shown in Figure 4.5. The 

DSC profile shows only a glass transition (Tg) at −51 °C in the explored temperature range. This Tg is 

significantly lower than that of either of the polymer blocks based on data for their respective 

homopolymers. Poly(3-methyl-1-butene) (PMB) and poly(4-methylstyrene) (P4MS) have Tg at 50 

and 100 °C, respectively[131]. Therefore, the alkyl ammonium functionalities and the structure of the 

diblock polymer backbone chains modulate the morphology (shape and size of hydrophobic and 

hydrophilic domains), which significantly reduces Tg, which is largely associated with the segmental 

motion of PMB blocks. 

 

Figure 4.5 DMA (top) and DSC (bottom) profiles of dry [PVBTMA][Br]-b-PMB 250-590-89.4. 
The storage modulus (E′) at 1 Hz is shown on the left axis and tanδ is shown on the right axis. 
 
 The mechanical properties and transitions of the material are closely linked to Tg. The 

storage modulus undergoes a step-decrease from 183 MPa below Tg to 20 MPa at Tg, while tanδ 

exhibits a peak at Tg. After the glass transition, the storage modulus of the material is quite 
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constant with increasing temperature. This mechanical behavior is very different from that of dry 

Nafion®. The storage modulus of dry Nafion® shows a slow decrease until about 100 °C where it 

abruptly drops. This drop is due to a reduction of the electrostatic interactions within Nafion®'s 

polar domains[90]. This difference in behavior is due to the nature of sulfonic acid Nafion®'s 

polar domains. The mechanical properties of dry [PVBTMA][Br]-b-PMB are mostly maintained 

by the steric hindrance phenomena between the [BTMA][Br] side groups of the polar domains, 

which are promoted by the inter-chain electrostatic dipole–dipole interactions occurring due to 

the presence of side groups with dipole moments with opposite directions (illustrated in Figure 

4.6).  

 

Figure 4.6 Steric effects governed by inter-chains electrostatic dipole–dipole interactions 
between ion-pair dipole moments (ip-μ) of [PVBTMA][Br] functionalities. 

 
The ion pair dipole moment (ip-μ) of the –BTMA+Br- side group is ip-μ = 11.45 D as 

calculated by DFT methods. Ip-μ is generated when neighboring contact [quaternary alkyl 

ammonium]-[bromide] ion couples (Figure 4.6) are present in the side chains of the hydrophilic 

domains. Therefore, the transitions detected by both the DMA and DSC measurements are the 

results of two independent but coupled phenomena which take place when the thermal motions 

of the backbone and side chains increase up to a limiting temperature value where a concurring 
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weakening occurs of: (a) the inter-chain ion pair dipole–dipole interactions of the side chains; 

and (b) the van der Walls interactions of the PMB backbone chains. As such, the thermal Tg 

transition is coupled to the DMA relaxation event because the decrease of the inter-side-chain 

interactions, and therefore steric hindrance phenomena, results in an improved sliding ability of 

the polymer backbone chains, thus reducing the elastic modulus of the material. This scenario is 

different from that of dry Nafion®, where mesoscale interactions between hydrophobic and 

hydrophilic domains are mostly correlated with hydrogen bonding interactions between un-

dissociated sulfonic acid moieties in the hydrophilic domains. 

4.3.3 Ionic Conductivity and Dielectric Relaxations 

In-plane Bromide Conductivity: EIS was used to measure the in-plane Br- conductivity of 

four samples (250-590-z where z ranges from 24.4 to 83.6), plotted versus 1000/T  in Figure 4.7 

and versus IEC in Figure 4.8. This study shows that the conductivity follows an Arrhenius 

dependence on temperature, so overall bulk conductivity demonstrates negligible influence of 

polymer backbone dynamics (Figure 4.7.) It is easy to see that minimal conductivity 

performance is gained with added functionalization above an IEC of 1.4 mmol g-1 (Figure 4.8). 

These results demonstrate that efficient conductivity pathways can be formed without full 

functionalization of the hydrophilic block. Br- ionic conductivity in the highest IEC sample 

studied here (2.097 mmol g-1) reached very competitive levels at 38 mS cm-1 at 90 oC and 95% 

RH as compared to other block-copolymer membranes of similar IEC[18]. This confirms that the 

well-ordered lamellar morphology produced in this block-copolymer formulation results in 

efficient conductivity pathways within the membrane.  
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Figure 4.7 Bromide conductivity versus 1000/T in [PVBTMA][Br]-b-PMB 250-590-z 
membranes with IECs ranging from 0.77 mmol g-1 (light markers) to 2.097 mmol g-1 (black 
markers). Data measured with EIS at 95% RH. 
 

 

Figure 4.8 Bromide conductivity versus IEC in [PVBTMA][Br]-b-PMB 250-590-z membranes 
over temperatures ranging from 50 oC (light squares) to 90 oC (black triangles). Data measured 
with EIS at 95% RH. 
 

Qualitative Review of 3D BES Profiles: The three-dimensional ε′, ε′′ and tan surfaces and 

contour plots of dry [PVBTMA][Br]-b-PMB are shown in Figure 4.9a–d, respectively. It should 
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be noted that while the measurements were conducted up to 155 °C, the spectra are only shown 

up to 115 °C. Above 115 °C a sharp drop in the permittivity values is seen which corresponds to 

a solid-state transition (Tδ) in the hydrophilic domain, as demonstrated later.  

 

Figure 4.9 Three-dimensional ε′ (a), ε′′ (b) and tan[thin space (1/6-em)]δ surfaces (c) and contour 
(d) plots of dry [PVBTMA][Br]-b-PMB membranes. The blue lines refer to the polarization 
phenomena and the green to the dielectric relaxations. Tg is shown in (d). 
 

For the sake of clarity, Figure 4.10 depicts the assigned molecular relaxation modes, 

which are responsible for the host polymer dynamics in the dry [PVBTMA][Br]-b-PMB 

membrane that we describe below. The assignments are confirmed later during analysis of the 

modeling of the BES data, specifically with the dependence of the relaxation frequencies and 

dielectric strengths of the each molecular relaxation event versus inverse temperature (Figure 

4.14). The tanδ surface represented as a contour plot (Figure 4.11d) is particularly useful in 

identifying the electric events that are present in [PVBTMA][Br]-b-PMB. tanδ shows six peaks 
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that move from lower to higher frequencies with increasing temperature (Figure 4.11c and d). 

The two weakest peaks are an α event that is present in the high frequency side of the intense 

peak at medium frequencies and a very weak relaxation βPMB which is found at the highest 

frequencies and lowest temperatures. These events are also visible as peaks in the ε′′ surface 

(Figure 4.11b) and three of them are clearly seen as inflection points in the ε′ surface (Figure 

4.11a).  

 

Figure 4.10 Molecular dielectric relaxations of the [PVBTMA][Br]-b-PMB membrane. The α-
mode corresponds to the diffusion of conformational states along PMB backbone chains 
(segmental motions) in hydrophobic block; the βPMB-mode is the local fluctuation of the MB 
repeat units; β1- and β2-modes are the fluctuations of the local dipole moments of the tolyl and 
benzyl trimethyl ammonium side groups, respectively, in the hydrophilic block. 
 

The four high frequency events seen in Figure 4.11, which have permittivity values less 

than 102, are assigned to molecular relaxation phenomena. The two highest frequency relaxations 

(α and βPMB) are associated with the PMB blocks. The higher frequency event, βPMB, is 

associated with the local fluctuation of the dipole moment of the methylbutylene repeat units, 

while the lower frequency event, α, is assigned to the segmental motion of the PMB blocks. 

Similar relaxations have been previously assigned in polybut-1-ene[132]. The other two 

molecular relaxations, β1 and β2, occur with slower dynamics and are associated with the local 
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fluctuations of the dipole vectors of the tolyl (4-methylstyrene) and functionalized quaternary 

ammonium side groups ([VBTMA][Br]), respectively, of the hydrophilic block. It should be 

noted that the α-relaxation associated with the segmental motion of the [PVBTMA][Br] blocks 

cannot be discerned at lower frequencies from the experimental spectrum as it is likely covered 

by the much higher permittivity values of the polarization phenomena. 

The two lowest frequency events, which have permittivity values between 102 and 106, 

are associated with polarization phenomena. The lower frequency polarization, σEP, is assigned 

to the electrode polarization (EP) phenomenon, which is caused by the accumulation of charge at 

the membrane-electrode interface when using of blocking measurement electrodes[85]. The 

higher frequency polarization, σIP, is associated with an interdomain polarization phenomenon 

(IP). IPs are the result of the accumulation of charge at the interfaces between nanodomains in 

the bulk membranes characterized by different permittivities[85]. In the [PVBTMA][Br]-b-PMB 

membrane, the IP is associated with charge accumulated at the interface between the polar 

domains based on [PVBTMA][Br] blocks and the nonpolar domains due to the separation of the 

PMB block polymer fragments.  

The three-dimensional ε′, ε′′ and tanδ surfaces and the contour map of the wet 

[PVBTMA][Br]-b-PMB are shown in Figure 4.11. The permittivity values are as much as four 

orders of magnitude larger than those in the dry membrane in Figure 4.9. Five relaxation events 

can be discerned in the tanδ surface of the wet membrane (Figure 4.11c and d). However, the 

phenomenological origin of some of these events is different than in the dry membrane. The two 

highest frequency relaxations are assigned to the β-relaxations of the tolyl and benzyl trimethyl 

ammonium side groups in the hydrophilic blocks, β1 and β2, respectively, confirmed later. The 

three lower frequency relaxations are associated with polarization phenomena σIP,1, σEP and σIP,2. 
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The lowest frequency polarization, σIP,2, has a much lower intensity in tanδ and occurs with much 

slower dynamics. A comparison with the electric response of the dry membrane allows us to 

assign two types of IP, σIP,2, and σIP,1 to the wet AEM. 

 

Figure 4.11 Three-dimensional ε′ (a), ε′′ (b) and tanδ surfaces (c) and contour (d) plots of wet 
[PVBTMA][Br]-b-PMB 250-590-89.4 membranes. Thermal transitions Tg, Tm and Tδ are 
marked in (d). 
 

There are two other key points that can be seen in examination of these 3D surfaces. The 

first comes from the observation that a significant drop in the permittivity occurs at medium and 

low frequencies above 85 °C in the wet membrane, which corresponds to the Tδ transition 

previously mentioned for the dry membrane. In this temperature region the electrical response is 

dominated by the polarization phenomena. Therefore, a reduction in the permittivity in this 

region of the spectrum is related to a decrease in the ionic conductivity (Figure 4.12a and b) 

which is likely prompted by a transition in hydrophilic domain. It is hypothesized that this event is 
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a structural rearrangement of the –TMA+Br− side groups of different chains having oriented opposite 

directions (as illustrated in Figure 4.13) and results in an ordering of the ion pair dipole moments.  

Above Tδ, the interaction of these ion pairs results in a significant reduction of the density of charge 

carriers (Br− anions) free to move in the hydrophilic domains. The Tδ event in the dry membrane was 

observed at a higher temperature (ca. 115 °C). The decrease of the Tδ temperature in the wet 

membrane is explained if we consider that in the hydrophilic domains water molecules act to form 

solvation shells around –TMA+Br− polar side groups, plasticizing the hydrophilic domains and 

facilitating the reciprocal movements of the polar side chains. 

 

Figure 4.12 Three-dimensional conductivity surface (a) and the contour plot (b) of σ′(ω) profiles 
of wet [PVBTMA][Br]-b-PMB 250-590-89.4 membranes. Dependence of conductivity σi (σi = 
σEP, σIP,1 and σIP,2) on the inverse of temperature (1/T) (c). σi values are determined by fitting 
simultaneously the profiles of σ*(ω), ε*(ω) and tan δ(ω) with Equation 4.2. σi versus 1/T curves of dry 
and wet samples in I, II, III and IV regions, delimited by thermal transitions Tg, Tm and Tδ, are fitted 
by Arrhenius-like behaviors (c). 
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Figure 4.13 Proposed disorder–order transition, Tδ, in hydrophilic domains. At Tδ the randomly 
oriented ion-pair local dipole moments (ip-μ)(blue arrows) of R-TMA+Br− side groups align and 
are ordered together coupling the ip-μ's of different backbone chains. 
 

The second key point from the examination of the 3D surfaces is that there is only a small 

increase in the permittivity associated with the melting of water (Tm). This is very different from what 

is observed for Nafion® and the 3M PFSA membrane. In these PEMs, a large step increase of several 

orders of magnitude occurs at 0 °C [85, 88, 97] and corresponds to a change in the conductivity 

mechanism from an Arrhenius to a Vogel–Tammann–Fulcher (VTF) form due to the very mobile 

side-chains in PFSAs[88]. The lack of such an increase in [PVBTMA][Br]-b-PMB  suggests that the 

change of state of water embedded in the membrane does not lead to a significant modification of its 

properties and mechanism of conduction because the polymer is more rigid. No molecular relaxations 

associated with PMB blocks are visible in the wet membrane. 

Modeling of BES spectra: The parameters used to quantify the electric response are 

determined by fitting the real and imaginary components of the permittivity and conductivity 

profiles of the BES measurements by a suitable model over a range of temperatures and 

frequencies. These parameters are crucial to elucidate the mechanism of conduction within the 
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material especially when combined with results from techniques such as SAXS, DSC, and DMA. 

The most important parameters describing the overall electric response of the wet materials are: 

the conductivity values which are associated with the polarization events, the dielectric strengths, 

and the characteristic relaxation times of molecular relaxation modes. 

A careful determination of all the parameters is obtained by fitting simultaneously all the 

experimental profiles of ε*(ω), σ*(ω) and tanδ(ω), with the model described by Equation 4.2.  

 ∗ ( ) =  − ( ) + ∑ ( )[ ] +  ∑ ∆[ ]  (4.2) 

where the first term describes the residual conductivity that occurs at frequencies significantly 

lower than that can be experimentally measured (σ0 is the background conductivity at very low 

frequencies and ε0 is the permittivity of the vacuum), the second term describes the polarization 

phenomena, the third term represents the molecular relaxations through a Cole–Cole type 

equation[85], the variables σj and τj are the conductivity and relaxation time associated with the 

jth event, while γj is a shape parameter that describes the broadness and asymmetry of the j-th 

peak, the variable k corresponds to the dielectric relaxation events βPMB, α, β1 or β2, ω = 2πf is 

the angular frequency of the electric field, τk is the relaxation time of the k-th event of intensity 

Δεk, and νk is the shape parameter bound to the distribution of the relaxation times associated 

with the k-th event. 

 The 3D σ′(ω) surfaces (Figure 4.12a) demonstrate that the electric response of the wet 

membrane is mostly dominated by the polarization phenomena described above by the second 

term of Equation 4.2. The conductivity σ′(ω) contour plot (Figure 4.12b) and the values of 

log(σi) are reported as a function of reciprocal temperature in Figure 4.12c, show four 

conductivity regions (I, II, III and IV) which are delimited by the thermal transitions at Tg, the 

melting point of water (Tm), and the order–disorder transition (Tδ) discussed above. 
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There is a difference of 6 to 12 orders of magnitude between the wet and dry 

conductivities of [PVBTMA][Br]-b-PMB. In this material, water acts to solvate the ammonium-

bromide ion pairs, reducing the electrostatic interactions between ip-μ of different side chains 

and increasing the mobility of both of the anion and of the –TMA+ polar side chains (the 

plasticizing effect of water). The dry conductivity σIP,1 increases from 2.5 × 10−14 at 5 °C to 2.0 × 

10−8 at 115 °C and shows a very strong thermal dependence (see Figure 4.12c). In general, in 

polymers, the conductivity associated with the electrode polarization (σEP) characterizes the 

“bulk conductivity” (σT) of the material[88-90, 92]. However, in dry [PVBTMA][Br]-b-PMB, 

the interdomain polarization σIP,1 is within one order of magnitude of the conductivity associated 

with the electrode polarization σEP (Figure 4.12c), and as a result provides an important 

contribution to the overall conductivity (σT = σEP + σIP,1). Both σIP,1 and σEP follow Arrhenius 

behavior characterized with very high Ea in all conductivity regions. Arrhenius behavior 

indicates that in the dry membrane, the conduction proceeds via percolation migration pathways 

where the mobile species (Br-) moves from one coordination site to the next via an exchange 

processes. 

As shown in Figure 4.12c, wet [PVBTMA][Br]-b-PMB is characterized by three 

conductivities, σIP,1, σEP, and σIP,2. All three conductivities exhibit Arrhenius behavior both above 

(III and IV) and below the melting point of water (I and II). This indicates that in all temperature 

regions, as in the dry [PVBTMA][Br]-b-PMB membrane, the conduction pathway is correlated 

with anion exchange processes between different interaction sites through elementary hopping 

events. As was noted above, this is different from the behavior that is exhibited by Nafion®, 

where the melting of the water is associated with a change in behavior from an Arrhenius to a 

VTF form[88]. This evidence suggests that in the [PVBTMA][Br]-b-PMB membrane the matrix 
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is more rigid and the dynamics of the hydrophobic backbone matrix is not as significantly 

correlated with the long range charge migration processes. Over the entire temperature range, the 

values σIP,1 and σEP have the same order of magnitude but different relaxation time. This 

phenomenon reveals that there are two different pathways of conduction through the hydrophilic 

domains that follow different physical mechanisms with different relaxation frequencies.  

The conductivity σIP,2 is associated with an IP phenomenon. The dynamics of this 

conduction process is slower and is characterized by a higher Ea than either σIP,1 or σEP. σIP,2 

likely follows a percolation pathway along the A/B interface of the polar domains and the 

hydrophobic PMB domains and is not relevant to the total conductivity. The presence of at least 

one IP in both the wet and dry membrane supports the interpretation of the SAXS data that the 

[PVBTMA][Br]-b-PMB membrane has a well-ordered phase separated morphology. 

As previously discussed (Figure 4.13) the conductivity is reduced above Tδ likely due to 

the decrease of the density of the “free to move” Br− anions. We hypothesize that this event 

occurs when a disorder–order reorganization phenomenon in the hydrophilic domains takes place 

by means of strong electrostatic interactions between ip-μ's which localize the Br− anions. The 

conductivity σEP cannot be detected above Tδ, which suggests that the σEP conductivity pathway 

is more closely associated with the anion dissociation process coupled with the local disorder of 

the ammonium polar side groups than the σIP,1 conductivity pathway is. By considering the 

behavior of σIP,1 and σEP in all four temperature regimes, it can be hypothesized that σEP is 

associated with a percolation pathway through the bulk polar domains, while σIP,1 involves a 

percolation pathway along the interface between the bulk polar domains and the vinylbenzyl 

ammonium groups. This assignment is corroborated later through calculation of average 

migration distance, <ri. The bulk polar domains are more affected by the melting of water 
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compared to the interface, so the decrease of activation energy seen in σEP supports the 

assignment to a conductivity pathway through the bulk domain 

Assignment of relaxations: The dependence of the relaxation frequencies and dielectric 

strengths of the molecular relaxation events on reciprocal temperature is shown in Figure 4.14a 

and b, respectively. These results allow us to confirm the assignments of the molecular 

relaxations summarized in the illustration in Figure 4.10. In the dry [PVBTMA][Br]-b-PMB 

membrane, four molecular relaxations are detected. The βPMB and the α relaxations are 

characterized by the lowest dielectric strength (Figure 4.14b) and the highest frequencies (Figure 

4.14a). Both of these relaxation events are associated with the PMB blocks in the hydrophobic B 

domains. The βPMB is associated with the local dipole fluctuations of the methylbutylene repeat 

units. The dielectric strength of α only slightly increases with temperature (Figure 4.14b). The 

values of log fα (Figure 4.14a) follow a VTF dependence up to about 35 °C (regions II and III) 

with a pseudo-activation energy of 11 ± 1 kJ mol−1. The VTF dependence, which indicates that 

the relaxation mode is associated with the dynamics of the main polymer chain[92], supports the 

assignment of α to the segmental motion of the PMB main polymer chains. The pseudo-Ea 

associated with α is about an order of magnitude smaller than the Ea of the conductivity (Figure 

4.15). This disparity suggests that the segmental motion of the PMB blocks of the B domains has 

little impact on the overall conductivity.  

The two lower frequency molecular relaxations in the dry membrane, as previously 

discussed, are associated with the fluctuations of the dipole vectors of the benzyl (β1) and 

quaternary ammonium moieties in the side groups of the hydrophilic domains (ip-μ of β2). These 

are the only two relaxations that are detected in the wet membrane. Under both wet and dry 

conditions, the β1 and β2 relaxations follow Arrhenius behavior as is normal for the dipole 
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fluctuations of the side groups (Figure 4.14a)[85]. The β1 relaxation has a higher characteristic 

frequency and a significantly smaller dielectric (Δε) strength than the β2 relaxation (Figure 4.14a 

and b). Applying the theory of Debye improved for polymers by Onsager, Froelich and 

Kirkwood[133], Δε is proportional to the square of relaxing dipole moments. Thus for the β1, 

which is associated with the benzyl moiety, the dipole is expected to be much smaller than for 

the β2 mode which is of the cationic side chain. The relaxation times of the β1 mode are 

consistent with those of β relaxation in polystyrene[132]. 

 

 

Figure 4.14  Dependence on the reciprocal of temperature of relaxation frequencies (a), fr,i, and 
dielectric strengths (b), Δεr,i, of both wet and dry [PVBTMA][Br]-b-PMB 250-590-89.4 
membranes in I, II, III and IV regions. fr,i vs. 1/T curves present Arrhenius-like behaviors. α – 
relaxation in the II and III region shows a VTF-behavior. 
 

Activation Energy Correlations: A comparison between the values of Ea associated with 

both the relaxation frequencies and the conductivities is given in Figure 4.15 for each of the 

regions I, II, III and IV in increasing temperature. In all regions, the Ea values of the 

[PVBTMA][Br] β modes are very close to those of the σi conductivities in the dry membrane. 

The agreement between these values suggests that the mechanism of conduction, which takes 



 84

place due to the exchange processes of anions between interaction sites in the hydrophilic 

domains: (a) is decoupled from the motion of the main backbone polymer chains (segmental 

motion); and (b) is influenced by the motion of the [PVBTMA+][Br−] side groups. In the wet 

membrane, the Ea values associated with the β1 and β2 are similar to those found for the wet 

conductivities below 0 °C (regions I and II in Figure 4.15). In this temperature regime, the 

dynamics of the water molecules is significantly inhibited, so the dynamics of the 

[PVBTMA+][Br−] side groups provide a significant contribution to the overall mechanism of 

conduction. In region III (above 0 °C and below Tδ) the dynamics of the side groups: 

 (a) are decoupled from the charge transfer phenomena responsible for the conductivity 

pathway σEP (the Ea of σEP is one order of magnitude lower than that of β1 and β2).  

(b) are correlated with the charge migration processes involved in the interdomain σIP,1 

and σIP,2 conductivity pathways (the Ea values of β1 and β2 are of the same order of magnitude of 

σIP,1 and σIP,2).  

 

Figure 4.15 Activation energies (Ea,i) of σi (σi = σEP, σIP,1 and σIP,2) and fr,i dielectric modes (i = β1 
and β2) in regions I, II, III and IV. The compared values are determined by fitting the data of 
Figure 4.12c and Figure 4.14a with an Arrhenius-like equation[92]. 
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Diffusion Coefficients and Average Migration: Further insights into the role played by the 

local dynamics of ip-μ in the previously described conductivity pathways is obtained by 

correlating the diffusion coefficient of σEP (DEP) and σIP,1 (DIP,1) with the frequency of the β2 

relaxation mode for both the wet and dry membranes (Fig. 10). DEP and DIP,1 are determined as 

described in Chapter 2 by using the following Nerst–Einstein equation (Equation 4.3)[93]. 

 =  ∙ ∙ ∙⁄  (4.3) 

where =  ∙ =  ∙ [ + ∑ ][ + ∑ ]  

R is the gas constant, T is the absolute temperature, σi are the σEP or σIP,1 conductivity values, F is 

the Faraday constant, nBr is the concentration of Br− anions, φ is the total anion exchange 

capacity, mpol is the mass of the main polymer block (in this case that of the PMB block), mi is 

the mass of the other i-th blocks, ρpol and ρi are the values of the density of the main and the i-th 

block polymer, respectively. The d values are obtained using the parameters reported elsewhere 

by the synthetic chemist of the material: ρ[PVBTMA][Br] = 1.325 g cm−1; ρP4MS = 1.04 g cm−1 and 

ρPMB = 0.9 g cm−1[126]. 

For both the dry and wet membranes, the dependence of DEP and DIP,1 on the relaxation 

rate of the β2 mode shows two distinct linear correlations which are satisfactorily fit (χ2 ∼ 0.9) by 

the Einstein–Smoluchowski equation (solid lines, Figure 4.16): 

  = =  ∙ ∙ f =  , f  (4.4) 

where D0,i = π·<r0>2/3, τ the average time for the relaxation of ip-μ, and <r0> is the mean anion 

migration distance occurring at the Tg of the membrane or at a β2 frequency (fβ2) of 1 Hz. The 

good fit of Di vs. fβ2 vs fconfirms indicates that in the hydrophilic domains the local fluctuations 

of the ip-μ's (β2) play a crucial role in the modulation of the long range Br− migration processes. 

In the dry membrane, the value of the mean migration distance at Tg (where the configurational 
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entropy is minimized) <r0> =0.82 Å, which corresponds to the average separation distance 

between van der Waals radius of cations and anions in polar side chains (as confirmed by DFT 

calculations), demonstrates that bellow Tg no Br− exchange events between side groups are 

expected. In the wet membrane, the value of <r0> =5.82 Å indicates that the anion is solvated 

and that the exchange of the [Br·(H2O)n] complexes between –TMA+ cationic side groups, which 

are separated by an average distance of ca. 7.3 Å, is probable. Figure 4.16 shows that in the wet 

material, the Di vs. fβ2 behavior is shifted to higher Di values by about two orders of magnitude in 

comparison to the dry membrane. This indicates that water molecules facilitate the migration of 

the anion. 

  

Figure 4.16 Correlation of Dσi (σi = σEP and σIP,1) with the fβ2 relaxation mode for dry and wet 
[PVBTMA][Br]-b-PMB 250-590-89.4 membranes. Dσi values calculated as described in the text. 
Solid lines show the Einstein–Smoluchowski-like fits obtained using Equation 4.4. Parameters 
D0i, <r0> and χ2 are reported where χ2 is the correlation coefficent.  
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Further insights into the conductivity mechanisms are obtained by analyzing the 

dependence on temperature of the average anion migration distance of both the electrode 

polarization and the interdomain polarization phenomena, <rEP> and <rIP,1> respectively (Figure 

4.17). <rEP> and <rIP,1> are calculated using the Einstein–Smoluchowski (Equation 4.5), as 

summarized in Chapter 2 and  Di Noto et al. [134]. 

  = 6 ∙ ∙  (4.5) 

where the Di values are reported in Figure 4.16 and, τj, are the relaxation times of the EP and IP 

polarization events determined by the fitting of the data to Equation 4.2. 

 

 

Figure 4.17 Dependence of the average Br− migration distance, <ri>, (i = EP and IP,1) on fβ2 the 
relaxation mode for dry and wet [PVBTMA][Br]-b-PMB 250-590-89.4 membranes. <ri> values 
are evaluated as described in the text. 
 

As the temperature rises, <rEP> and <rIP,1> increase for both the dry and wet membranes, 

confirming that the charge migration process is a thermally stimulated event (Figure 4.17). In 
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region III (T = 0 to 80 °C), <rEP> increases exponentially, from 70 to ca. 130 nm and from 0.5 to 

ca. 50 nm for the wet and dry membranes respectively. These observations are consistent with 

the SAXS results described above, for which the wet and dry membrane at 60 °C present an 

inter-lamellar d-spacing of 105 and 45 nm, respectively. This observation suggests that along the 

σEP conductivity pathway, the charge migration mechanism consists of Br− exchanges between 

water clusters over length scales larger than the width of hydrophilic lamellar domains. In the 

[PVBTMA][Br]-b-PMB membrane, the volume of the membrane where the anion can be 

considered delocalized on the time scale of the exchange processes responsible for the long range 

charge migration is defined as the delocalization body (DB). As elsewhere defined, a DB in these 

materials = is the volume of hydrophilic polymer impregnated by H2O. The DB concept was 

recently proposed for proton conducting membranes[91]. These DBs in the membranes at low 

hydration levels or at low temperatures are smaller than the total volume of the hydrophilic 

domains. As the membrane hydration level rises, the DB increases in size, wetting the entire 

hydrophilic domain in the fully hydrated or swelled membranes.  

In region III, up to the Tδ transition, <rEP> increases from 3 to ca. 5 nm and from 0.1 to 

0.6 nm, respectively, for the wet and dry membrane (Fig. 11). This indicates that for σIP,1: (a) in 

the wet membrane, there is a percolation pathway where the anion is exchanged between 

[Br·(H2O)n]− clusters neutralizing the –TMA+ side chains; and (b) in the dry membrane, if we 

consider that the structural average distance between the polar side chains is ca. 0.7 nm (as 

determined by DFT calculations), there is a percolation pathway formed by simple anion 

hopping processes between neighboring polar side chains. 

Overall Conductivity Pathways: The BES results merged with structural and thermo-

mechanical information are useful to explain in a reasonable manner the mechanisms governing 
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the overall conductivity mechanism in the dry and wet [PVBTMA][Br]-b-PMB membranes 

(Figure 4.18). If we consider that σIP,2 ≪ σIP,1, the overall conductivity (σT) of both the dry and 

fully hydrated [PVBTMA][Br]-b-PMB membrane is the superposition of two concurrent 

conductivity pathways, σT = σEP + σIP,1, which are associated with two different physical 

phenomena.  

σIP,1 is a pathway where concerted exchange of anions between –TMA+ cations takes 

place. In wet membranes Br− is exchanged between [Br·(H2O)n]− anionic water complexes 

neutralizing the –TMA+ side chains. These phenomena are assisted by: (a) β2 relaxation, i.e. the 

dynamics of ip-μ dipoles; and (b) the stability and structural features of the [Br·(H2O)n]− anionic 

water complexes closely interacting with –TMA+ cations for the membrane in the hydrated state. 

σEP is a conductivity pathway where Br− is exchanged between the different DBs present 

in the hydrophilic domains of the bulk membranes. 

 

Figure 4.18 Proposed conduction mechanism for [PVBTMA][Br]-b-PMB membranes. σEP and 
σIP,1 are the two conductivity pathways discussed in the text. ε1 and ε2 are the permittivity of 
hydrophobic PMB blocks and hydrophilic blocks, respectively. 
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SAXS Follow-Up: Tδ
 appears to be a general phenomenon associated with anion exchange 

membranes of this class. In order to test our theory that the Tδ transition is an ordering of dipoles 

in the hydrophilic domain of the polymer, we performed SAXS in liquid water as a function of 

temperature for a sample of another polymer in this series [PVBTMA][Br]-b-PMB n=29.6 and 

m=71.5 kg/mol, DF=89.4% and IEC of 1.94 mmol g-1. The SAXS profile, with intensity 

normalized to the primary (low q) peak clearly shows the expected peaks of a material giving 

long-range lamella order with swollen lamella spacing of 64 nm ( 

Figure 4.19). Intriguingly we can see that the higher order peaks show several isoscattering 

points as the temperature is increased from ambient to 80 °C, while the position of the primary 

peak only varies slightly. This indicates that the electron density is heterogeneously distributed 

across the channel and is changing with temperature.  

 

Figure 4.19 SAXS patterns for [PVBTMA][Br]-b-PMB with 250-590-89.4 membrane in wet 
conditions as function of temperature. d values equal to 2π/Q 
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Unfortunately, the primary peak is too close to the beam stop to be fully analyzed, but we 

can background correct and deconvolute the higher order peaks in order to analyze their position 

and intensity (example in Figure 4.20 and Figure 4.21). Examination of the peak position (dx) 

and intensity (A) consistently shows a break at ca. 50 °C, with a rapid rise of the property up to 

the transition temperature and then a slower change in the property over higher temperatures 

(Figure 4.21). The temperature of the transition does not exactly match that of the transition in 

BES, likely due to a difference in the rate of heating. However, this transition is consistent with 

Tδ and further evidence of a disorder-order transition, where dipole attractive forces increasingly 

pull disordered dipoles together as temperature increases, eventually slowly forming clusters 

above the transition temperature. These clusters then continue to expand above Tδ at a slower 

rate . 

 

Figure 4.20 An example of baseline correction (a) and curve decompositions (b) for SAXS of 
[PVBTMA][Br]-b-PMB n = 29.6 and m = 71.5 kg/mol, DF 89.4% membrane in wet conditions 
at 30 °C. 
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Figure 4.21 Area (a) and dimension (b) of the 2q feature and area (c) and dimensions (d) of the 
3q and 4q features from SAXS of [PVBTMA][Br]-b-PMB n = 29.6 and m = 71.5 kg/mol, DF 
89.4% in wet condition. 
 
4.4 Conclusions 

 A new block copolymer AEM, Poly (vinyl benzyl trimethyl ammonium bromide)-b-poly 

(methylbutylene) ([PVBTMA][Br]-b-PMB), was synthesized, and solvent cast into membranes. 

The membranes were flexible and relatively easy to handle, confirming the advantage of a low 

Tg hydrophobic block versus previous polystyrene block-copolymers. Bromide conductivity 

reached 0.4 S cm-1 in several membranes above IEC 1.4, demonstrating that the ordered, phase-

separated morphology produced efficient pathways for ion conduction through the material. 

Morphology was studied with humidity controlled SAXS experiments, where lamellar 

morphology was observed across all levels of hydration with d-spacing changing from 45 to 97 
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nm as the hydration of the membrane changes from the dry to the wet state at 60 °C. Significant 

domain size swelling was only seen after membranes were soaked in liquid water.  

HR-TG, MDSC, and DMA studies show that the membrane is thermally stable up to ca. 

140 °C. Two main thermal transitions are present: (a) a glass transition at Tg = −51 °C; and (b) a 

new unexpected transition (Tδ) which decreases from ca. 115 to ca. 85 °C on going from the dry 

to the wet membrane. Tδ is hypothesized to be a solid-state structural rearrangement which takes 

place in the hydrophilic domain when strong electrostatic interchain interactions between ion-

pair dipole moments (ip-μ's) occur. Follow-up SAXS experiments over varied temperature were 

performed to further investigate this transition. The phenomenon responsible for Tδ plays a 

crucial role in modulating the properties of membranes, and results in a dramatic decrease in Br- 

conductivity. 

The analysis of the electric response of the membrane in terms of complex ε*(ω), σ*(ω) 

and tanδ(ω) is performed by BES studies. In the dry membrane, three polarization events (σEP, 

σIP,1 and σIP,2) and four molecular relaxations (α and βPMB) modes for PMB blocks of B domains; 

β1 and β2 modes for the relaxations of the benzyl and polar quaternary ammonium (ip-μ side 

chains, respectively, in hydrophilic domains) are revealed. Furthermore, for the fully hydrated 

[PVBTMA][Br]-b-[PMB] membrane, evidence is seen for the following phenomena: (a) four 

conductivity regions (I, II, III and IV) delimited by the thermal transitions (i.e. Tg, Tm, and Tδ); 

(b) two polarization events at T > 0 °C (σEP and σIP,1), which dominate the electric response; and 

(c) two dielectric relaxations at T < 0 °C (β1 and β2), which are superimposed with the σEP, and 

σIP,1 polarizations at these temperatures.  

It is revealed that the overall conductivity of the [PVBTMA][Br]-b-[PMB] membrane is 

the combination of two conductivity percolation pathways (σT = σEP + σIP,1) modulated by the 



 94

dipole moment fluctuations of the polar side groups (β2 mode) in the hydrophilic domains. In 

detail, σEP and σIP,1 are two types of physically different percolating long range charge migration 

pathways. In σIP,1 the long range Br− migration occurs by a concerted exchange of anions 

between –TMA+ cations. These events are correlated with the structure of anion-H2O 

coordination processes and with the dynamics of the β2 mode. In the σEP percolation pathway, 

the long range charge migration processes occur by Br− exchanges between different 

delocalization bodies (DBs) present in the hydrophilic domains. The results reported here are of 

crucial importance to understand the phenomena modulating the properties of alkaline 

membranes for electrochemical applications and provide a diagnostic background to use for 

improving these materials. 
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CHAPTER 5  

INTERPLAY BETWEEN SOLID STATE TRANSITIONS AND RELAXATIONS IN 

POLY(VINYLBENZYLTRYMETHYLAMMONIUM)-B-POLY(METHYLBUTYLENE) 

HYDROXIDE EXCHANGE MEMBRANES FOR ELECTROCHEMICAL APPLICATIONS 

This chapter is a reformatted version of a paper submitted to 

Journal of the American Chemical Society 

Keti Vezzù,10 Ashley M. Maes,10 Federico Bertasi,11 Enrico Negro, 11 Andrew R. Motz,11 Tsung-

Han Tsai, 11  E. Bryan Coughlin, 11 Andrew M. Herring, 12 

and Vito Di Noto.12 

Abstract 

Anion-exchange membranes (AEMs) consisting of poly (vinyl benzyl trimethyl 

ammonium)-b-poly (methylbutylene) of three different ion exchange capacities (IECs), 1.14, 

1.64, and 2.03 meq g-1, are studied by high-resolution thermogravimetry, modulated differential 

scanning calorimetry, dynamic mechanical analysis, and broadband electrical spectroscopy in 

their OH- form. The thermal stability and transitions are elucidated, showing a low temperature 

Tg and a higher temperature transition hypothesized to be a disorder-order transition, Tδ, which 

depends on the IEC of the material.  The electric response is analyzed in detail, allowing the 

identification of three polarizations (only two of which contribute significantly to the overall 

conductivity, σEP and σIP,1) and two dielectric relaxation events (β1 and β2), one associated with 

the tolyl side groups (β1) and one with the cationic side chains (β2). The obtained results are 

integrated in a coherent picture and a conductivity mechanism is proposed, involving two distinct 

                                                 

10 Equally contributing primary author and researcher 
11 Co-author 
12 Author for correspondence, advisor 
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conduction pathways, σEP and σIP,1. We hypothesize that a reordering of the ion pair dipoles is 

responsible for the Tδ at temperatures higher than 20°C, which results in a dramatic decrease of 

the ionic conductivity. Clustering is highly implicated in the higher IEC membrane in the 

hydroxyl form, which reduces the efficiency of the anionic transport. 

5.1 Introduction 

 AEMs are well established as separators. After 2005 when Varcoe and Slade proposed 

that specifically designed AEMs could be used in an AEM fuel cell[11], interest has rapidly 

grown in the use of these materials in a variety of electrochemical energy conversion devices 

such as fuel cells, electrolyzers, or redox flow cells[18]. For these devices to work at their 

highest power densities it is necessary to design materials in which anion transport is maximized 

and water transport optimized for the particular application. The catholyte and anolyte in a redox 

flow battery are aqueous, and the membrane should maintain the concentration on both sides, in 

an electrolyzer water transport should be minimized, as removing water from the produced 

hydrogen is expensive, and in a fuel cell while water is a reactant on the cathode for system 

simplicity it should be provided by back diffusion from the anode[18]. For these reasons, 

fundamental studies of anion and water transport and their relation to the chemistry and 

morphology of the polymer are extremely important so that polymer design for next generation 

AEMs can incorporate this learning.  

 To date there are a limited number of detailed studies on anion and water transport in 

AEMs and very few have appeared where hydroxide is considered. Those available include the 

contrasting works on a soft non-crosslinked membrane based on the commercial FAA-3 

chemistry designed by FUMATECH BWT GmbH for a fundamental study[51], a rigid electron-

beam-benzyl trimethyl ammonium grafted ETFE material designed to be a practical material 
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with high anionic conductivity with little swelling[47], and a block co-polymer 

polyphenyleneoxide-b-poly[vinylbenzyltrimethylammonium] (PPO-b-PVBTMA) that phase 

separates into a bicontinuous phase[135]. This research represents some of the first values 

reported for pure hydroxide conductivity in humidified CO2 free gases. To date the established 

conclusion is that hydroxide is fully dissociated with adequate hydration and that differing 

amounts of water are taken up by the film depending on the counter anion. This gives rise to 

different ionic conductivities at the same water activity[51]. The hydroxide conductivity for the 

softer materials based on FAA-3 reaches a maximum of ca. 60 mS cm-1 with adequate hydration 

at 25 °C, and shows an ionomer peak in the small-angle X-ray scattering (SAXS) spectra that 

swells on a log scale to the half-power, indicating swelling is in only two dimensions[51]. The 

hydroxide conductivity of the material based on ETFE reaches a maximum of 132 mS cm-1 at 

80 °C and 95% RH and shows no peaks in the SAXS[47]. The hydroxide conductivity of the 

PPO-b-PVBTMA reaches 138 mS cm-1 at 80 °C and 95% RH, similar to that of the radiation 

grafted ETFE material[135]. These studies primarily use ionic conductivity, primarily in-plane, 

and diffusion as measured by electrochemical impedance and tracer diffusion from pulse field 

gradient spin echo (PGSE) NMR to correlate transport with water uptake data and morphology 

inferred from SAXS. However, the conductivity measured is that of the bulk material and is not 

well correlated with the actual atomic level movement of the polymer, ions and water. The 

PGSE-NMR timescale is on the order of ms, only probing diffusion over the nm length scale. In 

order to probe material from the molecular to the nm scale, to obtain mechanistic information, 

we use broadband electrical spectroscopy (BES) that covers low frequency to GHz. Because of 

this wide range of frequency, BES enables all of the relaxations, both mechanical and ionic, to be 

probed at the molecular level and interpreted in the polymer system. 
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 Increasing the IEC of an AEM without structuring it or cross-linking does not increase 

anionic conductivity beyond a certain point as the ions cluster[136]. The concept of using block 

polymers to create advantageous nanostructured phase separation has been applied to proton 

conducting membranes successfully for some time to increase proton conductivity[137]. In the 

last 5 years the use of block polymers to produce nano-structured morphologies for improved 

anion and water transport properties in AEMs has seen a large increase in activity. A large 

variation of cationic blocks have already been utilized, with recent examples such as poly 

vinylbenzyltrimethylamonium[138-140], poly(arylene ether sulfone) blocks with multiple 

quaternary ammonium groups[141], poly 2-vinyl n-methylpyridinium [142], polymerized ionic 

liquids [143], poly(2-acryloxy)ethyltributylphosphonium[144], poly(diallylpiperidinium 

hydroxide)[145, 146], or polymethylstyrene functionalized with poly tris(2,4,6-

trimethoxyphenyl)phosphine[146] paired with the usual hydrophobic blocks such as polystyrene, 

polybutylene, polyphenylene oxide[135] and polysulfone. These phase separated materials show 

enhanced anion conductivity with varying degrees of success, and so it is still necessary to 

further elucidate the mechanism of anion conduction in phase separated materials as a function 

of not just morphology but also the mechanical relaxations and chemistry of the material. 

 In order to fully understand anionic and water transport in these materials, we designed a 

model polymer system with well-defined phase separated lamellar morphology, and with easily 

variable degree of functionalization, so that the BES measurements could be related to the 

domain length scales as measured by SAXS. The AEMs studied in this report consist of a 

poly(vinyl benzyl trimethyl ammonium)-b-poly(methylbutylene) diblock polymer with either 

hydroxide or bromide counter anions ([PVBTMA][X]-b-[PMB] where X = OH- or Br-)[126, 

147]. When this diblock polymer is cast from the correct solvent, chloroform, it phase separates 
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in to a well-defined lamellar structure. The anion-exchange block PVBTMA of the AEMs 

consists of benzyltrimethylammonium moieties. The polymer is given structural rigidity and 

flexibility by using the rubbery PMB as the hydrophobic block, allowing the membrane to 

maintain a lamellar structure while still being able to swell with water. Each membrane is 

distinguished by a different degree of functionalization (DF) with quaternary ammonium groups, 

defined as the percentage of side tolyl groups bearing an anion-exchange trimethylammoinum 

moiety. The SAXS data for this polymer system, with block lengths described in this study and 

an IEC of 2.03 mmol g-1, has been reported confirming the lamella morphology and giving a d 

spacing for the lamella from 38.9 to 42.8 nm for dry and wet conditions respectively[76]. The 

modeling of this polymer by an entirely physical model predicts that at very high water 

concentrations the water in the channel may not be homogeneously distributed[76].  

 In our previous report on the Br- form of this material (Chapter 4, [147]), we were able to 

fully assign the electric response of the material and propose a mechanism for bromide 

conduction which involves two distinct ionic pathways. Importantly we observed a thermal 

transition hypothesized to be a reordering of the ion pair dipoles at higher temperatures, and 

reported for the first time in an AEM, which was responsible for a dramatic decrease of ionic 

conductivity. We wanted to extend these studies with the model polymer system to come up with 

some basic design rules for the synthesis of future AEMs.  For this reason it was necessary a) to 

contrast ionic conductivity of bromide with that of a more dissociated hydroxide anion, b) 

understand how the interactions between side groups are correlated to the dielectric relaxations 

of backbone and side chains; change the IEC by changing the density of the side chains to see the 

effect at a short and at a long distance of the interactions between polar side chains on the 

efficiency of ionic con-ductivity; c) confirm that the presence of Tδ is not depending on the type 
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of anion composing the ionomer, but is a general phenomenon; study the correlation between  Tδ  

and the density of polar side chains in order to detect if it is a potential parameter diagnostic of 

the thermal, chemical and electrochemical  membrane  stability. These objectives are achieved 

by studying the same model polymer system at three different IECs in the hydroxide form and 

contrasting the results obtained with the Br- form of the polymer studied previously. This report 

describes the results obtained from the detailed thermoanalytical characterization of the 

[PVBTMA][X]-b-[PMB] where X = OH- or Br-. In this study the materials were studied at three 

differing DFs in the hydroxide form and compared to the data of the same polymer in the 

bromide form, by means of high-resolution thermogravimetry (HR-TG), modulated differential 

scanning calorimetry (MDSC) and dynamic mechanical analysis (DMA). Broadband electrical 

spectroscopy (BES) is adopted to determine the electric response of the membranes in the fully 

hydrated state. Once the commonality of Tδ in these materials was established, a similar polymer 

immersed in liquid water was investigate by SAXS as a function of temperature to show that 

cations in the polymer must be reordering as Tδ is passed. The interplay between the 

thermoanalytical and electrical properties of the membranes is elucidated, and a mechanism for 

the long-range charge transport is proposed. 

These studies are extremely challenging as hydroxide is a strong nucleophile and tends to 

attack polar polymer backbones and many of the organic cations that are attached to them[8]. In 

addition it is well-known that the current level of 400 ppm of CO2 found in the atmosphere easily 

reacts with the hydroxide in the AEM, yielding carbonate and bicarbonate species in the 

membrane[78]. The HCO3
- and CO3

2-anions of the carbonated AEM are much larger and less 

mobile with respect to the OH- anion[18]. Consequently, carbonation has a remarkable effect on 

the properties of the AEM, especially in regard to the electric properties and the charge transfer 
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mechanism. In practical applications, CO2 is reduced to low levels from the air fed to the 

AEMFC cathode with the specific purpose to minimize carbonation and obtain an optimal 

performance from the device. The AEMs studied in this work are manipulated in an inert, CO2-

free environment; they are never exposed to the open atmosphere to prevent carbonation. All the 

results reported here are determined on AEMs in their OH- form and compared to a previous 

study in which the AEM was in the bromide form[147].  

5.2 Experimental 

 Materials: [PVBTMA][Br]-b-[PMB] was synthesized as previously described by the 

University of Massachusetts, Amherst at DF = 41.8%, 62.9% , and 80.7%, designated A, B, and 

C respectively[126]. The final OH- exchanged A, B, and C membranes are obtained from the 

respective bromide form precursors by immersion in 1 M NaOH for a total of 20 h; they were 

then rinsed with deionized water three times over the course of a further 24 h. The entire OH- 

exchange process was carried out inside a home-made CO2 free wet box. 

 Instruments and Methods: Thermogravimetric analyses are carried out with a high-

resolution TGA 2950 (TA Instruments) thermobalance using a working N2 flux of 100 mL min-1. 

The TG profiles are collected in the temperature range between 25 and 800 °C. Ca. 5 mg of 

material is analyzed in an open platinum pan. Differential Scanning Calorimetry (DSC) 

measurements are carried out with a MDSC 2920 instrument (TA Instruments) equipped with a 

LNCA low-temperature attachment operating under a helium flux of 30 mL·min-1. 

Measurements are performed with a heating rate of 3°C·min-1 between -100 and 100°C on ca. 4 

mg of sample in a hermitically-sealed aluminium pan. Dynamic mechanical analysis (DMA) data 

are collected with a TA Instruments DMA Q800 instrument using the film/fiber tension clamp. 

The instrument was placed inside a glove bag filled with N2(g) to protect the sample from the CO2 
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in the ambient air. The temperature spectra are determined by subjecting a rectangular dry film 

sample of ca. 25 (height) mm × 6 (width) mm × 0.2 (thickness) mm to an oscillatory sinusoidal 

tensile deformation with an amplitude of 4 m at 1 Hz and with a 0.05 N preload force. The 

temperature range of -100 to 150°C, is scanned at a rate of 4°C min-1. The elastic (storage) (E’) 

and viscous (loss) modulus (E’’) are at the basis of the analysis of the mechanical response of the 

materials. Tan δ= ε”/ε’ is analyzed as a function of the temperature to evaluate the material 

damping features. Both wet and dry samples were analyzed by HR-TG and DSC, but only dry 

samples were tested with DMA, where dry samples are kept for two days under vacuum before 

the measurements, and are manipulated under Ar. They were never exposed to open atmosphere.  

 BES are collected in the frequency and temperature range from 0.01 to 107 Hz and -105 

to 120°C, respectively, using a Novocontrol Alpha-A analyzer. The temperature is increased in 

10°C steps using a homemade cryostat operating with a N2 gas jet heating and cooling system. 

The temperature is measured with an accuracy higher than ±0.4°C. The geometrical cell constant 

is determined by measuring the electrode–electrolyte contact surface and the distance between 

the electrodes. No corrections for the thermal expansion of the cell are used. The complex 

impedance (Z*(ω) = Z’(ω) + iZ”(ω)) is converted into complex conductivity (σ*(ω) = σ’(ω) + 

iσ”(ω)) and complex permittivity (ε*(ω) = ε’(ω) - iε”(ω)) using the equations σ*(ω) = k[Z*(ω)]-1 

and σ*(ω) = iωεoε*(ω), respectively, where k is the cell constant and ω = 2πf (f is the frequency 

in Hz). The wet samples are soaked in water for two hours prior to measurement and 100 μL of 

doubly-distilled water is added to the measurement cell.  

5.3 Results and Discussion 

 Composition and Thermal Stability: In this report the electric response and thermal and 

mechanical relaxations of three films of [PVBTMA][OH]-b-PMB block copolymer with the 
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formula shown in Figure 5.1 are studied. The films are investigated at increasing degree of 

functionalization (DF) or ion exchange capacity (IEC) and labeled A, B, and C with DF = 41.8%, 

62.9%, and 80.7% and IEC = 1.14, 1.64, and 2.03 meq g-1 respectively. DF is the percentage of 

the hydrophilic block (A of Figure 5.1) of the polar vinylbenzyltrimethylammonium hydroxide 

([VBTMA][OH]) side chains determined using Equation 5.1. 

 % =  [ ][ ] ( [ ][ ] +  ) ∗ 100 (5.1) 

where n[ ][ ] and n[ ] are the moles of [VBTMA][OH] and tolyl (or 4-methyl styrene, 

4MS) repeat units, respectively. 

 

Figure 5.1 Chemical structure of [PVBTMA][X]-b-PMB block copolymer membranes with X = 
Br- or -OH. A and B are the hydrophilic and hydrophobic domains, respectively. 
 
 The composition of membranes A, B and C and their basic properties are summarized in 

Table 5.1. The number of repeat units in hydrophobic (A) and hydrophilic (B) domains are m = 

989 and n=318, respectively, indicating that the thickness of the hydrophilic domain is on 

average ca. 1/3 of the entire thickness of the block copolymer lamella. This large hydrophobic 

domain, which as expected exhibits a low permittivity, acts to: a) mechanically and thermally 

stabilize the ionomer; b) provide well nanostructured percolation pathways for long range 
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efficient hydroxyl migration processes; and c) reduce the water uptake (WU), which for A, B, 

and C samples show values increasing with DF and IEC, respectively, in the order A<B<C 

(Table 5.1). Also, the increase in WU from A to C corresponds: a) only a negligible decrease of 

lambda (), where  is the number of water molecules per charge carrier, from 5.4 to 5.0; and b) 

a significant rise of the ion exchange capacity (IEC) and DF. 

Table 5.1 Composition of [PVBTMA][OH]-b-PMB block copolymer membranes. A, B and C 
are the labels adopted to indicate the various AEMs. n and m are the average moles of the 
PVBTMA and PMB subunits. DF is the degree of functionalization in the PVBTMA subunits 
and IECs are the overall ion exchange capacities of the [PVBTMA][OH]-b-[PMB] membranes. d 
is the density of dry AEMs. 

AEM 

label 

n 

 

m 

 

DF 

 / % 

IEC(a) 

 / mmol·g-1 

WU%(b) 

() 

d  

/g·cm-3 

A 318 989 41.8 1.14 12 (5.4) 0.945 

B 318 989 62.9 1.64 16 (5.2) 0.945 

C 318 989 80.7 2.03 19 (5.0) 0.945 
(a) Evaluated on the basis of DF.

 (b) WU is the water uptake determined as elsewhere reported[126] @ 

60°C and 95 %RH. (c)d is calculated by: = + ∑ ∙ + ∑ , where mpol is the mass of 
the main polymer block (in this case that of the PMB block), mi is the mass of the other i-th blocks, ρpol 
and ρi are the values of the density of the main and i-th block polymer, respectively. The d values are 
obtained using the parameters reported elsewhere ρ[PVBTMA][Br] =1.325 g∙cm-1, ρP4MS=1.04 g∙cm-1 
and ρPMB=0.9 g∙cm-1. 
 
 The HR-TG profiles of the [PVBTMA][OH]-b-[PMB] membranes in the completely dry 

state are shown in Figure 5.2. A careful inspection of the HR-TG profiles reported in Figure 5.2 

highlights several degradation events, which are attributed as follows. In the range 100 < T < 

300°C, the trimethyl ammonium anion-exchange hydroxide groups (-TMA+OH-) decompose. In 

detail, three main degradation events are observed in this temperature range, which are labeled as 

I, II, and III (inset a of Figure 5.2). We hypothesize that events I and II are due to the degradation 

of –TMA+OH- groups by the reaction I and II below, and event III is due to the elimination of 

hydrogencyanide from the residues of the polar groups (reaction III):  



 105

− ( ) ⇒ − ( ) +  ↑     ( ) − ( )  ⇒ − = +   ↑     ( ) − =  ⇒ − +  ↑     ( ) 
 As a general trend, it is observed that as the degree of functionalization (DF) of the 

[PVBTMA][OH]-b-[PMB] membranes is increased, the temperature of the thermal event III 

rises. The event III is assigned to the elimination of hydrogen cyanide from the residues of the 

polar groups. This is ascribed to a higher density of interactions that exist between different 

thermally degraded polar groups as the DF is increased. The primary degradation event (IV) is 

detected at 340 < T < 480 °C, and is attributed to the thermal degradation of poly-4-methyl 

styrene (P4MS) and polymethylbuthylene (PMB) backbone chain moieties and so it is practically 

independent of the DF (insert ii of Figure 5.2). 

 

Figure 5.2 HR-TG profiles of the three [PVBTMA][OH]-b-[PMB] membranes with IEC of 1.14 
(A), 1.64 (B), and 2.03 (C) mmol g-1 in the completely dry state, determined under an inert 
atmosphere. The insets show the dependence of the derivative of HR-TG profiles on temperature 
in regions 50-350 °C (i) and 340-500 °C (ii). 
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Figure 5.3 MDSC profiles of the three [PVBTMA][OH]-b-[PMB] membranes with IEC of 1.14 
(A), 1.64 (B), and 2.03 (C) mmol g-1 in the dry state. 
 

DMA was utilized to study the evolution of the mechanical properties of the membrane C 

(highest DF) in the completely dry state (Figure 5.5). The results show that the mechanical 

properties of the membrane C are closely dependent on the Tδ. In particular, the storage modulus 

E’ drops from 100 to 6 MPa at T ~ Tg ~ - 40°C. At T > Tg, in the dry membrane C, E’ is mostly 

related to the effect of steric hindrance in the polar domains, triggered by the dipole-dipole 

interactions between the side groups (see the upper inset in Figure 5.5). The increase observed in 

E’ at T > 15°C is attributed to the Tδ. Stronger interactions between side groups occur above the 

Tδ, leading to the observed increase in E’. This same phenomenon has been observed before in a 

polysulfone quarternized with DABCO [148], where a strong intermediate transition is seen at ca. 

160°C, which we attribute to the same Tδ. The result confirms that the mechanical properties of 

membranes are directly correlated to the inter-chain electrostatic dipole moment interactions 

which characterize the hydrophilic domains of [PVBTMA][OH]-b-[PMB] materials.   
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Figure 5.4 MDSC profiles of the three [PVBTMA][OH]-b-[PMB] membranes with IEC of 1.14 
(A), 1.64 (B), and 2.03 (C) mmol-1 in the hydrated state from -100 to 300 oC (a), in the glass 
transition region -110 to -10 oC (b), and in the Tδ region from 0 to 100 oC (c). 
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Figure 5.5 DMA results of the membrane [PVBTMA][OH]-b-[PMB] C IEC = 2.03 mmol g-1in 
the completely dry state. 
 
 Broadband Electrical Spectroscopy Studies: The electric response of the A, B, and C 

membranes is investigated by broadband electric spectroscopy (BES) in order to detect the 

influence of the DF on the: a) relaxation phenomena characterizing the [PVBTMA][X]-b-PMB 

membranes in terms of polarization events and dielectric relaxations; and b) the correlation 

existing between the thermal, mechanical, and dielectric relaxations and the conductivity 

mechanisms of the materials investigated. Only the data for the wet membranes is considered 

here. Attempts to dry the membranes resulted in brittle films. 
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 The three-dimensional permittivity, ε”(ω), surfaces of the [PVBTMA][OH]-b-PMB 

membranes in their fully hydrated state are shown in Figure 5.6. The other components of the 

dielectric response are shown in  

Figure 5.7 and Figure 5.8 to further aid in the identification of the observed features and 

transitions. We include the results from our previous study of the brominated [PVBTMA][Br]-b-

PMB membrane with IEC = 2.2 mmol g-1 as reference[147]. For the sake of clarity, the 

brominated [PVBTMA][Br]-b-PMB membrane is henceforth indicated with the label “Br”.  

 

Figure 5.6 Three-dimensional ε” surfaces of fully hydrated [PVBTMA][Br]-b-PMB and 
[PVBTMA][OH]-b-PMB membranes with IEC of 1.14(A), 1.64 (B), 2.03 (C), 2.2 (Br) mmol g-1. 
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Figure 5.7 Three-dimensional (a,c,e and g) and contour plot (b,d,f and h) of tanδ of fully 
hydrated [PVBTMA][Br]-b-PMB and [PVBTMA][OH]-b-PMB membranes with IEC of 1.14 
(A), 1.64 (B), 2.03 (C) and 2.2 (Br)  mmol g-1. 
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Figure 5.8 2D profiles of real and imaginary part of ε*(ε’, ε’’) for fully hydrated 
[PVBTMA][Br]-b-PMB and [PVBTMA][OH]-b-PMB membranes with IEC of 1.14 (A), 1.64 
(B), 2.03 (C) and 2.2 (Br)  mmol g-1. 
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The qualitative analysis of the 3D surfaces, shown in Figure 5.6, and of 2D-single 

profiles of both ε”(ω) and ε‘(ω) components of ε*(ω) (Figure 5.6 - Figure 5.8) reveals three 

polarization events. One is associated with electrode polarization and two with interdomain 

polarizations (σEP, σIP,1, and σIP,2), and two relaxation phenomena (β1 and β2) for [PVBTMA][X]-

b-PMB membranes (X = Br- and OH-) in their fully hydrated state. Assignment of the events is 

in accordance with the results reported for the [PVBTMA][Br]-b-PMB, which are included here 

only for the sake of comparison. β1 and β2, are the relaxation modes attributed to the local 

fluctuation of tolyl and benzyl trimethyl ammonium (-BTMA+) dipole moments of the side 

groups in the hydrophilic domains, respectively (Figure 5.9), confirmed later by analysis of the 

relaxation frequencies versus T-1 (Figure 5.12).  These modes peak at very low temperature and 

at high frequencies, as the water acts to plasticize the membrane facilitating the movement of the 

side chains in the hydrophilic domains. Further analysis of the spectra shows that as the 

temperature is increased above 0 °C and water melts, the ε”(ω) profiles show only a modest step-

increase of permittivity in comparison to typical perfluorinated membranes[97], indicating that 

the size of the water clusters embedded in the hydrophilic domains is significantly smaller. In the 

wet membranes, no molecular relaxations corresponding to the hydrophobic PMB blocks or the 

α-relaxation of the hydrophobic backbone of the [PVBTA] domains as they are too weak in 

comparison to the observed polarization events. In addition, a drop of permittivity is revealed at 

and above Tδ, with this transition also identified in the DMA and MDSC measurement in Figures 

5.3 through 5.5. 
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Figure 5.9 Dielectric relaxations in the [PVBTMA][X] hydrophilic domains. β1- and β2-mode are 
associated to the fluctuation of the dipole moment of the tolyl and benzyl trimethyl ammonium 
side groups. 
 
 The conductivity σ’ profiles of the [PVBTMA][X]-b-PMB membranes in the fully 

hydrated state are reported in Figure 5.10. In the σ’ profiles, three plateaus (σEP, σIP,1, and σIP,2) 

are distinguished above 0 °C, which are followed by a subsequent decrease of σ’ values toward 

the low frequency wing of the spectra, these are the polarization events. The AEMs in the 

hydroxyl form, with respect to the Br- membrane, show the frequencies of the polarization events 

shift to higher values confirming that the mobility at 25 °C of the anion in the membrane rises 

concurrently in the expected order: Br- (78.1 Ω-1cm2mol-1) < OH-(199.1 Ω-1cm2mol-1)[149]. As 

already observed in the ε” profiles, the step increase of conductivity at 0°C is limited compared 

to previous studies of perfluorinated PEMs[91], and shows that melting of water domains only 

significantly affect the σEP conductivity. This confirms that a) the size of water clusters in 

hydrophobic domains are smaller than that of the reference perfluorinated materials[91]; and b) 

two types of conductivity mechanisms are modulating the overall conductivity of AEMs.  

As reported in Chapter 4, at the Tδ, there is a decrease of conductivity of a few orders of 

magnitude. We can clearly see these transitions in Figure 5.10, where a drop in conductivity is 

seen for the bromide membranes at 85°C. The drop is much larger, several orders of magnitude 

for the hydroxide membranes and decreases in temperature with increasing DF, where T is 80, 
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40 and 30°C for membranes A, B, C with IECs of 1.14, 1.64, and 2.03 meq g-1, respectively. The 

decrease of the Tδ with DF, is explained by considering that in the hydrophilic domains as the 

density of the polar –TMA+OH- groups rises, the probability to obtain attractive interactions 

between dipole moment increases. For these reasons, it is expected that this event corresponds to 

the transitions observed by DSC and DMA (Figure 4.5), and is associated to a disorder-order 

transition involving the side groups of the [PVBTMA][X] hydrophilic blocks (Figure 5.10e). 

These interactions between polar side groups of different chains at Tδ act to localize the anion 

reducing the density of charge allowing OH- anions free movement in the hydrophilic domains, 

and so their state will affect the conductivity values. This is an important result that confirms that 

the transition at Tδ is a structural rearrangement that takes place between the polar –TMA+OH- 

side groups attached to different chains. Tδ likely depends on a number of factors, including the 

type of anion neutralizing the –TMA+ groups and the size and the shape of the water domains 

impregnating the [PVBTMA][X] blocks. 

 Analysis of the conductivity σ’ profiles (Figure 5.10), gives rise to the observation of 

several plateaus in the σ'(ω) vs f, assigned to the σIP,1, σEP, and σIP,2 polarization phenomena. The 

presence of the dielectric relaxations in σ'(ω) is recognized by the exponential increase σ'(ω) vs f 

in the high frequency part of these plots. The modes associated to the σIP,1, σEP, and σIP,2 

polarizations of the [PVBTMA][OH]-b-PMB membranes are shifted to higher frequencies with 

respect to the [PVBTMA][Br]-b-PMB membrane. This result is ascribed to the much higher 

mobility of the OH- anion in comparison with the bromide[149]. At T > 0°C, a well-defined 

high-frequency plateau of σEP is revealed, which is mostly responsible for bulk conductivity (σ0 

≈ σEP + σIP1)[92]. σ0 is higher at DF < 80% (membrane A and membrane B). 
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Figure 5.10 Three-dimensional σ’ surfaces of fully hydrated [PVBTMA][X]-b-PMB membranes, 
AEMs with X = Br- and -OH. A, B and C are membranes with an IEC of 1.14, 1.64 and 2.03 
mmol g-1, respectively. For Br, IEC is 2.2 mmol g-1. 
 
 The plots of the conductivity values associated to the polarization events for the fully 

hydrated [PVBTMA][X]-b-PMB membranes as a function of 1/T are determined from fitting as 

described in Chapter 2 and reported in Figure 5.11. Figure 5.11 shows four conductivity regions 

(I, II, III and IV) delimited by the thermal transitions detected by DSC and DMA measurements. 
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That is to say I below Tg, II between Tg and 0°C, III between 0°C and Tδ, and IV, above Tδ.  

Clearly IP,2 has an insignificant contribution to the overall conductivity and is not further 

discussed; it probably arises from a distribution of blocks that does not promote ionic 

conductivity. Linear behavior in these data sets may be interpreted by use of the Arrhenius 

equation and is independent of the polymer motions. When the data is curved the ionic 

conductivity is related to the polymer motion and is described by the Vogel-Tamman-Fulcher 

(VTF) equation below: 

 =  / exp − ( )  (5.2) 

where Aσ is proportional to the density of the carrier ions, R is the gas constant, Ea is the 

activation energy for conductivity, and T0 is the thermodynamic ideal glass transition 

temperature. This type of σ vs. 1/T behavior is usually observed in ion conducing materials 

where the dynamics of polymer backbone chains play a crucial role in promoting the long range 

migration mechanisms.  

A careful analysis, within each region, of the i behavior on 1/T allow us to identify that 

in regions I and II (at T < 0°C), 0 = EP + IP,1 with IP,1 > EP at DF > 42% (B and C 

membranes). This result indicates that at high IEC and below 0°C, the conductivity 

predominantly occurs by the exchange of anions between cations of the side chains. In region III 

(0°C ≤T≤ Tδ) it is revealed that: 

- for A and B membranes with low and medium IEC, EP > IP,1 because IP,1 is not 

detected, and 0 = IP,1 EP , thus showing that when the –TMA+ sites at the 

interfaces between hydrophobic and hydrophilic domains becomes less frequent, long 

range OH- migration processes occurs predominantly by the exchange events of 

anions between water-impregnated hydrophilic domains. In addition, the dependence 



 117

of EP on T shows typical VTF behavior[92] which demonstrates as the conductivity 

is modulated by segmental motion of the polymer matrix. 

- for the C sample, with the highest IEC, it is observed that 0  IP,1 which suggests 

that in this case long range OH- migration takes place predominately by hopping 

processes of OH- through –TMA+ sites. 

- for Br sample, both σEP and σIP,1 are of the same order of magnitude and both 

conduction pathways contribute as Br is less dissociated than hydroxide. 

 In region IV, above Tδ, where 0  EP for all the AEMs as expected, 0 increases as DF 

of the materials rises.  

 
Figure 5.11 σEP, σIP,1 and σIP,2 vs T-1 of the fully hydrated [PVBTMA][X]-b-PMB AEMs with X 
= Br- and -OH. A, B and C are membranes in –OH form with an IEC of 1.14, 1.64 and 2.03 
mmol g-1, respectively. For Br, IEC is 2.2 mmol g-1. 
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Taking all of this information together, when the conductivity is dominated by EP, and in 

agreement with other studies[147], the long range charge migrations occurs by the exchange of 

X- between different delocalization bodies (DBs)[91]. As elsewhere defined, a DB is the volume 

of hydrophilic polymer impregnated by H2O. In DBs, X- is dissociated from the –TMA+ cations 

and solvated by H2O molecules. Thus in DBs, with respect to the conductivity time scale, the X- 

is exchanged between clusters of H2O molecules at least three orders of magnitude faster. 

 
Figure 5.12 Dependence on 1/T of the frequencies of the dielectric relaxations of the 
[PVBTMA][X]-b-PMB AEMs with X = Br- and -OH. Br is the membrane in Br-form with an 
IEC of 2.2 mmol g-1. A, B and C are membranes in –OH form with an IEC of 1.14, 1.64 and 2.03 
mmol g-1, respectively. 
 
 To complete the BES analysis, Figure 5.12 reports the frequencies of the dielectric 

relaxations of the various AEMs as a function of 1/T. These results provide evidence that the 

trends of the relaxation frequencies vs. 1/T are always of the Arrhenius type. This confirms our 

assignment of the detected dielectric relaxations to the local β fluctuations of dipole modes of the 

side chains in the hydrophilic domains[91], instead of α fluctuations in either backbone as those 
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relaxations follow a VTF trend versus 1/T. The fβ1 and fβ2 modes correspond to the dipole 

fluctuation of tolyl and –BTMA+ side groups, respectively[91, 147]. In the [PVBTMA][OH]-b-

PMB membranes, fβ1 decreases as DF is raised, until at the highest DF (membrane C) fβ1 is not 

detected. Indeed, the fβ1 frequency is consistent with that observed for the β-relaxation of 

polystyrene[132], lending further support to the proposed assignment of the dielectric events 

discussed above. For the membranes in OH- form, the fβ2 mode shifts to slightly higher 

frequencies as the IEC rises. This result suggests that as the IEC and water uptake raises the rate 

of the reorientation processes of the polar side groups are facilitated. 

 The analysis of the dielectric strength, r,i on 1/T of both β1 and β2 relaxation (Figure 

5.13) supports this evidences showing that as expected: a) β1 < β2; and b) β2 of 

[PVBTMA][Br] are higher than those of [PVBTMA][OH] blocks. The dipole moment of side 

groups was determined as reported previously[147] by DFT calculations[150, 151] to be 11.45 

and 6.29 D, respectively for Br- and OH- AEMs. 

 

Figure 5.13 Dependence of Δεr,i on 1/T of the frequencies of the dielectric relaxations of the 
[PVBTMA][X]-b-PMB AEMs with X = Br- and OH-. Br is the membrane in Br- form with an 



 120

IEC of 2.2 mmol g-1. A, B and C are membranes with an IEC of 1.14, 1.64 and 2.03 mmol g-1, 
respectively. 
 
 To elucidate the correlation existing between the charge migration phenomena in the bulk 

membranes and the relaxations which characterize the hydrophilic domains of polymer matrix, 

the activation energies of both i and βi modes are determined. Figure 5.14 compares activations 

energies of the i and βi modes in the delineated conductivity regions, which are obtained by 

fitting the data of Figure 5.11 and Figure 5.12 with an Arrhenius or Vogel-Tamann-Fulcher-like 

equations [85].  

The correspondence of the activation energy of conductivity with that of dielectric 

relaxation is a strong evidence of coupling effects existent between the dielectric relaxation and 

the charge migration phenomena[147]. It is observed that in regions I and II, at T < 0°C, for A, B 

and C: 

- Ea,IP,1 and Ea,β2 are of the same order of  magnitude and concurrently depend on the 

DF. This indicates that the long-range OH- transfer processes of IP,1 are coupled with 

the dipole relaxations of the –BTMA+ side groups; 

- Ea,EP > Ea,β2 and decreases in the order I > II. These results demonstrate that EP is 

completely decoupled from the dynamics of β2, i.e., the relaxation of the host 

polymeric matrix are more facile and have a negligible effect on EP, which likely 

depends on the morphology and charge exchange processes occurring in the H2O 

domains impregnating the hydrophilic components of the membranes.  

 Furthermore, in region I we can observe that for Br- form material, Ea,EP  Ea,IP1  Ea,β2. 

This indicates that in this case, both EP and IP,1 are significantly influenced by the dynamics of 

–BTMA+ side groups. In Region III, at T > 0°C, Ea,EP increases with the DF. Ea,EP values are 
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consistent with the energy of hydrogen bonding networks (i.e., ~10 kJ·mol-1) and of the β2 mode. 

Therefore, it is hypothesized that in III, the relaxation of polar side chains are coupled with the 

dynamics of the H2O domains, which are responsible of the long-range charge transfer processes 

in the membranes. 

 

Figure 5.14 Activation energies of the σi and βi modes in region I, II and III for the 
[PVBTMA][X]-b-PMB AEMs with X = Br- and OH-. Br is the membrane in Br- form with an 
IEC of 2.2 mmol g-1. A, B and C are membranes in OH- form with an IEC of 1.14, 1.64 and 2.03 
mmol g-1, respectively. 
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 Further confirmation of the influence of the β2 dielectric relaxation, assigned to the 

cationic side chain, on the conductivity pathways detected in the membranes is determined by 

analyzing the correlation map shown in Figure 5.14. Here, on a log log-plot, we show the 

dependence on fβ2 of the diffusion coefficients determined by using the Nernst-Einstein 

(Equation 5.3) and the conductivity values of Figure 5.11.  

 =  ∙ ∙  (5.3) 

where n = ⋅ , = + ∑ ∙ + ∑ , R is the gas constant, T is the 

absolute temperature, σ  are the EP or IP,1 conductivity values, F is the Faraday constant, n  is 

the concentration of X- anion,  is the total anion exchange capacity,  is the mass of the 

main polymer block (in this case that of B block),  is the mass of the other i-th blocks,  

and  are the values of the density of the main and i-th block polymer, respectively. The   

values are obtained using the parameters reported elsewhere[126].  

 The data reported in Figure 5.15 can be fitted with a an empirical equation: 

 = + ∙  (5.4) 

where i is either EP or IP,1,  is the diffusion coefficient determined from the conductivity via 

the Nernst-Einstein equation,  is the diffusion coefficient at 1 Hz, i.e. the purely ionic 

conductivity decoupled from the movement of the polymer, α is the slope of the correlation, and 

fβ2 is the frequency of the movement of the cationic side chain.   It is observed that for the higher 

IEC C membrane the linear dependence of Di vs fβ2 : a) is shifted toward lower values; and b) 

exhibits a higher slope. This indicates that at high IEC, the anion migration process is less 

effective and more strongly dependent on the dynamics of –BTMA+ side groups than for the 

lower IEC hydroxyl form and the bromide form of the membrane. For all the membranes other 
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than membrane C (highest IEC OH- form), the fitting of the data gives  = 1.12  0.04 and 

log  = 15.4  0.2. For these membranes as D and fβ2 are correlated, α is ca. 1, we can interpret 

the data on the basis of the Einstein-Smoluchowski equation which described pure percolative 

conduction mechanisms in a rigid medium, rewritten in the form: 

 =  , f  (5.5) 

where D0,i is the diffusive coefficient at a frequency of 1 Hz and is described by D0,i = 2i
2,  is 

the migration step length, f is the frequency of the mode. Using the value of D0 in the Einstein-

Smoluchowski model gives the migration distance at 1 Hz of the β2 relaxation as 1.95 Å, which 

is the average distance between –BTMA+ groups throughout these membranes. In the case of the 

higher IEC membrane C, the Einstein-Smoluchowski does not hold, strongly implying that the 

cationic groups are not distributed and must be clustered, leading to lower values of the diffusion 

coefficient. 

 Taking all of above evidence together, we can conclude that in accordance with the study 

of [PVBTMA][Br]-b-PMB, two types of mechanisms are contributing to the overall conductivity 

of the investigated membranes. The first mechanism is associated with σEP and occurs when X- is 

exchanged between different delocalization bodies (DBs). In this case, an X- migration distance 

of the order of 50 nm (Figure 5.16) is revealed. This is consistent with the sizes of the lamella 

revealed by the SAXS measurement. The correlation of Ea,EP with Ea,β2 indicate that this 

conductivity pathway in AEMs is modulated significantly by local dipole fluctuations of the –

TMA+ side groups at temperatures below 0 oC and to a lesser extent by relaxation phenomena of 

the host polymer matrix (segmental motions). 

The second mechanism (σIP,2), which occurs with an average migration distances on the 

order of 10 Å (Figure 5.16), consists of the shorter-range anion migration processes which occur 
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owing to elementary “hopping” events between the –TMA+ cations. These phenomena, which 

take place along the hydrophobic-hydrophilic interfaces of AEMs are assisted by the β2 

relaxation, based on Ea correlations and average migration distances. Both of these conductivity 

pathways (σEP and σIP,1) contribute to the overall conductivity of the materials (σ0 = σEP + σIP,1) 

and are modulated mostly by the β2 relaxation. 

 

 

Figure 5.15 Correlation of Dσi (σi =σEP and σIP,1) with fβ2 relaxation mode for wet 
[PVBTMA][X]-b-PMB membrane with X= Br- or –OH. Full lines show the Einstein-
Smoluchowski-like fits obtained using Equation 5.3. 
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Figure 5.16 Dependence of the average X- migration distance (X- = Br- or -OH), < ri > where 
i=EP and IP,1 versus T-1 for dry and wet [PVBTMA][Br]-b-PMB membrane. <ri>values are 
evaluated as described in Chapter 2 by using the Einstein-Smoluchowski equation: < ri > = 6 ∙ ∙  where the Di values are reported in Figure 5.15 and, τj, are the relaxation times of the 
EP and IP polarization events. Br is the membrane in Br- form with an IEC of 2.2 mmol g-1. A, B 
and C are membranes with an IEC of 1.14, 1.64 and 2.03 mmol g-1, respectively. 
 
 Depending on the IEC and on the density of X-, one of these two mechanisms will 

dominate in the overall conductivity in each of the four conductivity regions previously 

described. This is easily identified by analyzing the φi parameters (φi=σi/σ0 with i= EP, IP,1 and 

IP,2 and = ∑ ) shown inFigure 5.17. φi values show that as the DF rises from A to C, the 

temperature range where σIP,1 is dominating σ0 becomes larger, extending from region I up to III 

for the higher IEC, sample C. In a complementary way, as the DF decreases from membrane C to 

A, the contribution of the σEP to σ0 dominates from IV up to the region II for the A sample. To 

conclude, when fewer polar side groups are present in the hydrophilic domains, larger clusters of 

water are required to interconnect the side groups (migration between DBs). In contrast when the 



 126

polar side groups are closer each other, the conductivity is primary by exchange of X- between 

neighboring side chains (hopping processes). In this latter case, the migration between DBs is 

less significant. 

 

Figure 5.17 Dependence of φi (i=EP, IP,1 and IP,2) for [PVBTMA][X]-b-PMB AEMs with X = 
Br- and -OH. Br is the membrane in Br- form with an IEC of 2.2 mmol g-1. A, B and C are 
membranes with an IEC of 1.14, 1.64 and 2.03 mmol g-1, respectively. φi=σi/σ0 with i=EP, IP,1 
and IP,2 and = ∑  
 
5.4 Conclusions 

 The thermomechanical properties and the electrical response of [PVBTMA][OH]-b-

[PMB] membranes are elucidated by HR-TG, MDSC, DMA, and BES and compared with a 

membrane previously studied with Br- as the counter ion. The membranes are thermally stable up 

to ca. 110°C, and show two main thermal transitions: (a) a glass transition at Tg = -51°C; and (b) 

a transition associated to a structural rearrangement of the membrane at 30 ≤ Tδ ≤ 85°C, resulting 

in a orders-of-magnitude drop in conductivity. The analysis of the BES results obtained on the 

[PVBTMA][X]-b-[PMB] membranes in their fully hydrated state shows four conductivity 
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regions (indicated as I, II, III, and IV in Figures 5.10, 5.11 and 5.12), delimited by the thermal 

transitions of the materials (Tg, 0°C, Tδ). Two polarization events, σEP and σIP,1, are observed at T 

above 0°C and dominate the electric response of the AEMs. Two dielectric relaxations, β1 and β2, 

in the tolyl and benzyl trimethyl ammonium side groups, respectively, are observed at T < 0°C. 

The overall conductivity of the materials (σ0) is equal to the sum of σEP and σIP,1. 

In all the investigated materials, it is demonstrated that two types of migration events, 

which are correlated to the dynamics of –TMA+ sites (β2), are revealed which play a crucial role 

in the modulation of the overall conductivity of proposed membranes. The same two long-range 

charge migration pathways identified in Chapter 4 also predominate in σ0 = σEP + σIP,1 of 

[PVBTMA][OH]-b-[PMB] membranes. In detail, σIP,1 involves hopping processes of the anions 

along the interfaces between the hydrophobic and hydrophilic domains of the [PVBTMA][OH]-

b-[PMB] membranes, assisted by H2O solvation and β2 relaxations; σEP consists of long-range 

charge transfer events occurring with the exchange of anions between different DBs in 

hydrophilic nanodomains. The contributions of each σEP and σIP,1 conductivity pathways to the 

overall conductivity depends on the IEC of membranes, water uptake and temperature.  For the 

membrane with the highest IEC, 2.03 mmol g-1, cationic side chain clustering is likely the σEP 

transport. 

In conclusion, we showed that:  

a) the more dissociated hydroxide anion was much more mobile than the bromide ion, 

demonstrated by the polarizations shifting to higher frequencies. By contrasting the bromide 

form of the materials with the hydroxide we showed that main contribution of the detected 

conductivity pathways to overall conductivity (σ0 = σEP + σIP,1) depends on the type of anion 

neutralizing the cationic side chains of the membranes. σ0 is contributed to equally by σEP and 
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σIP,1 in all temperature regions for Br-, while in the OH- membranes, where OH- is more 

disassociated from the cationic side chains, it changes based on which conductivity temperature 

region is being probed.  

b) The density of the polar side chains determines the type of dipole-dipole and dipole-

ion interactions responsible for the nano-morphology of the sample and of the types of 

conductivity pathways contributing to the overall conductivity of the materials. It was detected 

that in the membranes with the more dissociated OH- anions, in region II (0°C ≤ T ≤ Tδ), as the 

IEC was increased the overall conductivity switches from long range charge migrations events 

based on exchange processes of OH- groups between delocalization bodies to that which occurs 

between neighboring coordination sites. This indicates that as the IEC in AEMs rises, the density 

of the R-N(CH)3
+X- … X-(CH3)N+-R dipole-dipole interactions increases which act to localize 

the anions and to modify the nano-domains of the materials. 

c) At Tδ the conductivity drops by several orders of magnitude due to the rearrangement 

events of the dipolar cationic groups within the hydrophilic domain. We demonstrated that this is 

a disorder-order event and is a general diagnostic characteristic for studying AEMs of this type. 
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CHAPTER 6  

CONCLUSIONS AND RECOMMENDATIONS 

 Anion exchange membranes (AEMs) are a material key to developing improved 

electrochemical energy conversion devices that have the potential to play a key role in the next-

generation energy industry. Many polymer chemistries have been developed in an effort to 

maximize ionic conductivity while producing a chemically and thermally stable and 

mechanically robust membrane. This thesis detailed experimental and data analysis techniques 

that are capable of providing extensive insight into the mechanisms of ionic conductivity. 

Chapter 4 includes the characterization of a new block copolymer membrane with SAXS, EIS 

and DVS and demonstrates that this material was phase separated into well-defined lamellar 

morphology, making it suitable for further study of ion and water transport mechanisms through 

ex situ experiments and coarse-grained modeling[76]. Chapter 4 also includes the investigation 

of thermal relaxations, polymer dynamics and ionic conductivity of this block copolymer 

membrane as synthesized, with Br- as the counter-ion, through TGA, DSC, DMA and BES. In 

Chapter 5, the same techniques were used to study this material in the hydroxide form and the 

conductivity behavior was contrasted with that observed in our previous study in the bromide 

form. The conclusions of these studies are summarized here. 

 In Chapter 3 we described the synthetization and characterized a new randomly 

crosslinked AEM, synthesized through the amination of chlorinated polypropylene (CPP) with 

polyethyleneimine (PEI) and quaternization with iodoethane. The chemical structures were 

characterized by FT-IR and MAS-NMR. Environmentally controlled small- and wide-angle X-

ray analysis showed relatively featureless amorphous morphology through a full range of 

humidity environments over the 16 to 105 nm length scale. Larger scale ordering at length scales 
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greater than 1 μm was observed in ESEM and IR microscope images, implying that the water 

absorption occurs in larger features. The crosslinked structure of the membrane restricted the 

dimensional swelling, while still reaching high levels of hydration (λ= 50 at 60 oC and 95 %RH). 

Water self-diffusion studies indicate rapid short-range diffusion, but heavily restricted diffusion 

over longer length scales. Temperature and humidity effects on the in-plane chloride ion 

conductivity were measured using electrochemical impedance spectroscopy (EIS). The highest 

chloride conductivity observed was 0.29 mS/cm at 90 °C. This is a competitive result but likely 

below that needed to compete with high current density PEMFCs[18]. Infrared spectroscopy was 

used to monitor the rate of counter-ion exchange from hydroxide to a mixture of carbonate and 

bicarbonate when exposed to air, which occurred in a time frame of minutes. These results 

confirm the absolute necessity of excluding air during all measurements of materials in the OH- 

form.  

Overall, these materials were found to be too susceptible to nucleophilic attack by   

hydroxide for use in hydroxide exchange membrane fuel cells and were not sufficiently tunable 

for in-depth transport investigations. However, they demonstrated high water uptake with 

negligible dimensional swelling, which may make them suitable for use in low temperature 

carbonate exchange membrane electrochemical systems. 

 In Chapter 4, we introduced a series of poly(vinyl benzyl trimethyl ammonium bromide)-

b-poly(methylbutylene)([PVBTMA][Br]-b-PMB) block-copolymer membranes that allowed 

careful study of morphology, domain swelling and Br- in-plane conductivity across several 

degrees of functionalization. Dynamic vapor sorption [DVS] results showed moderate water 

uptake ranging from 9 to 19 wt% for 0.8 to 2.1 mmol g-1 IEC samples at 60 oC and 95% RH. 

However, λ values decreased from ca. 6.5 to 5 from low to high IECs, meaning the TMA+ 
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functional group reached a lower level of solvation in the high degree of functionalized (DF) 

samples. All samples self-organized into lamellar morphology, as determined by peak ratios in 

the SAXS patterns. Br- in-plane conductivity reached a plateau at 1.4 mmol g-1, above which 

there was little improvement in performance with additional functionalization.  The tunable 

nature of these materials, along with their well-ordered phase separated morphology made them 

appropriate candidates for more fundamental investigations of ionic conductivity mechanisms. 

Analysis of broadband electric spectroscopy (BES) performed on one PVBTMA][Br]-b-

PMB sample was merged with structural and thermo-mechanical information to produce a 

description of the mechanisms governing the overall conductivity mechanism in the dry and wet 

membranes. Our understanding of the various conductivity mechanisms within the framework of 

the [PVBTMA][X]-b-PMB is best summarized in visual form (Figure 6.1). 

In the dry membrane, there are three polarization events (σEP, σIP,1 and σIP,2), two 

molecular relaxation modes for PMB blocks of the hydrophobic domains (α and βPMB) and two 

molecular relaxation modes for the relaxations of the benzyl and polar quaternary ammonium ip-

μ side chains, respectively, in hydrophilic domains (β1 and β2). In the fully hydrated 

[PVBTMA][Br]-b-[PMB] membrane, evidence is seen for the following phenomena: (a) four 

conductivity regions (I, II, III and IV) delimited by the thermal transitions (i.e. Tg, Tm, and Tδ); 

(b) two polarization events at T > 0 °C that dominate the electric response (σEP and σIP,1); and (c) 

two dielectric relaxations at T < 0 °C (β1 and β2), which are superimposed with the σEP, and σIP,1 

polarizations at these temperatures.  
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Figure 6.1 Proposed conduction mechanisms for [PVBTMA][X]-b-PMB. Modified from [147] 
 

It is revealed that the overall conductivity of the [PVBTMA][Br]-b-[PMB] membrane is 

the combination of two conductivity percolation pathways (σT = σEP + σIP,1) modulated by the 

dipole moment fluctuations of the polar side groups (β2 mode) in the hydrophilic domains. σEP 

and σIP,1 are two types of physically different percolating long range charge migration pathways. 

In σIP,1 the long range Br− migration occurs by an exchange of anions between –TMA+ cations. 

These events are affected by the structure of anion-H2O coordination processes (as demonstrated 

by comparing wet and dry behavior) and with the dynamics of the β2 mode (as demonstrated by 

the coordination of Ea,IP,1 and Eaβ2). In the σEP percolation pathway, the long range charge 

migration processes occur by Br− exchanges between different delocalization bodies (DBs) 

present in the hydrophilic domains, where DBs are defined as domains of hydrophilic polymer 

impregnated by H2O.  

A significant transition was observed at 85 °C in the wet membrane, observed most 

clearly in the 3D σ’ profile (Figure 5.10) and the conductivity solutions versus 1/T in Figure 5.11. 
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We hypothesize that this behavior is due to the rearrangement events of the dipolar cationic 

groups within the hydrophilic domain. The SAXS data collected at varied temperatures 

confirmed a transition associated with heterogeneous electron density within the lamellar 

domains, which could also be described by our hypothesis.   

Chapter 5 continued the study of [PVBTMA]-b-PMB, but with the Br- exchanged to OH-.   

The thermomechanical properties and the electrical response were observed through HR-TG, 

MDSC, DMA and BES experiments conducted on three membranes of varying IEC, A: 1.14, B: 

1.54, and C: 2.03 mmol g-1. Thermal stability of all samples was confirmed in the HR-TG results 

until the first -TMA+OH- group decomposition event beginning at ca. 100 oC. DSC results for all 

three samples show two main thermal transitions. The first is approximately independent of the 

degree of functionalization (DF) at ca. 51oC and was attributed to the glass transition 

temperature (Tg). The second transition occurs between 30 and 63 oC, decreasing with increasing 

DF, and was attributed to a disorder-order secondary transition (Tδ). This transition is associated 

with a structural reorganization of the [PVBTMA][OH] polar groups, as detailed in the analysis 

of [PVBTMA][Br]-b-PMB. 

BES was used to observe the influence of the degree of functionalization (DF) on the 

polarization events and dielectric relaxations in these materials, and to correlate the thermal, 

mechanical and dielectric relaxations observed with the ionic conductivity mechanisms. As in 

the Br- sample, two polarization events, σEP and σIP,1, are observed at T > 0°C and dominate the 

electric response of the AEMs. Two dielectric relaxations, β1 and β2 are observed at T < 0°C and 

are related to the σEP and σIP,1 polarizations. The 3D σ' profiles reveal the Tδ transition most 

obviously, with a dramatic drop in the conductivity plateau.  
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 The fitting results of the BES spectra quantified the polarization events (σi) and dielectric 

relaxations (βi) showed distinct behavior in each of the four temperature ranges: I is T<Tg, II is 

Tg<T<0oC, III is 0oC<T<Tδ, and IV is Tδ<T. Activation energies of σi and βi events were 

compared in each temperature range, leading to the hypothesis that the long range charge transfer 

(σIP,1) is coupled with relaxations in the BTMA+ side groups (β2). It was also hypothesized that 

the transport of OH- between delocalization bodies (σEP) is coupled to β2 relaxations of the 

BTMA+ groups and influenced by water solvation of the polar groups.  

Chapters 4 and 5, together, make several conclusions that address the objectives of this 

thesis. We found that the hydroxide anion, which is more dissociated and capable of transport via 

Grotthus hopping, was much more mobile than the bromide ion. This was demonstrated by the 

polarization events shifting to higher frequencies. By comparing the bromide form of the 

materials with the hydroxide, we showed that for Br-, σ0 consists equally of σEP and σIP,1 in all 

temperature regions while in the OH- membranes, where OH- is more disassociated from the 

cationic side chains, the dominant contribution varies based on which temperature region is 

being probed.  

The density of the polar side chains determines the type of dipole-dipole and dipole-ion 

interactions responsible for the nano-morphology of the sample, as demonstrate by small-angle 

X-ray scattering. DF also was shown to determine the types of conductivity pathways 

contributing to the overall conductivity of the materials. It was detected in region II (0°C ≤ T ≤ 

Tδ) that as the IEC was increased in the OH- form membranes, the overall conductivity switches 

from exchange processes of OH- groups between delocalization bodies to exchange processes 

between neighboring coordination sites (switches from σEP to σIP,1). This indicates that as the IEC 

in AEMs rises, the density of the R-N(CH)3
+X- … X-(CH3)N+-R dipole-dipole interactions 
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increases, which act to localize the anions and to modify the nano-domains of the materials. This 

behavior results in lower overall conductivity in the highest IEC sample.  

Finally, an important transition was detected in these samples for the first time in AEMs. 

At Tδ, the conductivity drops by several orders of magnitude due to the rearrangement events of 

the dipolar cationic groups within the hydrophilic domain. We hypothesize that this is caused by 

alignment and ordering of the polar –BTMA+ groups and is a general diagnostic phenomena for 

studying AEMs of this type.    

This newly measured transition directly disproves the thesis statement in Section 1.5, 

which hypothesized that “based on fundamental differences seen in initial studies as compared to 

perfluorosulfonic acid PEMs, we hypothesize that the side-chain polymer dynamics within 

hydrophilic domains do not influence ionic conductivity mechanisms within AEMs 

functionalized with quaternary ammonium cations”. Also disproving this hypothesis, we detected 

β2 relaxations, caused by local fluctuations in the –BTMA+ side chains, which were correlated to 

the σIP,1 polarizations across all samples and temperatures. The β2 relaxations also affected the 

transport between delocalization bodies (σEP) in these materials at some temperatures. From 

these conclusions, we recommend that future experimental and computational investigations of 

ionic conductivity in AEMs should continue to include polymer dynamics in order to 

characterize the full scope of membrane attributes affecting ionic conductivity mechanisms. 

6.1  Recommendations for Future Work 

 This work has demonstrated the extensive understanding of polymer dynamics and 

conductivity mechanisms of AEMs that can be gained with the combination of environmentally 

controlled experimental techniques including dynamic vapor sorption, small-angle X-ray 

scattering, and with detailed observation of thermal transitions and electric response of 
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membranes through dynamic mechanical analysis, differential scanning calorimetry and 

broadband electrical spectroscopy. I suggest a similar framework be applied to other AEM 

systems. This thesis focused only on membranes functionalized with quaternary ammonium 

cationic groups, but other cationic structures have been found to significantly improve the 

chemical stability of AEMs. It is likely that these materials exhibit very different polymer 

dynamics and conductivity mechanisms than the polymers studied here, and these effects should 

be explored separately.  

 The Herring and Di Noto research groups have continued investigating the Tδ transition 

and have identified similar behavior in two more block copolymer materials functionalized with 

BTMA cations. These early reports suggest that this transition is a general behavior among 

AEMs with BTMA cationic functionalization that are spaced close enough to interact. This has 

already led to changes in experimental conditions used by our research groups, in order to probe 

both varied membrane hydration states and thermal rearrangements. Further examination of this 

behavior should include investigation of strategies to inhibit Tδ, or at a minimum, shift it to 

higher temperatures outside of the operating range of fuel cell systems. Approaches could 

include crosslinking within the hydrophilic domain or pursuing grafting strategies to form well-

ordered, phase separated membranes instead of the block copolymer strategy. Future studies also 

need to investigate the reversibility of the transition. We hypothesize that the ordered dipoles 

will relax again over time. SAXS would be the most accessible tool for this study, although 

another potential method would be testing BES with both heating and cooling temperature 

sweeps.  

 Another group of anion exchange materials not studied in this thesis are anion exchange 

ionomers. These act as the binder and ion conducting component in the catalyst layer within fuel 
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cell electrodes and electrolysis electrodes, and are exposed to even more variable humidity and 

ion conductivity conditions. Many of the synthetic strategies being investigated for AEMs will 

not produce analogous polymers appropriate for use as ionomers, due to a lack of solubility 

necessary for spray application techniques. In the future, it will be beneficial to pursue research 

methods that are able to produce suitable ionomer structures while developing new AEM 

materials. 

 My final recommendation is not original within the community researching AEMs. There 

is a lack of standard experimental procedures, which has led to significant difficulty when 

comparing results between research groups. Ionic conductivity and chemical stability at high pH 

are specific examples where results often cannot be directly compared between sources. The 

review by Varcoe et al. made several suggestions on how this standardization of reported results 

can be implemented[18]. One that I think should be broadly adopted is characterization of all 

membranes after careful conversion to the bicarbonate form in published work. 
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